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Preparation and catalytic activities of porous
clay heterostructures from aluminium-
intercalated clays: effect of Al content
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ABSTRACT: Porous clay heterostructures were prepared from Al-intercalated clays, and they allowed
the insertion of Al into the framework of intercalated silica in porous clay heterostructures (PCHs). This
method has led to tuneable Al contents within the resulting porous clay heterostructures. X-ray
fluorescence confirmed the presence of Al in the intercalated precursors and their derivatives (porous
clay heterostructure materials) in various environments, as indicated by 2’Al magic-angle spinning
nuclear magnetic resonance. The Al porous clay heterostructures exhibited specific surface areas that
varied from 743 to 850 m?/g with total acid concentrations which varied from 0.969 to 1.420 mmol of
protons/g of material, values which were deduced from the temperature desorption of cyclohexylamine.
These acid sites were sufficiently strong to initiate the hydro-isomerization of n-heptane. The catalytic
properties of the porous clay heterostructures depended on the Al contents and reached a maximum
conversion rate of 50% and an isomer selectivity of 70% at a test reaction temperature of 350°C.

Keyworbps: clay minerals, pillared clays, porous heterostructure clays, mesoporous materials, hydro-isomerization.

Clay minerals are of considerable interest from a
research point of view. In addition to their conventional
applications in catalysis, ceramics and adsorbents, new
applications have emerged in the pharmaceutical
industry and particularly in drug delivery (Carretero
et al., 2006; Lopez-Galindo et al., 2007; Carretero &
Pozo, 2009; Rodriguez et al., 2013; Ghadiri et al.,
2015). Catalytic application requires particular struc-
tural and acidic stabilities at moderate and high
temperatures (Adams & McCabe, 2006). Porous clay
heterostructures (PCHs) were amongst the candidates
for this application. These materials were synthesized
from swelling clay minerals, such as montmotrillonite,
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and the clay layers were initially intercalated using
cationic surfactants via a cation exchange reaction and
later reacted with co-surfactant molecules (neutral
aliphatic amines) and a silica precursor (such as
tetraethylorthosilicate, TEOS) (Galarneau et al.,
1995). The hydrolysis and polymerization of silica
species surrounding the template of the surfactant and
co-surfactant occurred and produced a heterostructure
template. After the removal of organic surfactants by
calcination or treatment with an ammonium chloride
solution (Galarneau et al., 1995; Kooli et al., 2006a,b)
a porous network of silica within the interlayer region
was formed. The PCHs exhibited greater specific
surface areas, surface acidity, and narrow pore-size
distributions in the super-micropore to mesopore range
(Ahenach et al., 2000; Polverejan et al., 2000; Kooli
et al., 2006a,b).
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These physicochemical properties of PCH materials
can be improved by changing the properties of the host
clay minerals either by varying the nature of the clay
minerals (Polverejan et al., 2000; Palkova et al., 2010;
Perdigon et al., 2013) or by acid activation of the parent
clays prior to use (Kooli et al., 2006a,b). Moreover,
acid-activated clays were used as starting precursors,
and the resulting PCH materials exhibited greater
surface areas and acidity compared with materials that
were prepared from non-acid-activated clays (Kooli
et al., 2006a,b). Pure mesoporous silica possesses little
or no acidity (Mokaya et al, 1996) and the
incorporation of metal cations into the silica frame-
work of PCHs induced extra acidic properties with the
addition of the corresponding metal alkoxide (titanium
or zirconium) or metal-organic C4HsFeO with a silica
source during the preparation process (Chmielarz et al.,
2009; Cecilia et al., 2013; Zimowska et al., 2016).
Another method consisted of the adsorption of the Al
acetylacetonate complex followed by thermal decom-
position, which resulted in Al oxide PCHs (Ahenach
et al., 2000).

PCH materials are considered to be pillared clays with
silica pillars inserted between the clay layers depending
on the preparation and mechanism used. Using this idea,
a novel synthesis method was proposed by Kooli ez al.
(2006a, 2014a) which consisted of integrating inter-
calated Al species into clay minerals as precursors prior
to reactions with C,, amine molecules and silica sources
to prepare Al-incorporated PCH (Al-PCH) materials.
These AI-PCH materials with fixed Al contents
exhibited larger surface areas and mesoporous
volumes, and more Bronsted and Lewis acid sites
(Kooli et al., 2006a,b, 2014). Similarly, Zr-intercalated
clay minerals were used to incorporate zirconium
species directly into the silica framework between the
clay layers (Kooli et al., 2016). The variation in the Zr
content in Zr-PCH materials was achieved by varying
the Zr species content in the parent intercalated
precursors (Kooli et al, 2016). This method has
reduced the utilization of the organic template and, in
one step, incorporated the Al or Zr species directly into
the silica framework that was intercalated between the
clay layers. In the present study, the effect of the Al
content on the physicochemical properties, such as
thermal stability, microtextural properties and acidity of
the resulting PCH materials, was investigated. For this
purpose, various clays with intercalated Al species were
prepared at various starting mmol of Al/g of clay using
Al chlorhydrate hydroxide (Chlorhydrol, 50%). Various
techniques were used to characterize these materials,
including in situ X-ray diffraction (XRD). The acidity
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was examined using temperature-induced desorption of
cyclohexylamine molecules. Catalytic testing of the
resulting AI-PCH materials was conducted in the hydro-
isomerization step of the n-heptane reaction.

