
J. Chem. Thermodynamics 41 (2009) 829–835 

 

Contents lists available at ScienceDirect

J. Chem. Thermodynamics

journal homepage: www.elsevier .com/ locate/ jc t

 

The removal of uranium (VI) from aqueous solutions onto natural sepiolite

R. Donat *

Pamukkale University, Faculty of Science and Arts, Chemistry Department, 20070 Kınıklı Campus Denizli, Turkey
a r t i c l e i n f o

Article history:
Received 3 November 2008
Received in revised form 18 January 2009
Accepted 20 January 2009
Available online 30 January 2009

Keywords:
Sepiolite
Uranium
Adsorption
Isotherms
0021-9614/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.jct.2009.01.009

* Fax: +90 258 2953535.
E-mail address: rdonat@pau.edu.tr
a b s t r a c t

The adsorption of uranium (VI) from aqueous solutions onto natural sepiolite has been studied using a
batch adsorber. The parameters that affect the uranium (VI) sorption, such as contact time, solution
pH, initial uranium(VI) concentration, and temperature, have been investigated and optimized conditions
determined. Equilibrium isotherm studies were used to evaluate the maximum sorption capacity of sepi-
olite and experimental results showed this to be 34.61 mg � g�1. The experimental results were correlated
reasonably well by the Langmuir adsorption isotherm and the isotherm parameters (Qo and b) were cal-
culated. Thermodynamic parameters (DH� = �126.64 kJ �mol�1, DS� = �353.84 J �mol�1 � K�1,
DG� = �21.14 kJ �mol�1) showed the exothermic heat of adsorption and the feasibility of the process.
The results suggested that sepiolite was suitable as sorbent material for recovery and adsorption of ura-
nium (VI) ions from aqueous solutions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Wastewater containing heavy metal contaminants needs treat-
ment system that can remove these contaminants effectively.
These pollutants may come from various sources such as sewage
plants, acid mine waters, mineral industries wastewaters, and elec-
troplating processes. Metal ions are commonly removed from di-
lute aqueous streams through chemical precipitation, reverse
osmosis, and solvent extraction. These techniques have disadvan-
tages such as incomplate metal removal, high reagent, and energy
requirements, generation of toxic sludge or other waste products
that again require disposal. The choice of which depends upon
the type and concentration of both sorptive material and sorbent
employed, as well as their costs. Various substances, such as acti-
vated carbon, natural, and synthetic zeolites, clay minerals, and
ion exchange resins have been used as adsorbents for the removal
of wastewater [1].

Adsorption of uranium (VI) onto various solids is important
from the purification, environmental, and radioactive waste dis-
posal points of view [2,3]. The reactions of metals at the solid–solu-
tion interface play important role in determining their treatment
by adsorption process, as well as in determining their fate in the
environment. These reactions which include adsorption, precipita-
tion, and polymerization are often collectively called sorption.
Adsorption of metals at mineral–water interface is often initially
fast followed by a decrease in the adsorption rate [4–6]. Sorption
is a general term used to describe the retention mechanism at
any surface. Adsorption, surface precipitation, and polymerization
ll rights reserved.
are three types of sorption mechanisms of interest. Adsorption is
the process through which a net accumulation of a compound oc-
curs at the solid/aqueous interface [5], it includes both dissolution
and desorption. Unlike mononuclear adsorption, surface precipita-
tion forms a three-dimensional phase on the surface that can arise
from polymeric metal complexes, aqueous polymers or nucleation
of homogenous species due to saturation [7]. Polymerization is the
formation of multinuclear species that are soluble in solution [5].

The ability of clay minerals to adsorb heavy metal cations is an
important property in the context of the increasing contamination
of aquatic and soil environment by toxic wastes. Sepiolite is a
natural clay mineral with a formula of (Si12)Mg8O30(OH)6(OH2)4 �
8H2O (magnesium hydrosilicate). Its unique fibrous structure with
interior channels (3.6 � 10.6) 10�8 cm allows the penetration of
organic and inorganic ions into the structure of sepiolite and
assigns sepiolite an excellent industrial importance in adsorptive,
rheologic, and catalytic applications [8,9]. Most of the world sepi-
olite reserves are in Turkey. The special type of sepiolite which is
called ‘‘Lületas�ı” is used for hand-crafted souvenirs, such as tobac-
co pipes, chessman, and necklaces because of its softness and
whiteness. Sepiolite is a natural hydrated magnesium silicate with
a wide range of industrial applications derived mainly from its
sorptive properties.

