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esoporous aluminosilicates
prepared via hydrothermal restructuring of a
crystalline layered silicate†

Nurul Alam and Robert Mokaya*

We describe the preparation of crystalline as-synthesized aluminosilicate–surfactant mesophases and

surfactant-free aluminosilicate mesoporous materials derived from the layered silicate Na-RUB-18, by

performing hydrothermal restructuring in the presence of cetyltrimethylammonium (CTA) surfactant

molecules. The hydrothermal treatment, at 150 �C for 48 h, with Na-RUB-18 as the silica source and a

known amount of aluminium isopropoxide (gel Si/Al ratio 5, 10 or 20) in the presence of

cetyltrimethylammonium (CTA) ions generates molecularly ordered aluminosilicate–surfactant

mesophases. The transformation from mesophases to mesoporous materials takes place with retention

of mesostructures with varying levels of crystallinity depending on the mode of template removal. The

highest apparent retention of crystallinity in a surfactant-free mesostructure is achieved at Si/Al ratio ¼
20 after surfactant removal via solvent extraction in acidified ethanol. The textural properties of the

mesoporous materials (surface area in the range of 141–388 m2 g�1 and pore volume in the range of

0.12–0.46 cm3 g�1) depend on the mode of surfactant removal and Si/Al ratio. The mesoporous

aluminosilicates are strongly acidic with most of the acid sites generated (>80% and typically above 95%)

classified as strong sites and exhibit attractive activity as solid acid catalysts.
1. Introduction

Mesoporous molecular sieves of the M41S family are attractive
for a variety of applications due to their well-ordered meso-
pores, high surface area and pore volume.1–4 Over the past
decade a variety of assembly pathways have been developed for
the synthesis of hexagonal (MCM-41),1–5 cubic (MCM-48),6

wormhole (HMS, MSU-X),7 lamellar-vesicular (MSU-G),8 2D
hexagonal (SBA-15),9 and foam-like (MFC, MSU-F)10mesoporous
materials. Mesoporous aluminosilica materials have attracted
much attention due to their potential use in various applica-
tions including in heterogeneous catalysis (especially as cata-
lysts and catalyst supports for large molecular transformations),
sorption, molecular sieving and hard-templating.2–4,11 In
general, despite excellent structural ordering, most mesoporous
silica and aluminosilica possess pore walls that are amorphous,
whichmeans that they have poor stability, weak acidity, and low
ion exchange capacity. This places limitations on their use as
m, University Park, NG7 2RD Nottingham,

x: +44 (0) 115 951 3562; Tel: +44 (0) 115

(ESI) available: Ten additional gures;
UB-18, DTG proles, IR spectra, TEM
s of as-synthesised mesophases and
D patterns and IR spectra of extracted
fore and aer calcination. See DOI:
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solid acids and ion exchangers. Efforts to address these limi-
tations have resulted in the formation of composite zeolite/
mesoporous materials via a number of pathways including (i)
the assembly of preformed nanoclustered zeolite seeds,12 (ii)
partial recrystallization of the interporous surface of meso-
porous aluminosilicates,13 (iii) transformation14 or coating15 of
the amorphous walls of mesoporous aluminosilicates into
semicrystalline pseudo-zeolitic frameworks, (iv) the use of
partially crystallized zeolite colloidal gels16 or zeolites17 as
precursors, and (v) dual templating with both long chain
surfactant molecules and small chain amines.18 Stable meso-
porous aluminosilicates with high acidity have also been
prepared via post-synthesis graing of heteroatoms onto mes-
oporous silica.19–21 The synthesis of the so-called mesoporous
zeolites has been more recently reported,22 wherein the use of
amphiphilic surfactant template molecules with three compo-
nents (a hydrolysable methoxysilyl moiety, a quaternary
ammonium moiety and a hydrophobic alkyl chain moiety) is a
key factor in the formation of crystalline materials.

The formation of silica–surfactant mesophases that exhibit
molecular ordering can be achieved via direct mixed-gel
synthesis routes that utilize conventional alkylammonium
surfactants as structure directing agents.23 The formation of
molecularly ordered domains in mesoporous silica and alumi-
nosilica has also been achieved via extended crystallization at
150 �C.24 However, in general, molecularly ordered silicate–
surfactant mesophases are unstable to template removal.
J. Mater. Chem. A, 2015, 3, 7799–7809 | 7799
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Indeed, template removal is a key factor in any attempts to
transform molecularly ordered silicate–surfactant (alkylammo-
nium) mesophases into template-free crystalline mesoporous
materials; whereas template removal via calcination destroys
the mesoporosity and molecular ordering,24 recent work has
shown that benign template removal may be used to generate
surfactant-free mesostructured materials that retain molecular
ordering. In this regard, layered zeolite-like precursors offer a
well established route to amorphous mesoporous silica.25 To
retain crystallinity, it is necessary that mesophases derived from
layered zeolitic precursors are formed via folding of layers or via
fragmentation that retains molecular ordering.24,26 Here we
report on the preparation of aluminosilicate–surfactant meso-
phases and surfactant-free aluminosilicate mesoporous mate-
rials derived from the layered silicate Na-RUB-18. We probe the
effect of mode of template removal on molecular ordering and
textural properties and discuss the nature of incorporated Al
and generated acidity.

