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bstract

epiolite is a hydrate magnesium silicate special clay mineral. Some of the specific properties of this silicate are its large specific surface (about
20 m2/g) together with a very reduced ion exchange capacity. Additionally, it is possible to leach the magnesium cations at the octahedral layer
y acid attack, increasing the specific surface area up to the limit of the collapse of the structure. In the present investigation, we have found that

he crystalline framework collapses when the fraction of leached Mg2+ is greater than or equal to 0.33. Before the collapse it is possible to obtain
epiolite with different substituted metallic cations into the octahedral sites. As an example, the optimal composition of Ni–sepiolite was obtained
fter the lixiviation by acid attack at pH 0 for 1 h without the collapse of structure.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The peculiar structure of sepiolite (Mg8Si12O30(OH)4
H2O)4·8H2O) can be described as a quincunx arrangement of
locks separated by parallel channels1 composed by two layers
f SiO2 tetrahedral enclosing a layer of MgO octahedral (Fig. 1).
his structure induces needle-like particle shape, which contains
pen channels with dimensions of 3.6 × 10.6 Å running along
he axis of the particle. Additionally, sepiolite has a large specific
urface area (about 320 m2/g) but a very reduced ion exchange
apacity so that cations cannot be inserted inside the channels
n ordinary clays or zeolites. Instead, they can be deposited on
ts surface by the addition of a basic solution.2–4

Conversely, it has been widely reported that in the activation
rocess of the sepiolite by acid treatment,5–9 the complete leach
f the Mg2+ cations takes place and then sepiolite transform into
morphous fibrous silica. However, the precise fraction of the
eached Mg2+ needed to collapse the original sepiolite structure
nd its influence in the further crystalline structure stability is

till unknown.

In the present work, we have studied the changes produced
n the sepiolite structure by means of acid treatments to increase

∗ Corresponding author.
E-mail address: Jsmoya@icmm.csic.es (J.S. Moya).

S
o
o
f
d
s
p

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.11.022
he number of the acid centres at intracrystalline channels in
rder to generate enough octahedral vacancies before the full
ollapse of its structure. This knowledge opens the possibility to
btain sepiolite with different cations (Ni2+, Cu2+, Fe2+, Fe3+,
. .) into the octahedral vacancies, which after the subsequent
hermal reduction process, may become metallic nanoparti-
les embedded in a silicate matrix.10,11 In this sense, Ni2+

ations have been incorporated to the sepiolite silicate frame-
ork after different leaching treatments in order to check the

tability of the sepiolite crystalline structure, and therefore the
ize, morphology and the stability of the corresponding metal-
ic nanoparticles in sepiolite. In this regard, different techniques
X-ray diffraction (XRD), IR, transmission electron microscopy
TEM), Brunauer–Emmet–Teller (BET) and ICP) were used to
haracterize the resulting materials.

. Experimental procedure

Natural sepiolite mineral from Vicalvaro-Vallecas (TOLSA,
pain) has been purified and micronized by a wet process to
btain a final product with higher than 95% content of sepi-
lite. The sepiolite needle-like particles have a length ranging

rom 0.2 to 2 �m and a thickness of 20–100 nm. Sepiolite pow-
er was dispersed at 10 wt% concentration in water using high
hear mixing. Then the suspension was acidified with HCl at
H 0 for different periods of time: 1–3, 6 and 24 h at a constant

mailto:Jsmoya@icmm.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.11.022
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Fig. 1. (a) Crystallographic structure of the original sepiolite: silica tetrahedra in red, magnesium cations in different colours depending on their location in the
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of the bands are still visible (Fig. 3c). This missing band cor-
responds to coordinated water molecules which are bonded to
Mg2+ cations located at the edges of octahedral layer. After 2 h
ctahedral layer. (b) Details of the magnesium octahedral layer from c-axis wh
nd in the centre edges of the magnesium layers in blue. (For interpretation of
f the article.)

emperature of 24 ± 1 ◦C. These samples were labelled as S1,
2, S3, S6 and S24, respectively, while S0 refers to the original
epiolite. The dispersions were vacuum filtered and washed with
ater.
On the other hand, sepiolite samples acidified at pH 0 for

, 2 and 24 h were mixed with 1.0 l of aqueous solutions of
iCl2·6H2O salt. The concentration was adjusted so that the final
etal content in sepiolite was 15 wt%. Thereafter, the pH of the

ispersion was adjusted with NaOH to stabilize the suspension at
H 8.0. Finally, the dispersion was vacuum filtered and washed
ith water. The filtration cake was dried at 150 ◦C overnight,

nd then milled in an impact mill. The obtained precursors were
educed at 550 ◦C in a 10-vol.% H2/Ar atmosphere to obtain
ickel metallic nanoparticles laying inside the sepiolite particles.

