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INFLUENCE OF Sn AND Al HETEROATOMS ON THE SYNTHESIS OF ILERITE
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Abstract—Hydrothermal syntheses of a silicate structure comprising a single tetrahedral layer, known as
ilerite, were conducted in the presence of tin (SnCly-5H,0) as a heteroatom. The main aim of the study was
to investigate the influence of the above-mentioned compound on the resulting material, as well as the
possibility of isomorphous replacement of Si by Sn atoms. For comparison, unmodified ilerite, ilerite
impregnated by SnO,, and ilerite synthesized in the presence of Al (aluminum isopropoxide) were also
used. The ilerite structure observed was that of Na-ilerite. Syntheses of samples with various Sn/Si ratios
(up to the value of 0.01Sn/4Si) and Al/Si ratios (up to the value of 0.005A1/4Si) resulted in a magadiite
structure. Synthesis methods applied to Sn-modified materials were found to be unsuitable for the
introduction of tetrahedrally substituted Al. The characterization methods used were X-ray diffraction
(XRD), temperature-programmed reduction (TPR), and diffuse reflectance infrared fourier transform
(DRIFT) spectroscopy. and these indicated the presence of metal oxide species on the surfaces of the

crystals, in addition to a small degree of replacement of Si by Sn or Al in the tetrahedral layers.
Key Words—H,-TPR, Ilerite, Magadiite, Textural Properties, Tin Silicate, XRD.

INTRODUCTION

Si-based porous materials, i.e. zeolites or zeolite-like
materials, have proven to be very successful catalysts,
supports, or ion exchangers (Cejka and van Bekkum,
2005). One of the basic building blocks of their
framework is the Si tetrahedron. Isomorphous substitu-
tion for Si by other atoms, i.e. Al, Ti, Sn (referred to here
as heteroatoms), usually leads to materials with sig-
nificantly different properties because of the additional
acid/base or redox active sites created.

One of the best known examples of such modifica-
tions is titanosilicalite (TS-1), with isolated transition
metal ions introduced into the tetrahedral framework
positions (Wroblewska et al., 2006). Titanosilicalite has
proved to be an efficient catalyst for mild oxidation
reactions; the small radii of its pores limit its application
in the oxidation of bulky organic compounds signifi-
cantly, however. As a result, material with similar
properties to the three-dimensional silicates which can
also be modified by means of isomorphous substitution
in the silicate structure is needed.

One possible solution could be layered silicates
(Figure 1). The silica layers consists of one (ilerite),
two (magadiite), or three (kenyaite) tetrahedral sheets. In
contrast to the well defined and well characterized three-
dimensional structures, the structures of many of the
two-dimensional silicates are still under discussion
(Borowski et al., 2008; Brenn et al., 2000). The
advantage compared with the microporous, three-dimen-
sional structure of zeolites, is the option to adjust the
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distance between the silica layers, thus enabling bulky
organic molecules to access the active centers located in
the layers and allowing their application in liquid-phase
oxidation reactions.

Sodium silicates are typical examples of such layered
materials, the synthesis of which was described by Bergk
et al. (1987). They are distinguished by their great ion-
exchange selectivity and capacity. The properties of Na-
silicates can be adjusted relatively easily by ion
exchange of interlayer cations. Ishii et al. (2009), after
alkoxysilylation of ilerite with p-aminotrimethoxysilane,
synthesized a microporous layered organic-inorganic
hybrid. Guerra et al. (2010) described the ability of
magadiite, modified with 5-mercapto-1-methyltetrazole
(MTTZ), to remove Th(IV), U(VI), and Eu(Ill) from
aqueus solution. After intercalation of acetic acid into
ilerite, lkeda ef al. (2008) synthesized the siliceous
zeolite RWR. The introduction of active compounds
containing metals such as Pd, Ta, Pt, Ti, or Fe is also
usually achieved by ion exchange (Ishimaru et al., 2004;
Kim et al., 2001; Kuhlmann et al., 2004; Kim et al.,
2006). Those modified materials were reported to be
active in various reactions, i.e. vapor-phase Beckmann
rearrangement of cyclohexanone oxime (Kim et al.,
2004) or conversion of n-hexane (Kuhlmann et al.,
2004).

