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Abstract New zirconium-porous clay heterostructures
(PCHs) were prepared using zirconium-tetramer-interca-
lated clay mineral as precursors and a subsequent reaction
with alkylamine molecules and a silica source, such as
tetraethyl orthosilicate. The organic molecules were
removed by calcinations at temperatures above 550 °C.
The precursors and resulting materials were systematically
characterized using different techniques: XRD, XRF, *Si
MAS NMR, N2 adsorption, and TG-DTG. The thermal
stability of the zirconium precursor and porous clay
heterostructure was reported for the first time using in situ
XRD high temperature. The zirconium content in the PCHs
was tuned using the starting precursors with different zir-
conia percentages, and its presence improved the thermal
stability, microtextural properties, and acidity of the PCH
materials compared to the conventional PCH materials.
The length of the alkyl amine chains used also affected the
previously mentioned properties. A higher surface area of
950 m* g~' and pore volume of 0.801 ccg™' were
obtained using dodecylamine molecules and Zr-
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intercalated clay with a starting ratio of Zr (mole) to grams
of clay of 6. The zirconium-porous clay heterostructures
were stable up to 650 °C, with a total acidity concentration
of 0.993 mol g~ of PCH, in addition to strong Bronsted
and Lewis acid sites, which were detected at 500 °C in
vacuum.
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Introduction

The discovery of ordered mesoporous silica materials has
attracted increasing attention because of their potential
applications in many fields [1, 2]. This discovery was based
on the interaction between ionic surfactants and inorganic
ions, which results in an orderly mesoporous network [3].
With appropriate combinations of ionic and neutral amine-
based intragallery surfactants as structure-directing agents
and a neutral silicon precursor, preferably tetracthyl
orthosilicate (TEOS), a silica mesostructure can be inter-
calated within a gallery of clay minerals, and the new
material is called a porous clay heterostructure (PCHs) [4].
The PCHs exhibit interesting properties in terms of high
specific surface areas and defined mesopore sizes from 1.2
to 4.0 nm [5]. These materials have been applied in dif-
ferent fields, such as in catalysis, the environment,
biosensors and drug encapsulation [6-9]. In catalytic
applications, in addition to the surface areas, acidity plays
an important role and can be enhanced by different
strategies, such as by using acid activated clays [10] or
different types of clays as host materials [11, 12] as well as
in post-synthesis and grafting of aluminum or titanium or
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zirconium onto the surface of montmorillonite or saponite-
derived PCH materials [13-15].

ZrO, is a well-known active metal oxide catalyst that
is used in many chemical reactions [16]. The derived
pillared clays with zirconia exhibit unusual properties
compared to the clays pillared with other oxides [17]. The
properties of ZrO,-pillared clays can be tuned by varying
the ZrO, contents [18]. The modification of PCH mate-
rials with Zr was recently reported using different Zr/Si
molar ratios. Zirconium species were added to the TEOS
liquid prior the synthesis of PCH precursors to produce
Zr-PCH with different properties compared to conven-
tional PCHs, which are applied in the separation of
hydrocarbon mixtures [19]. The combination of the pil-
lared process and mesoporous synthesis to prepare PCH
materials that contained Al species and started from an
Al s-intercalated clay precursor was reported [20]. Anal-
ogously, Zr-PCH was prepared following an identical
strategy from zirconium-tetramer-intercalated clay with a
fixed zirconium-to-clay content [21]. In this study, the
effects of different parameters on the properties of the
obtained Zr-PCHs are investigated, such as the zirconium
content in the starting precursors, length of the amine
molecules, and calcination temperature of the PCH pre-
cursors. Different techniques were used to characterize
the products. For the first time, the thermal stability of the
selected precursors was performed using in situ X-ray
diffraction. The acidity was investigated using cyclo-
hexylamine and pyridine as probe molecules.

Experimental

The chemicals in the experiments were of analytical purity
and used without purification. Clay montmorillonite (stx-2,
Mt) was purchased from Prude University with a cation

exchange capacity of 0.92 meq g~ ".

Preparation of Zr-intercalated clays

A series of zirconium-intercalated clays was prepared
using a cation exchange reaction with a zirconyl nitrate
dehydrate solution at different Zr mmole to clay ratios of
3-24 [22]. In brief, 200 mL of zirconyl nitrate dihydrate
solution (0.06 M) was aged at 80 °C for 1 h, which cor-
responded to a Zr/clay ratio of 3 mol g~ '; then, 4 grams of
clay in dry powder form were added to the zirconium
solution and mixed for another 4 h at 80 °C. The resulting
slurry was cooled at room temperature; the solid was
separated by filtration and extensively and repeatedly
washed with deionized water. The sample was assigned as
Zr-Mt(X), where X corresponded to the Zr-mmole clay '
ratio.
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Preparation of the Zr-PCH precursor
Effect of the Zr/clay ratio

The PCH precursor was prepared as described in our pre-
vious work [20]. One gram of the Mt-Zr(X) precursor was
reacted with dodecylamine (C;,H,sNH,) and TEOS at a
molar ratio of clay/C,H,sNH,/TEOS of approximately
1/20/150. The mixture was stirred for 4 h at room tem-
perature. The resulting precursor was recovered by filtra-
tion and air-dried overnight. The sample was assigned as
Zr-PCH(X), for example, Zr-PCH(3) corresponds to a
precursor prepared from Zr-intercalated clay at a ratio of 3,
among others.