EXPERIMENTAL

Materials

The chemicals used for the preparation of Al-
intercalated clays and their PCH counterparts were
purchased from Sigma-Aldrich, were of analytical
grade and were used without further purification.
The clay mineral (Ca-montmorillonite, STx-1) was
purchased from the Source Clays Repository of
The Clay Minerals Society, Purdue University (USA)
with a cation exchange capacity of 92 meq/100 g. The
pillaring agent solution of Al chlorhydrate hydroxide
(Chlorhydrol, 50%) was provided by the Reheis
Chemical Company, New Jersey, USA.

Preparation of Al-intercalated clays

A series of Al-intercalated clays was prepared using
the cation exchange reaction with a solution of
Chlorhydrol (50%) at various Al:clay ratios from 3 to
24. Briefly, a specific mass of Chlorhydrol solution
was added to 200 mL of deionized water, which was
further aged at 80°C for 1 h prior to adding 5 g of clay
in dry powder form. The suspension was mixed for
another 1 h and aged at 80°C. The resulting suspension
was cooled at room temperature. The solid was
recovered by filtration and washed repeatedly with
deionized water and subsequently air-dried overnight.
The samples were identified as Al(X)-Mt, where X
corresponds to the Al (mmol):clay (g) ratio.

Preparation of AI-PCHs

The PCH precursor was prepared as reported
previously (Kooli, 2014a). Briefly, 1g of the
Al-intercalated clay was reacted with neutral amine
(dodecylamine, C,,H,sNH,) and TEOS at molar ratios
of clay/C,,H,sNH,/TEOS of 1/20/150. The mixture
was stirred for 4 h at room temperature. After the
reaction, the PCH precursor obtained was recovered by
filtration and air-dried overnight. The sample was
designated AIl(X)-PCH. The resulting Al(X)-PCH
materials were obtained after calcination at 550°C for
6 h in air at a heating rate of 1°C/min. In certain cases,
the temperature of calcination varied from 550 to
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900°C for 6 h with the same heating rate of 1°C/min for
a selected Al(6)-PCH precursor.

In the text, the term ‘precursor’ describes the as-
synthesized product (intercalated), and ‘material’ des-
ignates the calcined precursors at various temperatures.

Preparation of Pd catalysts

The preparation of the bifunctional catalysts (with
0.5% Pd) was carried out by incipient-wetness impreg-
nation. Then, the impregnated sample was dried at
110°C for 24 h followed by calcination at 500°C for 3 h.

Characterization

The intercalation of Al polyoxocations (Al;;
species) between the clay layers and the successful
synthesis of PCH materials was confirmed using XRD
(Bruker D8 Advance Model diffractometer equipped
with a Ni filter and Cu-Ko radiation (A= 0.15406 nm)
in the range 1.5-50°20). The in situ studies were
performed using an Anton Parr heating stage (KT450)
which was attached to the X-ray diffractometer over the
range of room temperature—425°C. The chemical
composition of the intercalated clays and PCH
derivatives was determined using X-ray Fluorescence
(XRF) (Bruker Model S4). The samples were pressed
into boric-acid pellets. The specific surface areas, pore
volumes and pore-size distributions were obtained
using a Micromeritics ASAP 2040. The samples were
degassed under vacuum overnight at 150°C prior to
analysis. The 2°Si solid state and solid *’Al magic-
angle spinning nuclear magnetic resonance (MAS
NMR) spectra were collected using a Bruker spec-
trometer as reported elsewhere and tetramethylsilane
(TMS) as reference for the zero chemical shift.
Thermogravimetric analysis (TGA) features were
obtained after experiments using the TA Instruments
model 9610 under atmospheric air and a heating rate of
10°C/min. The same machine was used to estimate the
acidity employing cyclohexylamine as a probe
molecule. The hydro-isomerization tests of n-heptane
were conducted in a microreactor that was connected
to a gas chromatography (GC) line, as reported in a
previous study (Liu et al., 2006a,b).

RESULTS AND DISCUSSION
XRF data

Chemical analyses of the Al-intercalated precursors
and their resulting PCH derivatives are presented in

523

Table 1. The quantity of Al intercalated in the
precursors depended on the starting ratios of Al
(mmol):clay (g). The largest amount of Al was
intercalated at a ratio of 6 mmol of Al/g of clay. The
cation exchange reaction resulted in a further reduction
in Ca®" ions, which were completely removed for ratios
of Al mmol/g of clay that were >6:1 (Kooli et al.,
2016). An increase in Al,O; oxide was accompanied
by a decrease in SiO, and other oxide contents. The
chemical analysis indicated that the ratios of mmol of
Al/g of clay were smaller than the starting ratio
(Table 1). Similar data were reported for other clay
minerals using the same Al pillaring agent (Kooli &
Jones, 1997).

As expected, after reactions with TEOS and
dodecylamine, the resulting PCH materials exhibited
greater SiO, contents than the starting precursors
because of the addition of a silica source during the
preparation of PCH precursors and a decrease in the
contents of the other oxides, especially Al,O5. This
decrease can be related to the exchange of several
intercalated Al species with the C12 amine, as reported
previously (Kooli, 2014a,b). The percentage of Al in
PCH materials varied over the range 4.3-6.4%. These
values were within the range (4-8%) reported
previously for other AI-PCH materials prepared by
various methods (Zimowska et al. 2016), thereby
confirming the benefit of using different precursors.

