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The compound N-[3-(trimethoxysilyl)propyl]diethylenetriamine (MPDET) was anchored onto Amazon
kaolinite surface (KLT) by heterogeneous route. The modified and natural kaolinite clay samples were
characterized by transmission electron microscopy (TEM), scanning electron microscopic (SEM), N2

adsorption, powder X-ray diffraction, thermal analysis, ion exchange capacities, and nuclear magnetic
nuclei of 29Si and 13C. The well-defined peaks obtained in the 13C NMR spectrum in the 5.0–62.1 ppm
region confirmed the attachment of organic functional groups as pendant chains bonded into the porous
aolinite
ranyl
dsorption
alorimetry
hermodynamic

clay. The adsorption of uranyl on natural (KLT) and modified (KLTMPDET) kaolinite clays was investigated
as a function of the solution pH, metal concentration, temperature, and ionic strength. The ability of
these materials to remove U(VI) from aqueous solution was followed by a series of adsorption isotherms
adjusted to a Sips equation at room temperature and pH 4.0. The maximum number of moles adsorbed
was determined to be 8.37 × 10−3 and 13.87 × 10−3 mmol g−1 for KLT and KLTMPDET at 298 K, respectively.
The energetic effects (�intH, � G, and � S) caused by metal cations adsorption were determined

tions
through calorimetric titra

. Introduction

Toxic/heavy metal ions removal process involving wastewater
ystems is a subject of concern in view of environmental pollution
ontrol problems [1]. The presence of the radionuclides in quanti-
ies above their natural abundances in the lithosphere, even as trace
mounts in the environment, is usually associated with affects the
nthropogenic activity in a given ecosystem. When toxic metals
re present in the aquatic system, the abatement of the pollutant
o an acceptable level is necessary [2]. Uranyl is one of the con-
aminants found in the environment which is notoriously toxic to

an and other living organisms [3]. The physicochemical behavior
f uranyl in porous media and mine waste aquifers is mainly dom-
nated by sorption and desorption reaction with solid with high
orosity, particularly in the surface of clay minerals [4,5].

An especially interesting area is the control of toxic/heavy
etal ions in soils and aqueous systems [6,7]. Adsorption and ion

xchange processes are the most useful methods to remove them,

y exploring the availability of different kinds of adsorbents asso-
iated with convenient procedures to obtained high efficiency [8].
ertain factors influence the amount of metal ions being adsorbed
y mineral substrates; pH, nature of the adsorbent, adsorbent dose,
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initial metal ion concentration, ionic strength, and presence of
competing ions. A potential important adsorbent of uranyl is lay-
ered silicates, such as kaolinite [9,10]. Kaolinite is an important
phyllosilicate with flake type morphology in industrial applica-
tions due to its relevant physical and chemical properties [11]. In
the last decades, kaolinite clay has been investigated as an adsor-
bent in the removal of organic contaminants and heavy metal ions
from aqueous medium in the natural environmental [12]. Kaolin-
ite clay is a significant component of many soils of tropical regions.
There are large reserves of kaolinite in north Brazil, Amazon region.
The specific physical–chemical properties and large distribution of
kaolinite make it to be studied and used extensively as adsorbent
[9].

Porous organic–inorganic hybrid materials have attracted con-
siderable attention, layer silicate nanolayers can be utilized as
alternative inorganic agent for the composition of nanostructured
organic–inorganic hybrids composites [13–15]. A large number
of different adsorbent materials containing a variety of attached
chemical functional groups has been reported for this purpose. In
recent years, special attention has been focused on the use of nat-
ural clay adsorbents as an alternative to replace the conventional

adsorbents. Covalent immobilization onto layer silicate supports
of a desired chelate moiety, with the specific purpose of obtaining
selective adsorbent materials is one of the most important proce-
dures to develop highly selective matrices. Designed applications
to improve environmental quality through radionuclide removal

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:denis@cpd.ufmt.br
mailto:dlguerra@pq.cnpq.br
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using the kinetic phosphorescence analyzer KPA-10. The uranyl
84 D.L. Guerra et al. / Journal of Haz

ave recently been emerged. Moreover, the versatility of the kaoli-
ite clay support to be chemically modified induces its application
o produce new materials available to remove contaminates from
ater and soils [9,16].

This investigation reports the use of original and modified
aolinite samples as alternative absorbents for extraction of toxic
etals, which are commonly present in waters from a variety of

ources and industrial effluents. For this propose, the adsorption
sotherms of U(VI) from aqueous medium at room temperature

ere explored, bearing in mind the influence of different parame-
ers such as solution pH, metal concentration, temperature, and
onic strength. Amazon kaolinite clay sample has been chemi-
ally modified with (MPDET) using the heterogeneous route. From
alorimetric measurements involving such heterogeneous sys-
em, the quantitative nitrogen/cation interaction at the solid/liquid
nterface was determined.