Effect of the amine length

For a selected zirconium-intercalated clay (Zr-Mt(6)), the
length of the aliphatic chain in the amine molecules was
varied from Cg to C¢, and a similar procedure was used to
prepare the corresponding PCH precursor as described in
“Effect of the Zr/clay ratio” section.

Effect of the calcination temperature

The selected Zr-PCH(6) precursor was calcined in situ in
an Anton Parr cell connected to an X-ray diffractometer
from room temperature to 425 °C. Then, the sample was
calcined in a tubular furnace in air at different temperatures
of 550-900 °C to study the thermal stability of the Zr-
PCH(6) material.

All of the Zr-PCH(X) precursors were calcined at a fixed
temperature of 550 °C for 6 h in air to remove the amine
molecules and obtain the Zr-PCH(X) materials.

Characterization methods

X-ray fluorescence (XRF) was performed to estimate the
chemical composition in the metal oxide percentage of the
intercalated zirconium clays and their derived PCH pre-
cursors. To confirm the success of the Zr species interca-
lation between clay layers and the synthesis of PCH
materials, an X-ray diffractometer was used from Bruker
(advance 8), which was equipped with a Ni-Filter and Cu-
KA radiation. The in situ studies were performed using
Anton Parr heating stage KT450 between room tempera-
ture and 425 °C, which was attached to the XRD diffrac-
tometer Advance8. Thermogravimetry analysis data were
obtained using a TA instrument SD-966 model under a
flow of air (10 mL min~') and with a heating rate of
10 °C min~". The textural characterization was performed
based on the nitrogen adsorption isotherms using a
Micromeritics apparatus model ASAP2020. Prior to the
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measurements, the samples were treated in vacuum at
200 °C overnight. The specific surface area (SSA) was
estimated using the Brunauer-Emmett-Teller (BET)
method. The micropore volumes and surface areas were
determined using the t-plot according to De Boer’s method.
The total pore volume (TPV) of the studied materials was
calculated from the amount of adsorbed nitrogen at a rel-
ative pressure of 0.97. The *°Si MAS (magic-angle spin-
ning) NMR spectra were recorded on a Bruker 400
spectrometer, which operated at a ?°Si NMR frequency of
78 MHz. A 4-mm standard probe was used with an
8.0 kHz sample rotation rate. In total, 100 scans were
performed with a recycle delay of 200 s. The *°Si chemical
shift is reported with respect to tetramethylsilane (TMS).
The total acidity was monitored using the temperature
programmed desorption (TPD) of cyclohexylamine as a
probe molecule [20]. The experimental procedure was
similar to that reported in our previous studies. The PCH
materials were first saturated with a cyclohexylamine
solution and subsequently dried at 80 °C in air to desorb
the physisorbed molecules. The TPD features were recor-
ded on TA instruments in a nitrogen atmosphere of
50 mL min~" at a heating rate of 10 °C min~'. The mass
loss between 290 and 420 °C was computed to estimate the
acidity in terms of mmol of desorbed cyclohexylamine.
The pyridine molecule was used as another probe molecule
to distinguish among the types of acid sites and their
strength. The infrared spectroscopy of pyridine that was
adsorbed onto Zr-Mt(X) and Zr-PCH(X) materials was
measured in situ after the desorption of pyridine at different
temperatures. The protocol was reported in our previous
studies [20, 21].

Results and discussion
XRF data
The chemical compositions of different Zr-Mt(X) precur-

sors and their derived Zr-PCH precursors are summarized
in Table 1, where the major metal oxides are presented.

The data indicate that calcium cations were exchanged with
Zr species, and the amount of ZrO, (in mass) intercalated
in the Zr-Mt(X) precursors depends on the starting Zr/clay
ratios. The lowest value of 6.23 % was obtained for Zr-
Mt(3), and the highest value of 16.70 % was obtained for
the Zr-Mt(24) precursor. These data are different from
those from previous study [22], where the starting Zr/clay
ratios did not affect the percentage of ZrO, in the resulting
precursors after 1 h of the exchange reaction. This differ-
ence was because of the period of time of the exchange
reaction in the present study (4 h).

The decrease of SiO, percentage (in mass) upon
increase of Zr/clay ratio is consequence of a parallel
increase of ZrO, content. It is obvious that the more pillars
in the intercalated clay, the lower the relative content of
Si0,. The experimental Zr/Clay ratios were lower than the
theoretical values, as shown in Table 1, and a maximum of
1.79 was achieved.

