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Energy-Saving Dehydration of Primary Alcohol Under the
Formation of Alkenes via a Bifunctional Clay Catalyst

Margherita Cavallo,!? Adil Allahverdiyev,’®! Melodj Dosa,! Oscar Kelly,I! Valentina Crocella,!

Francesca Bonino,*@ and Harald Groger*®]

A commercial acid-leached bentonite (FULCAT®-22 F) catalyzed
the dehydration of a range of alcohols efficiently under energy-
saving conditions. Dehydration of a primary alcohol such as
1-hexanol took place in the 150-180 °C temperature range with
a yield of 52%. This unexpected high catalytic activity was then
studied by deeply characterizing the clay catalyst using both
fundamental and advanced characterization methods. In agree-
ment with VT-XRD results, by increasing the temperature, BET
and PSD analysis evidenced a decrease in SSA (passing from
207 m? g~' at 180 °C to 175 m? g~' at 400 °C) and slight mod-

1. Introduction

Without any doubts, rapid transformation of our today’s indus-
trial raw material basis from fossil to renewable feedstocks is
of utmost importance for the chemicals industry and energy
sector."! This urgently needed change of production methods
toward a renewable raw material basis will be in particular
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ification in the micropores present in the material (0.055 and
0.0039 cm?® g~ at 180 °C and 400 °C, respectively). EDX showed
that Fe, Mg, and K are the most abundant metals present in
the structure. A deep spectroscopic analysis, with different basic
molecular probes (CO, CD;CN, Py, and NHs), revealed, by increas-
ing the temperature, a decrease in Brgnsted acid sites and an
increase in Lewis acid sites. We hypothesized that the presence
of these acidic sites is a key factor contributing to the observed
high reaction yield of this clay-type catalyst.

of relevance for those basic platform chemicals or commodity
chemicals, which are produced on millions of tons scale. Most
of those chemicals are alkenes such as ethylene and propylene,
but also the higher homologous derivatives such as butenes and
hexenes play an important role as bulk chemicals and offer a per-
spective to be used as jet fuels in the future.!”! As for the product
class of hexenes, today’s typical production route is based on
refining crude oil. An alternative for a future access based on
CO, as a renewable starting material consists of Fischer-Tropsch
synthesis.>* However, this approach is limited by the enormous
energy demand due to the needed extremely high reaction
temperatures!® but also low catalyst stability!®! and low activity
as well as limited selectivity of the catalyst for such hexenes as
longer carbon chain products represent drawbacks.”? A promis-
ing further renewable-based technique represents the coupling
of artificial photosynthesis with chemical dehydration. It has
very recently been reported that 1-hexanol is being produced
on technical scale utilizing the Siemens-Evonik process, which
involves the use of CO, as a starting material by combining
artificial photosynthesis under formation of syngas with micro-
bial fermentation.'®! However, in spite of the realized economic
access to 1-hexanol, dehydration of this primary alcohol under
hexene formation remained challenging due to the high diffi-
culty of dehydrating primary alcohols under mild conditions (in
contrast to secondary and tertiary alcohols). Traditionally, very
harsh conditions have been applied for dehydration of aliphatic
primary alcohols, such as stoichiometric use of catalyst and reac-
tion temperatures of > 300 °C.°! Recently Vorholt et al. were
able to show the dehydration taking place at a decreased tem-
perature of 200 °C using phosphoric acid, however, with the
ether being the main product.'™ In our very recent work aiming
for decreasing the reaction temperature and increase selec-
tivity toward alkene formation from 1-alkanols, we succeeded
in obtaining yields exceeding > 70% at temperatures of 140-
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160 °C, which represent to best of our knowledge the lowest
temperatures for this reaction and, thus, energy-saving condi-
tion reported up to now. For this type of dehydration, we used
either strong Lewis acids or Brgnsted acids.™ It became evi-
dent in this study, that increase of the acidity strength of the
catalysts goes along with an improved catalytic performance,
which is expected and can be rationalized by the increased
potential to activate the hydroxy group of the primary alcohols,
thus facilitating dehydration. However, these applied catalysts
have been homogenous so far, which makes typically catalyst
recycling and separation from product mixtures more compli-
cated compared to the use of a heterogeneous catalyst. Thus, a
heterogenous catalyst would represent a more favored option.
One of the reasons why so far dehydration of primary alco-
hols under mild conditions is conducted with homogeneous
catalysts is due to their much higher acidity, which in case of
Bronsted acid catalysts often show even negative pK, values
(e.g., triflic acid). On the other hand, heterogeneous catalysts
are typically less acidic. In order to overcome this limitation,
we envisioned that making use of such heterogeneous cata-
lysts, which have multiple catalytic active sites and, thus, could
offer a bifunctional activation mode of the primary alcohols by
an acidic activation of the hydroxy group and a basic activa-
tion of the C—H-bond in B-position, could then enable such
a dehydration process in an efficient manner. The process effi-
ciency with such a heterogeneous catalyst could then be similar
or even superior to the one with homogenous catalysts and
provide in addition all the advantages heterogeneous cataly-
sis offers. In principle, various types of heterogeneous catalysts
can be employed for alcohol dehydration reactions. Among
the most commonly used heterogeneous catalysts are zeolites
and amorphous aluminosilicates. However, these materials often
exhibit notable drawbacks, including the requirement for very
high reaction temperatures,™ limited thermal stability due to
decomposition through coking!™ or deactivation by water,!™]
and limited selectivity as a result of promoting undesired side
reactions, such as cracking or oligomerization."! In order to
overcome such limitations, we became interested in studying
bentonites as heterogeneous catalyst moieties in terms of their
suitability due to the multiple options to fine-tune their active
sites.

