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a b s t r a c t

In this study, the effect of pH, contact time, temperature, and initial metal concentration on U(VI) adsorp-
tion on thermally activated bentonite (TAB) was investigated. Graphical correlation of various adsorption
isotherm models like, Freundlich, and Dubinin–Radushkevich have been carried out for TAB. Various
thermodynamic parameters, such as, Gibb’s free energy, entropy and enthalpy of the on-going adsorp-
vailable online 22 July 2009
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tion process have been calculated. In order to reveal the adsorptive characteristic of bentonite samples,
surface area, FT-IR, and DTA-TG spectra analyses were carried out. The results show that TAB samples can
be an alternative low cost adsorbent for removing U(VI) ions from aqueous solutions.

© 2009 Elsevier B.V. All rights reserved.
dsorption
ranium

. Introduction

Adsorption of metal ions onto clay minerals has been studied
xtensively because both metal ions and clays are common com-
onents in nature and also because a knowledge of the adsorption
rocess could aid in the environmental remediation of water that

s polluted by heavy metal ions [1]. These clays are chosen to avoid
ollutant release into the environment owing to their high spe-
ific surface areas, low cost and ubiquitous presence in most soils
2]. Economical and eco-friendly method, adsorption technique has
een used widely to remove heavy metal ions from aqueous solu-
ions. In the recent years, many kinds of natural clay minerals such
s, diatomite [3], illite [4], bentonite [5], palygorskite [6], attapulgite
7], and sepiolite [8] have been used to remove heavy metal ions
rom wastewater. In these clay minerals, bentonite is considered as

ain candidate in the decontamination and treatment of detrimen-
al metal ions due to its large specific surface area and high sorption
apacity.

Bentonites are highly valued for their sorptive properties, which
tem from their high surface area and their tendency to absorb
ater in the interlayer sites [9]. Bentonite as an adsorbent for the

emoval UO2
2+ ions and other metal ions under estuarine and sea-
ater conditions has been reported earlier [10,11]. Several studies
ave been carried out to identify and differentiate the sorption
ites of uranyl species on phyllosilicate minerals under different
hemical conditions. Dent et al. [12] proposed the formation of an

∗ Corresponding author. Tel.: +90 258 2963602; fax: +90 258 2963535.
E-mail address: rdonat@pau.edu.tr (R. Donat).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.049
outersphere uranyl sorption complex onto montmorillonite by an
ion-exchange mechanism and discussed the possibility of exchange
reactions of uranyl carbonato complexes in the interlayer of mont-
morillonite at pH 5.

An important characteristic that clay minerals are able to pro-
vide in such applications is adequate particle dispersion, which is
necessary to obtain a uniform and stable system. Under certain
conditions the clay particles may become aggregated, which leads
to the variation of important properties required for a particular
function. This is important for many industrial applications of clay
minerals [13].

Bentonites may be subjected to high temperatures when used
in these applications and their physicochemical properties may
change as a result of thermal treatment [14]. Dehydration and dehy-
droxylation processes during calcination of clay minerals [15] can
be accompanied by movements of octahedral cations within the
octahedral sheet [16]. Besides these structural changes, calcination
also changes the textural properties and influences the dispersibil-
ity in water. Sorption onto bentonite will play an important role in
retarding the migration of many radionuclides from a waste repos-
itory.

In this study, the ability of TAB to adsorb uranium in solu-
tion and to desorp uranium from TAB was shown as a function
of some experimental parameters. Adsorption isotherms have
been analyzed in terms of Freundlich, and Dubinin–Raduskevich

(D–R) equations. Thermodynamic parameters such as enthalpy
of adsorption (�H), free energy change (�G), entropy change
(�S), and mean free energy of adsorption (E) have been
calculated and interpreted. Optimal adsorption conditions are
reported. The sorption process based on TAB represents a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rdonat@pau.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.07.049
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ossible alternative to the conventional uranium separation
rocesses.

