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Abstract—The contamination of aquatic environments by toxic metals such as radionuclides is of great
concern because of the tendency of those metals to accumulate in the vital organs of humans and animals,
causing severe health problems. The objective of this study was to investigate the use of natural and
modified magadiite clay as an adsorbent to remove Th(IV), U(VI), and Eu(Ill) from aqueous solutions.
Magadiite from the Amazon region, Brazil, was modified chemically with 5-mercapto-1-methyltetrazole
(MTTZ) using a multi-step or heterogeneous synthesis pathway. The natural and modified materials were
characterized using 2°Si and '*C nuclear magnetic resonance, scanning electron microscopy, nitrogen gas
adsorption, and elemental analysis. The physical-chemical properties of the chemically modified
magadiite sample were modified, e.g. the specific surface area changed from 35.0 to 678.9 m*> g~ '. The
ability of the magadiite to remove Th(IV), U(VI), and Eu(Ill) from aqueous solution was then tested by a
series of adsorption isotherms adjusted to a Sips equation. The effects of properties such as pH, contact
time, and metal concentration on the adsorption capacity were studied. The adsorption maxima were
determined to be 7.5x 1073, 9.8 x 1072, and 12.9 x 10~* mmol g~' for Th(IV), U(VI), and Eu(IIl),
respectively. From calorimetric determinations, the quantitative thermal effects for all these cations/basic
center interactions gave exothermic enthalpy, negative Gibbs free energy, and positive entropy, confirming
the energetically favorable conditions of such interactions at the solid/liquid interface for all systems.

Key Words—Calorimetry, Chemical Synthesis, Interfaces, Magadiite, Surface Properties, Thermo-

dynamic Properties.

INTRODUCTION

Magadiite clay is generated from soils and sedimen-
tary deposits through weathering, diagenesis, and
hydrothermal effects. This process involves degradation
and transformation of precursor silicates, including
precipitation from solution. Naturally occurring maga-
diite is found, but rarely, in the Amazon region because
the Amazon climate is normally warm-humid, causing
acidic lixiviation in soils, conditions that are unfavorable
for the formation of the lamellar structure (Almond et
al., 1997; Guo et al., 2004; Shahwan and Erten, 2005;
Guerra et al., 2007; Beurlen et al., 2008; Guerra et al.,
2008a). Magadiite, with the ideal formula
Na,Si;40,9.7H50, is a platy, hydrous sodium silicate,
which is composed of one or multiple negatively charged
sheets of SiO4 tetrahedra with abundant silanol-termi-
nated surfaces (Almond et al., 1997; Komori et al.,
2000; Mizukami et al., 2002; Guo et al., 2004). Physical
properties include a large capacity for ion exchange
where Na' ions can be replaced by protons, other
cations, or large quaternary ammonium ions (Almond et
al., 1997; Garces et al., 1988).
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Meeting the stringent coolant-purity requirements of
the nuclear industry is solely attributable to inorganic
ion exchangers. In recent years, clays, layered materials,
and zeolites have been used extensively in the chemical
decontamination process for radionuclide recovery,
regeneration of decontaminants, and removal of the
formulation chemicals from the coolant (Leppert, 1990;
Almond et al., 1997; Ruiz and Airoldi, 2004; Lazarin
and Airoldi, 2007; Macedo et al., 2007; Xiu-Wen et al.,
2007; Tang et al., 2009).

Magadiite exhibits a variety of properties, such as
sorption of water and polar organic molecules (Guo et
al., 2004). Magadiite is used as an adsorbent of toxic
metals not only because of its ability to immobilize the
toxins, but also because it is relatively simple in
comparison to organic polymers, with faster metal ion-
exchange kinetics, good swelling resistance in different
solvents, and chemical stability (Macedo et al., 2007).
The present study reports the use of original and
modified magadiite as adsorbents to extract the toxic
metals commonly present in waters from a variety of
sources and in industrial effluents. For this purpose, the
adsorption isotherms of Th(IV), U(VI), and Eu(IIl) from
aqueous medium at room temperature were explored,
bearing in mind the influence of different parameters
such as pH, radionuclide concentration, and contact
time. The ability of natural and modified magadiite to
remove the radionuclide ions was investigated using a
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batch-adsorption procedure. The chemical modification
process was developed by means of functionalization of
Amazon magadiite clay using 5-mercapto-1-methyl-
tetrazole via a multi-step, heterogeneous synthesis
pathway (Prado and Airoldi, 2001). The quick adsorp-
tion process reached equilibrium before 2, 3, and 4 h for
Eu(IIT), U(VI), and Th(IV), respectively, with adsorption
maxima at pH 4.0. The energetic effect caused by
radionuclide/phyllosilicate surface interaction at the
solid/liquid interface was determined through the
calorimetric titration procedure.