Bentonite is a type of claystone composed mostly of mont-
morillonite that is a clay mineral from the smectite group.
Smectites are a group of clay minerals with a 2:1 phyllosili-
cate TOT structure consisting of an octahedral alumina sheet
between two tetrahedral silica layers. The ideal half-cell chemi-
cal formula for montmorillonite is Moz3, H;OAl 6,(Fe**, Mg*)o33
SizO10(OH),, where M is a metal cation in the interlayer space
between TOT sheets. The tetrahedral cations are Si**, and the
octahedral ones are mostly AP+, Fe?*, and Mg?*. In the octahe-
dral sheets, AP* is mainly replaced by Fe** and Mg?*, creating
an excess of negative charge in the structure. Different cations
neutralize the charge and are localized in the interlayer together
with water molecules.'”! This clay has been widely used, mostly
in acid-leached form, in many catalytic reactions as an alter-
native to homogeneous catalysts, and particular attention has
been paid to the study of the acidity of this material.'®2"! Typ-
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ical application include the cracking process of heavy oil /"
Friedel-Crafts acetylation,!?>%! alkylation,!*" acetylation,! alkyl
rearrangement,"®! halogenation,'?! dimerization as well as iso-
merization of alkenes,'?’! esterification,!”®! and dehydration of
alcohols toward ether®! or alkenes.>”! As for the latter trans-
formation, so far, bentonites have been studied for dehydration
of the more reactive secondary and tertiary alcohols. In such
previous studies with bentonites, however, it turned out that
dehydration of secondary and tertiary alcohols toward alkenes
proceeds efficiently, while for the primary alcohol, only ether
formation was observable at 200 °C.13"

From a catalytic perspective, montmorillonite exhibits both
Lewis acid sites (LAS) and Brgnsted acid sites (BAS), which are
influenced by its provenance, the hydration level, and the ther-
mal or acid treatment applied to the material. Usually, the LAS
are associated with low-coordinated aluminium/iron/magnesium
structural species or interlayer cations, while the BAS arise
from structural silanols (weak acidity) and from the dissocia-
tion of interlayer water molecules coordinated the cations.’?
Since water is directly connected to the formation of BAS, the
hydration level of the material plays an important role in many
catalytic reactions: the higher the temperature, the lower the
water content in the sample, and consequently, a lower amount
of BAS is expected. On the contrary, lower temperature appli-
cations are usually associated with higher BAS content and
lower LAS availability, as they are coordinated with the water
molecules.!'8]

Additionally, when an acid treatment is performed, different
modifications may occur in the material, thus leading to changes
in its physical properties, such as specific surface area or pore
volume, and consequently in its chemical properties.?*34 Acid-
treated montmorillonite still contains a range of basic moieties,
which in turn can act as a Brgnsted base for proton abstrac-
tion in a dehydration process. In this case, the exchangeable
cations are expected to be replaced by protons in the interlamel-
lar space, and parallelly, the leaching of cations from octahedral
sites may occur.>*®1 These treatments, therefore, probably lead
to the formation of some new BAS in the structure (herein
defined as “structural” BAS) different from that originated by the
dissociation of the water molecules. Due to all these factors that
influence the acidity of the material, it is not straightforward to
make a complete identification of the different LAS and BAS.