. Materials and methods

.1. Materials

In this study, grey bentonite also known as Turkish merchant
btained from Karakaya A.S. Mineral Company, Cankiri-Turkey was
sed as an adsorbent. Bentonite mineral was grounded and sieved
o give 125 �m size using ASTM Standard sieves. The minerals were
ashed with deionised water and then dried.

.2. Characterization methods

Natural bentonite was characterized by X-ray fluorescence spec-
rophotometry (XRF) and chemical analysis. Chemical composition
f natural bentonite sample was found out by standard wet chem-

cal analysis along with instrumental methods [17]. Al2O3, Fe2O3,
aO and MgO were analyzed with titrimetric and SiO2 was ana-

yzed with gravimetric method. Na2O and K2O were found out by
ame photometry. Specific surface area of natural bentonite was
easured by N2, BET method: SB: 43.61 m2/g.

The Fourier transform infrared (FT-IR) spectra using KBr pressed
isk technique were conducted by Perkin Elmer Spectrum BX

nfrared spectrometer. Natural bentonite and KBr were weighted
nd then were grounded in an agate mortar for 10 min prior to pel-
et making. The spectra were collected for each measurement over
he spectral range of 400–4000 cm−1.

All of the thermogravimetry (TG), differential thermogravime-
ry (DTG), and differential thermal analysis (DTA) curves were
btained simultaneously by using a Shimadzu DTG-60H Thermal
nalyzer. The measurements were carried out in flowing nitro-
en atmosphere with a flow rate of 50 mL min−1 and the between
emperature range of 25 and 1000 ◦C in aluminium crucible. The
eating rates were 8, 6, 4 ◦C min−1 and the sample masses were

n the range of 10–12 mg. Highly sintered Al2O3 was used as the
eference material.

.3. Adsorbent preparation

Dehydration of bentonites provides a simple possibility to mod-
fy the adsorption properties of these clay minerals. Sample of the
entonite was heated from 100 to 1000 ◦C for 1 h. The hot samples
ere cooled down to room temperature over silicagel.

.4. Reagents

All reagents used were of analytical purity. Synthetic solutions
ere prepared from concentrated stock solutions (Merck). A stock

olution of uranium was prepared by dissolving required amount of
O2(NO3)2·6H2O (Merck) in pure distilled water. The stock solution
as diluted to prepare working solutions. The buffer solutions (pH

, 7 and 9) were used to calibrate the pH meter. The pH of each
est solution was adjusted to the required value with diluted HNO3
nd Na2CO3 solutions at the start of the experiment. Reagent blank
ere run for every sample solution.

.5. Instrumentation

U(VI) concentrations were determined by UV-Vis Spectropho-

ometer (Shimadzu UV-Vis 1601 Model Spectrophotometer). The
dsorption/desorption experiments have been studied by batch
echnique using a thermostated shaker bath GFL-1083 Model. The
H of all solution was measured with an Hanna Instrument 8521
odel pH meter. A Hettich Zentrifugen Rotofix 32 Model digital
Materials 172 (2009) 667–674

centrifuge was used to centrifuge the samples. A Corning model
flame photometer was used for the determination of Na and K ele-
ments in bentonite sample. A Electro-Mag M420 Model oven was
used to dry the samples.

2.6. Determination of the uranium uptake capacity of bentonite

0.125 g bentonite and 0.01 M U(VI) aqueous solution were
shaken for 24 h at 30 ◦C. The uptake capacity of bentonite was deter-
mined spectrophotometrically using salicylic acid as complexing
agent at 468 nm against reagent blank [18]. The amount of uranium
uptake (mmole g−1 adsorbent or mg/g adsorbent) is calculated from
the differences of the uranium concentration in the substrate before
and after uptake.

2.7. Batch adsorption experiments

All the sorption experiments were performed using the TAB.
0.1 g TAB was suspended in 10 mL of [UO2(NO3)2·6H2O] uranium
solution in a polyethylene (PE) flask at selected pH. The flasks were
shaken at different temperatures for various mixing times. The
solution was separated from the solids by centrifugation (5 min
at 3000 rpm). Then the residual U(VI) ions in aqueous solution
were determined spectrophotometrically using TOPO-DBM (tri-
octyl phosphine oxide and di-benzoyl methane) method at 405 nm
using spectrophotometer [19].