Because the synthesis of PCH precursors is accompa-
nied by an increase in the SiO, content, the latter lowers
the relative amounts of non-Si elements, such as Al or Zr
compared to the Zr-Mt(X) starting materials (Table 1).
Similar data were reported for AlI-PCH prepared from Al;3-
intercalated clay [20]. The percentages of Zr varied from
2.36 to 5.58 %. These values are consistent with those
reported in the literature for PCH precursors containing Zr
species [15].

X-ray diffraction data

The powder XRD patterns of the starting Mt clay and Zr-
Mt(X) precursors are shown in Fig. 1. The intensity of the
first reflection was improved when the Zr/Clay ratio
increased, which indicates a long-range order in these
precursors, as reported in the literature [23]. The basal
spacing of the starting clay was approximately 1.52 nm,
which is related to the presence of calcium cations in the
interlayer spacing. After the reaction with zirconyl solu-
tions, the basal spacing expanded from 1.52 nm to higher
values, depending to the starting Zr/clay ratios: it increased
from 1.91 nm for Zr-Mt(3) to 2.24 nm for the Zr-Mt(24)

Table 1 Chemical analysis of major oxides (mass%) of Zr-Mt(X) and their resulting Zr-PCH(X) precursors

Samples SiO, Al,O4 MgO 71O, CaO Zr/clay™
Mt 66.40 14.50 297 0.00 1.66 0.00
Zr-Mt(3) 54.50 (78.52)* 11.70 (5.53) 2.03 (1.02) 6.23 (4.21) 0.03 (0.02) 0.57
Zr-Mt(6) 49.10 (81.02) 10.40 (5.54) 1.90 (0.66) 11.00 (6.83) 0.02 (0.02) 1.12
Zr-Mt(12) 46.70 (82.21) 10.00 (5.21) 1.69 (0.62) 12.80 (7.25) 0.01 (0.02) 1.38
Zr-Mt(24) 46.40 (83.01) 9.70 (4.67) 1.65 (0.58) 16.70 (8.12) 0.00 (0.02) 1.79

* Values between brackets correspond to Zr-PCH materials. Texperimental values (mmole of Zr g~ of clay)
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Fig. 1 Powder XRD patterns of @ Mt clay and its zirconium-
intercalated derivatives: b Mt-Zr(3), ¢ Mt-Zr(6), d Mt-Zr(12) and
e Mt-Zr(24)

precursor. This variation is related to the ZrO, contents in
different precursors. Similar data were reported using dif-
ferent starting clays and pillaring species [24, 25]. Con-
sidering that the thickness of the Mt layer is approximately
0.96 nm, the interlayer spacing of different Zr-Mt(X) pre-
cursors was in the range of 0.95-1.28 nm. The reported
dimensions of Zr tetramers are 0.89 nm in width and length
and 0.58 nm in thickness [26]. The condensation of tetra-
mers occurred either lengthwise—breadthwise or thickness-
wise. The average increase in interlayer space by 1.14 nm
for Zr-Mt(6) precursor can be considered to be a close
consistency of either double-layer flat-lying Zr tetramers or
a single layer of Zr tetramer that is normal to the silicate
layer [27].

After the reaction with C;, amine and TEOS solution,
the powder XRD patterns of the Zr-PCH(X) precursors are
shown in Fig. 2. The powder XRD patterns exhibited an
intense reflection at lower angles, which corresponds to a
basal spacing of 3.80—4.10 nm. The distance depended on
the Zr contents. The PXRD patterns were similar to those
reported for conventional PCH precursors with no detected
multiple reflection [28]. The increase in basal spacing is
related to the exchange of zirconium species with Ci,
amine cations in the first stage of the synthesis [21].
Indeed, when Zr-Mt(6) precursor was reacted with pure C;,
amine solution, the basal spacing of the resulting material
was expanded from 2.10 nm to 4.15 nm. This expansion
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Fig. 2 Powder XD patterns of Zr-PCH(X) prepared from zirconium-
intercalated clays: a Zr-PCH(3), b Zr-PCH(6), ¢ Zr-PCH(12) and
d Zr-PCH(24)

was due to the insertion of C;, amine cations in the
interlayer spacing [21].

The basal spacing values depend on both the ZrO,
contents and the length of the amine chains during syn-
thesis [5, 28]. Indeed, the Zr-PCH(6) precursor that was
prepared from the Zr-Mt(6) host material exhibited dif-
ferent basal spacings of 3.02—4.20 nm, as shown in Fig. 3.
The lowest value was obtained from Cg amine molecules,
and the highest value of 4.20 nm was achieved using C¢
amine molecules. Similar results were reported in previous
studies [17, 22, 28]. These data confirm that the formation
of the Zr-PCH precursor is the result of the polymerization
of silica species around the amine molecules in the inter-
layer spacing of the clay.