. Experimental section

.1. Raw material and reagents

The clay sample used in this investigation was obtained from the
abatinga area, Amazonas state, North of Brazil, Amazon region. A
atural kaolinite sample, named KLT, with less than 2 �m particles,
as separated by sedimentation. The clay sample was activated in
stream of dry hydrogen by heating at 423 ± 1 K for 12 h and used

mmediately.
The reagents, N-[3-(trimethoxysilyl)propyl]diethylenetriamine

MPDET) (CH3O)3Si(CH2)3(NH)2(CH2)4NH2 and n-dodecylamine
DDA) CH3(CH2)11NH2, were from Aldrich and used as received.
ther chemicals such as methanol and ethanol were of reagent
rade. Doubly distilled deionized water (DDW) was used for the
reparation of solutions, wherever required. Solutions of uranyl
ere prepared from suitable reagent grade nitrate salt by dissolving

n DDW.

.2. Organofunctionalization of kaolinite clay

The functionalized hybrid material was synthesized by main-
aining the reagent molar ratios as 1:200:50:0.3, respectively, for
-dodecylamine, deionized water, ethanol, and silylating agent
13,14]. In the first step, n-dodecylamine was mixed with deion-
zed water and ethanol and allowed to stir continuously for 45 min.
n the second step, approximately 5 g of kaolinite clay sample

ere added to the mixture and the stirring was continued for
0 min. During this time period the silylating agent (MPDET) was
dded drop-wise to form the final hybrid material, which is called
LTMPDET. After addition of silylating agent, the resulting mixture
as further stirred for 20 h at 291 ± 1 K. At the end of the above pro-

ess, the material was centrifuged, washed with deionized water
nd air dried at room temperature for 30 h. The final material was
ubjected to Soxhlet extraction for 72 h using ethanol as solvent
13,14].

.3. Characterization methods

Transmission electron microscopy (TEM) image was recorded
n a JEM 3010 URP microscope at LNLS/Brazil with an acceler-
ting voltage of 300 kV. For this determination the sample was
repared by placing a drop of a suspension of particles dispersed in
sopropanol onto a carbon-coated copper grid.
The natural and modified kaolinite clays were analyzed by scan-

ing electron microscopy (SEM) in JEOL microscope, model JEOL
SM 6360LV, using an acceleration voltage of 15 kV and magnifica-
ion ranging from 300 to 3000 fold.
s Materials 180 (2010) 683–692

Nuclear magnetic resonance spectra of the samples were
obtained on a Brucker AC 300/P spectrometer at room tempera-
ture. For each run, approximately one gram of each solid sample
was compacted into a 7 mm zirconium oxide rotor. The measure-
ments were obtained at frequencies of 59.63 and 75.47 MHz, for
silicon and carbon atoms, respectively, with a magic angle spin-
ning of 4 kHz. In order to increase the signal to noise ratio of the
solid-state spectra, the CP/MAS technique was used. 29Si and 13C
CP/MAS spectra were obtained with pulse repetitions of 3 s for both
nuclei and contact times of 1 and 3 ms, respectively.

The natural kaolinite clay was analyzed by inductively couple
plasma optical emission spectrometry (ICP OES) using a Perkin
Elmer 3000 DV instrument.

X-ray powder diffraction (XRD) patterns were recorded with
Philips PW 1050 diffactometer using CuK� (0.154 nm) radiation in
the region in the between 2◦ and 65◦ (2�) at a speed of 2◦/min and
in steps of 0.050◦.

Brunauer–Emmett–Teller (BET) surface area, pore diameter and
pore volume were obtained from nitrogen adsorption/desorption
in a Micromeritics ASAP 2000 BET surface analyzer system.
The mesopore size distribution was obtained by applying the
Barret–Joyner–Halenda (BJH) method to the adsorption branch of
the isotherm.

The cation exchange capacities (CEC) of natural and modified
kaolinites clay samples were followed by the ammonium acetate
method with a concentration of 2.0 mol dm−3 at pH 8.0.

Thermogravimetric curves were recorded using DuPont model
1090 B apparatus coupled to a model 951 thermobalance, on
heating from room temperature to 1273 ± K at a heating rate of
0.17 K s−1 in an argon flow of 1.67 cm3 s−1. The samples varied in
weight from 15.0 to 30.0 mg.

2.4. Batch adsorption study

The adsorption experiments were performed through the batch-
wise method by suspending a series of 20 mg samples of the solid,
in 20.0 cm3 aqueous solutions of cations at concentrations varying
from 1.25 × 10−2 to 3.00 × 10−1 mmol dm−3, under orbital stirring
for 24 h at 298 ± 1 K [16,17]. Profiles of the obtained adsorption
isotherms were represented by the number of moles adsorbed (Nf),
versus the number of moles at equilibrium per volume of solution
(CS), for series of isotherms, the data reveal that the adsorption
process conforms to the Sips model (Eq. (1)) [18].