2. Experimental
2.1 Synthesis of materials

2.1.1 Preparation of layered silicate Na-RUB-18. The
layered silicate was prepared using established procedures.27,28

Briey, 0.94 g of NaOHwas dissolved in 183.8 g of water at 50 �C,
followed by addition of 15 g of hexamethylenetetramine
(C6H12N4) and 40 g of sodium trisilicate hydrate (Na2Si3O7$H2-
O). Aer 1 h of stirring, the gel was loaded into Teon-lined
autoclaves and heated statically at 100 �C for 1 month. The
resulting Na-RUB-18 powder was recovered by ltration, washed
with water and ethanol, and dried at room temperature.

2.1.2 Preparation of surfactant–aluminosilicate meso-
phases. Surfactant–aluminosilicate mesophases were prepared
from aqueous suspensions of layered silicate Na-RUB-18,
aluminium isopropoxide and cetyltrimethylammonium (CTA)
ions. Briey, 1.14 g of Na-RUB-18 powder was added to a solu-
tion containing a known amount of aluminum isopropoxide (to
achieve a Si/Al ratio of 5, 10 or 20), 20 ml of 0.1 M CTACl and 3
ml of 0.1 M CTAOH. Aer reuxing at 80 �C for 3 h, the
suspension was statically heated in Teon-lined autoclaves at
150 �C for 48 h. The solid products were recovered by ltration,
washed with water and ethanol, and dried at room temperature
to yield the as-synthesized samples designated as surfactant–
aluminosilicate mesophases.

2.1.3 Surfactant removal from aluminosilicate mesophases
(i) H2O2-mediated oxidation of the surfactant. In a typical

process, 0.6 g of the as-synthesized aluminosilicate mesophase
was dispersed under stirring in 5 ml of H2O containing 12 mg of
FeCl3$6H2O. This was followed by the addition of 50 ml of 30%
H2O2 drop-by-drop. Aer being stirred overnight at room-
temperature, the sample was recovered by ltration. To ensure
the complete removal of the surfactant, the H2O2-mediated
oxidation procedure was repeated twice. The resulting samples
are referred to as “oxidised”.

(ii) Solvent extraction of the surfactant. In a typical extraction
process, 0.5 g of the as-synthesized aluminosilicate mesophase
was reuxed in 60 ml of 4 wt% HCl/ethanol solution at 60 �C for
7800 | J. Mater. Chem. A, 2015, 3, 7799–7809
3 h. The reuxing procedure was repeated twice to ensure the
complete removal of the surfactant. The resulting samples are
designated as “extracted”.

(iii) Calcination. (a) The as-synthesized aluminosilicate
mesophases were calcined at 450 �C under a ow of nitrogen gas
(100mlmin�1) for 1 h and then in owing air (100mlmin�1) for
6 h. The thermally treated samples are designated as “calcined”.

(b) Surfactant-free mesoporous aluminosilicates, previously
extracted or oxidized, were calcined at 450 �C under a ow of
nitrogen gas (100 ml min�1) for 1 h and then in owing air
(100 ml min�1) for 6 h. The thermally treated samples are
designated as “EXT + CAL” and “OXI + CAL”.
2.2 Characterization

Elemental composition (Si/Al ratio) was determined using a
Philips MiniPal PW4025 X-ray uorescence (XRF) instrument.
Powder XRD analysis was performed using a Bruker AXS D8
Advance powder diffractometer with Cu Ka radiation (40 kV, 40
mA), 0.020� step size, and 1 s step time and a Philips 1830
powder diffractometer with Cu Ka radiation (40 kV, 40 mA),
0.020� step size, and 1 s step time. The textural properties were
determined via nitrogen sorption analysis at �196 �C using a
conventional volumetric technique on a Micromeritics ASAP
2020 sorptometer. Before analysis the samples were oven dried
at 150 �C and evacuated overnight at 150 �C. The surface area
was calculated using the BET method applied to adsorption
data in the relative pressure (P/Po) range of 0.05 to 0.2. The total
pore volume was estimated on the basis of the amount of
nitrogen adsorbed at a relative pressure of ca. 0.99. The pore
size distribution was determined using the Barrett–Joyner–
Halenda (BJH) method applied to adsorption data. Thermog-
ravimetric analysis was performed using a Perkin Elmer Pyris
6 TG analyzer (heating rate of 5 �C min�1) in static air or a TA
Instruments SDT Q 600 analyzer (heating rate of 5 �C min�1) in
static air or owing nitrogen conditions. A Bruker optics
TENSOR 27 series FT-IR spectrometer was used to obtain IR
spectra. 27Al MAS NMR spectra were acquired at a frequency of
104 MHz, an acquisition time of 10 ms, a recycle delay of 0.1 s, a
spectral width of 416 kHz and a MAS rate of 14.0 kHz. Trans-
mission electron microscopy (TEM) images were recorded on a
JEOL 2000-FX electron microscope operating at 200 kV. Scan-
ning electron microscopy (SEM) images were recorded using a
FEI XL30 microscope. Samples for analysis were prepared by
spreading them on a holey carbon lm supported on a grid.