Making use of these unique opportunities for tailoring cheap
and readily available, thus economically highly attractive mont-
morillonite clays by adjusting acidic and basic moieties, we now
developed a highly efficient process in the presence of such a
catalyst for dehydration of a range of alcohols, including primary
alcohols exemplified for the conversion of 1-hexanol to hexenes.
It is noteworthy that in spite of having higher pKa values than
the most efficient homogeneous Brgnsted catalysts for theses
reactions, such montmorillonite clays with bifunctional catalytic
moieties outperform them in terms of catalyst loading and
enables dehydration under energy-saving conditions with excel-
lent conversion. These findings are reported in the following
together with a deep characterization of the applied montmo-
rillonite clay catalyst by means of IR spectroscopy in interaction
with different probe molecules. LAS and BAS present in the
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sample and their possible modification with temperature were
deeply characterized allowing us to rationalize these experimen-
tally identified outstanding catalytic activities of montmorillonite
clays.

2. Materials and methods
2.1. Materials

If not otherwise stated, chemicals were procured from commer-
cial sources and used without any further purification.

Substrates: 1-hexanol (Alfa Aesar, 99%), 2-hexanol (TCl,
>98%), 2-methyl-2-hexanol (TCl, >96%), 1-heptanol (Thermo Sci-
entific, 99%), 1-octanol (Thermo Scientific, 99%), 1-nonanol (TCl,
>99%), 1-decanol (Roth, >99%).

Homogeneous catalysts: Hf(OTf)4 (Thermo Scientific, 98%),
TfOH (Fluorochem, 99%), pTsOH (Thermo Scientific, >99%),
AcOH (TCl, >99.5%), H3;PO, (85%), TFA (TCl, >99%), H,SO,4
(Thermo Scientific, 95%-98%)

Heterogeneous catalysts: mesoporous silica (Sigma Aldrich,
SBA-15), Amberchrom 50WX8 (Sigma Aldrich, H*-form 200-400
mesh), Amberlite IR-120 (Merck, H-form, 15-50 mesh), Dowex
(Roth, 50WX2, H*-form, 50-100 mesh), zeolite B (abcr chemi-
cals, ammonium-form, 680 m?/g, 25:1 mole ratio), zeolote y (abcr
chemicals, H*-form, 660 m?/g, 52:1 mole ratio), FULCAT®-22 B
and FULCAT®-22 F were provided by BYK Additives Ltd., Widnes,
United Kingdom.

2.2. Catalytic Tests

Reactions were carried out under atmospheric pressure if oth-
erwise not staed and under neat conditions, without any use
of solvent. Typical reaction conditions were either in batch or
distillation mode, which will be described in further detail.

Reactions were generally performed in a 25 mL flask, and a
detailed experimental protocol of the dehydration experiments
is given in the Supporting Information. For primary and sec-
ondary alcohols, an in situ removal by distillation was performed
to shift the equilibrium to the product side. However, only for
initial studies, a micro-distillation bridge was used for tertiary
alcohols. Reactions were performed from 60-180 °C, depending
on the substrate used. In the case of distillation, at the end of
the reaction, a separation of the organic phase from the aqueous
phase of the distillation flask was performed. The crude yield and
alkene purities were determined by 'H-NMR after determination
of the mass (see Supporting Information for additional infor-
mation). In case of experiments performed under batch mode,
distillation was not performed. Here, at the end of the reaction,
the conversion was determined using 'H-NMR.

2.3. Fundamental Characterizations

Both fundamental and spectroscopic characterizations were car-
ried out on the heterogeneous FULCAT®-22 F catalyst to better
understand the reason for the high yield of the reaction. The
sample was first characterized by Variable temperature powder
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X-ray diffraction (VT-PXRD) to study the variation in the crys-
talline phase by increasing the temperature. XRD patterns (CuKe)
were taken using an XRD diffractometer (Malvern Panalytical,
Empyrean Multicore, Detector PIXcel 3D) in the 25-400 °C tem-
perature range (HT stage Anton Paar HTK 1200 N). During the
experiment, a vacuum level of 2 x 10 = mbar was reached, and
each pattern was acquired under isothermal conditions.