X-ray diffraction

Powder XRD patterns of montmorillonite (Mt) that
was exchanged with various intercalated quantities of
Al species are presented in Fig. 1. The raw clay (Mt)
pattern is shown for comparison (Fig. la). The
precursor Al(X)-Mt exhibited an increase in terms of
the basal spacing (deduced from the 001 reflection)
from 1.52 nm to larger values, which depended on the
starting Al to clay ratios. The increase in the basal
spacing was related to the amount of Al polyoxoca-
tionic species intercalated, and varied from 1.91 nm for
Al(3)-Mt (Fig. 1b) to 2.39 nm for Al(6)Mt (Fig. 1c). A
slight variation from 2.39 to 2.35 nm and 2.32 nm was
observed for Al(12)-Mt and Al(24)-Mt (Fig. 1d.e),
respectively, which can be related to a minor decrease
in Al content. Taking into account the 0.96-nm
thickness of the Mt layers themselves (Brindley &
Hoffmann, 1962), the Al(X)-Mt precursors exhibited
an interlayer spacing which varied from 0.89 to
1.20 nm. The values obtained were close to the size
of Al,; polyoxocations, as reported in the literature
(Kloprogge, 1998). The reflection at 0.41 nm that
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FiG. 2. Powder XRD patterns of Al(X) PCH precursors that were prepared from Al polyoxocation-intercalated clays at
different ratios (R) of mmol of Al/g of clay: (a,a’) R=0, (b,b’)R=3,(c,c’)R=6,(d,d")R=12 and (e, e") R = 24 before
and after (prime) calcination at 550°C.

20 angles, and no multiple reflections were detected,
consistent with similar data reported in the literature
(Tchinda et al., 2009). The smaller value of 3.34 nm
was obtained for Al(3)-PCH (Fig. 2b’), and a larger
value of 3.81 nm was obtained for A16-PCH (Fig. 2¢”).
The other two materials exhibited intermediate values
of the basal spacing of 3.75 and 3.62 nm, respectively
(Fig. 2d’,e’). This method has enabled the tuning of the
basal spacing in PCH.

Solid ?°Si and ?” Al NMR

The presence of silicon species in synthesized PCH
materials was confirmed using solid 2°Si NMR. The
solid 2Si NMR spectrum of the raw Mt clay exhibited
two resonance peaks at —95.6 and —111.8 ppm
(Fig. 3a). The first peak (at —95.6 ppm) was assigned
to Si atoms that were linked through oxygen to three
other Si atoms and to one Al or (Mg) atom in the
octahedral sheet. The second resonance at 111.8 ppm

was due to amorphous silica impurities, which were
present in the raw clay (Fig. 3a, Kooli ez al., 2005).
Upon intercalation of the Al pillaring agent, the solid
29Si NMR spectra of the resulting clays were similar to
that of the parent Mt with a slight variation in the peak
position, which indicates that the layered structure was
not altered during the cation exchange reaction (an
example for Al(6)-Mt is presented in Fig. 3b). These
data are in good agreement with the XRD data and
other cation exchange reactions with Zr species (Kooli
et al., 2016). The solid 2°Si NMR spectra of the
resulting Al porous heterostructure precursors were
different and exhibited additional resonance peaks due
to the presence of intercalated silica species. The Al(6)-
PCH spectrum is shown as a representative one
(Fig. 3c), which exhibited an intense resonance peak
at —110.8 ppm and a weak peak at —100.2 ppm
(Tchinda et al., 2009; Wang et al., 2016). The spectrum
did not display the characteristic resonance peak
of TEOS at —81.7ppm, which confirms the
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Fic. 3. Solid 2°Si NMR spectra of: (a) Mt clay,
(b) exchanged with Al polyoxocations at a ratio of
6 mmol of Al/g of clay; (c) then reacted with C12 amine
and TEOS solutions; (d) and (e) correspond to sample
(c) after calcination at 550°C and 750°C, respectively.

polycondensation of silicon species (Belver e al.,
2012). The peaks at —110.8 and —100.2 ppm were
assigned to Q* Si species Si(SiO,) and Q> Si species
(HO)(S105), respectively (Ghanbari-Siahkali et al.,
2000; Perdigon et al., 2013). The solid 2°Si NMR
resonance peak of the octahedral sheet at —95.6 ppm
was observed with lower intensity due to the high
intensity of the peak at —110.8 ppm (Fig. 3c). The
precursors that were prepared from other AICY)-Mt
materials exhibited similar features and the positions of
the resonance peaks that were related to the intercalated
silica species were unchanged (not shown). Upon
calcination at 550°C, the resonance peak of Q* Si
species became broad and shifted to a smaller value of
—109.7 ppm due to dehydroxylation of intercalated
silica species (Fig. 3d, Kooli et al., 2014). The Q? Si
peak at —95.6 ppm (related to the clay layers)
decreased in intensity and became broader, with a
shift to —92.5 ppm (Fig. 3d) whereas the peak related
to Q® mesoporous silica remained observable with a
slight shift in position to —102.1 ppm (Fig. 3d). The
spectrum features were maintained after calcination at
650°C (not shown). Similar data were also reported for
Zr-PCH materials (Kooli et al., 2016), and the spectra