A different approach to modify layered silicates was
described by Borbély et al. (1991), Pal-Borbély et al.
(1998), and Superti et al. (2007), which resulted in
successful attempts at isomorphous substitution of Si by
Al ions. Such materials were used as a precursor in the
synthesis of zeolite (Pal-Borbély et al., 1998). Superti et
al. (2007) also pointed out the very interesting properties
of such modified magadiites and their possible catalytic
applications. This successful introduction of heteroatom
substitution into silica layers suggests that the introduc-
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Figure 1. Proposed structural model of ilerite (Kim et al., 2004).

tion of other transition metals may also be possible. Such
materials could be used as efficient catalysts and a
complete study of synthesis methods and their properties
is required.

Corma et al. (2003) and Boronat et al. (2007)
described microporous materials containing Sn as active
catalysts in redox reactions, e.g. Meervein-Pendorv-
Verley reduction or Baeyer-Villiger oxidations. Villa de
P et al. (2005) described a Sn-pillared kenyaite as a
material that is active in nopol synthesis (nopol is an
optically active bicyclic primary alcohol, useful in the
agrichemical industry for the synthesis of pesticides,
soap fragrances, and household products). Sn-substituted
layer silicates are, therefore, proposed as being poten-
tially catalytically active in the reactions mentioned.
Incorporation of Sn ions into silica layers could result in
material which could be pillared later and used as a
catalyst. The first step of such an investigation is, of
course, an attempt to replace isomorphously some of the
Si by Sn ions. The aim of the present work was to
investigate the influence of the presence of a source of
Sn, namely, SnCly'5H,0, on the synthesis of Sn-
substituted layer silicates. Some syntheses in which Si
was partially substituted by Al were also of interest for
comparison purposes.

EXPERIMENTAL

The theoretical unit-cell formula for ilerite is
XM:Na,0:(8—x)Si0,:9H,0 (Borbély er al., 1991),
where M represents Sn or Al with 0 < x < 0.010. For
all syntheses, colloidal silica (CWK Bad Koestritz, Bad
Koestritz, Germany) as the silica source and NaOH
(Merck, Darmstadt, Germany) as the alkali source were
used. Aluminum isopropoxide (Fluka, Seelze, Germany)

and Sn(IV) chloride pentahydrate (Riedel-de Haen,
Seelze, Germany) were used as the sources of the
heteroatoms. Synthesis procedure I, similar to that
described by Borbély et al. (1991), consisted of mixing
colloidal silica with deionized water for 15 min and then
adding a mixture containing a heteroatom source and
NaOH (Figure 2) dissolved in deionized water. After
mixing, a dense gel was formed immediately (pH ~ 14).
The molar ratio of the reactants in the pre-synthesis
mixture was xM:4Si0,:(y.x+1)Na,0:30H,0, where y = 4
or 6, x < 0.010, and M = Sn or Al, which is similar to
that described in the work of Borbély et al. (1991). After
45 min of stirring, the gel was placed in a teflon-lined
stainless steel autoclave. Crystallization took place at
373 K in static conditions over 3 or 4 weeks. The solid
material synthesized was washed and dried at 323 K.
The resulting samples were named according to hetero-
atom to silicon atom ratios in the synthesis mixture, i.e.
xM/4Si, where M = Al or Sn and x is the molar ratio of
M. The reference material was 1.27 wt.% SnO, added to
Na-ilerite (denoted as SnO,/Na-ilerite).

Procedure II was adapted from Kim et al. (2004)
(Figure 2) and differed from procedure I in the time of
mixing of the starting gel (24 h) and in the temperature and
time used for crystallization (383 K, 10 days). The molar
ratio of the reactants was the same as in procedure I.

In order to check the influence of crystallization time
on the synthesis, samples crystallized for 15 days, at
383 K, were also synthesized. According to Iwasaki et
al. (2006), some syntheses were modified by the use of
seeds of ilerite (particularly in samples with 0.005 < x
< 0.010), with the intention of enhancing the yield of
the synthesis.

All samples were modified by ion exchange in order
to obtain their H-forms. Two g of sample was added to
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Figure 2. Different synthesis procedures: w — weeks, d — days.

40 mL of deionized water. The pH was adjusted to pH 2
by adding 0.1 M HCI. After 24 h of stirring, the H form
of the material was washed, filtered, and dried at 323 K
for 2 h.