To determine the acid content, the samples were exposed to
liquid cyclohexylamine (CHA) at room temperature overnight
and then heated in an oven at 80 �C for 2 h. TGA curves were
then obtained for the CHA-containing samples and the mass
loss associated with desorption of the base from acid sites was
used to calculate the acid content as mmol of CHA per gram of
samples assuming that each acid site (i.e., H+) interacts with
one base molecule.29,30 To obtain the content of strong acid
sites, the CHA-containing samples already dried at 80 �C were
further heated in an oven at 250 �C prior to TGA.

The acidity and catalytic activity of the calcined aluminosil-
icate materials were assessed for the dehydration of pentan-1-
This journal is © The Royal Society of Chemistry 2015
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o1, which was performed in pressure vessels at 200 �C for 4 h
with 0.3 g of catalyst and 3.0 ml of reactant. The pressure vessels
were placed in an oven at 200 �C for the duration of the reaction
and then immersed in ice to quench the reaction. The reaction
products were recovered and analysed using gas
chromatography.
3. Results and discussion
3.1 Elemental composition and structural ordering

The XRD pattern of the Na-RUB-18 layered silicate material (ESI
Fig. S1†) is consistent with XRD patterns reported in the liter-
ature;28,31 the observed XRD peaks are characteristic of layered
silicate RUB-18, which conrmed the crystallinity and purity of
our starting material. The XRD pattern of the layered silicate is
dominated by a sharp (004) peak at 2q ¼ 7.7�, corresponding to
an inter-layer spacing of 11.1 Å. The purely siliceous Na-RUB-18
material was used as the ‘silica source’ in the presence of Al in
the preparation of aluminosilicate materials. The elemental
composition of the as-synthesised (AS) aluminosilicate meso-
phases is given as the Si/Al ratio in Table 1 and is in all three
cases close to the synthesis gel composition. The powder XRD
patterns of the as-synthesized aluminosilicate–surfactant mes-
ophases, shown in Fig. 1, indicate the formation of an expanded
layered material that coexists with a mesostructured phase. The
presence of the expanded layered material is indicated in Fig. 1
by the shi of the (004) peak to 2q � 3.3� (corresponding to an
interlayer spacing of ca. 27.6 Å) and the presence of at least two
more (001) peaks. The expansion of interlayer spacing from 11.1
Å for the starting Na-RUB-18 to 27.6 Å occurs due to intercala-
tion of cetytrimethylammonium (CTA) ions within the inter-
layer region of the layered silicate. The XRD patterns also
indicate the formation of a mesostructured phase, with a basal
peak at low 2q values, which is ascribed to the (100) diffraction
from a hexagonal arrangement of pores with d100 spacings
(Table 1) of 45 Å (for samples prepared at Si/Al ratios¼ 5 and 10)
and 45.7 Å (Si/Al ratio ¼ 20). The as-synthesized materials also
exhibit low intensity peaks in the 2q region between 10 and 40�,
Table 1 Elemental composition and textural properties of the as-synth
prepared at various Si/Al ratios following surfactant removal via calcinati

Sample Si/Al ratio
d100 spacing
(Å)

Surface are
(m2 g�1)

5 AS 6.2 45.0
5 CAL 6.2 45.0 347
5 OXI 6.6 46.8 283
5 EXT 8.0 43.1 388
10 AS 11.9 44.9
10 CAL 11.9 42.3 334
10 OXI 11.0 44.0 238
10 EXT 14.8 40.0 374
20 AS 18.9 45.7
20 CAL 18.9 41.5 267
20 OXI 17.4 43.1 141
20 EXT 23.9 41.5 197

a Wall thickness ¼ ao � pore size, where ao ¼ the lattice parameter obtai

This journal is © The Royal Society of Chemistry 2015
which indicate that some of the crystallinity of the RUB-18
layered silicate is retained in the mesophases. The two step
synthesis process of reuxing with the surfactant molecules and
then hydrothermal treatment at 150 �C causes not only swelling
of the Na-RUB-18 silicate but also intercalation of the surfactant
molecules between the RUB-18 layers. The hydrothermal treat-
ment transforms the expanded CTA intercalated RUB-18 layers
into mesostructures.25 Conversion to mesostructured materials
may be aided by the increase in the exibility of the layers due to
some dissolution during the hydrothermal treatment step. It is
also possible that some of the dissolved silica species can
interact with dissolved Al species and surfactants to form a
separate amorphous mesostructured phase.