EXPERIMENTAL METHODS

Reagents and raw material

3-chloropropyltriethoxysilane 95% (CPTS) (M,, =
240.810 and d = 1.007 g cm ), triethylamine 98%
(TEA) (M, = 101.191 and d = 0.726 g cm ), and
S-mercapto-1-methyltetrazole 98% (MTTZ) (M, =
116.151 and 4 = 1.002 g cm ) were purchased from
Sigma-Aldrich. Doubly distilled deionized water (DDW)
was used in the preparation of the solutions, wherever
required. Solutions of uranyl were prepared from a
suitable reagent-grade nitrate salt by dissolving it in
DDW.

The magadiite sample used here was obtained from
Nhamunda area, State of Amazonas, in the Amazon
region in northern Brazil. The <2 pm size fraction was
separated by sedimentation. The cation-exchange capa-
city (CEC) was measured using ammonium acetate at
concentrations of 2.0 mol dm > at pH 8.0, in order to
evaluate the potential use of Amazon magadiite for
intercalation. The result obtained was 78.0 meq/100 g of
clay (M) on an air-dried basis. The magadiite sample,
with a particle size which would pass through a 70—230
mesh, was activated in a stream of dry nitrogen by
heating at 423+1 K for 12 h and used immediately.

Chemical modification of the clay

The MTTZ (20.0 g, 215 mmol) was immersed in
hexane (100.0 cm?®); 3-chloropropyltriethoxysilane
(95%) (CPTS) and triethylamine (TEA) were then
added in a 1:2:1 stoichiometry (MTTZ:CPTS:TEA)
(Figure 1). The mixture was heated for 48 h at
338+1 K with magnetic stirring under a nitrogen atmo-
sphere using standard Schelenk-tube techniques. The
mixture was filtered to eliminate the triethylamine
chloride precipitate. The hexane was evaporated and
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the excess CPTS was distilled under vacuum (423+1 K
and 0.75 Hg) (Pérez-Quintanilla et al., 2006, 2007). The
MTTZ derivative (50.0 cm®) was reacted with a natural
clay sample (M) (25.0 g) (5 h at 4351 K under high
vacuum) in dry toluene (200.0 cm®) with mechanical
stirring (48 h under reflux conditions with nitrogen
atmosphere). The resulting modified clay sample
(Myrrz) was filtered and washed with toluene
(2x100.0 dm®), ethanol (2x100.0 dm?), and diethyl
ether (2 x100.0 dm®). Finally, the product was heated
for 4 h at 385+1 K under vacuum (Pérez-Quintanilla et
al., 2006, 2007).

Characterization methods

The X-ray diffraction (XRD) patterns of the original
Na-magadiite and organoclay were recorded from
random mounts using a Rikagu D-Max 2200 Powder
Diffractometer with CuKa (0.154 nm) radiation in the
region between 2 and 50°20 at a speed of 2°20 min~', a
step size of 0.050°20, and Ni filter.

Nuclear magnetic resonance spectra of the samples
were obtained using a Bruker AC 300/P spectrometer at
room temperature. For each run, ~1 g of each solid
sample was compacted into a 7 mm zirconium oxide
rotor. The measurements were obtained at frequencies of
59.63 and 75.47 MHz for silicon and carbon atoms,
respectively, with a magic angle spinning of 4.00 kHz.
In order to increase the signal to noise ratio of the solid-
state spectra, the CP/MAS technique was used. 2°Si and
13C CP/MAS spectra were obtained with pulse repeti-
tions of 3 s for both nuclei and contact times of 1 and
3 ms, respectively.

The elemental analysis (wt.% C, N, and S) was
determined using a Perkin-Elmer 2400 Series II micro-
elemental analyzer, and at least two independent
determinations were performed for modified clay
samples.

The 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 (Brunauer et al.,
1938). The mesopore-size distribution was obtained by
applying the Barret-Joyner-Halenda (BJH) method to the
adsorption branch of the isotherm (Barret et al., 1951).