Nf = NSKSCS
1
n

1 + KSCS
1
n

(1)

where Cs is the concentration of the solution at equilibrium
(mol dm−3), Nf the number of moles of metal cation adsorbed per
gram of the phyllosilicate in each adsorption obtained by batch pro-
cedure, NS the amount of cation necessary for the formation of the
monolayer, which depends on the number of available adsorption
reactive sites, KS is the equilibrium constant and n is the Freundlich
exponent. The effect of pH on adsorption for all clay samples was
evaluated by varying this parameter over the range from 1.0 to 5.0,
with addition of 0.10 mol dm−3 of nitric acid or sodium hydroxide.
The pH of the solutions was measured using a pH/Ion Analyzer,
model 450 M.

Uranyl concentrations in the supernatant were determined
samples and reference are excited by firing the nitrogen laser at
337 nm. This excites the dye laser to produce an excitation wave-
length of 420 nm. Each analysis is a repetition of 50 cycles. A 3 ns
laser pulse initiates each cycle. For each experiment pint, the repro-
ducibility was checked by at least duplicate run.
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Fig. 1. Morphology of the natural

.5. Thermodynamic

The thermal effects from metal cation interacting on natu-
al and modified kaolinite samples were followed by calorimetric
itrations using an isothermal calorimeter, Model LKB 2277, from
hermometric. In this titration, the metallic solution is added to a
uspension of about 20 mg of the phyllosilicate sample in 2.0 cm3 of
ater, under stirring at 298 ± 1 K. A series of increments of 10 �L of
etal solutions was added to the metal-silicate to obtain the ther-
al effect of interaction (Qt). Two other titrations are needed to

omplete the full experiment: (i) the thermal effect due to hydra-
ion of the silicate sample (Qh), which normally gives a null value
nd (ii) and the dilution effect of metal solution in water, with-
ut sample in the vessel (Qd). The resulting thermal effect is given
y following equation: �Qr = �Qt − �Qd [19]. The molar enthalpy
�intH) of the interaction process can be calculated by the expres-
ion �intH = �inthNS, were �inth is enthalpy of interaction to form
monolayer per unit mass of matrices. The Gibbs free energy can
e calculated by the equation �intG = RT ln KS equation, the entropy

s finally calculated from �intG = �intH − T�intS [20].

.6. Parameter optimization with FITEQL
The computer code FITEQL is a program for determining chem-
cal equilibrium constants from experimental data. In the present
ontext, the input data for FITEQL are the experimental data for
(VI) adsorption as a function of pH. The Davis equation [21] was

Fig. 2. 29Si MAS NMR spectra of unmodified and modi
ite sample: SEM (a) and TEM (b).

used for activity correction. Relative errors of 1% in the concentra-
tion of surface sites, total U(VI), and adsorbent U(VI), and relative
errors of 4% in log [H+] and log [H2CO2] were used as FITEQL input
values [22].

3. Results and discussion

3.1. Characterization of materials

Morphology as well as structural ordering of the natural kaoli-
nite, presented in Fig. 1a and b, was analyzed by SEM and TEM.
The individual crystals presented themselves as flakes in a pseudo-
hexagonal morphology, as confirmed by TEM images. The presence
of agglomerated particles of nanodimensions was also noted in the
natural kaolinite sample. Also twinned of edges and well-defined
angles were observed. Small aggregates of rounded crystal coex-
isted with hexagonal kaolinite particles with particle size mostly
smaller than 5.0 �m as illustrated in Fig. 1b. This morphology was
similar to that described by Keller [23] for weathered hydrother-
mal kaolin samples, with particles and ‘books’ randomly oriented.
In general, kaolinite crystals of large size (>1.0 �m) showed pseu-
dohexagonal form and well-defined edges, whereas the edges of
crystals of small sizes were rounded.
Nuclear magnetic resonance in the solid-state is a technique
to give valuable information about the bonding of the pendant
chains anchored on an inorganic backbone. For this purpose silicon
and carbon nuclei were examined in order to better characterize
the natural and modified kaolinite clays. The 29Si NMR spectra

fied kaolinite samples: KLT (a) and KLTMPDET (b).
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behavior that could be attributed to differences in the degree of
Fig. 3. 13C MAS NMR spectrum of modified kaolinite sample, KLTMPDET.

f the natural and modified kaolinite clays, presented in Fig. 2a
nd b, respectively, shows a series of typical phyllosilicate signals
hat correspond to (i) Si(OSi)4, Q4, at 102.0 ppm, (ii) Si(OSi)3OH,
3, at −92.0 ppm while (iii) a possible weak broad shoulder at
91.0 ppm could be assigned to Q2, Si(OSi)2(OH)2. Two other peaks

ound at −72.0 and −58.0 ppm were assigned to RSi(OSi)3 (T3)
nd RSi(OSi)(OH)2 (T2) signals, respectively. These signals originate
rom the structural units related to the presence of an organic part
ovalently bonded to the inorganic backbone silicate structure. The
elative intensity of the peak for Q3 was higher in comparison to
4 species and this is in agreement with similar observations in

he case of hybrid materials. The covalent silylating agent attach-
ent as tripoid bonding on inorganic structure is confirmed by the

resence of T3 species, which assigned sequence of organic carbon
toms chain, without any template agent, is supported by 13C NMR
25,26].