In recent years, utilizing natural minerals like kaolinite, mont-
morillonite, apatite, zeolites, sepiolite, and clinoptilolite to adsorb
heavy metal pollutants from aqueous solutions has been studied
widely [10–15]. Although the research on the adsorption of heavy
metals with minerals is abundant, a few of them are about sepiolite
adsorbing heavy metal. The ability of sepiolite to adsorb heavy me-
tal ions from water is significant for the removal of these toxic pol-
lutants from the environment. Studies conducted recently [16–20]
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showed that sepiolite can retain a significant amount of Cu2+, Zn2+,
Cd2+, Co2+, and Pb2+ ions from aqueous solutions. Adsorption of
various metal ions onto sepiolite (Cd, Cu, and Zn) for the treatment
of wastewaters (Ni, Cd, and Zn) has been studied [17,21,22]. Bektas�
et al., [23] investigated the removal of lead ions from aqueous solu-
tions by natural sepiolite; Lazarević et al. [24] the adsorption of
Pb2+, Cd2+, and Sr2+ ions onto natural and acid-activated sepiolites.
As can be seen above, only a limited number of studies on the re-
moval of metal ions using sepiolite as an adsorbent have been
found in the literature.

The objective of the present study was to explore the feasibility
of using the natural sepiolite for the removal of toxic uranium (VI)
ions from aqueous solutions. Batch experiments were carried out
to investigate uranium (VI) adsorption properties of sepiolite adsor-
bent. The uranium (VI) adsorption was analyzed as function of the
following parameters: contact time, initial uranium concentration,
solution pH, and temperature. Equilibrium adsorption isotherms
are analyzed to obtain the Langmuir, Freundlich, and Dubinin–Rad-
ushkevich (D–R) constants. Thermodynamic investigations are also
undertaken. These results would contribute to a better understand-
ing of the sorption phenomena and aid in the development of poten-
tial adsorbents using locally derived sorbents, which possess high
capacities for UO2þ

2 uptake from aqueous solutions.

2. Experimental

2.1. Natural sepiolite

The natural sepiolite, a commercial sample from sepiolite of
Eskisehir deposit in Turkey was dry-sieved under open laboratory
conditions using the British Standard, 120 standard mesh
(<106 lm) sieve and stored in a polypropylene container in a des-
iccator. The chemical compositions of the sample were identified
by IR spectrophotometric analysis. Chemical composition of sepio-
lite sample was found out by standard wet chemical analysis along
with instrumental methods [25], Al2O3, Fe2O3, CaO, and MgO were
analysed with titrimetric and SiO2 was analysed with gravimetric
method. Na2O and K2O were found out by flame photometry. The
results are summarized in table 1. Specific surface area of natural
sepiolite was measured by N2, BET method: SB: 338 m2 � g�1.

The Fourier transform infrared (FT-IR) spectra using KBr pressed
disk technique were conducted by Perkin Elmer Spectrum BX Infra-
red spectrometer. Natural sepiolite and KBr were weighted and
then were grounded in an agate mortar for 10 min prior to pellet
making. The spectra were collected for each measurement over
the spectral range of (400 to 4000) cm�1.

2.2. Reagents

A solution of 1000 mg � dm�3 of uranium was prepared from
UO2(NO3)2 � 6H2O (Merck) by dissolving the salt in pure distilled
water. The stock solution was diluted to prepare working solutions.

 

 

TABLE 1
Chemical composition properties of natural sepiolite.

Chemical composition Weight/(%)

SiO2 56.91
Al2O3 0.085
Fe2O3 0.043
CaO 1.40
MgO 27.25
Na2O 0.019
K2O 0.013
MnO2 0.0021
TiO2 0.008
Ignition loss, % 13.50
Distilled water (Millipore Ultra Pure Water System) was used in
overall investigations. More diluted solutions were prepared daily
as required. The buffer solutions (pH 4, 7, and 9) were used to cal-
ibrate the pH meter. The pH of each test solution was adjusted to
the required value with diluted HNO3 and Na2CO3 solutions at
the start of the experiment. Reagent blanks were run for every
sample solution. Buffering was not used due to unknown effects
of buffer compounds on adsorption.