The as-synthesized mesophases were subjected to template
removal via a variety of methods. The XRD patterns of the
resulting materials are shown in Fig. 1 and the d100 spacings are
summarized in Table 1. The XRD pattern of the Si/Al ¼ 5
sample, aer surfactant removal via solvent extraction (Fig. 1A),
generates a material (5 EXT) with a signicant level of molecular
ordering. A very weak basal (100) peak due to mesostructural
ordering (d100 spacing ¼ 43 Å) is observed, along with several
sharp and relatively intense peaks in the 2q region between 10
and 40� that are indicative of a signicant level of molecular
ordering in the solvent extracted 5 EXT sample. Sample 5 OXI
also exhibits a broad low intensity basal (100) peak at a d100
spacing of 46.8 Å, and several broad and low intensity peaks in
the 2q region between 10 and 40�, indicating retention of some
low level crystallinity. For both samples 5 EXT and 5 OXI, the
peaks due to layered ordering of the expanded precursor silicate
are not observed, which suggests that the lamellar ordering of
RUB-18 does not survive the surfactant removal process. On the
other hand, surfactant removal by calcination (sample 5 CAL)
generates a mesoporous material that exhibits virtually no
crystallinity, which is consistent with previous results.24,26,27

Only the basal (100) peak from mesostructural ordering (with a
d100 spacing of 45 Å) is observed; no peaks are observed in the 2q
region between 10 and 40�. Overall, the XRD patterns in Fig. 1A
indicate that, at Si/Al ratio �5, removal of the surfactant via
esized (AS) mesophases and surfactant-free aluminosilicate materials
on (CAL), extraction (EXT) and oxidation (OXI)

a Pore volume
(cm3 g�1)

Pore size
(Å)

Wall thicknessa

(Å)

0.44 24.0 28.0
0.37 25.6 28.4
0.46 23.5 26.6

0.32 23.0 25.8
0.25 24.0 26.8
0.29 23.8 22.4

0.20 22.5 25.4
0.15 23.6 26.2
0.16 22.5 25.4

ned from the d100 spacing using the formula ao ¼ 2d100/O3.

J. Mater. Chem. A, 2015, 3, 7799–7809 | 7801
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Fig. 1 Powder XRD patterns of aluminosilicate samples prepared at Si/Al ratios of: (A) 5; (B) 10; and (C) 20, before (AS) and after surfactant
removal via extraction (EXT), oxidation (OXI) or calcination (CAL).
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acid-mediated extraction is the best method for generating
materials that exhibit both mesostructural characteristics and
crystallinity. Some residual crystalline ordering is also retained
in the oxidized sample, while direct calcination destroys the
crystallinity.

The sample prepared at Si/Al ratio ¼ 10, aer surfactant
removal by calcination (sample 10 CAL), exhibits no crystallinity
(Fig. 1B); only the basal (100) peak from mesostructural
ordering (d100 spacing¼ 42.3 Å) is observed with no peaks in the
2q region between 10 and 40�. On the other hand, the H2O2-
mediated oxidation sample (10 OXI) exhibits a broad low
intensity basal (100) peak (d100 spacing ¼ 44 Å) and several
peaks in the 2q region between 10 and 40� that are indicative of
a signicant level of molecular ordering. For the extracted
sample (10 EXT), the basal (100) peak due to mesostructural
ordering (d100 spacing ¼ 40 Å) is observed along with several
sharp and relatively intense peaks in the 2q region between 10
and 40�. These latter peaks are indicative of a signicant level of
crystalline ordering in sample 10 EXT. A similar trend is
observed for the sample prepared at Si/Al ratio ¼ 20 (Fig. 1C);
template removal via calcination (sample 20 CAL) generates a
mesoporous material (with a d100 spacing of 41.5 Å) that
exhibits no crystallinity, while the H2O2-mediated oxidation
sample (20 OXI) exhibits a basal peak (d100 ¼ 43.1 Å) and several
peaks at 2q ¼ 10 to 40�, and surfactant removal via solvent
extraction generates a material (sample 20 EXT) with a higher
level of crystallinity and mesostructural ordering (d100 spacing
¼ 41.5 Å).
Fig. 2 Infrared spectra of Na-RUB-18 and aluminosilicate samples prep
surfactant removal via extraction (EXT), oxidation (OXI) or calcination (C

7802 | J. Mater. Chem. A, 2015, 3, 7799–7809
IR spectroscopy was used to probe the retention of crystalline
ordering in the as-synthesized mesophases and surfactant-free
materials. The IR spectra of Na-RUB-18, the as-synthesized
mesophases and surfactant-free materials are shown in Fig. 2.
The spectrum of the parent Na-RUB-18 sample shows several
bands in the region of framework vibration modes which
indicate crystalline ordering, i.e., bands at 825, 790 and 620
cm�1 are indicative of six or ve membered ring subunits of
T–O–T (T ¼ Si or Al). The spectra of the as-synthesised (AS)
mesophases exhibit these bands, which conrm that interca-
lation of CTA ions does not signicantly affect crystallinity. The
spectra of the ‘oxidised’ and ‘extracted’ samples exhibit the
framework vibration modes. The resolution of the doublet at ca.
800 cm�1 is slightly reduced for the oxidised samples, while the
resolution remains unchanged for the extracted samples. This
suggests that crystallinity is retained to a greater extent for the
extracted samples, which is consistent with the XRD patterns in
Fig. 1. On the other hand, calcination results in a material that
does not exhibit any framework bands; the doublet at 800 cm�1

and the peak at 600 cm�1 are not observed. This conrms that
calcination destroys the crystalline ordering and generates an
amorphous framework.
3.2 Efficiency of surfactant removal

Themogravimetric analysis (TGA) was used to probe the extent
of surfactant removal from the as-synthesised mesophases. TGA
curves for various as-synthesised mesophases before and aer
surfactant removal are shown in Fig. 3 (and the corresponding
ared at Si/Al ratios of; (A) 5; (B) 10; and (C) 20, before (AS) and after
AL).