The hybrid material showed well-resolved peaks positioned at
.0, 13.0, and 20.0 ppm for the spacer propyl chain carbon atoms
ttached to phyllosilicate. Other carbon atoms, numbered as in the
roposed structure, were observed at 37.0 and 46.0 ppm, respec-
ively, assigned to C and C , and other peaks at 58.0 and 62.1 ppm
4 5
ere assigned to C6 and C7, respectively, as illustrated in Fig. 3. All

he assignments were in good agreement with previously studied
ystems. Thus, the sequence of peaks presented in the spectrum
or the hybrid materials confirms the sequence of carbons of the

Fig. 5. Thermogravimetric (a) and derivative (
Fig. 4. X-ray diffraction patterns for unmodified and modified kaolinite samples:
KLT (a) and KLTMPDET (b).

pendant groups obtained by the synthetic method employed in the
synthesis of these kinds of hybrids materials [26].

Elemental analyzes from the ICP OES technique for the original
clay sample, KLT, gave results consistent with kaolinite with silicon
and aluminum being the major components. The total mineralog-
ical composition is given by 46.26%; 39.62%; 0.47%; 0.28%; 0.27%;
0.21% and 0.17% of SiO2, Al2O3, Fe2O3, MgO, Na2O, CaO, and K2O
respectively, and 12.73% of mass was lost in the ignition process.
The composition of the original kaolinite sample was calculated
through the chemical analysis, to give the formula (Eq. (2)):

(Al1.28Fe0.24Mg0.13Na0.12Ca0.10K0.09)(Si2O5)(OH)4 (2)

The X-ray diffraction patterns for samples showed at low angle
the characteristic reflection related to the kaolinite clay samples
[9]. The determination of the total mineralogical composition of the
pristine natural clay sample was carried out on oriented mounts,
exhibiting mainly kaolinite, quartz, and goethite, as shown in Fig. 4.
After intercalation process the kaolinite presented, as expected, an
increase in basal distance, changing the d0 0 1 value from 0.728 nm
for natural kaolinite to 2.130 nm for the intercalated form (Fig. 4a
and b). It was also observed that the KLT sample presents a slightly
broader and less intense peak, in comparison with KLTMPDET, a
crystallinity [9]. This fact confirms that the organic(inorganic pre-
cursor was successfully intercalated into the interlayer space with
the MPDET units perpendicularly oriented to the phyllosilicate
layer. The great influence of the number of MPDET ions on the sur-

b) curves for KLT (–) and KLTMPDET (. . .).
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Table 1
Textural properties and cation exchange capacity (CEC) of natural and modified kaolinite samples.
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Sample Surface area-SABET (m2 g−1) Micropore area (m2 g−1) A

KLT 35.0 10.0 1
KLTMPDET 889.7 38.1 4

ace and on the constitution and distribution of the ions has been
reviously reported [13,14].

The Thermogravimetric and the corresponding derivative
urves are shown in Fig. 5a and b, respectively. The original kaolinite
ample presented mass loss in only one step from 300 to 500 K, as
learly indicated by the derivative curve, showing only one simple
eak. However, a small mass loss at a lower temperature, related
o humidity, gave a small peak at 340 K, also indicated in the cor-
esponding derivative curve. Identically, functionalized kaolinite
ample presented at low temperature from 300 to 370 K, a mass loss
hich could be attributed of ethanolic molecules desorption. From

his stage three other mass losses in the 400–470 K; 470–600 K
nd 600–950 K intervals are observed, which are confirmed by the
et of three peaks in the derivative curve (Fig. 6b). The first stage
an be attributed to hydrating water, whereas the second step is
ue to dehydroxylation partial of the silicate structure. The peak

n the 600–950 K interval can be attributed to decomposition of
unctionalized species, MPDET ions.

The BET surface areas of the natural and modified clay samples
emonstrated that chemical modification caused the formation of
icropores in the solid particles, resulting in a higher surface area,

evealing 889.7 m2 g−1 for KLTMPDET and relative to the natural
LT sample with 35.0 m2 g−1. The pore diameters change in the
ame direction, varying from 1.4 nm for the natural to 4.8 nm for
he anchored clay. The textural properties of natural and modified
aolinite samples are reported in Table 1, which depends on parti-
le size shape, and distribution of cracks and pores in the material,
nd therefore, cannot be represented as a general characteristic of
articular type of material.