Thermogravimetric analysis (TGA) was performed by means
of a TA Instruments Q600 programmed using a temperature
ramp of 3 °C min~' from RT to 1000 °C in N, atmosphere (100 mL
min~" flows).

To check the morphology and the elemental composi-
tion of the sample, scanning transmission electron microscopy
and energy dispersive X-ray analysis (FE-SEM) measurements
were performed on a FESEM TESCAN S9000G equipped with a
Schottky-type EGF source. The voltage used for electron accel-
eration is 15 kV, and the probe current is 300 pA. An OXFORD
model Ultim Max Aztec software was used for the microanalysis.

N, adsorption/desorption isotherms were measured on a
Micromeritics 3Flex at —196 °C to evaluate the textural prop-
erties of FULCAT®-22 F, previously activated at 80 °C, 180 °C,
or 400 °C for 3 h under vacuum. The textural properties
were evaluated by using the Microactive software provided by
Micromeritics. The Specific surface area (SSA) was determined by
using the Brunauer-Emmett-Teller (BET) method, over the range
P/Py = 0.05-0.2, checking the Rouquerol consistency criteria.>”!
The cumulative pore volume and the pore size distribution were
evaluated using the Non-Local Density Functional Theory (NL-
DFT), using a cylindrical pore geometry and the “NLDFT for
Pillared Clays” model.

2.4. Spectroscopic Characterizations

The study of Lewis and Brgnsted acidity was performed on the
FULCAT®-22 F catalyst by means of Fourier-transform infrared (FT-
IR) spectroscopy. The spectra were collected with a Bruker Vertex
70 equipped with an MCT (mercury cadmium telluride) cryo-
detector. All the spectra were recorded in the 4500-600 cm™'
spectral range with a resolution of 2 cm™' and an average of
32 scans. Before the analysis, FULCAT®-22 F, as a self-supported
pellet, was activated in vacuum for 3 h at 80 °C, 180 °C, or
400 °C. The change in the acidic properties of FULCAT®-22 F
previously evacuated at different temperatures was studied by
dosing gaseous basic probe molecules on the sample. The spec-
tral changes were detected during the adsorption/desorption of
carbon monoxide (CO), deuterated acetonitrile (CD;CN), pyridine
(Py), ammonia (NH;), and heptanenitrile (C;H;3N). The specific
experimental settings are reported elsewhere.38-%01

3. Results and Discussion
3.1. Catalytic Tests
While dehydration of alcohols seems to be classical “textbook

chemistry”, such reactions are far from being established as an
energy-saving, thus sustainable method for primary alcohols due
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to the harsh conditions typically associated with this reaction Selectivity:

over decades. Very recently, some of us reported the success-
ful use of Lewis and Brgnsted acids for the dehydration of such
primary alcohols under relatively mild conditions, and reaction
temperatures in a range of 140-160 °C."™ Although the reusabil-
ity of these catalysts for several cycles without any loss of activity
was shown, various limitations remained due to the homoge-
neous form of these catalysts. For example, in our previous setup,
quantitative removal of products was not achieved, resulting in
a certain amount (10%-15%) remaining trapped inside the reac-
tion flask. Consequently, the reaction vessel is filled after each
cycle, thereby limiting the times of reuse. To overcome such limi-
tations, we were interested in the use of heterogeneous catalysts
as an alternative due to the advantages of heterogeneous cat-
alysts in terms of simple separation and easy reuse. We chose
the commercially available acid-activated clay FULCAT®-22 F as a
heterogeneous catalyst, which exhibits both Lewis and Brgnsted
acid sites, since we envisioned that this bifunctionality enables
facilitating such dehydration reactions more easily.