2.8. Calculation

The adsorption capacity of U(VI) ions adsorbed per gram adsor-
bent (mg/g) was calculated using the equation:

qe = (co − ce)
V

m
(1)

The amount of adsorbed U(VI) was calculated from the differ-
ence of the uranium concentration in aqueous solution before and
after adsorption. The adsorption percentage of U(VI) ions was cal-
culated by the difference of initial and final concentration using the
equation expressed as follows:

R = (Co − Ce) × 100
Co

(2)

where qe is the equilibrium concentration of U(VI) on the adsorbent
(mg/g), Co the initial concentration of the U(VI) solution (mg/L),
Ce the equilibrium concentration of the U(VI) solution (mg/L), m
the mass of adsorbent (g), V the volume of U (VI) solution, R the
retention of U(VI) in % of the added amount.

3. Results and discussion

3.1. Material characterization

Chemical analysis of bentonite is presented in Table 1. This
study showed that natural bentonite contained a complement of
exchangeable sodium, potassium and calcium ions. The (Na + K)/Ca
is ratio 1.11. Low-silica members are enriched with calcium,
whereas high-silica montmorillonite are enriched with potassium,
sodium and magnesium. The uranium uptake capacity of the
bentonite was 27 mg UO2

2+/g. The uptake experiment shows that
bentonite uptakes considerable amount of uranium from solution.

FT-IR studies of natural bentonite adsorbent help in the iden-

tification of various forms of the minerals present in the clay. The
adsorbent was characterized by FT-IR spectroscopic analysis before
and after the adsorption process (Fig. 1). Before U(VI) adsorption,
the broad bands at 3629.54 and 3447.72 cm−1 are due to the O–H
stretching vibration of the silanol (Si–OH) groups from the solid
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Table 1
The chemical composition of the natural
bentonite.

Component w/w (%)

SiO2 58.18
Al2O3 14.53
Fe2O3 5.78
CaO 3.98
MgO 3.03
Na2O 2.54
K2O 1.71
Loia 9.90

a Loi: loss of ignition.
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was characterized by a definite change in curvature, beginning at
about 100 ◦C. Above 550 ◦C the amount of water removed changed
only slightly with increase of temperature. The break in the curve at
300 ◦C corresponds to a water loss of approximately 3.25 percent in
the original sample, respectively. The destroying of the crystalline
Fig. 1. The FT-IR spectra of bentonite before and after U(VI) adsorption.

nd HO–H vibration of the water molecules adsorbed on the sili-
ate surface. The band at 1636.36 cm−1 reflects the bending HO–H
ond of water molecules, which is retained in the silicate matrix.
he strong band at 1030.16 cm−1 represents the Si–O–Si groups of
he tetrahedral sheet. The bands at 527.48 and 466.06 cm−1 are due
o the deformation and bending modes of the Si–O bond [20]. A
harp band at 796.72 cm−1 confirms the presence of quartz admix-
ure in the sample. The bands corresponding to AlAlOH, AlFeOH
nd AlMgOH bending vibrations are observed at 916, 887 and
47 cm−1, respectively. After the adsorption of U(VI) the Si–O–Si
ond of the adsorbent has shifted from 1030.16 to 1040.77 cm−1

nd the deformation and bending bands of the Si–O bond at 527.48
nd 466.06 cm−1 have also shifted to 524.37 and 469.34 cm−1. The
tretching vibration of AlAlOH, AlFeOH and AlMgOH at 916 cm−1

as shifted to 919 cm−1. The O–H stretching vibration band of the
ilanol group (Si–OH) at 3629.54 and 3447.72 cm−1 has shifted to
629.79 and 3447.97 cm−1, respectively.