FE Kooli et al.
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FiG. 4. Solid 2’Al MAS NMR spectra of: (a) Mt clay,

(b) exchanged with Al polyoxocations at a ratio of 6 mmol

of Al per g of clay (Mt); (c) then reacted with C12 amine

and TEOS solutions; (d) corresponds to sample (c)
calcined at 550°C.

mainly exhibited a broad resonance peak at
~—108.1 ppm, which is related to the Q*Si species
with two different shoulders. The broadness of the
resonance peaks may be due to the coexistence of
different Si species that were mixed in one phase. The
peak related to the clay layers or other silica species
were difficult to detect, particularly at 750°C or greater
(Fig. 3e). In the case of mesoporous silica materials
that were doped with different cations, several doublets
have been reported previously and associated with their
insertion in the silica framework (Choy et al., 2004). In
our case, it was difficult to detect such doublets due to
the broadness of the peaks and their overlap.

The aim of using solid state >’ Al MAS NMR was to
confirm the presence of Al species in their environ-
ments compared with intercalated Al(X)-Mt precur-
sors. The spectrum of the raw Mt clay, which is
presented in Fig. 4a, exhibited two clear signals at 3.3
and 56.0 ppm, which correspond to Al in an octahedral
environment and 4-coordinated Al that substituted for
the silica in the tetrahedral sheets, respectively
(Thompson, 1984). The presence of the intercalated
Al species in Al(X)-Mt precursors exhibited broad
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characteristics of Al peaks with an additional peak
between 60 and 70 ppm (at 68.6 ppm) which was
assigned to tetrahedral Al from the pillaring species, as
reported in the literature (Fig. 4b represents the
spectrum related to Al(6)-Mt precursor, Gonzalez
et al. 2009). The solid 2’ Al MAS NMR data confirmed
the presence of the Al species in Al(X)-PCH
precursors, Fig. 4c represents the spectrum of the
Al(6)-PCH precursor. After calcination at 550°C, for
example, the spectrum of Al(6)PCH material exhibited
two signals at 0.0 and 3.3 ppm (Fig. 4d), however,
which relate to the presence of Al in two environments,
and which can be associated with 4-coordinated Al in
the parent clay layers and Al that was inserted in the
silica framework of the PCH material. In addition, an
improvement in the signal at 54.0 ppm was also
observed (Fig. 4d). This feature was comparable to
that reported for similar Al-PCH materials (Kooli
et al., 2006a,b, 2014).

TGA data

Thermogravimetric analysis (TGA) was performed
in order to study the thermal properties of the parent

206
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g 061 50 560
g o
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s
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Fic. 5. DTG features of: (a) Mt clay exchanged with Al

polyoxocations at (b) a ratio of 3 mmol of Al/g of clay and

(c) at a ratio of 6 mmol of Al/g of clay. b’ and ¢’

correspond to samples b and ¢ reacted with C;, amine and
TEOS solutions, respectively.
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clays and the resulting materials after the pillaring
process and PCH synthesis. These data were reported in
terms of derivative thermogravimetric analysis (DTG).
This mathematical transformation was used to identify
the maximum temperature in a loss step and to
differentiate between the overlapping steps in terms
of the mass loss (Kooli ef al., 2014). The TGA of the
parent clay with a total mass loss of 24% occurred over
several ranges of temperature. In the first range,
dehydration occurred in two steps between 25 and
100°C and between 100 and 200°C, which correspond
to the loss of water that was physically adsorbed on the
surface and water molecules that were in contact with
the cations in the interlayer region, respectively (Borges
et al., 2016). The DTG curve exhibited two maximum
temperatures of loss at 70 and 140°C (Fig. 5a). The
region between 500 and 850°C recorded a loss of 6.8%
in mass with a linear tendency with respect to
temperature, which is attributed to dehydroxylation of
the clay layers with a DTG peak at 655°C (Fig. Sa,
Kooli et al., 2014). The DTG curve of Al-intercalated
clays exhibited two peaks at 53 and 70°C (an example
for Al(3)-Mt and Al(6)-Mt precursors are presented in
Fig 5b,c, respectively) related to the loss of different
types of water molecules. A broad signal at ~147°C
was also observed, and it was related to intercalated
water molecules. A significantly greater quantity of
water was present in the intercalated materials
compared with the parent clay (Kloprogge et al.,
1994). The continuous mass loss that was observed in
the range of 240-900°C was attributed to water
molecules that were coordinated with the pillars and
the dehydroxylation of the pillars and clay layers. The
DTG curve exhibited a broad peak at 580°C (Fig. 5b,c).
It was difficult to distinguish between these steps due to
their overlap. The mass loss between 25 and 900°C in
Al(X)-Mt precursors depended on the amount of
pillaring species and was greater than that of the
parent clay. The maximum temperature that was related
to the dehydroxylation process was less than that of the
parent clay mineral. Similar observations were noted
for the presence of inorganic or organic pillaring
species (Kooli, 2014a,b; Kooli et al., 2014). However,
the DTG curves of Al(X) PCH precursors exhibited
different features and additional peaks in the range
200-400°C were due to the presence of C;, amine
surfactants (e.g. DTG curves of Al(3)-PCH and Al(6)-
PCH are presented in Fig. 5b’,c’, Kooli et al., 2014;
Wang et al., 2016). The presence of C,, amine
molecules reduced the mass loss of water molecules
at low temperatures, and only a 5% mass loss was
recorded with a low-intensity DTG peak at 50°C
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(Fig. 5b’,c’, Kooli, 2014a,b). The loss of organic
molecules occurred in two steps at temperatures of 206
and 325°C for Al(3)-PCH and at 330°C for Al(6)-PCH
precursors (Fig. 5b’,c’). The dehydroxylation of
intercalated silica species was difficult to observe
because of overlap with the DTG peaks. The maximum
temperature of the mass loss in the range 350-600°C
continued to decrease and shifted to 557-560°C
(Fig. 5b’,¢"). A slight shift in the maximum temperature
was observed which was related to the mass loss of
water, organic surfactants and dehydroxylation of clay
layers.