The scanning electron microscopy (SEM) study of the
powdered samples was obtained using an SM 6360LV
instrument, under vacuum, accelerated at 20 kV
(Shahwan and Erten, 2005).
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Figure 1. Synthesis of MTTZ derivative.
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A simple and sensitive spectrophotometric method
based on colored complexes, Arsenazo III with U(VI)
and Th(IV) and Alizarin Red S with Eu(IIl) in aqueous
medium, was used for radionuclide determination. The
concentrations of metal ions in the supernatant were
determined using a Systronic-117 UV-vis spectrophot-
ometer, by measuring absorbance at A, of 660 nm for
Th(IV), 652 nm for U(VI), and 531 nm for Eu(III)
(Sharma and Tomar, 2008). For each experimental point,
the reproducibility was checked by at least one duplicate
run.

The thermal effects of metal cations interacting with
original and modified magadiite samples were assessed
by calorimetric titration using an isothermal calorimeter,
Model LKB 2277, from Thermometric (Jarfalla,
Sweden). In this titration, the metallic solution was
added to a suspension of ~20 mg of each sample in
2.0 cm? of water, under stirring at 298+1 K.

Adsorption

The adsorption experiments were performed batch-
wise by suspending a series of 20 mg samples of the
solid in 20.0 cm® aqueous solutions of cations at
concentrations varying from 1.25x1072 to
2.50 x 1072 mmol dm >, under orbital stirring for 24 h
at 298+1 K. Profiles of the adsorption isotherms
obtained represented by the number of moles adsorbed
(Ng) (Prado and Airoldi, 2001; Malkoc et al., 2006;
Alcantara et al., 2007; Sheng et al., 2008; Cestari et al.,
2009) vs. the number of moles at equilibrium per volume
of solution (Cs), for a series of isotherms, revealed that
the adsorption process conforms to the Sips (1948)
model which combined the Langmuir (1918) and
Freundlich (1906) equations (equation 1). The Sips
isotherm is a three-parameter fitting equation and
combines the features of both the Freundlich and
Langmuir models. The Sips isotherm model will give a
Langmuir isotherm model when n = 1.

 NsKsCyl”

Ny = 1/n
1 +K3CS

(1)

Where Cs is the concentration of solution at equilibrium
(mol dm™>), N; and Ng are the concentrations of metal
adsorbed and the maximum amount of metal adsorbed per
gram of clay (mol g™"), respectively, which depend on the
number of available adsorption reactive sites, Kg is the
equilibrium constant, and # is the Freundlich exponent
(Sips, 1948). Firstly, the effect of pH on adsorption for all
clay samples was evaluated by varying this parameter
over the range 1.0—5.0, with addition of 0.10 mol dm > of
nitric acid or sodium hydroxide. The pH of the solutions
was measured using a pH/Ion Analyzer, model 450 M
(Analyzer, Sao Paulo, Brazil). In the investigation of the
influence of contact time in the adsorption process, the
kinetic parameters were analyzed by the Lagergren
pseudo-second-order model (Lagergren, 1898).
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The thermodynamic, Lagergren pseudo-second-order,
and Sips models were fitted using the non-linear fitting
routines of the software Microcal Origin 7.0. A
correlation coefficient (r?) and a probability value (p =
0.0001) represent the ‘goodness of fit.” In addition, the
model was also evaluated by average relative error
function (equation 2), which measures the differences in
the amount of the metallic cation taken up by the
adsorbent predicted by the models and the actual Ng
measured experimentally (Babel and Kurniawan, 2003).

Frrror (%) =
100x 2": [NfimOdel‘ — Nfl:eXperimentM] 201
f Nyiexperimental p—1

(2)