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Thermogravimetric analysis (TGA) curves of aluminosilicate samples prepared at Si/Al ratios of: (A) 5; (B) 10; and (C) 20, before (AS) and
after surfactant removal via extraction (EXT), oxidation (OXI) or calcination (CAL).
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differential thermogravimetric (DTG) proles are shown in ESI
Fig. S2†). The as-synthesised mesophases and all surfactant-free
samples exhibit a mass loss below 150 �C due to desorption of
physisorbed or residual solvents and/or water. For the as-syn-
thesised (AS) mesophases, the mass loss corresponding to
desorption of the cetyltrimethylammonium (CTA) ions occurs
between 200 and 500 �C. The small mass loss (>4 wt%) of
calcined (CAL) samples above 200 �C is due to dehydroxylation
of the aluminosilica framework. The extracted and oxidised
samples show mass losses of 5 and 10 wt%, respectively,
between 200 and 400 �C. For the extracted samples, this mass
loss is due to dehydroxylation of the aluminosilica framework,
while for the oxidised samples, it is more likely that, in addition
to dehydroxylation, removal of NH3 groups also contributes to
mass loss. Previous work has shown that the oxidation process
(i.e., treatment of organo-silicate phases with H2O2) does not
oxidize/remove NH3 groups.32 Overall, the TGA curves and DTG
proles indicate that the oxidation and extraction processes are
effective in removing the surfactant molecules. The absence of
surfactant molecules in the calcined, oxidised and extracted
samples is conrmed by the IR spectra (ESI Fig. S3†), wherein IR
bands due to alkyl chain (–CH2–)n vibrations (at 2700–3000
cm�1) that are present for the as-synthesised mesophases are
not observed in the calcined, oxidised and extracted samples.
3.3 Porosity

The nitrogen sorption isotherms of the surfactant-free materials
are shown in Fig. 4 and the textural properties are summarized
Fig. 4 Nitrogen sorption isotherms of aluminosilicate materials prepare
calcination (CAL), extraction (EXT) or oxidation (OXI). Isotherms of 5 CAL

This journal is © The Royal Society of Chemistry 2015
in Table 1. The pore size distribution curves are presented in
Fig. 5. All the samples exhibit type IV isotherms, which are
typical for mesoporous materials.1–5 The isotherms show a
mesopore lling step at P/Po between 0.4 and 0.5, and a rise in
adsorption at P/Po > 0.9 due to interparticle voids.33 Overall the
isotherms of the calcined samples are typical for mesoporous
materials, but differ from those of oxidized and extracted
samples due to signicant hysteresis at a relative pressure (P/Po)
of above 0.4, which may be caused by spaces between plate-like
particles. Surfactant removal via solvent extraction (sample 5
EXT, Fig. 4A) generates a mesoporous material with a surface
area of 388 m2 g�1 and a pore volume of 0.46 cm3 g�1, while the
‘oxidised’ sample (5 OXI) has a surface area of 283 m2 g�1 and a
pore volume of 0.37 cm3 g�1. Calcination yields a material with
a surface area of 347 m2 g�1 and a pore volume of 0.44 cm3 g�1.
A similar trend in porosity is observed for samples prepared at a
Si/Al ratio of 10, i.e., extracted > calcined > oxidized. The surface
area and pore volume of samples prepared at Si/Al ratios of 5
and 10 are comparable. For Si/Al ratio ¼ 20 (Fig. 4C), all three
samples have a surface area between 141 and 267 m2 g�1 and
the pore volume in the range of 0.15 to 0.20 cm3 g�1. Thus a
lower Al content generates samples with apparently lower
porosity, which is consistent with the fact that the porosity of
the present aluminosilicate materials is higher than that of
analogous pure silica materials.24

The presence of well-ordered mesopores, of size 22.5–25.6 Å
(Table 1), is illustrated by the pore size distribution curves in
Fig. 5. The aluminosilicate materials have a relatively narrow
pore size distribution in the lower mesopore range. This is a
d at Si/Al ratios of: (A) 5; (B) 10; and (C) 20, after surfactant removal by
and 10 EXT are offset (y-axis) by 60 and 40, respectively.
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Fig. 5 Pore size distribution curves of aluminosilicate samples prepared at Si/Al ratios of; (A) 5; (B) 10; and (C) 20, after surfactant removal via
calcination (CAL), oxidation (OXI) or extraction (EXT).
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departure from mesoporous materials prepared using a similar
route but with a conventional silica source wherein the pore size
is much higher and typically above 40 Å.1–5 In all three cases, the
‘oxidised’ samples have the marginally larger pore size.
Furthermore, the pore size increases at higher Al content. The
relatively small pore size of the materials means that they have
relatively thick pore walls compared to conventional MCM-41
materials. The estimated wall thickness, which is summarized
in Table 1, varies in the range of 22.4 to 28.4 Å and is typically
above 25 Å. The pore wall thickness is lower than that of pure
silica materials,24 which is consistent with the higher porosity of
the present aluminosilicate samples.