The cation exchange capacity of clay mineral is attributed to
tructural defects, broken bonds and structural hydroxyl transfers
12], which are obviously in short supply in kaolinite (structure
:1-TO) than in montmorillonite (structure 2:1-TOT). Interca-
ation process increases the total number of exchange sites
arginally in kaolinite. The CEC of natural kaolinite was found to

e 15.0 meq/100 g of clay, and modified kaolinite was found to be
38.5 meq/100 g of clay, as listed in Table 1. These results are in

ig. 6. Effect of pH on cations adsorption onto unmodified and modified kaolinite
amples from aqueous solution: KLT (�) and KLTMPDET (�) (clay 1.0 g dm−3, time
.0 h, and controlled temperature in 298 ± 1 K).
e pore diameter (nm) Pore volume (cm3 g−1) CEC (meq/100 g of clay)

0.08 15.0
0.30 138.5

accordance with finding from Unuabonah et al. [27], who found
that the intercalation of sulphate and tripolyphosphate (TPP) in
kaolinite (Delta State, Nigeria) tended to be more successful by
impregnation method.

3.2. Effects of pH and ionic strength

The adsorption rate is influenced by many factors, including
solubility and molecular size of the adsorbate, characteristics of
the adsorbent, and agitation. Changes in pH of the medium are
one of the most important factors affecting the concentration and
metal recovery procedure, which is related to the formation of solu-
ble metal complexes and subsequently their stabilities in aqueous
solutions. It is well known that surface charge of adsorbent can
be modified by changing the pH of the solution and the chemical
species in the solution depends on this parameter. Fig. 6 shows
the influence of pH in adsorption process of uranyl onto natural
and modified matrices. The data reveals maximum values of Nf
around pH 4.0 for all matrices. The adsorption of uranyl on nat-
ural and modified kaolinite clays mainly occurs at pH < 4.0. The
adsorption of U(VI) increases quickly at pH < 4.0. Results empha-
size that with increase in pH of solution, the Nf adsorbed increases
for all systems. Therefore the efficiency of uranyl on unmodified
and modified phyllosilicates can be controlled by the initial pH
of the solid/liquid reaction. The reason for low adsorption capac-
ity in high pH is the coulombic repulsion between the negative
charge of adsorbent surface and the hydrolysis species of uranyl. In
addition, as pH is increased there is a decrease of positive surface
charge, which results in lower coulombic repulsion of the adsorbing
metal ions.

According to some reports, the decrease in adsorption rate
occurs because the surface of the adsorbent becomes negatively
charged and coulombic repulsion is enhanced. According to Stumm
and Sulzberger [28], the decrease is because of ligand exchange,
were anions react with surface hydroxides on the adsorbents. While
previous surface complexation modeling studies have predicted
the presence of polymeric uranyl adsorbate species on lamellar
phyllosilicates, such as, montmorillonite, attapulgite, and kaolinite
[29,30]. Polymeric surface complexes have generally been assumed
to be comprised of one of the polymeric solution species that pre-
dominate at near neutral pH values, most notably (UO2)3(OH)5

+.
Single-species uranyl adsorption scenarios generally agreed

upon are outer-sphere binding at cation exchange sites at low
pH and low ionic strength, and inner-sphere binding to hydrox-
ylated edge sites at neutral pH and high ionic strength. In Fig. 7a
and b shows uranyl adsorption on the natural and modified kaoli-
nite clays as a function of pH and U(VI) concentration. Overall
fractional adsorption was insensitive to charges in the U(VI) con-
centration at the three lower concentrations studied (0.01 × 10−3,
0.5 × 10−3, and 1 × 10−3 mmol dm−3). Uranyl adsorption increased
with increasing pH up to approximately 8, and decreased with
increasing pH from 8.0 to 10, this adsorption behavior was observed
for all systems. The distinctive pH-dependent adsorption behav-
ior is attributed to the influence of hydrolysis and carbonate

complex formation on uranyl aqueous speciation. Table 2 lists
the equation thermodynamic data used calculations [31,32]. The
UO2

2+ has at least six hydrolysis species present at apprecia-
ble levels in dilute solutions in the presence of dissolved CO2
and below pH 10.0 (i.e., UO2

2+, UO2(OH)+, UO2(OH)2
0, UO2CO3,
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ig. 7. Experimental and model-calculated percent uranyl adsorbed as a function
.1 mol dm−3 NaNO3: KLT (a) and KLTMPDET (b); U(VI) concentration and PCO2 = 10−3.5

nd demonstrative of the relative species of U(VI) as a function of pH values (c).

O2(CO3)2
2−, and UO2(CO3)3

4−). At pH < 4.0, UO2
2+ is the main

pecies (99 ± 0.9%); at pH 5–6, UO2
2+ (68.0 ± 0.5%), UO2(OH)+

25.0 ± 1.0%), and UO2(OH)2
0 (5.0 ± 1.0%), At pH 6.0–7.0, the pre-

ominant species are UO2CO3 (80.0 ± 0.5%), UO2
2+ (6.0 ± 0.5%),

O2(OH)2
0 (4.0 ± 1.0%), and UO2(CO3)2

2− (8.0 ± 0.5%); at pH > 7.0,
he predominant species are UO2(CO3)2

2− (91 ± 1.0%), UO2CO3
5 ± 0.5%), and UO2(CO3)3

4− (2 ± 1.0%), and finally at pH > 9.0, the
4−
redominant species is UO2(CO3)3 (99 ± 1.0%), and other species

re <1.0% (Fig. 7c). Similar uranyl adsorption behavior has been
eported on various lamellar phyllosilicate such as kaolinite clay,
ynthetic imogolite, goethite, lepidocrocite, muscovite, and mack-
nawite [33].

able 2
ormation constants for aqueous solution.