RESULTS AND DISCUSSION

Characterization of materials

Different experiments were performed using bridged
organosilane MTTZ (5-mercapto-1-methyltetrazole) as
an intercalating agent to synthesize inorganic-organic
hybrid layered material. In the modified magadiite
structure, the organic links present in the initial
organosilane could be incorporated into the interlayer
space of layered silicates, covalently bonded to the
surfaces of magadiite-type inorganic layers. Indeed,
XRD patterns of natural and modified magadiite
(Figure 2a,b) exhibit 001 reflections corresponding, in
the case of original Na-magadiite, to a basal spacing of
1.580 nm due to the presence of Na" cations and water
molecules present between the magadiite layers, the
thickness of which is ~0.950 nm (Almond et al., 1997;
Diaz et al., 2007) (Figure 2a), whereas, after the
chemical modification process, the basal spacing
increased to 3.220 nm because of the effective
intercalation of the MTTZ molecules in the interlayer
space (Figure 2b). Taking into account the thickness
(0.950 nm) of the Na-magadiite layers, the space
occupied by the bridged polysiloxane corresponds to
2.27 nm, confirming that the organic-inorganic pre-
cursor was successfully intercalated into the interlayer
space with the MTTZ units oriented perpendicular to
the phyllosilicate layer. The great influence of the
number of MTTZ ions on the surface and on the
constitution and distribution of the ions has been
reported previously (Pérez-Quintanilla er al., 2007).
The mass fraction of intercalated phyllosilicate can be
estimated as the relative intensities of the reflection
originating from the ‘unchanged’ and the ‘expanded’
layers. In the intercalated sample, the degree of
intercalation reaction could be estimated as 88.03%,
indicating that the MTTZ molecules are arranged in
monolayers between the phyllosilicate layers (Pérez-
Quintanilla et al., 2007).
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Figure 2. Powder XRD patterns of natural (a) and modified (b)
magadiite.

Nuclear magnetic resonance in the solid state (solid-
state. NMR) is a technique which gives valuable
information about the bonding of the pendant chains
anchored on an inorganic backbone. For this purpose,
silicon and carbon nuclei were observed in order to
better characterize the synthetic compound. Through the
distribution of groups containing silicon atoms on the
surface, the inorganic framework of the matrices and the
intercalated species can be understood (Almond et al.,
1997). For the natural magadiite spectrum a Q> signal at
—99.2 ppm was observed (Figure 3a), which was related
to the stoichiometry of the silicate. Strongly hydrogen-
bonded water molecules gave a broad peak. On the other
hand, one peak with a Q* signal was observed in
magadiite samples at —109.6. Each magadiite layer
contained equal numbers of Na' cations or protons to
counter the negative charge on the oxygen atoms, being
neutral structures. The spectrum of the functionalized
magadiite showed a marked decrease in the intensity of
the Q® signal, verifying the anchoring of the functional
groups to Si-OH (Figure 3b). In addition, two new peaks
at —52.5 and —77.1 ppm were assigned to the T2
[(Si0),SiOH—R] and T> [(SiO);Si—R] sites, respec-
tively (Pérez-Quintanilla et al., 2007).

For carbon, the spectrum shown in Figure 3¢ provides
information about the polysiloxane framework such as
various local environments of the atoms involved and
the attachment of pendant groups, and in the present case
the assignments were based on a previously studied
analogous system (Pérez-Quintanilla et al., 2007). The
three carbon atoms related to the ligand ring, numbered
3, 4, and 5, gave signals at 10.0, 19.2, and 24.3 ppm,
respectively. The signal due to methylene 2 of the
ethoxy group appears at 48.2 ppm and the signal from
the methyl group is at 21.1 ppm. The aromatic carbon
labeled 6 was assigned to the signal at 135.2 ppm.
Finally, the signal due to the methyl in the heterocycle
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numbered 7 appears at 22.2 ppm. These results prove
that the preparation of the new material was successful
and confirm the results of previous studies (Pérez-
Quintanilla et al., 2006, 2007; Evangelista et al., 2007,
Cestari et al., 2009).

The quantity of molecules (L) attached to the
magadiite surface was calculated from the percentage
of sulfur in the chemically modified clay sample, as
estimated by elemental analysis, using equation 3 (Dias
Filho, 1998; Pérez-Quintanilla et al., 2006):

B %S x 10
" sulfur atomic weight

Lo (3)

The C/S molar ratio calculated from the elemental
analysis of Mtz indicates a 1:1 stoichiometry between
the silanol groups on the clay surface and the ligand.
Taking into account L, and the specific surface area
(SAggr) of modified magadiite, the average surface
density, d, of the attached molecules and the average
intermolecular distance, /, can be calculated by applying
equations 4 and 5 (Dias Filho, 1998; Pérez-Quintanilla et
al., 2006):

Ly
d=N 4
A Sdpgr @

1 1/2
= (3) ©)

where N, is Avogadro’s number. The results obtained
confirm a high efficiency in the chemical modification of
natural Na-magadiite. The large degree of functionaliza-
tion obtained with the My;rtz can, therefore, be explained
as a consequence of its large surface area (Table 1).