Result from thermal analysis is reported in Fig. 2. The TG curve
f the original sample shows three main steps of weight loss. In
he first step (T < 200 ◦C) a weight loss (about 7.61%) corresponding
o both adsorbed and interlayer water loss takes place. After this
tep, the TG curve shows a slight gradual decrease (about 3.30%)
n the range 162–562 ◦C, which is attributed to the water loss of
entonite. Finally, a third main loss occurs at temperatures in the
ange 522–700 ◦C, where the TG curve displays a step weight loss
about 3.61%) related to the release of structural OH of natural ben-
onite. The dehydroxylation temperature of about 665 ◦C (Fig. 2)

s in agreement with the classical range of dehydroxylation tem-
erature (600–700 ◦C) observed by various authors for cis vacant
ontmorillonites [21]. Natural bentonite sample looses the struc-

ural OH− in two different steps: (i) Continuously at temperatures
ell below 600 ◦C from a defective montmorillonite structure, and
Fig. 2. DTA and TG curves of natural bentonite.

(ii) in the range 600–700 ◦C with a similar trend of undefective
montmorillonite.

3.2. Effect of calcination temperature

Natural aluminosilicates are polymineral substances that dif-
fer in composition, content of clay minerals, specifics of their
crystalline structure and presence of impurities. Aluminosilicate
materials are used in both natural and modified form for treatment
of aqueous solutions and wastewaters. The removal of heavy metal
ions by clay minerals (montmorillonite, illite, kaolinite) has been
the subject of a number of investigations [22]. The thermal modifi-
cation of aluminosilicates changes their composition, structure and
sorption ability. In order to determine the optimum conditions for
thermal treatment, the influence of temperature (150–900 ◦C) on
the change of structure, adsorption and physicochemical properties
of different kinds of clays were investigated [23].

Fig. 3 illustrates the decrease in the mass of the bentonite sam-
ples, which were heated for 1 h at different temperatures, recorded
as the loss on ignition (Loi). The loss in weight of the bentonite
sample on heating was attributed to the loss of moisture. Fig. 3
Fig. 3. Dehydration curves for the natural bentonite.
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attice (amorphization) of hydromicaceous clays (illite) is observed
t temperatures from 550 to 650 ◦C [24]. The temperatures of amor-
hization of various minerals depend on the size of the particles
nd on the degree of crystallization. The data of the thermal modi-
cation concern mainly clays and show that the structural changes
bserved with the increasing of temperature are an individual and
pecific feature for clays similar in their chemical and mineralogical
omposition. In the preliminary investigation it was found out that
correlation between the temperature mode of treatment of four
ulgarian clay marls and their removal ability concerning heavy
etal ions from water solutions exists [25].

Chorom and Rengasamy (1996) suggested that, although the
igration of larger cations (Na+, K+ and Ca2+) into clay lattices is not

ossible, thermal energy at temperatures around 400 ◦C increases
he covalency of their bonding to the clay mineral surfaces [26].
he thermal reactions of clay minerals are well established: dehy-
ration occurs first, then dehydroxylation before, finally, structural
reakdown and the formation of new minerals such as mullite
Al6Si2O13), cristobalite (SiO2) and feldspars (Na, K or Ca alumi-
osilicates) at temperatures above around 900 ◦C [27].

According to many other investigators, these values correspond
o the water formed in the decomposition of hydroxyl groups in
he bentonite. Therefore, the activated product on this basis would
ontain only two-thirds of the constitutional hydroxyl groups con-
ained in the original bentonite.

.3. Effect of calcination temperature on the adsorption of U(VI)
nto TAB

The sorption of U(VI) ions has been investigated onto TAB as a
unction of calcinations temperature in the range of 100–500 ◦C.
alcination of the bentonite at 100–500 ◦C decreased the spe-
ific surface area because desorption of hydration and interlayer
ater closes the interlayer spaces and causes a denser packing

f the particles. The adsorption properties of bentonites change
hen the samples are calcined at 350–550 ◦C, i.e. at conditions

hat the layer structure is retained. Fig. 4 has shown the adsorp-
ion of U(VI) ions onto TAB sample. When bentonite was calcinated

t 400 ◦C, the adsorptive capacity is highest but decreases when
bove 400 ◦C. This is because that the rise of temperature breaks
he crystal structure and decreases the specific surface area and
dsorbability.