Thermal analysis and stability

A thermogravimetric analysis was used to study the ther-
mal stability of the Zr-Mt(X) and Zr-PCH(X) precursors.
The data were presented in terms of derivative thermo-
gravimetric analysis (DTG) curves. This mathematical
transformation enables us to more accurately determine the
number of steps and maximum temperature of the mass
loss. Figure 4 presents the TG (A) and DTG (A’) curves of
raw Mt and different Zr-Mt(X) precursors. Mt clay mainly
exhibited one mass loss step of 10.6 % in the range of
25-200 °C (Fig. 4A) with two maximum temperatures at
71 °C and 140 °C, which are associated with water
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Fig. 3 Powder XRD patterns of Zr-PCH(6) prepared using TESO
and different lengths of alkyl amine molecules: a CO, b C8, ¢ C10,
d Cl12 and e C16

molecules that are intercalated and coordinated to the Ca®"
cations (Fig. 4A’). The second mass loss of 3.01 % was
related to the dehydroxylation of the clay layers in the
range of 500-600 °C, with a maximum temperature mass
loss at 654 °C [29]. The DTG of Zr-Mt(X) exhibited dif-
ferent features, particularly in the temperature range of RT

to 200 °C; only one DTG peak at 70 °C was observed with
a shoulder at 50 °C (Fig. 4A’), and an average mass loss of
18.2 % was observed. This value was higher to that of pure
Mt (10.4 %) because of the presence of different amounts
of physisorbed water molecules and was associated with
the intercalated Zr tetramers between the clay layers
(Fig. 4A) [30]. The mass loss at higher temperatures in the
range of 500-700 °C was associated with the dehydroxy-
lation of clay layers and Zr species with a percentage of
4-5.2 %, which is higher than that of pure Mt (3 %)
(Fig. 4A) [30]. This increase was related to the presence of
Zr species and its contents. The maximum temperature
peak shifted to lower temperatures from 654 to 583 °C and
574 °C, which is related to the easy dehydroxylation of the
clay layers (Fig. 4A’). Similar data were reported for other
intercalated precursors, such as Al;3 cations [20].

The Zr-PCH(X) precursors exhibited different TG and
DTG curves from the Zr-Mt(X) host materials (Fig. SA,
A’). For example, Zr-PCH(3) exhibited two additional
mass loss steps of 5 and 5.2 % in temperature range of
200-500 °C, which are assigned to the decomposition and
combustion of C;, amine molecules with a continuous
mass loss of 3 % because of the total combustion of the
residual carbon materials (Fig. 5A). The decomposition
was confirmed using DTG curves with three maxima
temperature mass losses at 203, 329 and 470 °C (Fig. 5A’)
[20]. The dehydroxylation of the clay layers shifted to
lower temperature at 558 °C. This shift is related to the
presence of organic molecules in the precursors (Fig. SA’).
Similar data were reported for the organoclays [31]. The
total mass loss associated with the C;, amine molecules

Fig. 4 TG (A) and DTG (A') A A’
curves of a, a’ raw Mt and
different Zr-Mt(X) precursors: 71
b, b Mt-Zr(3), ¢, ¢ Mt-Zr(6), 100 1 064
and d, d Mt-Zr(12) '
- a
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depends on the Zr contents in the Zr-PCH precursors and
reaches a maximum of 21 % for Zr-PCH(24) (Fig. 5A).
Simultaneously, the maximum temperature mass loss peaks
shifted to lower temperatures, as shown in Fig. 5A’,
because of the Zr species.

Using Zr-Mt(6) material to prepare Zr-PCH(6) precur-
sors with different amine chain lengths, we noted that the
mass loss could be related to the content of amine mole-
cules or to the molecular mass of amine molecules: it
varied from 14 % for Cg amine molecules to 24 % for C¢
amine molecules. The temperatures where this loss of
molecules occurs shift to higher values for Cg amine
molecules and lower values for C;s amine molecules.
Similar observations were reported for organoclays that
were prepared with alkylammonium cations of different
alkyl chains [32].

Thermal stability

In situ X-ray diffraction was used for the Zr-Mt(6) sample
and Zr-PCH(6) precursors. For Zr-Mt(6), the basal shrank
from 2.20 to 1.97 nm and 1.90 nm at 100 and 200 °C,
respectively, because of the removal of water molecules, as
indicated in the TG studies. Slight change in basal distance
from 1.86 to 1.84 nm was observed up to 425 °C (Fig. 6).
Qualitatively, the crystallinity of the calcined samples
deteriorated as heating temperature was increased. These
data were surprising because the intercalated clays were
heated generally at temperatures higher than 500 °C to
obtain pillared derivatives. However, our study confirmed
that a temperature less 500 °C (400 °C) would be enough.
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Fig. 6 In situ XRD patterns of a Zr-Mt(6) calcined at different
temperatures. b 100, ¢ 200, d 250, e 300, f 350, g 400 and h 425 °C