The BET surface areas of the natural and modified
clay samples demonstrated that chemical modification
caused the formation of micropores in the solid particles,
resulting in a greater surface area: 678.8 m> g~ for
Myrrz and 35.0 m? gfl for the natural M sample. The
pore diameters change in the same direction, varying
from 1.4 nm for the natural to 4.8 nm for the anchored
clay. The textural analyses of natural and modified
magadiite samples (Table 1) revealed that the textures
depend on particle size, shape, and distribution of cracks
and pores in the material, and, therefore, cannot be
represented as a general characteristic of the particular
type of material. The modified sample gave a unimodal
distribution of pore sizes while M showed a bimodal
distribution (Figure 4a). The adsorption-desorption iso-
therms of gaseous nitrogen of the natural and modified
magadiite are type IV according to the .U.P.A.C (Pérez-
Quintanilla ez al., 2008; Janchen et al., 2009) classifica-
tion and have a H1 hysteresis loop that is representative
of materials with pores of constant cross-section size.
The volume adsorbed for all isotherms at a relative
pressure (P/Py) of ~0.5 represents capillary condensation
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Figure 3. 2°Si MAS NMR spectra of natural (a) and modified (b) magadiite and '>*C MAS NMR spectrum of modified magadiite (c).

of nitrogen within the uniform mesopore structure intercalation of trifunctional silane in smectites tended
(Figure 4b). The results are in accord with findings by to be more successful in aqueous media than in ethylene
Shanmugharaj et al. (2006) who found that the glycol.

Table 1. Textural properties of magadiite samples and quantification of organic molecules anchored in the modified magadiite
samples.

Sample Surface area- Micropore area Pore diameter  Pore volume Ly d 1
SABEgT (ngfl) (nm) (cm3g71) (mmol gfl) (molecules (nm)
(m* g ) nm”?)
M 35.0 10.0 1.4 0.1 - - -
Mwmrrz 678.8 37.1 4.8 0.3 1.12+0.1 0.83+0.1 1.01+0.1

Ly: quantity of adsorbed molecules.
d: average surface density of adsorbed organic molecules.
I: intermolecular distance.
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Figure 4. Pore distribution of natural and modified magadiite samples obtained by the BJH method (a) and nitrogen adsorption-
desorption isotherms of natural and modified magadiite samples obtained by the BET method (b) (l — M; A — My172)-

Scanning electron microscopy images of the phyllo-
silicate samples were used only to verify the presence of
macropores in the structure of the matrices (Figure 5a,b)
because micro- and mesopore structures could not be
observed at the magnification used in these experiments.
A foliated structure of the phyllosilicates was observed,
with some fissures and holes, indicating the presence of
a macroporous structure. The fissures and holes probably
contribute somewhat to the diffusion of the radionuclide
to the phyllosilicate adsorbent surfaces. The number of
macroporous structures was confirmed by the large
specific surface areas of the modified phyllosilicate
(Table 1). The presence of agglomerated particles of
nanodimensions was also noted in the natural magadiite
samples. Twinned edges and well defined angles were
also observed. Small aggregates of rounded crystal
coexisted with regular magadiite particles with particle
size mostly <5.0 um (Guerra et al., 2006). The major

contribution of the radionuclide uptake can, therefore, be
attributed to micro- and mesoporous structures.

Effect of pH

The extractability of the cations from the solution
phase is pH dependent. The pH of the aqueous solution,
which increased almost linearly from pH 4.0, is an
important controlling parameter in the adsorption
process. Both the extent of adsorption and the amount
adsorbed (Ny) showed positive changes (Figure 6a,b).
The effectiveness of the process can be expressed by a
plot of the number of moles adsorbed (mmol g~") vs. pH
for the cations involved. From the corresponding data for
each metal, an increase in pH was followed by an
increase in adsorption, reaching the maximum capacity
at pH 4.0. For greater pH values a slight decrease in
adsorption for Th(IV), U(VI), and Eu(Ill) was observed.
The observed reduction in the level of metal-ion removal

Figure 5. SEM images of natural (a) and chemically modified (b) magadiite samples.
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from solution by the adsorbent indicated that the

interaction between the metal ions and the adsorbent O%D az2 53 s
was an exchange process (Huheey et al., 1993; Xia et al., 2 é A é § % hul
1997; Salih et al., 1998; Xu et al., 2006; Sharma and = < IERNES = S’,
Tomar, 2008; Sheng et al., 2008). The reason for little -
sorption in acidic solution is the competition between
the excess H' ions in the medium and other cationic
species in solution. Greater acid concentrations suppress
hydrolysis of the metal ions. In addition, as pH was =2z 2z 3
increased, the positive surface charge decreased, result- < dAH 2l
ing in less coulombic repulsion of the adsorbing metal 88 [8&K
ions (Sharma and Tomar, 2008).
Effect of contact time