X-ray diffraction (XRD) patterns were recorded using
a Stoe STADI P (Darmstadt, Germany) instrument.
Scanning electron microscopy (SEM) images were taken
using a FEI QUANTA 200 3D microscope (Eindhoven,
The Netherlands).

The N, adsorption isotherms were obtained using an
Autosorb-1 Quantachrome surface area analyzer. Prior to
N, adsorption, the samples were evacuated at 573 K and
the BET method was used to calculate the surface area,
porosity, and pore diameter. Pore-size distribution was
determined using the Density Functional Theory (DFT)
method (Lowell et al., 2004).

Inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) analysis was carried out with a Thermo
Scientific iCAP 6000 series instrument using a 100 mg
sample dissolved in 500 mg of 48% HF solution.

In differential thermal analysis and thermal gravi-
metry analysis (DTA/TG) measurements, samples were
heated to 1273 K (10 K/min) in an N, atmosphere.

In the hydrogen temperature-programmed reduction
(H,-TPR) analysis (Raczek Analysentechnik), 0.2 g of
sample (fraction 315—200 pm) was placed in a quartz
u-tube. During pretreatment the sample was heated to
573 K (with a heating rate of 25 K/min) in an Ar
atmosphere (50 mL/min), held for 2 h, and then cooled
to 373 K. The reduction measurement was then
conducted in a flowing Ar + 7.5% H, atmosphere
(50 mL/min) by heating the samples to 973 K (5 K/min).
Hydrogen consumption was detected by a thermal
conductivity (TCD) detector.

DRIFT spectra were recorded at 373 K under an N,
purge (flowing at 50 mL/min) using a Bruker EQIUNOX
55 FTIR spectrometer equipped with a diffuse reflec-
tance cell. Samples were prepared as KBr discs
(sample:KBr = 1:5).

RESULTS AND DISCUSSION

The XRD patterns of the samples synthesized
(Figures 3—6) revealed patterns from synthesis proce-
dures I and II that were consistent with the formation of
ilerite, according to Vortmann et al. (1997) who reported
diffraction peaks at ~8, 18.6, 21.8, 25.6, and 29.2°20 as
being typical for ilerite structures. The presence of
additional diffraction peaks after prolonging the time of
the synthesis, especially that at 5.75°20, indicated traces
of a magadiite-phase impurity.

The addition of Sn to the pre-synthesis mixture
resulted in the formation of magadiite instead of ilerite,
as indicated by characteristic diffraction peaks at ~5.75,
17.10, 26.00, 27.00, and 28.00°26 (Feng et al., 2003).
Samples with Sn content greater than a molar ratio of
0.002 were amorphous; however, with greater Sn
loading (0.003 < Sn < 0.005), adding amounts of
additional NaOH to supplement the amount of alkalinity
needed for in situ formation of sodium hexahydroxo
stannate (IV) from Sn(IV) chloride pentahydrate during
synthesis also resulted in the formation of magadiite
(Figure 4). When Al (alumina isopropoxide) was added
to the synthesis procedure, however, magadiite did not
form. Only the sample with the smallest Al content
(Figure S5a) was crystalline. In synthesis mixtures for
samples with 0.003 < Al < 0.010 and Sn >0.005, no
crystallization products were found after 10 days. The
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Figure 3. XRD patterns of Na-forms of: (a) ilerite — procedure II;

4 weeks.

crystallization time in procedure Il was, therefore,
prolonged to 15 days to test the influence of the
crystallization time. Tin-containing samples obtained
by this modified method were found to contain large
amounts of amorphous material (significant increase in
the baseline, Figure 6b) and some magadiite. In the case
of Al-modified samples (Figure 5c¢), the magadiite
structure was detected for samples with ratios of
0.005A1/4Si. However, the addition of larger amounts
of Al to the synthesis gel again resulted in the formation
of an amorphous phase.
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(b) ilerite — procedure I — 3 weeks; (¢) ilerite — procedure I —

Synthesis of crystalline samples with compositions of
0.010Sn/4Si was possible only after seeding the pre-
synthesis mixture with ilerite. As in the case described
above, for greater Sn substitution, the seeding method
yielded magadiite as the dominant layer silicate phase.
However, a low intensity of peaks and a high background
indicate a low degree of crystallinity and the presence of
impurities as amorphous phases (Figure 6a). An increase
in the crystallization time to 15 days led to the formation
of a significant amount of quartz (Figure 6b), as indicated
by the diffraction peak at 13.8°260.