The calcinations of different Zr-Mt(X) precursors at
500 °C (reported temperature to obtain pillared zirconia
clays) indicate that the pillared clays exhibited an average
basal spacing of 1.80 nm for Zr/Clay ratios (X) values higher
than 6. However, Zr-Mt(3) did not exhibit a reflection at
lower angles because of the poor long-range order of the
calcined product. Similar data were reported for zirconia-
pillared clays with low zirconium contents [24].
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The in situ study of the Zr-PCH(6) precursor is shown in
Fig. 7. No variation in basal spacing was observed at
heating temperatures below 100 °C. An increase of basal
spacing was observed into the range 200-250 °C, from
392 to 4.31 nm. This increase was also reported for
organoclays [31, 32]. At higher temperatures than 300 °C,
continuous shrinkage was observed with less extent at
420 °C, and a value of 3.80 nm was achieved. The
decrease is related to the loss of organic amine molecules
and dehydroxylation of silica species. This value was
maintained until 550 °C with a reflection at a lower angle
of 3.81 nm. However, by increasing the temperature to
650 °C and above, the PXRD pattern of Zr-PCH(6) did not
exhibit reflections at lower angles, and a reduction of the
intensity of the first peak was observed. Similar data were
reported in the literature, which can be related to the short-
range order in these materials [19, 21] (Fig. 8).

29Si MAS NMR studies

The *°Si MAS NMR technique was used to confirm the
incorporation of mesoporous silica in the Zr-PCH materials
and identify the local structures of silica species in the
materials. The *°Si MAS NMR of the starting Zr-interca-
lated precursors was reported in our previous studies
(supplementary material 1) with an intense resonance peak
at —94.2 ppm, which is typical of silicate layers, and Q° Si
atoms in the tetrahedral coordination and a shoulder at
—112.2 ppm, which is related to quartz impurities in the

Intensity/a.u.
» >
40ﬁ
@ — «

Fig. 7 In situ XRD patterns of a Zr-PCH(6) calcined at different
temperatures, b 100, ¢ 200, d 250, e 300, f 350, g 400 and g 425 °C

precursors [21, 33]. The similarity between the 28i MAS
NMR of Mt and Zr-Mt(X) confirmed that the intercalation
of Zr species did not alter the structural environment of the
silicate layers (supporting information 1). However, the
2Si MAS NMR spectra of the Zr-PCH(X) precursors
showed different profiles. For example, the Zr-PCH(6)
spectrum displayed an intense resonance peak at
—110.8 ppm and a weak one at —100.2 ppm. The spectrum
did not display the characteristic resonance peak of TEOS
at —81.7 ppm [34], which confirms the polycondensation
of silicon species [35]. The peaks at —110.8 and
—100.2 ppm were assigned to Q* Si species Si(SiO4) and
Q? Si species (HO)(SiO3), respectively (Fig. 9) [36, 37].
The intensity of the Q? Si species of Zr-Mt(6) decreased.
(supplementary material 1) These data indicate the pres-
ence of silica species in the interlayer space of the clay
layers. After calcination at 550 °C, the resonance peak of
the Q* Si species broadened and shifted to lower values of
—108.1 ppm because of the dehydroxylation of the silica
species after calcinations [20, 21]. The Q3 Si band at
—94.2 ppm, which is related to the clay layers, was
broadened and decreased in intensity with a shift to
—92.5 ppm. The band related to Q* mesoporous silica
remained observable, with a slight shift in position to
—100.8 ppm (Fig. 9). Similar *°Si MAS NMR features
were obtained when the Zr-PCH(6) precursor was calcined
at 650 °C or above; the spectra mainly exhibited a broad
resonance peak around —108.1 ppm, which is related to Q*
Si species with two different shoulders, that is, their
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Fig. 8 Powder XRD patterns of a Zr-PCH(6) precursor calcined at
different temperatures: b 550, ¢ 650, d 750, e 850, and f 900 °C
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Fig. 9 %°Si MAS NMR spectra of a Zr-PCH(6) precursor calcined at
different temperatures: b 550, ¢ 650, d 750, and e 850 °C

intensities decreased with increasing calcination tempera-
tures. The broadness of the resonance peaks indicates that
different silicon species coexisted and were mixed in one
phase. It was difficult to identify the other peaks of the clay
layers or other silica species, particularly at 850 °C and
above (Fig. 9).

The Zr-PCH(X) that was calcined at 550 °C exhibited
similar ?Si MAS NMR spectra with an intense peak cen-
tered at —108 ppm and a weak peak at —93 ppm, which
was assigned to traces of clay layers. The incorporation of
Zr species into MCM-41 was deduced from the splitting of
the Q* Si and Q® Si resonance peaks into doublets. In our
cases, it was difficult to note this splitting even for higher
Zr contents. The large broadness of the peak at —108 ppm
caused the difficulty, and the splitting could be embedded
in the peak.

