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a b s t r a c t
The novelty of this work consists in the new organo-adsorbents development for anionic forms of 
uranium adsorption by bentonites and zeolites from Greek deposits with significant meaning. The 
main aim of this study was the comparison between Greek bentonite Kimolos and zeolite Metaxades, 
natural and organo-modified forms towards adsorption of U(VI) from aqueous solution. Chemical 
modification method with hexadecyltrimethylammonium bromide (HDTMABr) was used for orga-
no-forms preparation. The effect of pH and contact time, as well as kinetic, isotherms and thermody-
namic adsorption of U(VI) on studied bentonite and zeolite has been investigated by batch experiments 
and discussed by different mathematical models. The study indicates that prepared HDTMA forms 
can be potentially used as promising low-cost adsorbents for U(VI) removal in waste water treatment.
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1. Introduction

Bentonites and zeolites are naturally occurring struc-
tured aluminosilicates, with high cation exchange and ion 
adsorption capacity [1–12]. Bentonite rocks consist mainly 
of montmorillonite (50%–80%), a mineral from dioctaedric 
smectite group; and accompanying materials such as clay 
mineral, quartz diatomite, calcite, organic materials and 
others [13–15]. Montmorillonite, a clay mineral with 2:1 
layered structure, can hold some cations between its layers. 
Substitution of Si4+ with Al3+ in tetrahedral sheets and Al3+ 
with Mg2+ in octahedral sheets gives the lattice a net nega-
tive charge which is usually balanced by cations of Li+, Na+ 
and Ca2+ located between the layers. These cations can eas-
ily be replaced by other organic or inorganic cations [16–18]. 
Zeolite is natural porous mineral described as crystalline 
hydrated aluminosilicate. Inside the framework structure of 

zeolite, alkali or alkaline-earth cations are reversibly fixed 
in the cavities and can easily be exchanged by surrounding 
positive ions [19–22]. Clinoptilolite belongs to the natural 
zeolite with high ion-exchange and adsorption properties 
and it is known to have high exchange capacity and removal 
efficiency for some cations [23,24]. Bentonites and zeolites 
have a high potential for natural and waste uranium man-
agement [25]. The removal and recovery of uranium from 
contaminated soils, environment and ground water, as a 
result of nuclear industry, has attracted more and more 
attention [26–32]. 

Uranium is the most abundant long-lived natural radio-
nuclide (T1/2  =  4.51  ×  109  years for U-238) and is stable in 
many soil and aquifer systems. Uranium occurs as a mobile 
hydrated uranyl UO2

2+ ion and various soluble uranyl com-
plexes under near surface conditions [33,34]. It is therefore a 
potentially hazardous pollutant to the environment. 

Several methods are available for removing uranium 
from aqueous solution, such as electrodeposition, chemical 
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precipitation, reverse osmosis, solvent extraction, micellar 
ultrafiltration and adsorption [35–42]. Among these, adsorp-
tion is the most attractive method, due to its high efficiency, 
ease of handling and availability of different adsorbents. 
Various kinds of new adsorbents for removing and recov-
ering radionuclides including uranium have been reported, 
among which natural bentonites [43–46], zeolites [47–50] and 
their modified forms are considered as particularly effective, 
low-cost and chemically stable [51–58]. 

Natural bentonites and zeolites are unsuccessful for 
anions adsorption [59–65], thus the surface modification has 
been proposed to enhance the adsorption capacity for anions. 
The organo-silicates belong to the adsorbents obtained 
through replacement of mobile inorganic cations (such as 
Na+), by the large hydrophobic quaternary alkylammonium 
in cationic form. Based on the modification, they are suitable 
to adsorb contaminants in anionic forms. 

Herein, Greek natural bentonite from deposit Kimolos 
and zeolite from deposit Metaxades for U(VI) cationic spe-
cies removal was studied. HDTMA-bentonite (KIm) and 
HDTMA-zeolite (MXm) were prepared in order to obtain 
more efficient adsorbent for U(VI) anionic species removal. 
The HDTMA-intercalated adsorbents were characterized by 
Fourier transform infrared (FTIR) spectroscopy and the batch 
technology was adopted to evaluate the adsorption capac-
ity of KIm and MX towards U(VI) as a function of contact 
time, pH, initial U(VI) concentration and temperature. The 
adsorption kinetic, various isotherms and thermodynamics 
calculations of U(VI) were investigated.

2. Experimental

Herein, some crucial points of experimental conditions 
are explained and for more detailed description follow 
our previous, already published study [65].