ig. 4. The effect of activation temperature (conditions: adsorbate conc., 75 mg/L;
H, 3.0; adsorbent dose, 0.1 g; contact time, 3 h; temp., 30 ◦C; particle size of TAB,
25 �m).
Fig. 5. Effect of particle size of TAB (conditions: adsorbate conc., 75 mg/L; pH, 3.0;
adsorbent dose, 0.1 g; contact time, 3 h; temp., 30 ◦C; calcination temp., 400 ◦C).

The dehydration and dehydroxylation processes during calci-
nations of clay minerals can be accompanied by movements of
octahedral cations within the octahedral sheet [28]. Besides these
structural changes, calcination also changes the textural proper-
ties and influences the dispersibility in water. These changes can
be used to enhance uranium ions adsorption. Therefore, thermally
calcinations temperature 400 ◦C was selected for further adsorption
experiments.

3.4. Effect of particle size of TAB

The pore properties (i.e., surface area and total pore volume)
play a significant role in determining adsorption capacity based
on the results of the adsorption equilibrium and adsorption kinet-
ics experiments. The result of UO2

2+ adsorption on the amount of
TAB is shown in Fig. 5. The concentration of UO2

2+, pH, temper-
ature and shaking time were fixed at 75 mg/L, 3.0, 30 ◦C and 3 h,
respectively, while the particle size of TAB was varied from 600
to 125 �m. The percentage adsorption and distribution coefficient
(Kd) decrease while increasing the size of TAB up to 600 �m. This is
because of increasing the external surface area TAB particle, and as
a result, more active sites are exposed to UO2

2+ ions. Therefore, the
size of TAB (125 �m) adsorbent was selected for further adsorption
experiments.

3.5. Effect of initial pH

The pH of the aqueous solution is an important variable for the
adsorption of metals on the adsorbents. The effect of the pH on
the U(VI) adsorption by TAB was studied in the pH region between
2.0 and 9.0, where the material exhibits chemical stability. For that
purpose, the pH values of uranium solutions were adjusted a range
of 2.0–9.0 prior to the experiments. Buffers of different chemical
compositions were used to calibrate pH meter. As seen in Fig. 6,
the adsorption of uranium increases from 31.03 to 64.75% with an
increase in pH of the solution from 2.0 to 4.0 and then decreases to
59.42% at pH 6.0.

The TAB has a maximum sorption at pH 9.0. The high adsorp-
tion levels for the TAB between pH 3 and 4 indicate that a high

2+
affinity for UO2 predominant in this pH region. At higher pH
values, the speciation of U(VI) is dominated by a series of strong
aqueous carbonate complexes which increase the solubility of
uranium at these environmental conditions. In the pH range of
7–10, the soluble carbonate complexes of UO2

2+ are the dominant
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Fig. 7. Effect of initial U(VI) concentration (conditions: pH, 3.0; adsorbent dose,
0.1 g; contact time, 2 h; temp., 30 ◦C; calcination temp., 400 ◦C; particle size of TAB,
125 �m).
ig. 6. The effect of pH (conditions: adsorbate conc., 75 mg/L; adsorbent dose,
.1 g; contact time, 2 h; temp., 30 ◦C; calcination temp., 400 ◦C; particle size of TAB,
25 �m).

nion species—UO2(CO3)3
2− and UO2(CO3)3

4−. These two com-
lexes exist in various ratios depending on the pH of the solution
29]. At low pH, the uranyl exists primarily as a mononuclear, aque-
us ionic species, and outersphere complexation is the principal
ethod of adsorption. For uranium adsorption onto montmoril-

onite in solutions of low pH and low ionic strength, cation exchange
t negatively charged surface sites has been shown to be an impor-
ant mechanism [30]. Montmorillonite can adsorb heavy metals via
wo different mechanisms: (1) cation exchange in the interlayers
esulting from the interactions between ions and negative per-

anent charge, (2) formation of inner-sphere complexes through
i–O− and Al–O− groups at the clay particle edges [31]. Both mech-
nisms are pH dependent because in acid conditions (pH < 4) most
ilanol and aluminol groups are protonated; therefore, in particular
or the latter, an acidification soil [32].