For evolution of adsorption as a function of contact
time, reaction intervals from 2.5 to 36 h were applied for g 9 3 g ﬂ

O O O <

all the matrices (Figure 7a,b), giving identical abrupt
increases in adsorption for relatively small amounts of
time before reaching the plateaux. According to the data,
equilibrium was achieved at ~2, 3, and 4 h for Eu(IIl),
U(VI), and Th(IV), respectively. For the maximum
amount of radionuclides to be adsorbed, at high
concentrations and over the shortest period of time
possible, requires an excellent affinity of the adsorbents
for these metals from the aqueous medium. In order to
study the specific rate constant of the Th(IV)-/U(VI)-/
Eu(Ill)-phyllosilicate systems, a Lagergren pseudo-
second-order rate equation was used to simulate the
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kinetic adsorption of metals on the phyllosilicates. When (E: o
the rate of an adsorption reaction was controlled by ivi Ejj H E H4
chemical exchange, a pseudo-second order model was X AT S
better adjusted to the experimental kinetic data (Ho and N
McKa}y, 1999; Sheng et al., 2008), as expressed by - =28 2k%
equation 6. coo Soo
t 1 [ 1 ] S =
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'z 4ow R
where k, is the pseudo-second order rate constant e .
(mmol g 'min~"). The values of k, can be obtained E v T BT
: : 5 f29 Zym
from.the non-linear regression plot of N; vs. t. By <|1 TN 2w l;
carrying out a set of experiments at constant temperature - ¥t o
and monitoring the amount adsorbed with time, the
kinetics of the adsorption process can be determined. —Na — Ao
The values of k, and Ngpqo were obtained for M and - $99 3T
Q . . . =, ['i S A AN
Mwmtrz (Table 2). The correlation coefficient of the c\.ﬁ 2. ggg

pseudo-second-order rate equation (r?) for the non-linear
regression was 0.999 for probability p = 0.0001,
suggesting that the kinetic adsorption can be described
very well by the pseudo-second-order rate equation. An
example of a calculated curve obtained with non-linear
regression for system Myrrz/Eu(lll) (Karadag et al.,
2007; Guerra et al., 2008b) is shown in Figure 7c.

(1073 mmol g7 (107> mmol g7") (T g™

1.5+0.1
1.6+0.1
1.840.1
7.5+0.1
9.8+0.1
12.9+0.1

Effect of metal concentration

Table 2. Thermodynamic and kinetic data for radionuclides adsorption onto natural and modified magadiite samples (clay 1.0 g dm™>, pH 4.0, time 8.0 h, and controlled

temperature of 298+1 K).

—~ ~ N~ fa

— A~ = o~ =

M and Mpygrz have been used to evaluate the £ %; E:’ ;é; Es/
maximum adsorption capacity for uptaking metal ions, = SEDAOZEDM@
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such as Th(IV), U(VI), and Eu(Ill), from aqueous
solutions. The cations mentioned actually act as Lewis
acid centers which interact with the nitrogen Lewis base
centers attached to the pendant molecules covalently
bonded to the modified clay surface and hydroxyl
groups attached to the natural clay surface. Such
processes occurring at the solid/liquid interface give
the isotherms that demonstrate the saturation of the
natural and modified clay samples with a definite
number of moles of metallic cations (Figure 8a,b),
with the most pronounced adsorption for Eu and a
sample curve obtained with non-linear regression for the
system Myrrz/Eu(Ill) (Karadag ef al., 2007; Guerra et
al., 2008b) (Figure 8c). Based on this ability of the
pendant groups attached to the inorganic backbone to
coordinate these metallic cations, the quantity can be
related to Nf'™*, which gave values of 7.5, 9.8, and
12.9x 107 mmol g~' for Th(IV), U(VI), and Eu(Ill),
respectively (Table 2).
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Thermodynamic study

A series of increments of 10 pL of metal solutions
was added to the Th(IV)-/U(VI)-/Eu(Ill)-M/-Mpy117 to
elucidate the thermal interaction effect (Q;). Two other
titrations were needed to complete the experiment:
(1) the thermal effect due to hydration of M and
Mumrrz (On), which normally gives a null value; and
(2) the dilution effect of metal solution in water, without
a sample in the vessel (Qq). The resulting thermal effect
was given by the following equation: X0, = Z0Q; — £04
(Ruiz and Airoldi, 2004; Macedo et al., 2007). Many
investigations, in a variety of systems concerning the
solvent effect on different matrices, have shown that this
thermal effect is equal to zero (Prado and Airoldi, 2001;
Ruiz and Airoldi, 2004; Lazarin and Airoldi, 2007;
Guerra et al., 2008a, 2008b).