Sn/ Si

0.002/4

0.003/4

0.005/4

0.005/4S

°20

Figure 4. XRD patterns of various Na-forms of Sn-containing samples synthesized according to procedure II with additional alkali.

S — synthesis in the presence of ilerite seeds.
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Figure 5. XRD patterns of Na-forms of: (a) 0.002A1/4Si magadiite — procedure II (10 days, 383 K); (b) 0.005A1/4Si magadiite —
procedure II (10 days, 383 K); (¢) 0.005A1/4Si magadiite — procedure II (15 days, 383 K, additional alkali).

A similar influence of crystallization time was
observed in the case of 0.01Al1/4Si samples
(Figure 6¢,d). Furthermore, the intense peak at 33.7°20
indicated the presence of a Na,CO3 phase (Swainson et
al., 1995), probably occluded in amorphous silica. After
15 days of crystallization, mordenite (Chandwadkar et
al., 1991; Meier, 1961) dominated the sample.

Incorporation of heteroatoms into silica layers leads
to crystallographic stress or defects due to differences in
cationic radii. Theoretically, substitution for Si should

9000

Intensity

cause less stress in material with only one silica layer,
i.e. ilerite, thus, a greater stability for the heteroatom-
modified ilerite can be expected. Conversely, a small Sn
content in the resulting products and the dominance of
the magadiite phase in the modified samples indicate
that the second silica layer may have a significant
influence on the stability of the modified structure.

The SEM images in Figures 8 and 9 indicated that all
modified samples consisted of irregular, plate-shaped
crystals and agglomerates which are atypical for either

°20

Figure 6. XRD patterns of Na-forms of samples synthesized according to procedure IT with additional alkali and the addition of ilerite
seeds to the initial mixture: (a) 0.01Sn/4Si — 10 days; (b) 0.01Sn/4Si — 15 days; (¢) 0.01A1/4Si — 10 days; (d) 0.01 A1/4Si — 15 days.
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ilerite or magadiite phases. Small amounts of rosette-
shaped crystals (Iwasaki et al., 2006) confirmed the
existence of magadiite. Considering the XRD data
(Figures 4—6), one can assume that in synthesized
samples, magadiite crystals do exist as a massive
structure, as found in nature (Sebag er al, 2001).
Neither the pathway for the synthesis nor the heteroatom
loading significantly affected the crystal shape
(Figure 8). Furthermore, the morphology of crystals
(Figure 9) was unchanged after the ion exchange of Na
ions by protons.

The presence of Sn in the samples was confirmed by
ICP-AES elemental analysis (Table 1). The observed
values, which are the sum of Sn from all Sn species
present in the material, correlated well with the amount
of Sn in the synthesis mixture. The largest amount of Sn
was detected in samples synthesized in the presence of
ilerite seeds. The amounts of Sn were much smaller than
the amount of Al reported for Al-modified magadiite
(Pal-Borbély et al., 1998).

The DTA/TG studies were carried out in order to
establish the thermal properties of the reaction products.
The patterns for synthetic ilerite (Figure 10) correspond
well with those described by Borbély et al. (1991).
Endothermic peaks at ~400 K and 450 K (Figure 10)
were attributed to the desorption of water from the
interlayer space and the removal of the hydration shell of
Na' cations, respectively. The slow decrease in weight at
temperatures >500 K was due to dehydroxylation of the
ilerite and recrystallization occurred at ~750 K. Sample
pretreatment was, therefore, carried out below this
temperature.

The amount of water desorbed did not change
significantly with increasing heteroatom loading. This
indicated the absence of Sn as a free cation between the
layers. Furthermore, no clear influence of the synthesis
method on the thermal behavior was found. Shifts in the
DTA/TG profiles were within the range of accuracy of
the measurement equipment (Figure 11).

3 um

Figure 7. SEM image of unmodified Na-ilerite (procedure II).
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Table 1. Sn/Si ratio in synthesis mixtures and Sn content in
bulk solid, determined by ICP-AES.