2.3. Instrumentation

The Urainium (VI) concentrations were determined by UV–Vis
spectrophotometer (Shimadzu UV–Vis 1601 Model). The adsorp-
tion experiments have been studied by batch technique using a
thermostated shaker bath Nüve ST402 Model. The pH of all solu-
tion was measured by WTW microprocessor Model pH meter. A
Hettich Zentrifügen Universal 16A Model digital centrifuge was
used to centrifuge the samples. A Electro-Mag M420 Model oven
was used to dry the samples.

2.4. Batch adsorption experiments

The sorption of U (VI) on sepiolite was studied by the batch tech-
nique. The general method used for these studies is described be-
low. The polyethylene (PE) flaks which containing the weighed
amounts of sepiolite adsorbent and metal spiked solution were kept
separately in the thermostated water bath before mixing for a suf-
ficient period of time to attain the desired experimental tempera-
ture. A known weight, i.e., 0.1 g, of the sepiolite was equilibrated
with 10 cm3 of the U (VI) spiked solution of known concentration
in a polyethylene (PE) flask at fixed temperature in a thermostated
shaker water bath for a 240 min period. After equilibration, the sus-
pension was centrifuged in a stoppered tube for 5 min at 3500 rpm.
Then the residual uranium (VI) ions in aqueous solution were deter-
mined spectrophotometrically using TOPO-DBM (trioctyl phos-
phine oxide and di-benzoyl methane) method at 405 nm using
spectrophotometer [26,27]. The amount of adsorbed uranium (VI)
was calculated from the difference of the uranium concentration
in aqueous solution before and after adsorption

2.5. Calculation

The percent adsorption (%) and the distribution constant Kd

(cm3 � g�1) were calculated from the equations

Ads: ð%Þ ¼ 100� ½ðCi þ Cf Þ=Ci�; ð1Þ
Kd ¼ ðmadsVÞ=ðmsolWÞ; ð2Þ

where Ci and Cf are the concentrations of the metal ion in the initial
and final solutions (mg � dm�3), mads and msol represent the amount
of metal in adsorbent and in solution (mg), V is the volume of
the solution (cm3), and W is the weight of the adsorbent (g). The
amount of metal ion sorbed at time t, qt, was calculated from
the mass balance equation

qt ¼ ðCi � CtÞV=W; ð3Þ

when t is equal to the equilibrium contact time, Ct = Ce, qt = qe, and
the amount of metal ion sorbed at equilibrium, qe, is calculated
using equation (3). All the adsorption experiments were run in
duplicate. The difference in results for the duplicates was typically
less than 5%.
3. Results and discussion

The results from the chemical analysis of the treated sepiolite
are presented in table 1. This study showed that natural sepiloite



FIGURE 1. Infrared (IR) spectrum of sepiolite at room temperature T = 303 K.
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FIGURE 2. Plot of % uranium (VI) removal against contact time for the uranium (VI)
sorption onto sepiolite shown as d. On the right hand side y-axis, plot of Kd against
contact time shown as h. The plots are for uranium concentration = 250 mg � dm�3,
pH 3.0, T = 303.15 K; m = 0.1 g.
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contained sodium, potassium, and calcium ions. Low-silica mem-
bers are enriched with magnesium, whereas high-silica of sepiolite
is enriched with calcium.

The FT-IR studies of these adsorbents help the identification of
various forms of the minerals that present in the clay. Infrared
spectra of the charge sepiolite, illustrated in figure 1, shows the
presence of absorption bands of clay phase and absorption charac-
teristic bands of impurities.

The FTIR spectra of the sepiolite sample are shown in figure 1
respectively. The Mg3OH band at (3762 to 3574) cm�1 character-
ized by weak bonding strength is ascribed to the presence of OH
groups in the octahedral sheet and the OH stretching vibration in
the external surface of sepiolite [28]. On the other hand, the
(3430 and 1664) cm�1 bands are respectively assigned to the OH
stretching, representing the zeolitic water in the channels and
bound water coordinated to magnesium in the octahedral sheet.
The Si–O coordination bands at (1213 and 1014) cm�1 represent
the stretching of Si–O in the Si–O–Si groups of the tetrahedral
sheet [29] and two peaks at (690 and 646) cm�1 represent the
bending vibration of Mg3OH of sepiolite sample. The band at
470 cm�1 is due to Si–O–Al (octahedral) and Si–O–Si bending
vibrations, respectively, for sepiolite.