The uranium uptake reached the maximum at pH 3.0 and then
ecreased. This decrease in the adsorption of U(VI) probably reflects
reduction in the quantity of negative surface charges on the

entonite structure. Therefore, pH 3.0 was selected for further
xperiments.

.6. The effect of initial uranium concentration

The initial U(VI) concentration was varied from 25 to 125 mg/L to
valuate its effect on adsorption efficiency. As generally expected,
change in the inlet metal ion concentration of the feed affects the
dsorption. Fig. 7 illustrates the effect of initial uranium concen-
ration on adsorption. The U(VI) adsorption increased in the initial
oncentration range from 25 to 100 mg/L and slightly decreased
fter 100 mg/L. This may be due to higher metal ion concentration
nhancing the driving force to overcome mass transfer resistance
etween the aqueous and solid phases resulting in higher probabil-

ty of collision between adsorbate molecules and adsorbent surface.

.7. Effect of contact time

The effect of contact time was studied using a constant concen-

ration of uranium solution at 30 ◦C. The sorption of U(VI) ions has
een investigated onto adsorbed as a function of time in the range
f 5–180 min. The results are shown in Fig. 8. It shows the variation
f Kd and percentage adsorption with shaking time for U(VI) ions. As
een from Fig. 8, higher removal percentage of uranium is obtained
Fig. 8. The effect of contact time (conditions: adsorbate conc., 100 mg/L; pH, 3.0;
adsorbent dose, 0.1 g; temp., 30 ◦C; calcination temp., 400 ◦C; particle size of TAB,
125 �m).

at the beginning of the adsorption. The uptake of U(VI) by TAB is very
rapid, the Kd and percentage adsorption reach a maximum almost
immediately after mixing of adsorbent and uranium solution, but
both Kd and percentage adsorption later decrease. The initial faster
rate may be due to surface adsorption and in the initial stage, the
surface is free and reaction proceeds at a faster rate. Once the avail-
able free surface is clogged, then the adsorbate molecules penetrate
through the pores and get adsorbed inside the pore, which is known
as intra-particle diffusion. On the basis of these results 10 min shak-
ing period was selected for all further studies. Kd and percentage
sorption of uranium at the optimum adsorption conditions were
found as 196 ± 6 mL/g and 66.2 ± 0.7 %, respectively.
3.8. Sorption isotherms

The adsorption isotherm indicates how the adsorption
molecules distribute between the liquid phase and the solid phase
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Table 2
Adsorption isotherm constants for adsorption of U(VI) on TAB at 30 ◦C.

F erm constants

K le−2) qm (mmole g−1) E (kJ mole−1) R2

3 10−8 0.417 6.99 0.9903
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decrease in the thickness of the boundary layer surrounding the
reundlich isotherm constants D–R isoth

F (mmole g−1) n R2 ˇ (kJ2 mo
.01 × 10−5 1.22 0.9875 −1.024 ×

hen the adsorption process reaches an equilibrium state. The
nalysis of the isotherm data by fitting them to different isotherm
odels is an important step to find the suitable model that can

e used for designing purpose. There are several isotherm equa-
ions available for analyzing experimental adsorption equilibrium
ata. In this study, the equilibrium experimental data for adsorbed
(VI) on TAB sample were analyzed using the Freundlich and
ubinin–Radushkevich (D–R) isotherm models. These isotherms
re as follows:

(a) Freundlich isotherm model [33]:

log qe = log KF +
(

1
n

)
log Ce (3)

where KF and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

b) D–R isotherm model [34]:

ln qe = ln qm − ˇε2 (4)

where ˇ is the activity coefficient related to mean adsorp-
tion energy (mole2/J2) and ε is the Polanyi potential
(ε = RT ln(1 + [1/Ce]). The D–R isotherm is applied to the data
obtained from the empirical studies. The mean adsorption
energy, E (kJ mole) is as follows:

E = 1√
−2ˇ

(5)

The equilibrium data fitted to Freundlich equation (3), a fairly
atisfactory empirical isotherm can be used for non-ideal adsorp-
ion. The result was represented in Table 2. From Table 2, it is
oted that the values of n are bigger than 1, reflecting the beneficial
dsorption. Furthermore, the value of KF is 3.01 × 10−5 mmole g−1

or UO2
2+. The numerical value of 1/n <1 indicates that sorption

apacity is only slightly suppressed at lower equilibrium concentra-
ion and suggests multiple binding sites, with the highest strength
ites binding the sorbate first. This isotherm does not predict any
aturation of the sorbent by the sorbate thus infinite surface cov-
rage is predicted mathematically, indicating a multilayer sorption
f the surface.

The sorption data have been applied to D–R model based on the
eterogeneous surface of the adsorbate as in Freundlich isotherm

n order to distinguish between physical and chemical adsorption.
he sorption potential is independent of the temperature but varies
ccording to the nature of sorbent and sorbate. The plot of ln qe

s. C-- 2 as shown in Fig. 9 is a straight line. From the slope and
ntercept of this plot the values of ˇ = −1.024 × 10−8 kJ2 mole−2 and
m = 0.417 mmole UO2

2+/g have been estimated. The mean sorption
nergy (E) is given by Eq. (5). The numerical value of mean sorp-
ion energy is in the range of 1–8 and 9–16 kJ mole−1 forecast the
hysical adsorption and chemical adsorption, respectively [35]. The
alue of E is expected for physical adsorption. The D–R model was
ound to fit the test data better than the Freundlich model.
.9. Thermodynamic studies

This adsorption potential is independent of the temperature,
ut it varies depending on the nature of adsorbent and adsorbate.
sing the following equations, the thermodynamic parameters of
Fig. 9. Dubinin–Radushkevich (D–R) sorption isotherm of uranium onto TAB.

the adsorption process can be determined from the experimental
data:

ln Kd = �S

R
− �H

RT
(6)

�G = �H − T�S (7)

Kd = qe

Ce
(8)

where Kd is the distribution coefficient for the adsorption, �S,
�H and �G are the changes of entropy, enthalpy and the Gibbs
energy, qe is the equilibrium concentration of U(VI) on the adsor-
bent (mg/g), T (K) is the temperature, R (J mole−1 K−1) is the gas
constant. The values of �H and �S were determined from the slopes
and intercepts of the plots of ln Kd vs. 1/T.

The influence of temperature variation was examined on the
sorption of U(VI) on TAB from 1 M HNO3 solution using 10 min equi-
libration time and 25 mg TAB/50 mL of sorptive solution from 293 to
333 K. Thermodynamic parameters were calculated for this system
by using the following Eq. (6) and (7). The plot of ln Kd against 1/T for
U(VI) is shown in Fig. 10. The values of enthalpy and entropy were
obtained from the slope and intercept of ln Kd vs. 1/T plots, which
were calculated by a curve-fitting program. Gibbs free energy was
calculated by using the following well-known Eq. (8).

The values of the thermodynamic parameters for the sorption
of U(VI) on TAB are given in Table 3. The negative values for the
Gibbs free energy change, �G, show that the adsorption process
for the TAB is spontaneous and the degree of spontaneity of the
reaction increases with increasing temperature. The increase in
adsorption with temperature may be attributed to either increase
in the number of active surface sites available for adsorption on
the adsorbent or the desolvation of the adsorbing species and the
adsorbent with temperature, so that the mass transfer resistance
of adsorbate in the boundary layer decreases. The positive value of
enthalpy change, �H, show the adsorption of uranium is endother-
mic. Also the positive entropy favors complexation and stability of
sorption.
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Table 3
Thermodynamic parameters for the adsorption of uranium onto TAB.