X-ray diffraction patterns were recorded in a Bruker D8
iffractometer using Cu K� radiation. Transmission electron
icroscopy images were taken by a JEOL microscope model
XII operating at 200 kV. Infrared spectroscopy was recorded

n an IR Fourier transform Bruker IF66 V/S spectrophotome-
er. The fraction of the Mg2+ cations leached was determined
y inductively coupled plasma atomic emission spectrometry
ICP-OES), using a Thermo Jarrell Ash model Iris advan-
age spectrophotometer. The BET specific surface area of the
ifferent samples was determined using FlowSorb II 2300 equip-
ent.

. Results

In order to determine the maximum amount of Mg2+ cations
hich can be removed from the sepiolite without modifying

ts crystalline structure, sepiolite suspensions have been treated
t pH 0 for different periods of time. The XRD patterns cor-
esponding to as received and treated sepiolite at pH 0 for 1,
, 3, 6 and 24 h are shown in Fig. 2. In this plot it can be

bserved that samples treated for periods longer than 1 h, a band
ppears between 20◦ and 30◦ associated to amorphous silica. As
consequence, this band can be identified as a sign of sepiolite
morphization.

F
(
p
a

istals appear in yellow, near to the edges in orange, near to the centre in green
ferences to color in this figure legend, the reader is referred to the web version

As well as the acid treatment modifies the crystallinity, it also
hanges the content and the coordination of the water molecules
riginally contained in the structure. In this sense, the study
f the water vibration modes by IR spectroscopy (Fig. 3) can
e a valuable tool to characterize the leaching process. Sepi-
lite IR spectra display bands at 3690, 3620, 3560, 3420, and
256 cm−1 corresponding to trioctahedral Mg–(OH), dioctahe-
ral Mg–(OH), coordination water and zeolite water12 modes,
espectively. As it can be observed in Fig. 3b, these bands are
ery similar to the ones of the original sepiolite for sepiolite
reated at pH 0 for 1 h but they broaden until they disappear for
onger treatment time.13,14

The sepiolite bands at 1693, 1659 and 1623 cm−1 correspond
o stretching vibrations of water molecules.15,16 After 1 h treat-
ent at pH 0, the band at 1693 cm−1 disappear while the rest
ig. 2. XRD powder patterns corresponding to sepiolite (i), S1 (ii), S2 (iii), S3
iv), S6 (v) and S24 samples (vi). S1, S2 and S3 samples display the diffraction
eaks corresponding to sepiolite while XRD patterns of S6 and S24 samples are
ssociated to amorphous silica.



A. Esteban-Cubillo et al. / Journal of the European Ceramic Society 28 (2008) 1763–1768 1765

F
o
1

o
a
b
i
a
t

s
t
p
a
s
s

f
a
a
l
s
d
u

F
s

a
o
f
o
T
d

a
p
s
i

c
p
f
i
f
T
r
w

4

ig. 3. (a) IR spectra of the KBr (i), S0 (ii), S1 (iii), S2 (iv) and S24 (v). Details
f the bands display (b) between 3800 and 3000 cm−1 and (c) between 1750 and
560 cm−1.

f treatment the three modes cannot be distinguished to become,
fter a 24-h treatment, a single band located at 1637 cm−1. This
and can be assigned to bending vibrational mode of water. Dur-
ng the acid leaching, Mg2+ cations are removed losing the water
nd hydroxyl group coordinated to them. This trend is similar
o the one observed by XRD.