The sorption ability of clay minerals has been thoroughly inves-
tigated by several researchers. There are many factors that effect
the adsorbability of dissolved element including the chemical form
of metal, solution pH, time of contact, metal concentration, the
presence of competing adsorbates, the amount of sorbent, organic
matter, temperatures, particle size, and others [30,31]. The ability
of sepiolite adsorbent to adsorb metal ions from aqueous solution
has been studied at different optimized conditions of pH, concen-
tration of uranium (VI) ions and different temperature. Various
adsorption parameters for the effective removal of uranium by
using sepiolite adsorbent from aqueous solutions were studied
and optimized.

3.1. Effect of contact time

The effect of shaking contact time was studied using a constant
concentration of uranium solution at T = 303.15 K. The sorption of
uranium (VI) ions has been investigated onto sepiolite as a function
of time in the range of (15 to 1440) min. Figure 2 shows the vari-
ation of Kd and percentage sorption with shaking time for uranium
(VI) ions. As seen from figure 2, higher removal percentage of ura-
nium is obtained at the beginning of the sorption. It is clear from
figure 2 that the sorption efficiency increases rapidly where over
92% of the uranium (VI) is adsorbed during the first 240 min and
then becomes constant. Therefore, the 240 min shaking time was
found to be appropriate for maximum sorption and was used in
all subsequent measurements. The Kd and percentage sorption of
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FIGURE 3. Plot of % uranium (VI) removal against pH for the uranium (VI) sorption
onto sepiolite shown as s. On the right hand side y-axis, plot of Kd against pH
shown as d. The plots are for uranium concentration = 250 mg � dm�3, pH 3.0 to 9.0;
T = 303.15 K, m = 0.1 g, t = 240 min.
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FIGURE 4. Plot of % uranium (VI) removal against initial uranium concentration for
the uranium (VI) sorption onto sepiolite shown as d. On the right hand side y-axis,
plot of Kd against initial uranium concentration shown as s. The plots are for
uranium concentration = (100 to 500) mg � dm�3, pH 3.0, T = 303.15 K, m = 0.1 g,
t = 240 min.
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uranium (VI) at the optimum sorption conditions were found to be
(2400 ± 44) cm3 � g�1 and (96.0 ± 0.7)%, respectively.

3.2. Effect of the pH

The pH of the aqueous solution is an important variable for the
sorption of uranium (VI) ions on sepiolite. The pH values were var-
ied between (2 ± 0.1) and (9.0 ± 0.1), keeping the other parameters
constant. The pH was adjusted to the required value with diluted
HNO3 and Na2CO3. Figure 3 shows the effect of pH on sorption.
As seen in figure 3, the percentage adsorption increases with
increasing pH to a maximum value pH 3.0 ± 0.1 and then declines
rather rapidly with further increase in pH. Natural sepiolite has a
maximum sorption at pH 3.0. The uranium sorption mechanism
was affected by the solution pH through the hydrolysis of uranyl
ions aqueous solution. At low pH value, the uranium is present
in the solution mainly in the form of free UO2þ

2 ions and the avail-
ability of free uranium ions are maximum at pH 3.0 and hence
maximum adsorption.

The pH effect on uranium sorption can be explained by the solu-
tion chemistry of uranium as well as by the surface characteristics
of the adsorbents. As the pH of a uranium solution increases, the
uranyl ions are easily hydrolyzed, and these hydrolysis products
are also polymerized [32]. Uranium exists in hydrolyzed form
and the following ionic species have been identified: UO2þ

2 ,
[(UO2)2(OH)2]2+ dimer, [(UO2)3(OH)5]+ trimer [33]. It is these spe-
cies that are exchanged at the functional groups on the sepiolite.