Species Reaction Log ˇ (l = 0)a

UO2OH+ UO2
2+ + H2O ⇔ UO2OH+ + H+ −5.25

UO2(OH)2aq UO2
2+ + 2H2O ⇔ UO2(OH)2aq + 2H+ −12.15

UO2(OH)3
− UO2

2+ + 3H2O ⇔ UO2(OH)3
− + 3H+ −20.25

UO2(OH)4
2− UO2

2+ + 3H2O ⇔ UO2(OH)4
2− + 4H+ −32.40

(UO2)2OH3+ 2UO2
2+ + H2O ⇔ (UO2)2OH3+ + H+ −2.70

(UO2)2(OH)2
2+ 2UO2

2+ + 2H2O ⇔ (UO2)2(OH)2
2+ + 2H+ −5.62

(UO2)3(OH)4
2+ 3UO2

2+ + 4H2O ⇔ (UO2)3(OH)4
2+ + 4H+ −11.90

(UO2)3(OH)5
+ 3UO2

2+ + 5H2O ⇔ (UO2)3(OH)5
+ + 5H+ −15.55

(UO2)3(OH)7
− 3UO2

2+ + 7H2O ⇔ (UO2)3(OH)7
− + 7H+ −32.20

(UO2)4(OH)7
+ 4UO2

2+ + 7H2O ⇔ (UO2)4(OH)7
+ + 7H+ −21.9

UO2CO3aq UO2
2+ + CO3

2− ⇔ UO2CO3aq 9.94
UO2(CO3)2

2− UO2
2+ + 2CO3

2− ⇔ UO2(CO3)2
2− 16.61

UO2(CO3)3
4− UO2

2+ + 3CO3
2− ⇔ UO2(CO3)3

4− 21.84
UO2NO3

+ UO2
2+ + NO3

− ⇔ UO2NO3
+ 0.30

UO2SiO(OH)3
+ UO2

2+ + Si(OH)4aq ⇔ UO2SiO(OH)3
+ + H+ −1.84

HCO3
− H2CO3 ⇔ H+ + HCO3

− −6.35
CO3

2− H2CO3 ⇔ 2H+ + CO3
2− −16.68

NaHCO3
0 Na + HCO3

− ⇔ NaHCO3
0 0.16b

NaCO3
− Na + CO3

2− ⇔ NaCO3
− 0.15b

a All UO2
2− values from Guillaumont et al. [31].

b Values from Nakayama [32].
and U(VI) concentration on natural and modified kaolinite clays (3.0 g dm−3) in
0.01 × 10−3 mmol dm−3 (�), 0.5 × 10−3 mmol dm−3(�), and 1 × 10−3 mmol dm−3(�)

Similar pH-dependent uranyl adsorption is also observed at
other ionic strengths (i.e., 0.02, 0.1, and 0.5 mol dm−3) (Fig. 8a and b)
adsorption is relatively independent to changes in ionic strength at
pH < 7.5, but UO2

2+ adsorption decreased with increasing of sodium
nitrate concentration in range from 0.2 to 0.5 mol g−1 in the alka-
line pH range (7.0–10.0). Similar studies showed that ionic strength
dependence of uranyl adsorption in the alkaline pH range can be
expected because of the charge in activity of the aqueous uranyl-
carbonate complexes. In addition, the dependence of adsorption on
ionic strength in this pH range cannot be used to argue that outer-
sphere complexes are the predominant uranyl surface species. To
better understand the uranyl surface speciation at the natural- and
modified kaolinites-water interface.

3.3. Effect of concentration

The available reactive atoms from the organic molecules,
the maximum adsorption values are listed in Table 3 (%) and
Table 4 (mmol g−1) and the adsorption isotherms shown in
Fig. 9a, suggested that only one cation can saturate these basic
reactive centers introduced in kaolinite structure. Same exam-
ples of different adsorbents focusing on the available uranyl
extraction data from aqueous solutions are listed in Table 3.
From 12 different adsorbents presented none of them presented
higher adsorption capacities than natural and modified mate-
rials for U(VI) uptake, indicating that these adsorbents could
be successfully employed for removal of uranyl from aque-
ous solution [34–36]. As observed the present series of results
obtained from unmodified and modified silicates present the