Thermal stability

In this case, in situ XRD was used, and the patterns
were recorded at the actual temperature without
cooling the sample. The treatment of the parent Mt
clay at temperatures in the range 25-420°C indicated
that the basal spacing (deduced from the first (001)
reflection) decreased continuously from 1.53
(Supplementary material Fig. Sla, http:/www.
minersoc.org/pages/e_journals/dep_mat cm.html) to
0.98 nm (Fig. S1e) whilst passing through intermediate
values of 1.40 nm (Fig. S1b), 1.18 nm (Fig. Slc) and
1.03 nm (Fig. S1d) at 50, 100 and 150°C, respectively.
Above 150°C, the basal spacing contracted slightly
from 1.03 to 0.98 nm and was accompanied by a loss in
the crystal order, which is indicated by an intensity
decrease in the first reflection (Fig. Sle). The decrease
in the basal spacing was associated with the loss of the
first and second layers of water molecules and was also
in good agreement with the TGA data (Wilson et al.,
2004; Kooli, 2014a,b).

In the case of Al-intercalated precursors, Al(6)-Mt
was selected and the related in situ XRD data are
presented in Fig. 6. The basal spacing of the Al(6)-Mt
decreased from 1.90 to 1.87 nm at 150°C (Fig. 6a,b)
with an improvement in the crystal order with detection
of multiple reflections of 00/. Above 200°C, a slight
variation in the crystal order was observed, and the
basal spacing remained close to 1.86 nm (Fig. 6¢—f).
This value of 1.86 nm was greater than the 0.98 nm
value of the parent clay due to the presence of the
pillaring species that prevented the collapse of the
layers. The in situ data indicated that calcination at
200°C is sufficient to produce a stable material, and
this value was lower than that reported in the literature
for producing pillared clays at temperatures of >400°C
(Jones, 1988; Schoonheydt et al., 1999).

The in situ data for the Al(6)-PCH precursor
calcined at different temperatures are depicted in

FE Kooli et al.
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FiG. 6. In situ powder XRD patterns of Mt exchanged with

Al species at a ratio of 6 mmol of Al/g of clay and calcined

at various temperatures: (a) 25, (b) 150, (c) 200, (d) 300,
(e) 400 and (f) 425°C.

Fig. 7. The basal spacing of the precursor did not
vary at 150°C (Fig. 7a,b); however, it decreased
starting from 200°C (Fig. 7¢) due to release of organic
surfactants, as indicated by the TGA data. The basal
spacing continued to decrease slightly up to 3.76 nm at
425°C at calcination temperatures of 300, 400 and
425°C (see Fig. 7d—f). This value (425°C) was the
maximum temperature attained with the Anton Parr
cell used in the present study. The calcination of the
precursor in air (ex situ) at 400 and 550°C led to a
stable material with clear reflections at 3.75 and
3.81 nnm, respectively (Fig. S2). At increasing
temperatures, the intensity of the first peak disappeared
at 650°C due to a decrease in crystal order. Further
calcination at >650°C led to a similar material, and no
reflections were recorded at lower angles; an example
is presented after calcination at 750°C (Fig. S2).

Microtextural properties

The isotherm of pristine Mt clay that was calcined at
550°C was a type IV characteristic of non-porous
materials with a large hysteresis loop (Fig. 8a) (Wang
et al., 2016). The pillaring materials (obtained after
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Fi1G. 7. In situ powder XRD patterns of Mt exchanged with

Al species at a ratio of 6 mmol of Al/g of clay after

reaction with C,, amine and TEOS solutions (Al(6)-PCH

precursor), calcined at various temperatures: (a) 25,
(b) 150, (c) 200, (d) 300, (e) 400 and (f) 425°C.

calcination at 550°C) exhibited different shapes
between type I and type IV. The shapes were close to
type L in the low relative-pressure region, indicating the
presence of micropores, and type IV at higher relative
pressures (a representative isotherm is reported in
Fig. 8b for Al(6)-Mt). An increase in the adsorbed
volume at lower temperatures was observed due to the
increase in interlayer space compared with the parent
Mt (Fig. 8c, Kooli et al., 2014, 2016).