Textural properties

The change in the textural properties was evaluated using
the N, adsorption isotherms. The Zr-Mt(X) precursors had
similar N, adsorption isotherms with a combination of type
I (because of the presence of some micropores) and Type II
at relative pressures above 0.5, which are related to the
mesoporous character of these precursors. Similar shapes
were reported for intercalated clays with other polyoxo-
cations [38]. The amount of adsorbed N, at low relative
pressures (P/P, < 0.1) increased with the ZrO, contents in
the precursors. The N, gas at a higher relative pressure was
enhanced because of the capillary condensation of N, gas
to N, liquid (supplementary material 2).
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After the reaction with C;, amine molecules and TEOS,
the shape of the N, adsorption isotherms was unchanged.
The Zr-PCH(X) precursors exhibited a type II with slight
increase of the N, adsorbed, due to the presence of organic
molecules around the condensed silica species that blocked
the access of N, molecules [20] (supplementary material
3). Similar data were reported for conventional PCH and
Al-PCH precursors [20, 21]. The removal of C,, amine
molecules at 550 °C provokes more void space and
increases the amount of adsorbed N, gas. Indeed, the shape
of the isotherms was completely differed from that of the
precursors: they exhibited a type II shape, [39] with a
hysteresis loop characteristic of type IVa with meso- and
macroporosity [40, 41]. The significant increase in the
amount of adsorbed N, at a low to medium relative pres-
sure indicates an easy accessibility of nitrogen molecules to
the micropores and may suggest the presence of supermi-
cropores and small mesopores [39, 41]. N, was adsorbed at
higher relative pressure because of the capillary conden-
sation, which is associated with the change in pore shapes
among the aggregates, as revealed by a change in the
hysteresis loop (supplementary material 3).

The textural properties of Zr-PCH(X) materials (after
calcinations at 550 °C) are summarized in Table 2. The SSA
values were higher than those of the Zr-Mt(X) precursors and
depended on the ZrO, contents. The lowest value was
obtained for Zr-PCH(3) (445 m’ g_l), whereas the highest
value was obtained for Zr-PCH(6) (950 m? g_l); the other
materials had intermediate values. The obtained values were
higher than the reported values for conventional PCH
materials [11, 12, 41]. Surprisingly, Zr-PCH(X) exhibited
low micropore surface area values, and their percentage to
the total SSA was approximately 10-20 %. The total pore
volume (TPV) values were also related to the ZrO, contents
in Zr-PCH(X) materials, with a higher value for the Zr-
PCH(6) material. The TPV values were higher than those
reported for conventional PCH materials [19, 40]. The
average pore diameter (APD) data varied from 3.24 to
3.53 nm, which correspond to pores in the mesopore range
and are consistent with the PCH characteristics.

For the Zr-PCH(6) precursor that was calcined at dif-
ferent temperatures, the data are summarized in Table 3.
The SSA value decreased with a certain extent when the
precursor was calcined at 650 °C. This decrease was
accompanied with a reduction of textural properties. The
SSA values were further reduced with the raise of the
calcination temperature. A noticeable reduction from 950
to 308 m* g~ ' occurred at 900 °C, which can be associated
with the destruction of the clay layers and intercalated
silica mesoporous materials, as indicated by a reduction in
the TPV value to 0.325 cc g~ ' and an increase of APD of
421 nm. As mentioned in the PXRD paragraph, no
reflection peak was detected for the calcined materials;
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Table 2 Textural properties of Zr-Mt(X) precursors and their Zr-PCH derivatives after calcinations at 550 °C

Samples SSA/m* g~! ppore volume/mL g~ ppore SA/m? g~ ! TPV/cm® g~! APD/nm

Mt (pure) 78 (180)* 0.002 (0.008) 12 (16) 0.013 (0.028) 6.67 (6.22)
Zr-Mt(3) 231 (445) 0.083 (0.063) 103 (50) 0.194 (0.394) 3.36 (3.53)
Zr-Mt(6) 277 (950) 0.088 (0.104) 122 (142) 0.324 (0.801) 4.67 (3.37)
Zr-Mt(12) 287 (933) 0.095 (0.105) 187 (135) 0.229 (0.818) 3.19 (3.50)
Zr-Mt(24) 318 (908) 0.091 (0.101) 174 (145) 0.320 (0.736) 4.02 (3,24)

* Values between brackets correspond to Zr-PCH materials. SSA corresponds to specific surface area, ppore volume, ppore SS corresponds to
micropore surface area TPV corresponds to total pore volume, and APD corresponds to average pore diameter

Table 3 Textural properties of Zr-PCH(6) calcined at different temperatures

Samples SSA/m? g_1 ppore volume/mL g_1 TPV/cm?® g_l APD/nm
Zr-PCH(6) 401 0.067 0.287 2.87
550 °C 950 0.104 0.801 3.37
650 °C 808 0.091 0.686 3.40
750 °C 743 0.068 0.652 3.52
850 °C 506 0.059 0.460 3.64
900 °C 308 0.000 0.325 4.21

SSA corresponds to specific surface area, ppore volume corresponds to micropore volume, TPV corresponds to total pore volume, and APD

corresponds to average pore diameter

because of the loss of range order and crystallinity. How-
ever, the textural properties remained higher and close to
those of the PCH materials.