Various hydroxo complexes of uranium may form when the pH
increases from an acidic value to a neutral value. The relative pro-
portion of these species is determined by the pH and total uranium
concentration. Repartition of the hydroxo complexes is determined
by the following equilibrium [34]:

UO2þ
2 þ 2H2O UO2ðOHÞþ þH3Oþ ðpK ¼ 5:8Þ;

2UO2þ
2 þ 4H2O ðUO2Þ2ðOHÞ2þ2 þ 2H3Oþ ðpK ¼ 5:62Þ;

3UO2þ
2 þ 10H2O ðUO2Þ2þ3 ðOHÞ2þ5 þ 5H3Oþ ðpK ¼ 15:63Þ:
In the pH range of 7 to 10, the soluble carbonate complexes of
UO2þ

2 are the dominant anion species, UO2ðCO3Þ2�3 and
UO2ðCO3Þ4�3 . These two complexes exist in various ratios depend-
ing on the pH of the solution [35]. With increasing pH the uranyl
unit becomes more hydrolyzed and forms oligomeric solution spe-
cies. The formation of surface sorption complexes can be kineti-
cally favored in comparison to hydrated uranyl precipitates [36].
Sylwester et al. [37] observed that at pH 3.0 to 4.0 the uranyl ion
preserves its structure moiety and undergoes an ion-exchange
process.

The uranium (VI) uptake reached the maximum at pH 3.0 and
then decreased. This decrease in the sorption of uranium (VI) prob-
ably reflects a reduction in the quantity of negative surface charges
on the clay in the composite structure. Therefore, pH 3.0 was se-
lected for further experiments.

3.3. Effect of the initial uranium concentration

The sorption of uranium (VI) was studied as a function of ura-
nium(VI) concentration. The uranium (VI) concentration was var-
ied from (100 to 500) mg � cm�3. The results are given in figure 4,
which illustrates the effect of the initial uranium concentration
on adsorption. They reveal that Kd and the percentage of uranium
adsorption decreased with increasing the initial uranium concen-
tration. It is also noted that the adsorption capacity varies in the
same way (figure 5). The uranium adsorption capacity of sepiolite
was determined as 34.61 mg � g�1.

3.4. Effect of the temperature

The effect of temperature on the adsorption of uranium (VI) was
studied from T = (298.15 to 318.15) K. The operating conditions
used were initial uranium concentration 250 mg � dm�3, amount
of sepiolite 0.1 g, and pH 3.0 ± 0.1. The results are reported in figure
6. It can be observed that the percentage of uranium adsorption de-



5

10

15

20

25

30

35

0 100 200 300 400 500 600

Initial Uranium Concentration/ (mg.dm-3)

qt
 (m

g/
g)
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creased, with increasing temperature indicating that the process is
exothermic in nature.

3.5. Sorption isotherms

The sorption results have been subjected to different sorption
isotherms, namely the Freundlich, Langmuir, and Dubinin–Rad-
ushkevich (D–R). The Langmuir theory was first used to describe
the adsorption of gas molecules onto metal surfaces. However, this
model has found successful application in many other sorption
processes. Basic assumption of the Langmuir model, the amount
of metal ions adsorbed can be expressed by [38]
qe ¼ X=m ¼ ðQobCeÞ=ð1þ bCeÞ; ð4Þ

where X is the initial concentration of solute minus the final con-
centration of solute in solution at equilibrium (mg � dm�3) and m
is concentration of adsorbent (g � dm�3).

A linear form of this equation is

Ce=qe ¼ I=Qobþ Ce=Q o; ð5Þ

where Ce is the equilibrium concentration of metal in solution and
qe is the amount of metal ions sorbed on sepiolite. The Qo and b
are Langmuir constants related to sorption capacity and sorption
energy, respectively. Maximum sorption capacity (Qo) represents
monolayer coverage of sorbent with sorbate and b represents en-
thalpy of sorption and should vary with temperature. The equilib-
rium results for uranium (VI) ions over the concentration range
from (100 to 450) mg � dm�3 at T = 303 K have been correlated with



TABLE 2
Thermodynamic parameters for the adsorption of uranium (VI) onto sepiolite.