In order to gain insight into the potential limitations, we
initially conducted a series of reactions using conventional
Brgnsted acids. The dehydration of 1-hexanol was selected as a
model substrate due to the significance of the formed alkenes,
which are, alongside ethylene and propylene, needed on large
scale in the chemical industry. Reactions were performed under
in-situ removal of formed hexene products at oil bath temper-
atures ranging between 150 and180 °C. The utilization of typical
Bransted acids with pKa values greater than 0, such as acetic acid
(pKa 4.8), phosphoric acid (pKa 2.1), and trifluoroacetic acid (pKa
0.23), resulted in no conversion.! In contrast, stronger Brgnsted
acids, such as pTsOH or H,50,,™ also failed to yield any alkene,
even at a high catalyst loading of 10 mol% (Table S1a). Instead,
the much easier formation of the ether, di-n-hexyl ether, was
observed. Since ether formation is exothermic while the alkene
formation is endothermic,!*?) these results were to be expected.
For our studies we became interested in using a reduced cata-
lyst loading of 2 mol%, which is more favorable for a large-scale
application and also is in line within our previous experiments
based on the utilization of metal triflates. These experiments
identified several Lewis acids capable of facilitating the dehydra-
tion of primary alcohols under energy-saving temperatures. It
is noteworthy that even in the presence of the extremely strong
Brgnsted acid TfOH, which has a very low pKa value of —14,
alkene formation was found only to a negligible extent with a
very low conversion of 8% when applying a catalyst loading of
2 mol% (Scheme 1, Table S1a). Subsequently, a range of commer-
cial heterogenous catalysts were used, stating from sulphonated
Brgnsted acid Dowex® where no alkene formation was observed.
Using the same low catalyst loading of only 2 mol% as with
TfOH, two other commercial acid catalysts, FULCAT®-22 B and
FULCAT®-22 F, were tested. An high alkene yield of 23% was
observed with FULCAT®-22 B but the analysis of the crude mix-
ture revealed that, while full conversion was achieved, most of
the product was di-n-hexyl ether (see Table Sl1a). By perform-
ing the same reaction using FULCAT®-22 F, which, according to
BYK Additives Ltd., contains a higher proportion of BAS than
FULCAT®-22 B, an improved alkene yield of 52% was achieved
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M» major product

pKa=-14 P
18:69:13
8 % alkene yield
reactive Hf(OTH)
distilaton | @moi) | * *
/\(\%\OH major product
150-180°C, | see ref. [11] —
NI .81-
40 mmol 6h, 1atm 9:81:10
76 % alkene yield
FULCAT-22F | ~_~_~, N
(2 mol%) =
L > major product
pKa=-8 P
8:72:20

52 % alkene yield

Scheme 1. Dehydration of 1-hexanol with different catalysts at a catalyst
loading of 2 mol%. As Brensted acid catalysts, TFOH and FULCAT®-22 F were
utilized. The alkene yield obtained with Hf(OTf), was reported for
comparison. The selectivity for the corresponding alkenes is given as a
ratio (I-hexene:2-hexene:3-hexene).

(Scheme 1, Table S1a). It is noteworthy that FULCAT®-22 F has
a much higher pKa value (—8) in comparison TfOH (—14), thus
being much less acidic than TfOH. Acid number and pKa of
the FULCAT®-series were determined by BYK Additives Ltd. and
used accordingly. This surprising evidence suggests that the pKa
is not the sole determining factor in the dehydration process
of 1-alkanols for alkene formation. Rather these results might
indicate (as a hypothesis) that the presence of both Brgnsted
and Lewis acid sites in FULCAT®-22 F act in synergy to reduce
the activation energy required for the challenging dehydration
process. It should be added that this promising alkene yield in
the preliminary experiment with FULCAT®-22 F was even close
to the one obtained for the dehydration when using Hf(OTf),,
which turned out as the most active Lewis acid in our recent
study with an alkene yield of 76% (Scheme 1)."™ However, it has
to be considered that compared to the highly expensive Lewis
acid Hf(OTf),, the clay FULCAT®-22 F is commercially available
on large scale and, by definition, applicable in heterogeneous
form. To further explore this reaction, we expanded the scope
of heterogeneous catalysts. We were pleased to observe activ-
ity for some of these catalysts, as they facilitated the formation
of alkenes, with Amberlite IR-120 (33%) and Amberchrom 50WX8
(34%) achieving yields comparable to FULCAT®-22 B, but still
significantly lower than FULCAT®-22 F. These findings further sup-
ported our hypothesis that alkene formation depends on the
synergistic interaction between BAS and LAS in heterogeneous
materials.