2.1. Reagents

•	 Stock U(VI) solution: UO2(NO3)2·6H2O in distilled water,
•	 Buffer solutions (pH 4, 7 and 9): adjusted with 0.1 mol L–1 

HCl and 0.1 mol L–1 NaOH,
•	 All reagents used during experiments were of analytical 

purity.

2.2. Natural and HDTMA forms

•	 Greek bentonite Kimolos: natural forms labelled KI, frac-
tions below 15 μm, Specific surface area (SSA) ~ 680 m2 g–1, 
cation exchange capacity (CEC) 96 meq 100 g–1 [66,67].

•	 Greek zeolite Metaxades: natural forms labelled MX, frac-
tions below 15 μm, SSA ~ 760 m2 g–1, CEC 119 meq 100 g–1 
[66,67].

•	 HDTMA forms of bentonite was labelled KIm and zeolite 
was labelled MXm, fractions below 50 μm.

•	 The preparation of HDTMA intercalated forms: 5 g of KI 
or MX was mixed with 25 mL, 60 mmol L–1 HDTMABr 
solution and stirred at 60°C for 24 h.

•	 Followed by filtration and washed with deionized water 
until a negative bromide test with 0.1 mol L–1 AgNO3 was 
obtained.

•	 Final suspension was dried at 60°C for 24 h.
•	 Tables 1–4 contain main characteristics and chemical 

compositions of the studied natural bentonite and zeolite.

2.3. Adsorption experiments

•	 Adsorption experiments were studied by batch technique.
•	 Adsorption of U(VI) was studied as a function of pH, 

contact time, initial U(VI) concentration and temperature.
•	 Equilibrium experiments: 0.05  g of adsorbent was sus-

pended 24 h in 10 mL of the solution with various U(VI) 
concentration.

•	 Concentrations: 10, 50, 100, 250, 500, 750 and 1,000 ppm.
•	 Initial pH: 2.5, 3.0, 8.0, 8.5, 9.5 and 10.5.
•	 U(VI) concentrations were determined by UV-Vis 

Spectrophotometer (Shimadzu UV-Vis 160A) after 
adsorption in the solution by the Arsenazo III method.

•	 Amount of U(VI) ions adsorbed per unit mass of the 
adsorbent was calculated by using the following equation:

q
c c V
me
e=

−( )0 	 (1)

Table 1
The main characteristic of KI bentonite

Origin of the bentonite Kimolos/Greece
Exchangeable cation Na+, Ca2+

Bentonite type Montmorillonite
Bentonite content 90%

Table 2
The chemical composition of KI bentonite (in wt%)

Bentonite KI

SiO2 35.94
Al2O3 12.78
CaO 0.02
K2O 0.01
Na2O 17.47
Fe2O3 1.05
MgO 2.12
MnO 0.01
TiO2 0.09
P2O5 0.04
Cr2O3 0.002

Table 3
The main characteristic of MX zeolite

Origin of the zeolite Metaxades/Greece
Exchangeable cations Ca2+, K+

Zeolite type HEU-type clinoptilolite
Zeolite content 58%
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where qe is the adsorption capacity of the adsorbent (mg g–1), 
c0 and ce are the initial and equilibrated U(VI) concentrations 
(mg L–1) respectively, V is the volume of the aqueous solution 
(mL) and m is the mass of dry adsorbent material (mg).

•	 Kinetic experiments: 0.5 g of adsorbent was suspended in 
100 mL solution, containing 500 ppm U(VI).

•	 Temperatures: 25°C, 35°C and 45°C.
•	 Initial pH: 2.5 and 8.5.
•	 The relative error of Arsenazo III determination does 

not exceed 4% [68].

3. Results and discussion

3.1. Characterization

The FTIR spectra of the adsorbents were recorded with 
a Shimadzu 8400S spectrometer in the wavelength range 
of 500–4,000  cm–1. The IR spectrum of natural bentonite KI 
and HDTMA-bentonite KIm is shown in Fig. 1.

The position and shape of the –OH stretching band in 
the IR spectra of bentonite minerals are basically influenced 

by the nature of the octahedral atoms to which the hydroxyl 
groups are coordinated. A group of absorption peaks was 
observed between 3,620 and 3,404  cm–1, which is due to 
–OH stretching vibration bands of the water in HDTMA-
bentonite and their bending vibrations at 910 and 917 cm–1, 
which is consistent with other studies. The absorption band 
at 3,620  cm–1, found in the spectrum is typical for smectite 
minerals with large amounts of Al in the octahedral sheets. 
Another band at around 3,404 cm–1 (stretching vibration of the 
–OH groups) was observed. Asymmetric and symmetric C–H 
stretching vibrations of the (–CH2)n groups in the HDTMA 
carbon chains on the HDTMA-bentonite are represented by 
bands at 2,936–2,873 cm–1. The band of a bending vibration 
at 1,466 cm–1 is ascribed to the deformation of –CH2, which 
is also observed in the HDTMA-bentonite. This supports the 
modification of bentonite adsorbents with surfactant cations. 
The observed bands at 1,649  cm–1 in intercalated bentonite, 
also correspond to the –OH deformation of water [69,70].