Co/(mol � dm�3) DH�/(kJ �mol�1) DS�/(J �mol�1 � K�1) DG�/(kJ �mol�1)

298.15 K 303.15 K 308.15 K 313.15 K 318.15 K

1.05 � 10�4 �126.64 �353.84 �21.14 �19.37 �17.60 �15.83 �14.07
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the Langmuir isotherm (figure 7). A linear plot is obtained when Ce/
qe was plotted against Ce over the entire concentration range of me-
tal ions investigated. The Langmuir model effectively described the
sorption data with all R2 values >0.99. The adsorption isotherms of
UO2þ

2 exhibit Langmuir behaviour, which indicates a monolayer
adsorption. The maximum sorption capacity (Qo) and monomolecu-
lar capacity (b) are found to be 1.32 � 10�3 mmol � g�1 and
59.01 dm3 � g�1 for UO2þ

2 at T = 303 K.

3.6. Thermodynamics studies

The sorption capacity of sepiolite increased with increase in the
temperature of the system from (298 to 318) K. Thermodynamic
parameters such as change in free energy (DG�) in kJ �mol�1, en-
thalpy (DH�) in kJ �mol�1 and entropy (DS�) in J � K�1 �mol�1 were
determined using the following equations:

Kd ¼ Csolid=Cliquid; ð6Þ
DG� ¼ �RT ln Kd; ð7Þ
ln Kd ¼ ðDS�=RÞ � ðDH�=RTÞ; ð8Þ

where Kd is the equilibrium constant, Csolid is the solid phase con-
centration at equilibrium (mg � dm�3), Cliquid is the liquid phase con-
centration at equilibrium (mg � dm�3), T is the temperature in
Kelvin and R is the gas constant. From the temperature variation
from (298 to 318) K on the sorption, DH� and DS� were obtained
(figure 8). The DH� and DS� values obtained from the slope and
intercept of Van’t Hoff plots are presented in table 2. The Gibbs free
energy (DG) was calculated as

DG� ¼ DH� � TDS�: ð9Þ

The values of the thermodynamic parameters for the sorption of
Uranium (VI) on sepiolite adsorbent are given in table 2.

The negative value of enthalpy change, DH�, shows the adsorp-
tion of uranium is exothermic. The value of DG� for these processes
becomes less negative with increasing temperature which shows
that sorption is less favoured at high temperatures as shown in ta-
ble 2 indicating that the reaction is spontaneous and more favor-
able at lower temperature. The negative value of adsorption
entropy is a harmonious result with the general information of
decreasing entropy when ions pass solid phase from solution. Fix-
ation of uranium ions as a result of adsorption is attributed to a de-
crease in the degree of freedom of adsorbate ions which gives rise
to a negative entropy change [39]. The resultant effect of complex
bonding and steric hindrance of the sorbed species eventually in-
creases the enthalpy and entropy of the system.
4. Conclusions

The experimental results indicated that sepiolite could be suc-
cessfully used for the adsorption of uranium (VI) ions from aque-
ous solutions. Experimental parameters such as, solution pH,
shaking time, concentration effect and temperature must be opti-
mally selected to obtain the highest possible removal of uranium
(VI) from aqueous solutions using sepiolite. This naturally occur-
ring material substitutes the use of activated carbon as adsorbent
due to its availability and its low cost. The abundance and avail-
ability of natural sepiolite mineral reserves as a raw material
source and its relatively low cost guarantee its continued utiliza-
tion in the future, and most of the world sepiolite reserves are
found in Turkey. Sepiolite is a good adsorbent for heavy metal ions
because it exhibits a variety of attractive properties such as high
specific surface area, high porosity and surface activity. Natural
sepiolite is therefore used in a spectrum of areas where sorptive,
catalytic, and rheological properties are exploited.

The equilibrium results followed well the linear Langmuir mod-
el. The adsorption of uranium (VI) was best represented by the
Langmuir model, which indicated a monolayer adsorption.

The thermodynamic parameters DH�, DS�, and DG� values of
uranium (VI) adsorption onto sepiolite show exothermic heat of
adsorption, favored at low temperatures. The negative entropy va-
lue is an indication of the probability of favorable nature of adsorp-
tion and the process is spontaneous.

On the basis of all results, it can be concluded that sepiolite can
effectively be used for the removal of uranium (VI) ions from
wastewater using adsorption method. This sepiolite mineral pre-
sents a major advantage of giving low cost recovery processes
making them suitable for use in water purification.
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