Acidity characterization
Acidity concentration

The measured acid sites of cyclohexylamine are accessible
to the probe molecule and are sufficiently strong to interact
with the base [10, 18]. The mass loss between 290 and
420 °C was used to estimate the acidity in terms of mmoles
of cyclohexylamine.

The TG and DTG curves of desorbed cyclohexylamine
on different Zr-Mt(X) that were calcined at 500 °C are
shown in Fig. 10A, A’. The pure clay Mt exhibited a
maximum temperature peak at 305 °C, The temperature of
this peak shifted from 305 to 346 °C for Zr-Mt(X) materi-
als depending on their ZrO, content, which is related to the
strong interaction between the base molecules and the
protonic sites, which were generated by the pillaring zir-
conia species [18]. A shoulder at 302 °C was also observed
and coincided with that of pure Mt clay, which may indi-
cate that some of the cyclohexylamine molecules that were
adsorbed on the clay layers contributed to the acidity of
these intercalated materials. At a higher ZrO, content, the

peak became sharp and no shoulders were observed. A
broad peak with a lower intensity at 230 °C was also
recorded in all of the samples and may be associated with
weak acid sites that interact with the base molecules [42].
The peak at lower temperatures (70 °C) is related to the
loss of physisorbed water and/or base molecules.
However, the DTG of desorbed cyclohexylamine on Zr-
PCH(X) materials exhibited different features with two
resolved peaks at maximum temperatures about 200 and
346 °C, which indicates the presence of two types of acid
sites with different strengths (Figs. 11A, A’) [20, 40]. The
peaks at 200 and 342 °C were associated with base mole-
cules that were adsorbed on medium and strong acid sites,
respectively. The intensity of the peak at 342 °C was
improved with the increase in the ZrO, content in the Zr-
PCH materials with a slight shift in temperature. Mean-
while, the intensity of the peak at 200 °C decreased for the
Zr-PCH materials when the ZrO, content increased. The
mass loss at lower temperatures, from 25 to 100 °C, which
was accompanied with a peak at 70 °C, can be associated
with the loss of physisorbed water and the base molecules.
The total acid content of Zr-PCH(X) decreased with the
increase in the Zr content in the PCH materials, which is
related to the decrease in the number of weak acid sites in
the temperature range of 200-310 °C, as shown in Fig. 11,
where the area of the DTG peak was reduced. However, the
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Fig. 10 TG (A) and DTG (A")
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content of medium to strong acid sites increased with the
increase in the Zr content (Table 4). The area of the DTG
peaks in the temperature range of 310-420 °C was
improved with the Zr content (Fig. 11). In comparison with
conventional PCH, the increase in the number of acid sites
was suggested for the presence of Zr species. The reported
values in the table were higher than those reported for Al-
PCH materials [20], which can be associated with the
difference in the acidity of Al and Zr species and is con-
sistent with the reported data for alumina- and zirconia-
pillared clays.
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The calcinations temperature also affected the acidity of
the Zr-PCH(6) material. Indeed, the Zr-PCH(6) that was
calcined at 900 °C exhibited the lowest acidity
(0.210 mmol g=") compared to Zr-PCH(6) calcined at
550 °C  (0.993 mmol g~ '). Intermediate values were
obtained for temperatures in the range of 650-850 °C
(Table 4). This difference can be associated with the
decrease in the available surface area to the probe molecule
or the inaccessibility of acidic sites after calcinations
because the layered structure of Zr-PCH materials was
destroyed.
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Pyridine desorption

The cyclohexylamine probe molecule could not distinguish
the different natures of the acid sites. However, the pyr-
idine probe molecule can differentiate between the types of
acid sites (Bronsted or Lewis), and their strength character
is investigated after the in situ desorption at higher tem-
peratures and in vacuum [43]. The positions of the
adsorption bands in the FTIR spectra help to identify the
Bronsted and Lewis acid sites.

The raw material (Mt) mainly exhibited weak Lewis
acid sites, which were associated with an FTIR adsorption
band at 1450 cm™', after the outgassing temperature at
200 °C and above [38]. Nonetheless, Bronsted acid sites
were detected at 1540 cm™" at temperatures below 200 °C.
However, the Zr-Mt(6) sample exhibited both Bronsted and
Lewis acid sites at temperatures of 300 °C and above, with
a relative decrease in the intensity of these bands at 500 °C
(Fig. 12). The bands of the Lewis acid sites had higher
intensities than those of the Bronsted acid sites [21]. The
extent to which pyridine molecules remained adsorbed on
the acid sites at higher temperatures reflects both the
strength and number of the surface acid sites. From the
described results, Zr-Mt(6) appeared to have a Lewis acidic
character at temperatures above 200 °C with small
amounts of Bronsted acid sites at 500 °C (Fig. 12). The
content of ZrO, in Zr-Mt(X) affected these observations.
At higher contents of ZrO, species [samples Zr-Mt(12) and
Zr-Mt(24)], an enhancement in the number of Bronsted
acid sites and their strength was observed, even at 500 °C.
In this case, both bands related to these two types of acid
sites were detected in the spectra with better intensity (not
shown). However, at a lower ZrO, content, the Zr-Mt(3)
sample mainly exhibited Lewis acid sites with a FTIR band
at 1445 cm™" with a low intensity because of the small
amount of weak acid sites. These data are consistent with