The IR spectrum of natural zeolite MX and HDTMA-
zeolite MXm is shown in Fig. 2. The strongest bands are 
found in the range 950–1,250 cm–1, which are assigned to the 
T–O stretching vibrations (T = Si or Al). The band of hydroxyl 
–OH vibration appears near 3,550  cm–1 in the spectrum 
indicating the bimodal absorbance. The water molecules 
attached to zeolite framework show strong characteristic 
structure sensitive bands due to water (H2O) bending vibra-
tion at 1,630 cm–1. The peaks between 700 and 850 cm–1 are 
assigned to symmetric and antisymmetric T–O–T stretching 
vibration. Asymmetric and symmetric C–H stretching vibra-
tions of the (–CH2)n groups in the HDTMA carbon chains 
on the HDTMA-zeolite are represented by bands at 2,917–
2,833 cm–1. The band of a bending vibration at 1,393 cm–1 was 
assigned to vibration of trimethylammonium quaternary 
group CN(CH3)3

+ [71–73].

3.2. Influence of pH

The adsorption behaviour of the functionalized groups of 
adsorbents towards metal ion removal depends on the pro-
tonation and deprotonation properties of its acidic and basic 
groups. The species distribution of uranyl ions in aqueous 

Table 4
The chemical composition of MX zeolite (in wt%)

Zeolite MX

SiO2 66.47
Al2O3 13.47
CaO 3.25
K2O 2.6
Na2O 2.09
Fe2O3 1.05
MgO 0.65
MnO 0.02
TiO2 0.15
H2O 10
Si/Al 4.93
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Fig. 1. FTIR spectra of KIm HDTMA-bentonite.
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Fig. 2. FTIR spectra of MXm HDTMA-zeolite.
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solution, influenced by pH, was described by Pourbaix dia-
gram [74]. As the diagram shows, uranyl in cationic form 
(UO2

2+) represents more than 95% of the U(VI) species in 
solution at pH  <  4.0. There have been done many works 
even with the lower pH in the case of montmorillonite and 
clinoptilolite, but they conclude the destruction of structure, 
under the pH 2.0 [75]. Based on our previous experiences 
[65], we started experiment at pHinit = 2.5. The pH values were 
measured (Table 5) and compared after 24 h of mixing the 
solid/liquid phase, where the precipitation was not observed. 
The yellow precipitation occurs at pH above 6, where U(VI) 
is in the form of UO2(OH)2. The change of pH is also influ-
enced by natural pH of bentonite and zeolite presented in 
aqueous solutions [65]. 

Fig. 3 shows the results of experiments with HDTMA-
bentonite and HDTMA-zeolite, performed in the pH range 
8.5–10.5. At higher pH (>7.5) U(VI) is in the solution distrib-
uted in anionic forms, carbonatodioxidouranate complexes 
[UO2(CO3)2]2– and [UO2(CO3)3]4– [74]. Solutions of U(VI) 
carbonato-complexes were prepared by adjusting the stock 
U(VI) solution to alkaline pH, continuously with mechanical 
stirring of solution (90 min, 25 rpm) and resulted in a natural 
uptake of CO2 to the solutions from air. 

Initial pH of experiments with HDTMA-bentonite and 
HDTMA-zeolite was determined at pHinit = 8.5. The pH val-
ues were measured (Table 5), compared after 24  h of mix-
ing the solid/liquid phase and precipitation effect was not 
observed (Table 5). 

During further experiments at pH  =  9.5 and 10.5, we 
observed that lower initial U(VI) concentration resulted in 
the significantly higher pHequil, in comparison with the pHinit 
due to the removal of OH– ions by adsorbent. 

The maximum adsorption capacity was reached at pH 9.5 
for both studied HDTMA-intercalated forms (30.79 mg g–1 for 
KIm and 48.74 mg g–1 for MXm). At pH 10.5, there already was 
a significant decrease of adsorption (18.07 mg g–1 for KIm and 
36.16  mg  g–1 for MXm). Decrease of adsorption capacity at 
high pH could be explained by the adsorption of OH– ions and 
spherical properties of competitive ions [65]. In the case of pH 
8.5, it was not possible to evaluate the maximum adsorption 
capacity, because there was a precipitation at higher concen-
tration for both HDTMA-intercalated forms. For this reason, 
following experiments were performed at pH = 9.5.