Sn/Si in synthesis Sn/Si in sample

mixture

0.00050 0.00027
0.00075 0.00064
0.00125 0.00090
0.00125 S 0.00112 S

S — synthesis in the presence of ilerite seeds.

Unlike the DTA profile of the Na-form, the H-exchanged
forms contained only one desorption peak (Figure 12).
This allows one to assume that the desorption maximum
at 447 K, in the profile of Na-ilerite (Figure 10), can be
assigned to the desorption of water from the hydration
shell of the Na ion. As stated above, the exchange of Na
by protons was nearly complete.

The N, adsorption isotherm of the investigated
samples (Figure 13) belongs to type III in the IUPAC
nomenclature. After considering its shape and calculated
pore-size distribution (Figure 14), as well as the XRD
profiles (Figures 4—6), the presence of micropores
>20 A in size can be excluded. On the other hand,
adsorption/desorption hysteresis indicated the presence
of mesopores and macropores. Large basal spacings
were, however, absent from the XRD patterns of the
synthesized samples, indicating that the structure does
not exhibit such large basal spacings and the condensa-
tion of N, was evidently in the inter-particle space (see
also Figures 7—9). The isotherms of other samples were
similar (data not shown). The surface areas of the

Table 2. BET surface area for various samples synthesized
according to procedure II with additional alkali.

Sn/Si Surface area
(m*/g)

0 Sn/4 Si 100

H — 0 Sn/4 Si 53

0.005 Sn/4 Si 103

H — 0.005 Sn/4 Si 100

0.005 Sn/4 Si S 107

H — 0.005 Sn/4 Si S 106

0.010 Sn/4 Si S 32

H — 0.010 Sn/4 Si S 34

SnO, impregnated on ilerite 30

Al/Si Surface area
(m*/g)

0.005 Al/4 Si * 109

H — 0.005 Al/4 Si * 112

* synthesis in 15 days, S — synthesis in the presence of
ilerite seeds.
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synthesized samples (Table 2) were unaffected by
increasing Sn content, as the Sn-loading was very
small (up to 0.112 wt.%). Only in the case of the
sample with the largest Sn loading did the surface area
decrease significantly (Table 2), revealing a value
similar to that of ilerite impregnated with SnO,. This
suggests that bulky Sn oxide, as well as amorphous
material, were present on the surface of the material
(0.010Sn/4Si1). The surface area of the material was not
significantly changed after ion exchange.

Recorded DRIFT spectra in the range of lattice
vibrations (Figure 15) for Na-ilerite were similar to

v ¥

0.005Sn / 4Si 10 days / 110°C
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those described by Kim et al. (2004) and Borbély et al.
(1991). On the other hand, spectra from samples with the
smallest and medium levels of Sn loading (with
magadiite structure) (Figure 15d), synthesized by seed-
ing with ilerite, and which yielded a large amount of Sn
in the material, contained an additional band at
970 cm™'. This band can contribute to the Me—O—Si
stretching band (Kim ez al., 2004; Borbély et al., 1991)
and may indicate the presence of a heteroatom in layers
or pillars of Sn-containing compounds bound to the layer
surface. However, such a band is not unique because it
can also be ascribed to Si—O—H vibrations which occur

0.005Sn / 4Si 10 days / 110°C S

Figure 8. SEM images of various Na-forms of Sn-containing samples (procedure II with additional alkali). S — synthesis in the

presence of ilerite seeds.
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H-0.005Sn / 4Si 10 days / 110°C

Figure 9. SEM images of various H-forms of Sn-containing samples (procedure II with additional alkali).

at 977 em~' in H-ilerite. All H-forms of Sn- or
Al-substituted samples showed a similar band; thus,
the assignment to a Si—O—H vibration seems more
likely. Additionally, in unmodified H-ilerite and in
Al-containing H-ilerite, a band at 920 cm™' was
detected, which also can contribute to Si—O—H
vibrations.