�H◦ (kJ mole−1) �S◦ (kJ mole−1 K−1) �G◦ (kJ mole)

293 K

0.0193 0.108 −31.67
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ig. 10. Influence of temperature on the thermodynamic behavior of adsorption of
ranium onto TAB.

.10. Desorption of adsorbed uranium from the TAB

Desorption process was carried out as a function some param-
ters such as the kind of desorptive solution, concentration of
esorptive solution, contact time and number of desorption stage.
he uranium concentration in the solution after desorption process
as determined using TOPO-DBM method.

After adsorption of uranium onto TAB, TAB was treated with dif-
erent desorptive solutions to recover the adsorbed uranium from
AB. Desorption of uranium from loaded TAB studied as a function
ome parameters such as the kind of desorptive solution, concen-
ration of desorptive solution, contact time and stage of desorption.
esorption yields were shown in Table 4. TAB showed the lower
esorption yield using NaNO3, H2SO4, NaCl, and H2O compared
o the other desorptive solutions. 1 M HNO3 and 1 M CH3COONH4
epresents relatively high desorption yield for uranium. Other
esorption parameters were changed to increase the desorption
ield.

The effect of concentration of HNO3 solution on desorption of

ranium from TAB showed that 1 M HNO3 solution has a maximum
ield (94.6%). Desorption of uranium from adsorbent was reached
o maximum value in a period of less than 30 min. Desorption tests
howed that uranium could be quantitatively desorbed with 1 M
NO3 at 30 ◦C in one stage.

able 4
esorption yields of some desorptive solutions.

lution solution Desorption (%) Elution solution Desorption (%)

M CH3COONH4 91.10 1 M EDTA 60.25
M NaNO3 4.70 1 M H2SO4 21.00
M NaCl 5.90 1 M NaOH 65.92
M Na2CO3 70.60 1 M HNO3 94.60
M NaHCO3 80.22 H2O 5.00
M HCl 75.62
303 K 313 K 323 K 333 K

−32.75 −33.83 −34.92 −35.99

4. Conclusions

Natural clays present a major advantage of giving low cost recov-
ery processes making them suitable for use in water purification.
Moreover, their regeneration does not present any problem and,
when needed, the recovering of the fixed element could be reached
even by leaching the loaded material.

The results of this study indicate that TAB can be successfully
used for the recovery of hexavalent uranium from aqueous solu-
tions under the optimized conditions. Bentonites are an effective
adsorbent for the recovery uranium from aqueous solution. Ben-
tonite is cheap and found at several localities in Turkey. Taking into
account the results, we have considered it of great interest to assess
the ability of locally available bentonite for the adsorption of U(VI)
from aqueous solutions.

The adsorption of uranium onto TAB follows Freundlich and D–R
isotherms. In the adsorption systems, n value is n > 1 which indi-
cates that adsorption intensity is favorable over the entire range
of concentrations studied. The KF value of the Freundlich equation
also indicates that TAB has a very high adsorption capacity for U(VI)
ions in aqueous solutions.

The temperature variations have been used to evaluate the
values of �H, �S and �G. The negative value of �G showed spon-
taneous nature of adsorption. The positive value of �H indicates
the endothermic behavior of the adsorption reaction of U(VI) ions
and suggests that a large amount of heat is consumed to transfer
the U(VI) ions from aqueous into the solid phase.

The transition metal ions must give up a larger share of their
hydration water before they could enter the smaller cavities. Such
a release of water from the divalent cations would result in positive
values of �S. This mechanism of the adsorption of U(VI) ions is also
supported by the positive values of �S, which show that U(VI) ions
are less hydrated in the TAB layers than in the aqueous solution.
Also, the positive value of �S indicates the increased disorder in
the system with changes in the hydration of the adsorbing U(VI)
cations. The value of sorption energy gives an indication about the
nature of sorption.

The experimental results show that 1 M HNO3 is a successful
solution for desorption of uranium.
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