those in the literature for pillared zirconia clays, and the
generation of acid sites in calcined Zr-Mt(X) is associated
with the presence of Zr species in the materials [43]. The
origin of the acid sites is related to the interaction between
zirconium species and the clay layers or to the sites that
arise from the hydroxyl groups attached to Zr and the
structural hydroxyl groups in the pillared clays [44].

In the case of Zr-PCH(X) materials with X values higher
or equal to 6, the pyridine desorption spectra exhibited
clear bands that are related to Bronsted and Lewis acid sites
at 1445 and 1545 cm ™!, respectively. An intense additional
absorption band at 1490 cm™!, which is associated with
both acid sites, was also observed [29]. The intensity of
these bands slightly decreased, even at outgassing tem-
peratures of 300 °C (Fig. 12). At 500 °C, the materials
exhibited Bronsted and Lewis characteristics. These data
are related to an improvement in the number of acid sites
and their strength nature (Fig. 12). At a low ZrO, content
in the Zr-PCH(3) material, different results were obtained
at 300 °C; however, the characteristic bands of B and L
sites were detected with low intensity. The lower intensity
of the band at 1490 cm ™' indicates a smaller contribution
of Bronsted acid sites to this band. At higher temperatures,
the band at 1490 cm ™' reduced because of the weakness of
the Bronsted acid sites and strength of the Lewis acid sites
(no shown). The conventional PCH material with pure
silica exhibited a notably similar behavior of the Zr-
PCH(3) material with a Lewis character at 300 °C [45].

Pure zirconium oxide (ZrO,) exhibited mainly Lewis
acid sites at 300 °C, and pure mesoporous silica also
exhibited a Lewis character with a different strength
[46, 47]. In our case, the combination of these two species
and their interaction with the clay layers generated stronger
Bronsted acid sites than a mixture of ZrO,—SiO, species.
Similar data were reported for Zr-PCH materials that were
prepared from a pure layered silicate magadiite [48].

Table 4 Acidity concentration of starting Zr-Mt(X) and their resulting Zr-PCH(X) calcined at 550 °C

Samples Total acidity® Weak acidity® (120-310 °C) Strong acidity® (310-420 °C)
Mt 0.057* 0 0.057

Zr-Mt(3) 0.326" (1.031) 0 (0.910) 0 (0.121)

Zr-Mt(6) 0.367* (0.993) 0 (0.802) 0 (0.191)

Zr-Mt(12) 0.386" (0.973) 0 (0.739) 0 (0.234)

Zr-Mt(24) 0.394* (0.953) 0 (0.656) 0 (0.297)

Zr-PCH(6)650 0.812 0.676 0.135

Zr-PCH(6)750 0.652 0.581 0.101

Zr-PCH(6)850 0.433 0.380 0.053

Zr-PCH(6)900 0.120 0.120 0

The values between brackets correspond to those Zr-PCH(X) materials after calcinations at 550 °C

* Corresponds to mmole of acid sites g~ of sample
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Fig. 12 FTIR spectra of pyridine desorbed at 300 °C in vacuum on
different materials. a Mt, b MtZr(6) and ¢ Zr-PCH(6). ', ¥, ¢’
correspond to pyridine desorbed at 500 °C

Conclusions

Porous clay heterostructures were successfully prepared
from a zirconium-intercalated clay mineral. The interca-
lation of Zr species between the clay sheets plays a major
role in the preparation of PCH materials. The physic-
chemical properties of these materials were affected by
different factors, such as the content of zirconium species
in the starting precursors, length of the alkyl chain used
during the preparation and calcination temperatures of the
resulting PCH materials. The prepared precursors exhibited
good thermal stability up to 600 °C with higher specific
surface areas and larger pore volumes than the conven-
tional PCH materials, and approximately 20 % of the
microporosity was maintained. The presence of zirconium
species also affected the loss temperature of the surfactants
and generated two types of acid sites with different
strengths, as indicated by the TG-DTG desorption of the
cyclohexylamine probe molecule. The concentration of
weak to medium acid sites decreased and that of strong
acid sites was improved with the increase in the Zr/Si
molar ratios in Zr-PCHs. The strong Bronsted acid sites
were also associated with the presence of zirconium spe-
cies at the desorption temperatures of pyridine at temper-
atures above 400 °C. This method of synthesis enables us
to tune some of the important properties that can be used in
different catalytic applications.

@ Springer
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