same order of magnitude as those obtained with the montmo-
rillonite SWy-2 was obtained from the Source Clay Repository
of the Clay Mineral Society (CMS) (USA) [36], synthetic imogo-
lite [HOSiO3Al2(OH3)] [32] and kaolinite samples obtained from
Washington Country, Georgia, Source Clay Repository of the
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Fig. 8. Experimental and model-calculated percent uranyl adsorbed as a function of pH and ionic strength on natural and modified kaolinite clays (3.0 g dm−3) in
1 × 10−3 mmol dm−3 U(VI) and PCO2 = 10−3.5 atm: KLT (a) and KLTMPDET (b); NaNO3 concentration: 0.02 mol dm−3 (�), 0.1 mol dm−3 (�), and 0.5 mol dm−3 (�).
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ig. 9. Adsorption performance of natural and modified kaolinite samples in urany
on-linear model, experimental (–) and calculated (�) curves (b) (clay 3.0 g dm−3, p

lay Mineral Society (CMS) (USA) [8], as listed in Table 3
3,17,10,36–44].

The metal adsorptions on natural and chemically immobilized
aolinite samples are shown in Fig. 9a. The molecules anchored
nto the oxides containing nitrogen basic atoms on pendant chains
avor a metal interaction, mainly of soft cations, due to the presence
f the basic reactive centers [45]. Based on the structural features
resented by basic groups on the natural or modified clay surfaces,
he adsorption can be related directly to the available nitrogen
toms.

The large capacity of modified kaolinite sample was confirmed

hrough constant values obtained with this model in the non-
inear form, whose results gave the best approximation to the
xperimental data, as illustrated in Fig. 9b. The values are listed in
able 4. The large capacity of adsorption of the anchored kaolinite

able 3
omparison of the maximum adsorption capacity (Nf

max) of U(VI) on some natural and sy

Adsorbents Nf
max (m

Na-kanemite –
Kaolinite (Georgia-USA) –
Na-magadiite –
Montmorillonite – SWy-2 (Clay Mineral Society) 1.96 × 10
Imogolite –
Biotites (Ontario-Canada) 2.0 × 10−

Analogue of heulandite –
Attapulgite Kaixi (Gansu-China) 7.5 × 10−

Aquifer sediments (Hanford Site-Washington-USA) 1.0 × 10−

Gibbsite(Najing-China) –
Goethite –
Analogue of mesolite –
KLT –
KLTMPDET –
ous solution: KLT (�) and KLTMPDET (�) (a), experimentally adjusted data with Sips
, time 8.0 h, and controlled temperature is 298 ± 1 K).

is represented by these constant values, which can be attributed
to the immobilization of reactive basic groups on the pendant
chains. Thus, the attached groups are the reactive basic center that
contributes directly to the adsorption property of the anchored
kaolinite sample.

The kaolinite cation adsorption capacity for all these matrices
depends on the nature of the complex formed on surface and also on
the affinity of the metal for any particular attached ligand [46]. The
maximum cation adsorption capacity, Nf

max, for natural and organo
functionalized kaolinite clays is listed in Table 4, these values were
obtained experimentally, with the highest values for the chemi-

cally modified surface, showing also an increase with variation of
uranyl concentration. These Nf

max values reflect the good affinity
of the nitrogen donor atoms attached to the inorganic backbone for
bonding uranyl. Favorable nitrogen/uranyl interactions were pre-

nthetic adsorbents from aqueous solution.

mol dm−3) Re (%) Reference

97.0 [3]
99.0 [10]
96.0 [17]

−3 99.0 [36]
98.0 [37]

1 45.0 [38]
95.0 [39]

3 – [40]
3 – [41]

97.0 [42]
98.0 [43]
65.0 [44]
28.9 This work
99.0 This work
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Fig. 10. Effect of temperature of adsorption U(VI) on natural and modified kaolinite clays at 298 K (�), 303 K (�), 308 K (�) and 313 K(�). KLT (a) and KLTMPDET (b) (clay
1.0 g dm−3, pH 4.0, and time 8.0 h).
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positive entropic values for all interactions that contribute to the
favorable interactive process are associated with solvent molecules
displacement, initially bonded to the inorganic matrix, which is
reinforced by desolvation of the cation before interacting with the
ig. 11. The resulting thermal effects of the adsorption isotherms for the uranyl:
LTMPDET/U(VI) (experimental (–) and calculated (�)) (b) (clay 1.0 g dm−3, pH 4.0, an

iously observed for these silylating agents when immobilized on
hyllosilicate.

.4. Effect of temperature

Amount of radionuclide adsorbed at four different tempera-
ures of 298, 303, 308, and 313 K showed an increasing trend with
ncrease in temperature. Typical results are shown in Fig. 10a and

and Table 4 with the highest pronounced adsorption for modi-
ed kaolinite in 313 K. It is likely that adsorption of radionuclide
n kaolinite clay surfaces requires activation energy and rise in
emperature helps more radionuclide ion to overcome this energy
arrier and get attached to the clay surfaces. Another possibility

s the creation of additional adsorption reactive sites on kaolinite
urfaces arising due dissociation of some of the surface compo-
ents of natural and modified kaolinite samples at a temperature
igher than the ambient which increase radionuclide uptake. These

nfluences may operate independently of one another or may be
perational simultaneously in reactive clay surfaces.