The shape of the calcined AIl(X)-Mt was not
changed with respect to the Al quantity that was
present in pillared clays. There was a slight decrease in
the volume adsorbed at lower relative pressures,
however, due to the decrease in alumina content
(Fig. 8b,c). Similar shapes were reported for other
pillared materials (Martinez-Oritz et al., 2003). The
shape of hysteresis corresponded to type IV, which is
related to the formation of mesopores between the
interlayers. The starting clay had a surface area of
90 m?/g. The incorporation of alumina species
between the layers was accompanied by an increase
in the surface area from 90 to 321 m?/g, which
depended on the quantity of alumina (Table 2). The

529

700

Adsorbed volume (cc/g, STP)
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Fic. 8. Nitrogen adsorption-desorption isotherms of: (a) Mt,
(b) Al(6)-Mt, (c) Al(3)-Mt calcined at 550°C, (d) Al(3)-
PCH and (e) Al(6)-PCH precursor calcined at 550°C.

highest value was obtained for Al(3)-Mt and the lowest
value was achieved for Al(24)-Mt. The percentage
increase in the micropore surface area was in the range
52-65%, and the micropore volume depended on the
amount of Al intercalated, which varied from 0.102 to
0.067 cm?/g. Thus, the percentage of pore volume
from the presence of micropores was in the range
30.21-39.38%. The average pore diameter in the
starting clay was ~5.81 nm which decreased after
pillaring and indicated that pillared clays had meso-
porous characteristics (Kooli et al., 2014).

Al(X)-PCH materials (after calcination at 550°C)
exhibited different isotherm shapes (Figs 8d and 8e
correspond to Al(3)-PCH and Al(6)-PCH materials,
respectively), which were close to those reported for
conventional PCH materials with type IV character-
istics and suggest greater porosity and a hysteresis loop
that is typical of open cylindrical pores at both sides
(Pichowicz & Mokaya, 2001; Kooli et al., 2006a,b,
Wang et al, 2016). The Al(X)-PCH isotherms
exhibited a significant increase in nitrogen adsorbed
at low to medium relative pressures, which indicates
the easy accessibility of nitrogen molecules to the
micropores and may suggest the presence of super-
micropores and small mesopores (Galarneau et al.,
1995; Benjelloun et al., 2002, Fig. 8d,e).
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TaBLE 2. Specific surface areas (Sgg), total pore volume (TPV) and average pore
diameter (APD) of the Al-intercalated clays and Al(X)-PCH materials after calcination

at 550°C.
Samples Sppr (M*/g) upore volume® TPV (cc/g) APD (nm)
Al(0)-Mt 90 (180) 0.00 (0.008) 0.138 (0.028) 5.81(6.22)
Al(3)-Mt 321(743) 0.102 (0.000) 0.259 (0.633) 3.23 (3.40)
Al(6)-Mt 281 (850) 0.083 (0.000) 0.262 (0.851) 3.66 (3.82)
Al(12)-Mt 258 (820) 0.074 (0.000) 0.221(0.801) 3.62 (3.32)
Al(24)-Mt 247(809) 0.067 (0.000) 0.223 (0.784) 3.51(3.25)

Values in parentheses correspond to the resulting PCH materials.

2 ipore volume = micropore volume (m?/g).

The greater adsorption volume observed for these
materials was due to capillary condensation and a
possible change in the pore shapes between the
particles, which is indicated by the hysteresis loop.

From the data reported in Table 2, Al(X)-PCH
materials (after calcination at 550°C) exhibited greater
specific surface areas which varied from 743 to
850 m?/g. These values were greater than those of
PCH materials which were prepared using conven-
tional methods and were smaller than those of Zr-PCH
materials that were prepared with similar methods
(Tchinda et al., 2009; Chmielarz et al., 2011; Kooli
etal.,2016). The largest value, 850 m?/g, was obtained
for Al(6)-PCH, whereas the smallest value was attained
for Al(3)-PCH (743 m*/g). AI(X)-PCH materials did not
display microporous volume which decreased dramat-
ically to values close to zero. This finding related only
to Al-modified PCH, not to Zr-modified PCHs, in
which certain microporosity characteristics were pre-
served (Kooli et al., 2016). The increase in specific
surface area was accompanied by an increase in the
total pore volume varying from 0.851 to 0.633 cc/g.

The average pore diameters were in the range 3.82—
3.25 nm, which confirmed the mesoporous character-
istics of these materials.

Fora selected Al(6)-PCH precursor that was calcined
at various temperatures, N, adsorption data indicated
that the Al(6)-PCH precursor exhibited a specific
surface area of 441 m%*g and pore volume of
0.357 cc/g. As mentioned above, the removal of
surfactant molecules led to an improvement of Sgpr
from 441 to 508 m?*/g at 300°C. Further increases in
calcination temperature resulted in surface area
improvements to 850 m*/gm due to the complete
removal of residual organic surfactants as indicated by
the DTG curve. This value was decreased to 795 m?/g
at 650°C; however, it reduced dramatically to 653 and
529 m?/g after treatments at 750 and 900°C, respect-
ively (Table 3). The PXRD patterns did not exhibit a
clear reflection at lower angles for materials that were
calcined at higher temperatures, as presented in
Supplementary Information 2; however, larger specific
surface-area values were obtained compared with those
for the raw clay. The pore volume of the calcined

TaBLE 3. Specific surface areas (Sggr), total pore volume (TPV) and average
pore diameter (APD) of Al(6)-PCH materials calcined at various temperatures.

Samples Sppr (M*/g) TPV (cc/g) APD (nm)
Al(6)-PCH 441 0.357 3.23
Al(6)-PCH (300)* 508 0.446 3.81
Al(6)-PCH (550)* 851 0.851 3.82
Al(6)-PCH (650)* 795 0.651 3.37
Al(6)-PCH (750)* 653 0.530 3.24
Al(6)-PCH (900)* 529 0.499 3.78

*Values in parentheses correspond to the calcination temperature (°C).
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TaBLE 4. Acidity concentration (mmol of protons/g of samples) of Al-intercalated clays and their Al(X)-PCH derivatives

after calcination at 550°C.