3.3. Influence of contact time

Fig. 4 shows the effect of contact time on U(VI) adsorption 
on studied adsorbents KI, KIm, MX and MXm. In all cases, 
we observed that the amount of adsorbed U(VI) sharply 
increased at the beginning and after 90 min the equilibrium 
was gradually reached. In the case of bentonite KI in the first 
2 min ca. 60% of maximum uptake was observed, in compar-
ison with the KIm, where it was just about 5% of maximum 
uptake in the first 2 min. On the other hand, zeolite MX in the 
first 2 min exhibited ca. 40% of maximum uptake, in compar-
ison with the MXm, where it was just about 10% of maximum 
uptake. The faster adsorption rate at the beginning may be 
due to the availability of the active uncovered surface sides of 
the adsorbents [76]. Thus, the contact time 90 min was selected 
to establish adsorption equilibrium and used in all subse-
quent experiments. In both cases, the increase of temperature 
caused increase of adsorption ability of studied adsorbents. 

3.4. Adsorption isotherm

To analyse the adsorption mechanisms, the adsorption 
isotherms of U(VI) on natural bentonite KI, natural zeolite 
MX and their HDTMA forms KIm and MXm at 298 K were 
investigated. Fig. 5 illustrates initial concentration effect on 
U(VI) adsorption. In addition, three traditional isotherms, 
that is, Langmuir [77], Freundlich [78] and Dubinin–
Radushkevich (D-R) [79] models, were used to simulate the 
experimental data. Table 6 summarizes adsorption constants 
evaluated from the applied adsorption isotherms models 
with the correlation coefficients (R2). Obtained results proved 
that the Langmuir isotherm model fitted best with the exper-
imental data for description of the U(VI) adsorption process 
on studied adsorbent, based on the values of R2. For further 
experiments (kinetics, thermodynamics), we were just based 
on Langmuir isotherm model. No calculations based on 
Freundlich and D-R models were performed, nor were they 
compared with the results of the Langmuir model.

3.5. Adsorption kinetics

The parameters of kinetic adsorption data were fitted 
by two typical pseudo-first-order and pseudo-second-order 
rate models, which are expressed as:

Table 5
Values of pH after 24 h of mixing the solid/liquid phases

Sample pHinit pH

cinit (ppm) 10 50 100 250 500 750 1,000

KI
2.5

2.98 2.85 2.79 2.73 2.72 2.68 2.62
MX 2.70 2.66 2.65 2.68 2.63 2.64 2.60

KIm
8.5

7.81 7.68 7.75 7.54 7.41 7.30 7.35
MXm 7.98 7.99 8.00 8.02 7.90 7.87 7.75

KIm
9.5

9.13 8.98 9.15 8.79 8.65 8.70 8.66
MXm 9.11 8.73 8.76 8.62 8.63 8.69 8.60

KIm
10.5

10.17 10.15 10.20 10.05 9.99 10.05 10.03
MXm 10.26 9.93 9.99 10.10 10.19 10.22 10.28
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Fig. 3. The effect of pH on the adsorption of U(VI) on natural bentonite KI, zeolite MX and their HDTMA forms KIm, MXm at 298 K.
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Pseudo-first-order model (Fig. 6) by Lagergren [80] is as 
follows:

ln lnq q q k te t e−( ) = − 1 	 (2)

Pseudo-second-order model (Fig. 7) by Ho [81] is as follows:

t
q k q

t
qt e e

= +
1

2
2 	 (3)

where qe (mg  g–1) is the amount of U(VI) adsorbed on the 
adsorbents after adsorption equilibration, qt (mg  g–1) is the 
amount of U(VI) adsorbed on the adsorbents at contact time 
t (h). k1 (h–1) is the pseudo-first-order kinetic constant which 
is obtained from linear fitting model. k2 (mg  g–1  h–1) is the 
pseudo-second-order kinetic constant. 

The kinetic parameters were calculated from the fit-
ting models (Fig. 6) and were presented in Table 7. The 
correlation coefficient values (R2) of pseudo-second-order 
model were higher and closer to the experimental data. 
Therefore, is possible to conclude that the adsorption pro-
cess is more favourable with the pseudo-second-order 
equation, which indicated that adsorption process involves 
chemical reaction during adsorption in addition to physical 
adsorption [82].
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Fig. 5. The nonlinear form of adsorption isotherms of U(VI) on natural bentonite KI, zeolite MX and their HDTMA forms.