In order too enable a comparison of these results with
literature data, we have reviewed and summarized literature
on the dehydration of 1-hexanol using heterogeneous catalysts
(Table 1). Since, under mild conditions, the ether is the pre-
dominant product in the dehydration of primary alcohols, as
we have demonstrated in our recent studies, many investiga-
tions have primarily focused on the formation of di-n-hexyl
ether rather than alkenes. To suppress alkene formation, reac-
tions were frequently carried out under pressurized conditions.
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Table 1. Examples for the dehydration of the primary by heterogeneous catalysts in a fixed-bed reactor, a pressurized system, or under reactive distillation

(1-HexOH: 1-hexanol; 1-OctOH: 1-octanol; 1-PrOH: 1-propanol).

Material Catalyst Method Substrate Temperature (°C) Alkene Yields (%) Reference

Alumina n-Al,03 Fixed-bed 1-HexOH 250 37+3 [45]

= y-AlL,03 Fixed-bed 1-HexOH 300 42 [12]

- y-AlL,03 Fixed-bed 1-OctOH 380 45.1 [53]

- Ce0,-doped Al,05 Fixed-bed 1-HexOH 300 95 [46]

lon-exchange resin Amberlyst-70 Pressurized 1-HexOH 180 3.8% [43]

- Amberlyst-15 Pressurized 1-HexOH 150 2.8? [44]

- NR50 Pressurized 1-HexOH 180 1.0% [43]

Zeolite H-BEA-25 Pressurized 1-HexOH 180 1.5 [43]

- M-ZSM-5 Fixed-bed 1-PrOH 230 >97 [49]

Montmorrolinite FULCAT®-22 F Reactive distillation 1-HexOH 150-180 °C 52 This work
(batch)

3 These numbers were calculated based on the conversion and alkene selectivity (conversion x selectivity).

For example, in the studies by Fite et al."**! and Tejero et al.[**
the combination of mild temperatures (150-180 °C) and pres-
surized systems resulted predominantly in ether formation, with
alkene yields remaining below 4% in total. To obtain compa-
rable yields to the montmorillonite sample presented in this
study, the reaction temperature needed to be increased by at
least 39%.1%1 As the reaction temperature is above the boiling
point of the alcohol, gas-phase reaction with a fixed-bed reac-
tor was performed. Alumina is one of the most commonly used
heterogeneous catalysts for dehydration reactions. Numerous
studies have demonstrated its effectiveness in the dehydra-
tion of 1-hexanol, typically operating at temperatures ranging
from 250 to 380 °C.”#%] |n contrast, ion-exchange resins are
more commonly applied in ether synthesis.[**#1 Zeolites, on the
other hand, have attracted considerable interest in the dehy-
dration of lower alcohols, such as ethanol,®! 1-propanol,/**! and
1-butanol,*®! due to their tunable acidity and shape-selective
properties. [°21

While these findings are significant for the dehydration of pri-
mary alcohols, they do not match the potential demonstrated
by montmorillonites. In our study, we achieved remarkably high
yields of 52% at significantly milder reaction conditions with
reaction temperatures between 150 and 180 °C.

Building on the optimization of reaction conditions in our
recent work,!™ which enabled the dehydration of primary alco-
hols at the lowest reported temperatures of 140-160 °C, we
became interested in further exploring this challenging reaction
using heterogeneous catalysts.

As the dehydration of a primary alcohol has been success-
fully conducted by means of the clay FULCAT®-22 F at a low
catalyst loading of 2 mol%, secondary and tertiary alcohols have
been investigated, yielding 88% and 91%, respectively (Scheme 2,
Table S2a). Both of these yields, which are obtained at a lower
reaction temperature of 150 °C and 110 °C, respectively, are in a
similar range to the one obtained when using the Lewis acid
Hf(OTf), as the most efficient catalyst so far.! However, in the
case of the tertiary alcohol, the reaction time needed to be
doubled to reach 91%.