.5. Thermodynamic study

From calorimetric titration data, the net thermal effects resulted
n the corresponding well-behaved isotherms that were fitted to
he Sips model, as shown in Fig. 11a. The respective curve for
LTMPDET obtained with non-linear regression is given in Fig. 11b.

omplete sets of thermodynamic data for each system studied are

isted in Table 4. As observed, cation/basic center interactions for
ll system are spontaneous in nature as reflected their negative
nthalpic values. The series of exothermic enthalpic data did not
ermit distinguishing a preference of any particular cation to bond
�) and KLTMPDET (�) (a) and example of curve obtained by non-linear regression-
e 8.0 h).

with the available basic centers attached to the pendant groups
covalently bonded to the inorganic backbone [47,48]. However, the
Fig. 12. The resulting thermal effect of adsorption U(VI) on modified kaolinite at
298 ± 1 K. The experiment points represent the thermal effect of cation titration∑

Qt (�), cation dilution
∑

Qd (�) and the net thermal effect of interaction
∑

Qr

(�),
∑

Q, and Vad values are the sum of detected thermal effect and total injected
volume of U(VI) solution.
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Fig. 13. Variation of the thermal effect versus time upon microcalorimetric titration
of unmodified kaolinite (KLT) suspended in water with 20.0 cm−3 of uranyl cation
at 298 ± 1 K. (clay 3.0 g dm−3, initial U(VI) 25.0 mg dm−3, pH 2.0, and controlled
temperature in 298 ± 1 K).

basic centers. In such interactive processes the increase in free
molecules in the reaction medium gives a positive entropy, thus
demonstrating a favorable set of thermodynamic data for this kind
of system [47,48].

The adsorption process was also calorimetrically monitored by
titration process. From this value, the thermal effect related to
cation-basic center interactions on the modified surface is obtained
[48]. An illustration of all the steps of calorimetric titration of
0.020 g of the original kaolinite (KLT) with 2.0 × 10−2 mmol dm−3

of U(VI) solution is shown in Fig. 12. This value was adjusted to the
modified Langmuir model (Eq. (3)), which is:

˙X

˙�rH
= ˙X

�intH
+ 1

�intH (KL − 1)
(3)

where �X is the sum of the mole fraction of each cation in solution,
after adsorption, obtained for each experimental point of titrand
addition. �rH is the integral enthalpy of adsorption for each point
of the calorimetric titration obtained by dividing the thermal effect
resulting from adsorption by the number of moles of adsorbate. KL
is the proportionality constant that also includes the equilibrium
constant. �intH is the thermal effect of formation of a monolayer on
the surface. The thermodynamic cycle for this series of adsorptions
involving a suspension (susp) of kaolinite samples (KLTX) in aque-
ous (aq) solution with metallic cation (M6+) can be represented by
the following calorimetric reactions (Eqs. (4)–(7)):

KLTX(susp) + M6+
(aq) → KLTX ·M6+

(susp) ˙Q t (4)

KLTX(susp) + nH2O → KLTX ·nH2O ˙Q h (5)

M6+
(aq) + nH2O → M6+·nH2O(aq) ˙Q d (6)

KLTX(susp) + M6+
(aq) → KLTX ·M6+ ˙Q r (7)

Fig. 13 shows as an example, one of the titration thermograms
obtained when KLTMPDET adsorbs the U(VI) cation: it shows that,
under the conditions applied, equilibrium is attained rapidly. The
integrated hest value is obtained by use of the data treatment Digi-
tam 4.1 program (Thermometric).
The Gibbs free energy, entropy and enthalpy values are listed in
Table 4. These values suggest that, during complex formation, des-
olvation disturbs the structure of the reaction medium to promote
the disorganization of the system and, consequently, leads to an
increase in entropy [24,47,48].
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. Summary

The immobilization of the N-[3-[(trimethoxysilyl)propyl]-
iethylenetriamine (MPDET) molecule onto phyllosilicate surface
as obtained with success though heterogeneous routes. The

dsorption of the metallic ion depended on pH and shaking contact
ime. The optimum pH for the adsorption of the U(VI) ion ranged
rom 4.0 to 5.0 for all systems and the minimum sharking con-
act time necessary for reaching the equilibrium was about 20 and
0 min, for KLT and KLTMPDET, respectively. At PCO2 = 10−3.5 atm,
ranyl uptake on natural and modified kaolinite surfaces was
ensitive to changes in pH and ionic strength. The adsorption max-
mized at near neutral pH values, and decreased with increasing
H. An increasing in sodium nitrate concentrations from 0.02 to
.5 mol dm−3 resulted in decreasing at pH > 7.5. Through calori-
etric investigation information about all systems was obtained,

esulting in exothermic enthalpy, negative Gibbs free energy and
ositive entropy. This series of thermodynamic data reflects the
avorable cation/base center interaction at the solid/liquid inter-
ace.
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