The bands at 1210, 1079, 1019 and 979 cm−1 correspond to
tretching vibrations of the Si–O bonds. These bands resulted
o be very sensitive to the acid treatment. In fact, they broaden
rogressively for leaching time longer than 1 h. Additionally,
s far as the samples loose their crystalline order, amorphous
ilica IR modes substitute those of sepiolite as it happens in S24
ample.17,18

In order to relate the crystalline stability with regards to the
raction of the Mg2+ leached cations and to the specific surface
rea, we have analyzed the magnesium content of the samples
cidified for different periods of time. Both the Mg2+ cations

eaching fraction (α) and the specific surface area of the sepiolite
amples versus treatment time are shown in Fig. 4. As it can be
educed from these plots, the sepiolite structure remains stable
p to 1 h of acid treatment. According to ICP-OES chemical

t
m

ig. 4. (a) The Mg2+ leaching evolution and (b) specific surface area of the
epiolite samples vs. leaching time.

nalyses (Fig. 4a), the maximum fraction of Mg2+ leached at 1 h
f treatment was found to be α = 0.33 (5 wt% Mg). This leached
raction corresponds to the Mg2+ cations located at edges of the
ctahedral layers and one Mg2+ more per two unit cells (Fig. 1b).
his Mg2+ would be located next to the Mg2+ cations into the
istal position.

For higher leaching periods, crystalline structure collapses
nd therefore, a drastic increase of its specific surface area takes
lace. This is in good agreement with the presence of amorphous
ilica detected by XRD (Fig. 2) and the broadening of the bands
n the corresponding IR spectra (Fig 3).

The morphology of the samples was studied by TEM. As
an be observed in Fig. 5, the different sepiolite samples clearly
oint out that the morphology of the sample treated at pH 0
or 1 h does not show significant changes compared to the orig-
nal sepiolite. However, after 2 h of acid treatment it has been
ound that a large fraction of sepiolite fibers break down (Fig. 5).
he sample treated at pH 0 for 24 h, forms amorphous silica

emaining its fibrous aspect, as it has been reported by previous
orks.8,9

. Discussion
As it has been described in the introduction, it is well known
hat Mg2+ cations can be leached from sepiolite structure by

eans of acid or acid and heating activation process to form
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ent metallic cations. In fact, up to now, natural sepiolite was not
employed for such purpose due to its very reduced ion exchange
capability (C.E.C. 15 mequiv./100 g). Just for comparison, it
should be reminded that in typical clays as montmorillonite,

Fig. 6. XRD patterns corresponding to (a) sepiolite (i) and Ni–sepiolite treated
at pH 0 for 1 h (ii), 2 h (iii) and 24 h (iv) (arrows show Ni(OH)2 peaks); (b)
ig. 5. TEM micrographs corresponding to (a) S1, (b) S2 and (c) S24 samples.

morphous silica with a very large specific surface area. As a
esult of the collapse of its crystalline structure, fibers break
own. On the contrary, in the present work, we are inter-
sted in finding out which is the critical specific fraction of
g2+ cations which can be leached before the collapse of the
tructure develops. In this sense, the magnesium layer leach-
ng process generates a fraction of octahedral vacancies at the
dges of the structural channels forming silanol groups5,8,9 as

N
a
s

an Ceramic Society 28 (2008) 1763–1768

ollows:

Mg8Si12O30(OH)4(H2O)4·8H2O

+ 2xH+ � Mg8−xSi12−2xO30−2x(SiOH)2x(OH)4(H2O)4

·8H2O + xMg2+

Silanol groups act as Lewis acid centres. In agreement with
he previous results (XRD, IR, and BET chemical analysis), it
an be concluded that largest concentration of Lewis centres
reserving the original sepiolite structure at room temperature
24 ± 1 ◦C) is activated by an acid treatment at pH 0 for 1 h. This
reatement leaches a relative Mg2+ fraction of α = 0.33 (5 wt%
f the magnesium content on sepiolite) from the magnesium
ayer. Taking into account that sepiolite has four crystallographic
ites1 (Fig. 1), we propose that these leached Mg2+ cations would
orrespond to 100% of the sites located at distal positions, and
o approximately one-third of the Mg2+ cations located at sites
ear the edges.1