3.4 Electron microscopy

Electron microscopy shows that the Na-RUB-18 used in this
study is a well ordered crystalline material (ESI Fig. S4†); the Na-
RUB-18 material consists of thin tetragonal platelets and the
SAED pattern corresponds to a highly crystalline material,
Fig. 6 TEM images of aluminosilicate samples prepared at Si/Al ratios of
oxidation (OXI) or extraction (EXT).

7804 | J. Mater. Chem. A, 2015, 3, 7799–7809
which agrees well with the XRD pattern shown in ESI Fig. S1.†
The SAED patterns (ESI Fig. S5†) suggest a lowering in crystal-
linity from the original RUB-18 to the as-synthesized alumino-
silicate–surfactant mesophases and for both oxidized and
extracted surfactant free samples. The SAED patterns also
conrm a total loss of crystallinity for calcined samples. The
SAED results, in agreement with powder XRD results, indicate
that removal of the surfactant via extraction is the best method
for generating materials retaining crystallinity, followed by
oxidation, whereas calcination destroys the crystallinity. SEM
images of the aluminosilicate–surfactant mesophases show that
the platy morphology of the parent Na-RUB-18 silicate is
maintained and that surfactant removal has no effect on the
morphology (ESI Fig. S6–S8†). TEM images in Fig. 6 show that
the crystal structure of the layers changes for samples prepared
at Si/Al ratios of 5 and 10, and that a mesoporous structure is
developed in the inner and outer areas of the plate-like particles
of aluminosilicate–surfactant mesophases and surfactant free
5 or 10, before (AS) and after surfactant removal via calcination (CAL),

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 TEM images of aluminosilicate samples prepared at a Si/Al ratio
of 20, before (AS) and after surfactant removal via calcination (CAL),
oxidation (OXI) or extraction (EXT).

Fig. 8 27Al MAS NMR spectra of the as-synthesized (AS) and surfactant
free aluminosilicate materials prepared at Si/Al ratios of 10 (A) and 20
(B) after surfactant removal via calcination (CAL), extraction (EXT) and
oxidation (OXI).
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aluminosilicate samples. For the sample prepared at a Si/Al
ratio of 20, it is possible to observe in Fig. 7 a square-like
structure, which seems to be an intermediate step of the solid-
state transformation from the layered silicate Na-RUB-18
structure to the ordered mesoporous aluminosilicate materials.
3.5 Nature of Al and acidity/catalytic activity of mesoporous
aluminosilicate materials

The Al content (Si/Al ratio) of the aluminosilicate materials is
given in Table 1. As stated above, the Al content is close to the
target Si/Al ratio in the synthesis gel mixture. Whilst surfactant
removal by the oxidation route had little effect on the Al content
(Table 1), extraction resulted in a decrease in Al content (i.e., the
Si/Al ratio increased from 6.2 to 8.0 for 5 EXT, 11.9 to 14.8 for 10
EXT and 18.9 to 23.9 for 20 EXT). This suggests that the solvent
extraction process caused dealumination and preferential
dissolution of alumina. We performed 27Al MAS NMR spec-
troscopy in order to determine the nature of Al in the alumi-
nosilicate samples and to monitor any changes in the Al
environment aer various surfactant removal routes. The 27Al
MAS NMR spectra of the samples, before and aer surfactant
removal, are shown in Fig. 8 for samples prepared at Si/Al ratios
of 10 and 20. In both cases, the spectrum of the as-synthesised
samples exhibits a resonance at ca. 54 ppm, which arises from
tetrahedrally coordinated Al in an aluminosilicate framework,
and also a peak at ca. 0 ppm from octahedrally coordinated
extra-framework Al. The spectra indicate that the Al in the as-
synthesised samples exists mainly in extra-framework positions
This journal is © The Royal Society of Chemistry 2015
especially for sample 20 AS. Sample 10 AS has much higher
proportion of Al in framework sites. The proportion of Al in
framework sites was noted to increase at higher Al content. In
both cases the amount of framework Al increases on calcination
so that most of the Al is in framework positions. This suggests
that calcination inserts Al into framework positions. The
spectra of the extracted and oxidized samples show a marked
reduction in the proportion of framework Al. Surfactant
removal via extraction and oxidation, therefore, causes
dealumination.