The molar enthalpy (AH;,) of the process can be
calculated by the expression AH;,, = Ahi,Ns. The Gibbs

20 - - 14
a 1 A A A A 13 b A A A
1 I E A A
i o » e m
L] E
r T T T . A
16 i 1 o. ) o 11: 1
. 104 I 3 i I i
—_ i1 91 A )
‘= 12+ 2 - ‘o 84 + .
=] - E L]
g 1 b4 E 7] 3 i Fa— L] ]
E AT E J .
b 0.5 - J. 'D 6'_ A 9 L
= 4-' = 54 ¢ "
- - 1 ‘m
= *.l = 4: I
[
0.4 - ,.". 3:
H 2" .
1 .
0.0 L L) T T L T T T 0 I il L] M ] v ] v L] v I v L] M L v L] v
0 1 2 3 4 5 ] 7 0 1 2 3 4 E] ] 7 8 9
C. (10°mmol dm) ' €. (10°mmol dm”)
14
]C
124 o
114 '
2 104 .
=3 L]
E
E 9.4 .
o .
— &4
=
74 ¢
6
5 L T o Ll
0 2 ] 8

3 3
C. (10°mmol dm*)

Figure 8. Adsorption of radionuclides onto natural (a) and modified (b) magadiite samples [l — Th(IV), @ — U(VI]), and A —

Eu(II)] and example of curve obtained by non-linear regression: Myirrz/Eu(Ill) (experimental

—; calculated ) (¢) (clay

1.0 g dm ™, pH 4.0, time 8.0 h, and controlled temperature at 298+1 K).
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Figure 9. The resulting thermal effects of the adsorption isotherms for the radionuclides [l — Th(IV), @ — U(VI), and A — Eu(III)]

(a) and example curve obtained by non-linear regression: My rrz/Eu(11l) (experimental

pH 4.0, and time 8.0 h).

free energy can be calculated by the equation AG;, = —
RT In Kg; finally, the entropy was calculated from AG;,
= AH,,; — TAS;, (Prado and Airoldi, 2001; Ruiz and
Airoldi, 2004; Lazarin and Airoldi, 2007; Guerra et al.,
2008a, 2008b).

From calorimetric titration data, the net thermal effects
resulted in the corresponding well behaved isotherms that
were fitted to the Sips model (Figure 9a). The curve for
Eu obtained with non-linear regression (Karadag et al.,
2007) is shown in Figure 9b. As an example, one of the
titration thermograms obtained when My;rtz adsorbed the
Eu(Ill) shows that, under the conditions applied, equili-
brium was attained rapidly (Figure 10). The integrated
heat value was obtained by use of the data treatment
Digitam 4.1 program (Thermometric, Jarfalla, Sweden).
Complete sets of thermodynamic data for each system
studied are listed in Table 2. As observed, cation/basic
center interactions for all systems were spontaneous in
nature as reflected in their negative enthalpic values. The
series of exothermic enthalpic data did not permit the
distinguishing of a preference of any particular cation to
bond with the available basic centers attached to the
pendant groups covalently bonded to the inorganic
backbone. However, the positive entropic values for all
interactions that contribute to the favorable interactive
process were associated with displacement of solvent
molecules, initially bonded to the inorganic matrix, which
was reinforced by desolvation of the cations before
interacting with the basic centers. In such interactive
processes the increase in free molecules in the reaction
medium gave a positive entropy, thus demonstrating a
favorable set of thermodynamic data for this kind of
system (Prado and Airoldi, 2001; Machado et al., 2004;
Ruiz and Airoldi, 2004; Lazarin and Airoldi, 2007; Guerra
et al., 2008a, 2008b). An illustration of all the steps of the
calorimetric titration of 0.020 g of original magadiite with

—; calculated W) (b) (clay 1.0 gdm 2,

2.0x 1072 mmol dm™> of Th(IV) solution is shown in
Figure 11. The thermodynamic cycle for this series of
adsorptions involving a suspension (susp) of magadiite
samples (Magy) in aqueous (aq) solution with metallic
cation (M*") can be represented by the following
calorimetric reactions (equations 7—10):