Samples Total acidity Weak acidity (100-310°C) Strong acidity (310-420°C)
Al(0)-Mt 0.573 ---- ----

Al(3)-Mt 0.591 (1.320)* ----(0.872) ----(0.626)

Al(6)-Mt 0.539 (1.420) ----(0.626) ----(0.591)

Al(12)-Mt 0.504 (1.084) ----(0.542) ----(0.542)

Al(24)-Mt 0.468 (0.969) ----(0.471) ----(0.498)

*Values in parentheses correspond to the resulting PCH materials.

- - - -2 not determined

materials were reduced to 30%, and the mesoporous
characteristic was preserved with an average pore
diameter of 3.50 nm. Similar data were reported for
Zr-PCH materials that were calcined at various
temperatures (Kooli et al., 2016).

Acidity studies

The cyclohexylamine probe molecules were used to
measure accessible acid sites that were sufficiently
strong to interact with this base. Assuming that each
base molecule interacts with one acid site, the mass
loss between 290 and 420°C was computed to estimate
the acidity in terms of millimoles of cyclohexylamine
per gram of material (Breen, 1991). These data related
to Al(X)-Mt are presented in Table 4. The number of
acid sites in the different materials depended on the
alumina content. Al(3)-Mt exhibited greater acidity,
0.591 mmol/g, at low alumina loading compared with
Al(24)-Mt (0.468 mmol/g). The results were surpris-
ing and indicated that the high acidity was related to the
remaining exchangeable cations in pillared clays
(Breen et al., 1995). In fact, the starting Mt that
calcined at 550°C exhibited a relatively high acidity of
0.573 mmol/g. These values were close to those
reported for pillared clays using the same Al sources
or species, such as zirconia or titania (Mokaya & Jones,
1995; Kooli et al., 1997, 2016).

The DTG curves of cyclohexylamine desorption
exhibited mainly one peak for the mass loss at a
maximum temperature of 338°C for Al(6)-Mt-, Al(12)-
Mt- and Al(24)-Mt-pillared clays (an example is
presented for Al(6)-Mt in Fig. 9¢). However, this peak
shifted to lower temperatures of 315°C for Al(3)-Mt
material (Fig. 9b) and 307°C for raw Mt-calcined clay
(Fig. 9a). The temperature values provided information
regarding the interaction between the probe molecules

and acid sites. The DTG curve for cyclohexylamine
desorption from the Al(6)-PCH material was different
from that of pillared clays. They exhibited two resolved
peaks for mass losses at maximum temperatures of 195
and 347°C (Fig. 9f), which were associated with acid
sites with different strengths. The first peak was related
to weak acid sites, and the second peak was associated
with base molecules that interacted with medium and
strong acid sites (Kooli, 2014a,b, 2016). The first peak in
the DTG curve at 195°C was proposed by different
authors to be related to the acid sites that originated from
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Fic. 9. DTG curves of cyclohexylamine adsorbed on:
(a) Mt, (b) Al(3)-Mt, (c) Al(6)-Mt, (d) Al(3)-PCH and
(f) Al(6)-PCH materials calcined at 550°C.
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clay layers (Polverejan et al., 2000; Pichowicz &
Mokaya, 2001). However, in our case, the parent clay
that calcined at 550°C exhibited a mass loss at a
maximum temperature of 307°C, as mentioned in
Fig. 9a. The peak at 50-70°C was associated with the
loss of physisorbed water and base molecules. Similar
DTG features were recorded for PCH materials that were
prepared from Zr-intercalated clays.

The total acid content of Al(X)-PCH (reported in
Table 4) was greater than those of pillared materials
and those reported for other PCH materials that were
prepared by conventional methods. This variation can
be related to the contribution of the weak acid sites or
the presence of Al in PCH materials. In fact, the acidity
of MCM-41 (pure mesoporous silica) increased when
doped with Al species (Mokaya et al., 1996). The
acidity variation in Al(X)-PCH materials was related to
the reduction in the population of weak acid sites in the
temperature range of 200-310°C, as shown in Fig. 9d
for Al(3)-PCH material.

Hydro-isomerization catalytic properties

The transformation of aliphatic chains with carbon
numbers of 5—7 was considered an important reaction
in the preparation of clean fuel with improved octane
numbers (Hidalgo et al., 2014). This process is called
hydro-isomerization and requires bifunctional metal/
acid catalysts. The hydrogenation and dehydrogenation
steps occur on metallic sites, whereas the isomerization
or cracking steps occur on acid sites. Hence, the
activity and selectivity of metal/acid catalysts depend
on the characteristics of the acid sites and metallic sites
(Deldari, 2005). In the present case, palladium was
selected as the metal catalyst due its good activity for
the reaction (Deldari, 2005).