The acidity of calcined samples was measured using ther-
mally programmed desorption of cyclohexylamine. The
method involves thermogravimetric analysis (TGA) of cyclo-
hexylamine containing samples and determines the number
of acid sites (principally proton sites) capable of interacting
with the base aer heat treatment at 80 �C and 250 �C.29,30 The
samples were exposed to liquid cyclohexylamine at room
temperature aer which they were kept overnight (at room
temperature) and then in an oven at 80 �C for 2 h, so as to
allow the base to permeate the samples. To probe the pres-
ence of strong acid sites, the base-containing samples were
exposed to thermal treatment at 250 �C, which desorbed base
molecules from weaker acid sites so as to determine the
population of strong sites. The mass loss from desorption of
the base from Brønsted acid sites (between 300 and 450 �C)
was used to quantify the acid content (in mmol of cyclohex-
ylamine per gram of samples) as shown in Table 2, assuming
that each mole of cyclohexylamine corresponds to 1 mole of
protons. The acidity values indicate that the incorporation of
aluminum into the framework generates acid sites which are
able to interact with the base. The total acidity is the highest
for sample 5 CAL (0.68 mmol g�1), decreases to 0.48 and 0.16
for samples 10 CAL and 20 CAL, respectively, in line with the
Al content. The strong acid content of the directly calcined
samples is either similar to (20 CAL) or slightly lower (5 CAL
and 10 CAL) than the total acidity. This is a departure from
what is observed for conventional mesoporous
J. Mater. Chem. A, 2015, 3, 7799–7809 | 7805
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Table 2 Elemental composition, acidity and catalytic activity of mesoporous aluminosilicate materials prepared at various Si/Al ratios following
surfactant removal via direct calcination (CAL) or calcination after extraction (EXT + CAL) or oxidation (OXI + CAL)

Samples Si/Al ratio

Acidity (mmol H+ g�1)
Proportion of
strong acidity (%)

Pentan-1-ol conversion
(%)80 �C 250 �C

5 CAL 6.2 0.68 0.56 82 91
5 OXI + CAL 6.6 0.38 0.37 97 77
5 EXT + CAL 8.0 0.33 0.35 100 75
10 CAL 11.9 0.48 0.40 83 78
10 OXI + CAL 11.0 0.50 0.47 94 83
10 EXT + CAL 14.8 0.31 0.31 100 71
20 CAL 18.9 0.16 0.18 100 58
20 OXI + CAL 17.4 0.23 0.25 100 65
20 EXT + CAL 23.9 0.18 0.16 89 55

Table 3 Textural properties of mesoporous aluminosilicate materials
prepared via direct calcination (CAL) or calcination after extraction
(EXT + CAL) or oxidation (OXI + CAL)

Sample Surface area (m2 g�1) Pore volume (cm3 g�1)

5 CAL 347 0.44
5 OXI 283 0.37
5 OXI + CAL 274 0.37
5 EXT 388 0.46
5 EXT + CAL 336 0.43
10 CAL 334 0.32
10 OXI 238 0.25
10 OXI + CAL 190 0.20
10 EXT 374 0.29
10 EXT + CAL 352 0.24
20 CAL 267 0.20
20 OXI 141 0.15
20 OXI + CAL 141 0.12
20 EXT 197 0.16
20 EXT + CAL 191 0.15
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aluminosilicates or Al-graed aluminosilicate MCM-41
materials, where the proportion of strong acid sites is usually
much lower (between 50 and 70%).34 We attribute the strong
acidity of the present aluminosilicate samples to the molec-
ular ordering similar to that of zeolite materials.35 It is note-
worthy that the proportion of strong acid sites increases at
lower Al content. The catalytic activity of the samples was
tested using dehydration of pentan-1-ol at 200 �C.36 As shown
in Table 2, for the directly calcined samples, the conversion of
pentan-1-ol is the highest for the most aluminous sample (5
CAL), reaching 91%, and reduces at lower Al content to 78%
and 58% for samples 10 CAL and 20 CAL, respectively. Under
similar conditions, proton exchanged forms of zeolite Y (Si/Al
¼ 3.6) and conventional Al-MCM-41 materials (Si/Al ¼ 20)
achieved conversions of 88% and 39%, respectively. The
catalytic data are consistent with the fact that the present
aluminosilicate samples have a signicant proportion of
strong acid sites. The catalytic data also suggest that the
present samples have a larger proportion of strong acid sites
compared to conventional mesoporous aluminosilicates such
as MCM-41.
Fig. 9 Nitrogen sorption isotherms of extracted (A,C,E) or oxidized (B,D,F) aluminosilicate samples before and after calcination.

7806 | J. Mater. Chem. A, 2015, 3, 7799–7809 This journal is © The Royal Society of Chemistry 2015
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Fig. 11 27Al MAS NMR spectra of (A) extracted and then calcined, and
(B) oxidized and then calcined mesoporous aluminosilicate materials.
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3.6 Thermal stability and acidity on calcination of extracted
and oxidized samples