Table 6
Comparison of isotherm parameters of used models

Sample Freundlich Langmuir D-R

KF R2 Q0 R2 KAD R2

KI 2.7502 0.9607 50.1279 0.9932 0.7146 0.8898

MX 1.7131 0.9351 68.04 0.9835 3.0448 0.9562

KIm 2.1187 0.9391 33.7091 0.9849 0.7146 0.8699

MXm 3.6288 0.9651 52.5687 0.9853 0.3333 0.5833
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Fig. 6. The pseudo-first-order adsorption kinetics of U(VI) on KIm, MXm at pH = 9.5.
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Fig. 7. The pseudo-second-order adsorption kinetics of U(VI) on KIm, MXm at pH = 9.5.

Table 7
Comparison of selected parameter from pseudo-first and pseudo-second order for the U(VI) adsorption

Sample Pseudo-first order Pseudo-second order

T (K) qe, exp (mg g−1) R2 qe, cal (mg g−1) k1 (min–1) R2 qe, cal (mg g−1) k2 (g mg−1 min−1)

KI 298 37.17 0.9539 4.63 0.0184 0.9995 32.85 0.01975
308 37.59 0.9653 4.78 0.0233 0.9997 32.52 0.02570
318 38.91 0.9977 4.86 0.0684 0.9998 32.59 0.02395

MX 298 39.37 0.9853 4.75 0.0292 0.9943 33.99 0.01385
308 41.89 0.9875 4.59 0.0200 0.9947 34.13 0.01549
318 44.40 0.9748 4.76 0.0331 0.9977 34.60 0.01931

KIm 298 29.94 0.9750 22.38 0.0143 0.9995 21.62 0.00262
308 27.40 0.9441 22.89 0.0223 0.9998 21.88 0.00282
318 26.74 0.8864 22.71 0.0253 0.9997 23.40 0.00314

MXm 298 37.94 0.9924 29.89 0.0129 0.9935 31.14 0.00272
308 40.78 0.9799 28.57 0.0151 0.9966 31.28 0.00253
318 43.63 0.9853 31.90 0.0143 0.9964 33.35 0.00332
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3.6. Adsorption thermodynamics

Activation energy is an important factor for determining 
the reaction rate. Activation energy of the U(VI) adsorption 
was calculated using linear form of Arrhenius equation, 
Eq. (4) [83].

ln lnk
E
RT

Aa= − + 	 (4)

where k is rate constant for sorption (g  mg−1  min−1), A is 
Arrhenius constant (g  mg−1  min−1), Ea is activation energy 
(kJ mol−1), R is universal gas constant (8.314 J mol–1 K–1) and T 
is temperature (K).

The values of the constant rate were calculated from 
the pseudo-second-order kinetic equation at three different 
temperatures: 298, 308 and 318 K. The values of Ea from the 
Arrhenius plots for natural adsorbents KI and MX are 2.113 
and 2.738  kJ  mol−1, for HDTMA forms KIm and MXm are 
49.674 and 17.220 kJ mol−1, respectively. The calculated val-
ues of Ea indicate that the removal of U(VI) occurred through 
physical adsorption process. Higher Ea values of HDTMA 
forms indicate the endothermic behaviour during adsorption 
reaction of U(VI) ions. It is explained by large amount of heat 
consumption for carbonatodioxidouranate complexes trans-
port from aqueous into the solid phase [65].

4. Conclusions

The novelty of this work consists in the new organo- 
adsorbents development for anionic forms of uranium 
adsorption by bentonites and zeolites from Greek deposits 
with significant meaning. The Greek natural adsorbents ben-
tonite Kimolos, zeolite Metaxades were used for HDTMA-
intercalated adsorbents preparation. The HDTMA forms 
were prepared by ion exchange process. Structure of 
the HDTMA forms was proved by FTIR analysis. The 
maximum adsorption capacity of HDTMA forms was 
obtained at pH 9.5 after 90 min of contact time. The U(VI) 
adsorption on natural- and HDTMA forms fitted better 
the Langmuir adsorption isotherm and pseudo-second- 
order kinetics models and the activation energy was calcu-
lated to 49,674  kJ  mol−1 (KIm) and 17,220  kJ  mol−1(MXm), 
respectively. Zeolite Metaxades proved in both cases better 
removal efficiency, towards uranium-cationic species and 
HDTMA form for anionic species, respectively, in com-
parison with bentonite Kimolos. On the other hand, the 
kinetic of adsorption is faster in both the cases of bentonite 
Kimolos. However, bentonite and zeolite are two different 
adsorbents, both have good adsorption ability and they 
can be used in the field of waste management for uranium 
species removal from aqueous media.
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