The redox properties of Sn in modified samples were
investigated by H,-TPR (Figure 16). Under the condi-
tions that were applied, bulky SnO, (Figure 16) was
reduced to Sn(0) at ~890 K in a one-step reduction
(Auroux et al., 2000; Haneda et al., 2001; Janiszewska et
al., 2009). On the other hand, others (Auroux et al.;
Lazar et al., 2000; Janiszewska et al., 2009) have
reported that reduction of supported SnO, occurs in a

395K 447K

Endothermic process

two-step reduction, from Sn(IV) to Sn(II) and from
Sn(Il) to metallic Sn. As confirmed by Lazar et al.
(2000), the nature of the support has a significant
influence on the temperature and reduction steps of
SnO,. In order to investigate the influence of support on
the reduction of SnO,, Na-ilerite impregnated with Sn
oxide was tested. Compared to Na-ilerite (Figure 16),
two additional peaks were recorded at ~675 K and
~820 K. The amount of H, consumed was calculated,
and found to be equal for both peaks; and the amount of
hydrogen required to reduce Sn in the investigated
material was comparable. This seems to confirm the
two-step reduction mechanism of supported SnO,.

Note that due to the small amount of reducible
species, the TPR profiles were close to the detection

4.4%

TG B
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P

L A L
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LI L L I N
800 900 1000 1100 1200
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Figure 10. DTA/TG profile of unmodified Na-ilerite. Mass loss percentage is given in the upper part of the graph.
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Figure 11. DTA profiles of various Na-forms of Sn-containing samples synthesized according to procedure II with additional alkali.
S — synthesis with ilerite seeds. The data were not normalized relative to sample amount.

limit of the method. The baseline was, therefore,
strongly influenced by the background noise and the
baking of the sample, as represented by the peak at
~625 K (Figure 16, sample Na-ilerite). This effect was
absent from the quartz samples.

Tin-containing samples exhibited a peak at ~525 K
(Figure 16), which was attributed to the reduction of small
Sn oxide particles well dispersed between silica layers.

The stabilization effect of the silica layer clearly
invoked a higher temperature for the reduction of the Sn
incorporated. Therefore, small additional peaks
(Figure 16) at ~725 K and ~815—850 K were assigned
to the reduction of Sn that was present in the tetrahedral
layers. Because the change of the baseline caused by the
change in the hydrodynamic conditions due to the baking
of the sample could not be separated, quantitative
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Figure 12. DTA/TG profile of the H form of 0.005Sn/4Si —

10 days of synthesis with ilerite seeds. Mass loss percentage is

given in the upper part of the graph.
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Figure 13. Isotherm of N, adsorption of 0.005Sn/4Si sample —
procedure II with additional alkali.
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Figure 14. Pore-size distribution for 0.005Sn/4Si sample —
procedure II with additional alkali.
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Figure 15. DRIFT spectra of various Sn- or Al-containing samples synthesized according to procedure II. To the left — as
synthesized, to the right — H-forms: (a) unmodified ilerite; (b) 0.003Sn/4 Si; (¢) 0.005Sn/4 Si; (d) 0.005Sn/4 Si — 10 day synthesis

with ilerite seeds; (e) 0.005A1/4 Si — 15 day synthesis.

analysis giving the distribution of Sn between interlayer
and tetrahedral sites was impossible.

CONCLUSIONS

Na-ilerite was synthesized successfully under hydro-
thermal conditions. The addition of a small amount of
aluminum isopropoxide or Sn(IV) chloride pentahydrate
directed the synthesis to the magadiite structure. The
crystallization process was shown to be strongly
influenced by the amount of OH™ and Na" ions.

The presence of only one silica layer seems to have
significant influence on the stability of the layer silicate;
therefore, modified materials were found to have the
structure of magadiite, which is more stable due to the
second silica tetrahedral layer. The use of ilerite seeds in
the synthesis enhances both the number of crystallites
and the total Sn loading in the material. Nevertheless,
despite the presence of ilerite seeds, synthesis led to the
more stable structure, magadiite.

2.0+
890 K
~

bulky SnO,

820 K

0.8 4
} SnO,/Na-ilerite

06 . 675K
0.4
//g\_\_\—’\_

TCD signal (mV)

024 Na-ilerite

0.0

T T T T T T T T 1
500 550 600 650 700 750 800 850 900
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The synthesis method used to prepare Sn-modified
samples was not suitable, however, for the introduction of
tetrahedral Al. Prolongation of the synthesis time failed to
produce a layered structure with Al content >0.002A1/4Si.

H,-TPR appeared to indicate the presence of a small
number of metal oxide pillars between the silica layers,
in addition to a small degree of substitution of Sn for Si
in the tetrahedral layers.
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