The thermal stability of extracted and oxidised samples was
assessed by calcination. On calcination, the extracted and oxi-
dised samples exhibit no basal (d100) peak (ESI Fig. S9†) but
nevertheless, nitrogen sorption isotherms (Fig. 9) show well
dened mesopore lling steps for all the samples, which indi-
cates that mesoporosity is retained aer calcination. Interest-
ingly, some high angle peaks are also observed in the XRD
patterns of the OXI + CAL and EXT + CAL samples (ESI Fig. S9†),
which suggests retention of some crystallinity. However, IR
spectra (ESI Fig. S10†) show somewhat diminished framework
bands aer calcination; the doublet at 800 cm�1 and the peak at
600 cm�1 are observed but not well resolved. This indicates that
calcination to some extent diminishes crystalline ordering.
Overall, therefore, the mesoporosity of extracted and oxidised
aluminosilicate samples was retained aer calcination, but
crystallinity was diminished but not completely destroyed as for
directly calcined samples. The textural properties of the
samples aer calcination are summarized in Table 3; there are
very little changes in the surface area and pore volume aer the
thermal treatment. The overall picture that emerges is that
calcination aer benign template removal is a viable route to
prepare mesoporous aluminosilicates with some retained crys-
tallinity from crystalline layered silicates.

Calcination of the EXT and OXI samples increases the
proportion of framework Al as shown in Fig. 10. This indicates
that calcination inserts Al into tetrahedral positions within the
aluminosilicate framework. It is well known that Al can be
inserted or re-inserted into tetrahedral positions of a silica/
aluminosilica framework via anchoring onto silanol groups
followed by calcination to form Si–O–Al bonds.19–21 Such inser-
tion of Al is the basis for the well-established Al-graing or
alumination processes.19–21 In this work, the presence of non-
framework Al (which is generated during template removal via
oxidation or extraction – Fig. 8), and the fact that the mesophase
Fig. 10 27Al MAS NMR spectra of (A) extracted or oxidized surfactant
free aluminosilicate materials prepared at Si/Al ratios of 10 or 20 and
(B) after calcination.

This journal is © The Royal Society of Chemistry 2015
will have a preponderance of silanol groups mean that during
calcination of the EXT and OXI samples, the Al is re-inserted
into the aluminosilicate framework with silanols acting as
anchoring points. Such an insertion of Al should generate acid
sites, as indeed shown in Table 2. In general the acidity gener-
ated is in line with the overall Al content (Table 2) of the
samples and with the proportion of Al in tetrahedral positions
(Fig. 10). The proportion of Al inserted into tetrahedral posi-
tions is greater at lower Al content as shown in Fig. 11; extracted
and oxidized samples prepared at a Si/Al ratio of 5 have the
lowest proportion of tetrahedral Al aer calcination, while those
prepared at a Si/Al ratio of 20 have the highest proportion. This
explains why the trend in acidity for the samples is not directly
related to the overall Al content (Table 2). In all cases the
proportion of strong acid sites is typically above 90%. As shown
in Table 2, the catalytic activity of the extracted or oxidized and
then calcined samples is only slightly lower than that of the
directly calcined samples. The slight decrease in catalytic
activity is due to a lower acid content, which is a consequence of
lower Al content (Tables 1 and 2). However, the decrease in
activity is lower than the reduction in acidity, which suggests
that per active site, the extracted or oxidized and then calcined
samples are more active. Also, the oxidised and calcined (OXI +
CAL) samples are in all cases more catalytically active than the
equivalent extracted and calcined (EXT + CAL) samples. We
attribute this to a higher content of tetrahedrally coordinated Al
in the OXI + CAL samples as evidenced in Fig. 10 and 11.
4. Conclusions

Hydrothermal treatment, at 150 �C for 48 h, of the layered
silicate, Na-RUB-18, in the presence of aluminum isopropoxide
and cetyltrimethylammonium (CTA) ions generates molecularly
ordered aluminosilicate–surfactant mesophases. Depending on
the method (i.e. extraction, oxidation, and calcination) used to
remove the surfactant, the transformation from mesophases to
mesoporous materials takes place with retention of meso-
structures with varying levels of crystallinity (for extracted and
oxidized samples) or amorphous (for calcined samples) frame-
works. The highest crystallinity in a surfactant-free mesostruc-
ture is achieved at a Si/Al ratio of 20 aer surfactant removal via
J. Mater. Chem. A, 2015, 3, 7799–7809 | 7807
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solvent extraction in acidied ethanol. The textural properties
of the mesoporous materials (surface area in the range of 141–
388 m2 g�1 and pore volume in the range of 0.12–0.46 cm3 g�1)
depend on the mode of surfactant removal and Si/Al ratio. The
pore size of the materials (22–26 Å) is lower than that of
conventional MCM-41 materials while the wall thickness (typi-
cally 25–28 Å) is much higher. The mesoporous aluminosili-
cates are strongly acidic with most of the acid sites generated
(>80% and typically above 95%) classied as strong sites
compared to between 50 and 70% for conventional direct
mixed-gel synthesized or Al-graed aluminosilicate MCM-41
materials. The mesoporous aluminosilicates exhibit attractive
solid acid catalytic activity for the dehydration of pentan-1-ol,
which is higher than that of conventional aluminosilicate
MCM-41 materials. Overall, it is shown that the preparation of
well-ordered surfactant-free aluminosilicate mesoporous
materials with strong acidity is possible via the use of a crys-
talline layered silicate (Na-RUB-18) as the starting material.
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