MagX(susp) + (a+q) - MagX"-M?stlsp) ZQI (7)
MagX(susp) + I’leO d MaanH20 ZQh (8)
Mg + nH,0 — M*..nHy0¢q) Q04 9)
Magy(usp) + Mlag) = Magy...M*" 20; (10)

Regeneration of the adsorbents

Desorption and regeneration studies illustrate the
nature of adsorption. Desorption experiments were

-200

-400 -
600 -
-800 |

=1000 =

P (W)

-1200 =

1400 4

-1600

L L LA B B LN B LR LR B R B B L B
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
t(h)

Figure 10. Variation of the thermal effect vs. time upon
microcalorimetric titration of modified magadiite (MytT2)
suspended in water with 20.0 cm® of Eu(Ill) at 298+1 K

conditions as specified in text.
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Figure 11. The resulting thermal effect of Th(IV) adsorption on
modified magadiite at 2981 K. The experimental points
represent the thermal effect of cation titration ZQ; (A), cation
dilution 204 (M), and the net thermal interaction effect X0,
(@); O and V,q4 values are the sum of detected thermal effect
and total injected volume of the Th(IV) solution.

carried out here in order to verify the mechanism of
adsorption of Th(IV), U(VI), and Eu(IIl) on original and
modified magadiite. Batch desorption studies were
carried out by agitating 20.0 cm® of 100.0 mg dm™>
metallic ion solutions with 80.0 mg of M and Myrtz for
350 min. The remaining liquid phase was separated from
the solid phase, and the metal-loaded adsorbents were
firstly washed with deionized water (DDW) to remove
non-adsorbed metallic ions. The metal-loaded adsor-
bents were then agitated with 20.0 cm® of aqueous
solutions: 1.00 mol dm 3 (HCI), 1.00 mol dm 3 (HNO3),
and 0.50 mol dm— (NaOH) for up to 1 h. Investigations
of the regeneration capacity indicated that NaOH did not

06

N, (10° mmol g™)
o
T
-

04
024 ®m

0,0+

T T T — T — T T
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3 3
C. (10°mmol dm”~)
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promote any notable removal (<10.0%) of the metal ion-
loaded adsorbents after 1 h of contact time. In addition,
the best recovery results were achieved by using HCI
(=94.0%) and HNO; (=97.0%), indicating that the
metallic ions should interact with the pendant groups
attached to the inorganic backbone of the magadiite. The
regeneration of these materials makes possible their
reutilization as adsorbents in subsequent adsorption
cycles. The adsorption capacitiess of the regenerated
materials were ~85.0% and 87.0% of the original
absorbents, M and Myrtz, respectively, for Th(IV),
U(VID), and Eu(lll) (Figure 12a,b), indicating that the
original and modified magadiite are good alternative
adsorbents for removal of radionuclides from aqueous
solutions.

CONCLUSIONS

Studies of metal adsorption onto raw and modified
magadiite structures demonstrated that the natural and
inorganic-organic materials can act as chelating agents
in the removal of pollutant metal ions from aqueous
solution; adsorption was in the following order: Eu(III) >
U(VI) > Th(IV) considering pH, contact time, and metal
concentration as variables. These results are in agree-
ment with the affinity of the reactive basic center for
cation coordination on the available pendant groups
attached to the inorganic backbone. The quantitative
metal/reactive center interactions for chemically mod-
ified magadiite clay were studied by means of calori-
metric titration at the solid/liquid interface to give
favorable sets of data such as exothermic enthalpy,
negative Gibbs free energy, and positive entropic values.
The thermodynamic data suggest the use of this series of
synthetic, natural, and modified layered materials to
improve the environment as cation-extraction agents.

N (107 mmol g)
[=:]
L
-

v - ——T—T— . . -

0 1 2 3 4 5 6 7 8 9
3 <3

C. (10°mmol dm~)

Figure 12. Adsorption of radionuclides onto regenerated adsorbents: original (a), and modified magadiite (b). Il — Th(IV),
@ — U(VI), and A — Eu(IIl) (matrix 1.0 g dm >, pH 4.0, time 360 min, and controlled temperature at 298+1 K).
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The data obtained suggest the possible industrial use of
such materials in the removal of heavy elements from
natural- as well as waste-water systems. The structural
features of the new, synthesized materials with long
chains suggest that it could be modified further, using
other synthetic approaches, to yield higher-stage pendant
chains, for a wide variety of chemical applications.
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