The starting Pd-Mt clay that was calcined at 500°C
(Pd-Mt(500)) exhibited low activity due to the lack of
acid sites necessary for this reaction, even though it
exhibited the highest acidity using cyclohexylamine,
which indicates that these acid sites were not
sufficiently strong for this type of reaction (Kooli
et al., 2008). In addition, mainly Lewis sites were
detected by pyridine probe molecules (Kooli, 2014a,
b). However, Pd-pillared clays (Pd-Al(X)Mt calcined
at 550°C) exhibited improved activity compared with
Pd-Mt(500) and can be related to the presence of
Bronsted acid sites in the catalysts (Table 5). This
activity depended on the test temperature and lower
conversions between 2 and 5% were achieved at
temperature of 250°C. At a test temperature of 350°C,
the conversion was enhanced and reached a maximum
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TaBLE 5. Catalytic activities of Al-pillared clays and their AI(X)-PCH derivatives after calcination at 550°C.

Cracking (%)

Selectivity (%)

Conversion (%)

300°C 350°C 250°C 300°C 350°C 250°C 300°C 350°C

250°C

ng
50(43)
42(33)

ng
23(24)
28(20)
24(18)

ng
12(8)
15 (3)
13 (3)
14 (5)

ng
45(54)
60(70)
53(59)
50(56)

ng
60(68)

ng
70 (80)
79(80)
73(79)
69(72)

0.0

Mt

21(31)

12(10)
15(18)
14(19)

2(3)

AI(3)-Mt

74(62)
70(82)
65(69)

34(50)

3(2)
2(3)

Al(6)-Mt

46(36)

30(42)

Al(12)-Mt

43(35)

27(21)

13 (15) 28(36)

203)

Al(24)-Mt

Values in parentheses correspond to the catalytic activities of resulting PCH materials.

ng: negligible
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of'34% for Al(6)-Mt pillared clay. This improvement in
catalytic tests with temperature was reported in the
literature and resulted in the activation of acid sites that
were responsible for this reaction (Olaya et al., 2009).
The alumina content in Al(X)-Mt-pillared clays also
affected the conversion percentages. Al(6)-Mt exhib-
ited the greatest activity of 34%, whereas Al(3)-Mt
exhibited a relatively low activity of 21%. The
percentage selectivity for various tested clays
decreased as the test temperature increased from 300
to 350°C, and reached a maximum of 74% for Pd-Al
(6)-Mt catalysts at 300°C. Similar data were reported
for other alumina-pillared materials (Kooli ez al., 2008,
2016; Kooli, 2014a,b). The amount of alumina in
Al(X)-Mt-pillared clays affected the percentage of
isomerization in the test reactions and especially at
350°C. This effect could be explained partially by the
variation in the concentration of the acid sites as
presented in Table 4. The cracking yield at a test
reaction of 350°C varied from 42 to 50% and can be
related to the formation of carbon species that affected
the activity of the acid sites (Table 5).

The AIl(X)-PCH materials exhibited the highest
catalytic conversion and reached a value of 50% at a
temperature of 350°C for the Al(6)-PCH material, with
selectivity and cracking yields of 70% and 33%,
respectively (Table 5). This enhancement in the
conversion can be related partially to the improvement
in the acid sites in the tested catalysts which were
composed of relatively strong Brensted and Lewis acid
sites that were reported in pyridine desorption studies
and their dispersion on the catalysts’ large surface
areas. In addition, the greater surface areas of the PCH
materials are assumed to cause good dispersion of Pd
metals and thus good activity. Compared with zeolite
catalysts, the conversion of Al(X)-PCH materials was
less because of the strength of the acid sites and pore
shapes of the catalysts (Yenfeng et al., 2005; Liu et al.,
2006a,b).

The isomerization to cracking percentage (I/C) ratio
was used as an indication of the efficiency of the
catalysts in this type of reaction (Eswaramoorthi ez al.,
2003; Kooli et al., 2008). For a test reaction at 300°C,
the I/C ratios for Al(X)-Mt-pillared clays were in the
range 2-3.5. These values were close to those reported
in the literature for alumina-pillared clays and greater
than those of zirconia-pillared clays, which indicates
that the Al(X)Mt catalysts prepared could be a
potential candidate for this reaction. A slight variation
in the I/C ratio with alumina content was noted in our
tested clays. However, Al(X)-PCH materials exhibited
higher I/C ratios than with Al(X)-Mt, which were less
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than the zeolites and close to the common catalysts for
this reaction.

The stability of the pillared clays has been
investigated in the case of Al(6)-Mt by extending the
time on stream at a reaction temperature of 350°C. The
conversion and selectivity values decreased up to 12 h.
This decrease was attributed to the formation of coke,
which blocked the acid sites and favoured the cracking
products. However, the Al(6)PCH catalyst exhibited a
maximum conversion capacity of ~50% which
decreased to 40% after 4 h of reaction and keeping
steady for a period of 18 h on stream. These data could
be related to the strength of acid sites and their stability
under the experimental conditions.

CONCLUSIONS

Smectites intercalated with various quantities of Al
species were reported and characterized, and further
use of these precursors was successful in the synthesis
of Al-PCH materials. The properties of these materials
depended on the starting Al-intercalated precursors by
means of the Al content in the precursors. Greater
specific surface-area values were achieved and varied
from 740 to 850 m?/g with strong acid sites. Al(X)-
PCH materials exhibited different activities towards n-
C7 hydro-isomerization, which was reflected by
different conversion and selectivity data with
maximum values of 50% and 70% at a 300°C reaction
temperature. The Al content in the pillared clays and
their PCH derivatives affected the catalytic data and
this could be related to the different strengths of the
acid sites and the textural properties.
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