This result means that sepiolite can be used as a host for differ-
i–sepiolite treated at pH 0 for 1 h (i) and 2 h (ii) reduced at 550 ◦C in H2/Ar
tmosphere (arrows show Ni peaks and the rest of peaks correspond to anhydrous
epiolite).
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on exchange capability is at least 10 times larger (C.E.C.
50 mequiv./100 g). However, a controlled leaching treatment
s able to form enough silanol groups, distributed both on the
urface and in the structural channels, to allow to incorporate
considerable amount of metallic cations (Cu, Ni, Fe, Co, Ag,
u, etc.) into the original octahedral positions.10,19,20 In this

egard, we have chosen the Ni2+ cation because its water coor-
ination sphere is very similar to that of Mg2+ cations and Ni2+

ations are more easily hydrolysed and consequently, it exhibits
n adsorption pH lower than Mg2+ cations:

Mg8−xSi12−2xO30−2x(SiOH)2x(OH)4(H2O)4·8H2O

+ xNi2+ � Mg8−xNixSi12O30(OH)4(H2O)4·8H2O

The silanol groups generated during the acid activation at pH
for 1 h act as nucleation centres for the metal.21 In this way,

he final substitution of the leached Mg2+ cations takes place
uring the addition of the NaOH solutions due to the amphoteric
haracter of the silanol groups by uptaking the metal cations on
hese active sites22–24:

iOH+
2

−H+
�

+H+
SiOH

−H+
�

+H+
SiO− + H+

That is, if the fraction of the leached Mg2+ cations is α ≤ 0.33
he structure of the obtained Ni–sepiolite is identical to original
epiolite (Fig. 6a). Conversely, if the fraction of the leached

g2+ cations is α > 0.33 (5 wt%), the sepiolite structure became
amaged as it can be seen in Fig. 6a. The X-ray diffractogram
hows a lost of crystallinity corresponding to some amount of
morphous silica present in the sample (Fig. 6a (iii)). In fact,
hen the sample is treated at pH 0 for 24 h, the sepiolite struc-

ure becomes completely amorphous and Ni2+ cations cannot be
ncorporated into the sepiolite structure, so that they precipitate
s Ni(OH)2 at it can be observed in the XRD pattern (Fig. 6a).
herefore, although sepiolite particles maintains their fibrous
spect, its structural channels collapse avoiding the introduc-
ion of the metallic cations when the fraction of leached Mg2+

ations is α > 0.33 and then, these metallic cations are adsorbed
s metallic hydroxides or oxyhydroxides on the silanols located
t the fiber surface.

An appealing application of these metal substituted sepio-
ites consists in the possibility to obtain metallic nanoparticles.
n this sense, Ni–sepiolite obtained under acid treatment at pH
for 1 and 2 h (Fig. 6b (i) and (ii), respectively) was reduced at
50 ◦C in H2/Ar atmosphere. In both samples, peaks correspond-
ng to metallic Ni were clearly observed. However, the samples
reated at pH 0 for 1 h present a much minor particle size (<6 nm)
han those treated at pH 0 for 2 h (15 nm), as observed by TEM
Fig. 7). It should be pointed out, that larger nickel particle sizes
re obtained when Ni2+ precipitated on the particle surface as
i(OH)2 nanoparticles, for samples corresponding to prolonged

eaching treatments. However, if Ni2+ cations incorporate into
he sepiolite structure, the medium size of Ni2+ clusters is much

maller. In this sense, after a reduction treatment it is possible to
btain Ni monodispersed nanoparticles completely covered and
rotected along the structural channels of the sepiolite, as can
e observed in the TEM micrograph of Fig. 7.

R

ig. 7. TEM micrographs corresponding to (a) Ni–sepiolite treated at pH 0 for
h and (b) 2 h reduced at 550 ◦C in H2/Ar atmosphere.

. Conclusions

The limits of stability of the crystalline structure of the sepi-
lite versus the magnesium content have been studied. It has
een found that when the fraction of Mg2+ cations leached from
he sepiolite (α) is greater than or equal to 0.33, the sepiolite
rystalline structure collapses forming amorphous silica. This
act opens the possibility to obtain sepiolite with different sub-
tituted cations along octahedral sites (metal–sepiolite). After a
eduction process, it is possible to obtain metal monodispersed
anoparticles fully protected into the structural channels of the
epiolite as it has been proved in the case of the Ni–sepiolite.
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