ChemCatChem 2025, 0, €00325 (5 of 13)

Following the successful dehydration of each of these alco-
hols, an investigation was conducted to determine the lowest
reaction temperature at which the tertiary alcohol could be
dehydrated. As dehydration of this alcohol could be conducted
successfully at the lowest temperature and an in situ-removal of
the product was not needed, 2-methyl-2-hexanol was chosen as
a model substrate (Figure 1). Consequently, the reactions were
performed at temperatures between 60 and 110 °C (Figure 1B,
Table S2b). While the reaction was successfully conducted at
60 °C, a quantitative conversion was not achieved. Neverthe-
less, increasing the temperature to 80 °C resulted in an almost
quantitative conversion after three hours. It is likely that a full
conversion cannot be reached under lower temperature condi-
tions due to the occurrence of a back reaction, which leads to
the formation of alcohol. Given that the tertiary carbocation is
the most stable one, the tertiary alcohol will then be formed in
such a back reaction (Figure 1A). We suggest that the interac-
tion of BAS and LAS with the substrate is responsible for both
the dehydration and hydration reactions. The postulated cat-
alytic mechanism will later be further discussed in detail (Figure 5
and related text section) when describing the dehydration of a
primary alcohol. In summary, FULCAT®-22 F shows the ability to
dehydrate 2-methyl-2-hexanol already at 60 °C.

In a subsequent step, we also became interested in evaluat-
ing the impact of the chain length of primary alcohols on the
dehydration process. It was previously reported that the alkene
yield decreases with increased chain lengths when homoge-
nous Lewis acids were used™ As the boiling point of the
formed alkene products increased, dehydration reactions were
performed under reduced pressure and such reactions were suc-
cessfully conducted for Cs—Cyo. When utilizing again 2 mol% of
the clay catalyst FULCAT®-22 F, we were pleased to find con-
stantly satisfactory alkene yields for the C4-Cg alkenes while a
decrease was observed with > Cg (Scheme 3, Table S1a).

Advantages of a heterogeneous catalyst are the easy removal
from the reaction media as well also the reuse and recycling of
the catalyst. Thus, we employed FULCAT®-22 F for 10 cycles. After
the end of each cycle, fresh substrate was added to start the
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Scheme 2. Dehydration of primary, secondary, and tertiary alcohols using FULCAT®-22 F and Hf(OTf), as reference catalyst. For the primary and secondary
alcohol, the selectivity toward 1-, 2-, and 3-alkene is shown (by means of the ratio 1:2:3). For the tertiary alcohol, the selectivity toward the Saytzeff and
Hofmann product is shown (S:H).
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Figure 1. (A) Reaction mechanism of the dehydration and back reaction of 2-methyl-2-hexanol; (B) conversion of the dehydration of 2-methyl-2-hexanol at
different reaction temperatures.

next cycle. FULCAT®-22 F was successfully used for 10 cycles with-

FULCAT-22F
Ro~~"on (2 mol%) fo s t" out any loss of activity (Figure 2, Table S1b). An average alkene
112;15220632} R yield of 41% was obtained. The alkene yields varied throughout
550-600 mbar (Cs) or the cycles due to the heterogeneous nature of FULCAT®-22 F.
350-400 mbar (Cg) or It is hypothesized that the formed alkenes were trapped inside
260-300 moar (C1o) the pores during one cycle and then released in the next cycle.
Synthetic examples During cycle 6 to cycle 7, a recycling of the catalyst was neces-

C6 (R=CyHs):  C7 (R=n-CgH;): Cg (R=n-C4Hg): Cg (R=n-CsHyy): C1o (R=n-CeHys): sary. The reaction media was then removed, and FULCAT®-22 F
52% alkene yield 42% alkene yield 50% alkene yield 38% alkene yield 35% alkene yield . . .
was repeatedly washed with solvent. While a reduced yield was

Scheme 3. Dehydration of primary alcohols with varying chain lengths by determined in cycle 7, cycle 8-10 yields increased to the aver-
FULCAT®-22 F. age number. This experiment demonstrated the reusability and
recycling of FULCAT®-22 F without any loss of activity.
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Figure 2. (A) Dehydration of primary alcohols by FULCAT®-22 F and (B)
Reusability and recycling study of FULCAT®-22 F in the dehydration of
1-hexanol.

In conclusion of the synthetic experiments using FULCAT®-
22 F, we could demonstrate a broad versatility of this clay-type
catalyst for the dehydration of numerous alcohols. Of particular
relevance and highly remarkable is the outstanding performance
of this bifunctional clay catalyst containing Lewis and Brgnsted
acid as well as Brgnsted base sites for dehydration of primary
alcohols at energy-saving conditions with reaction temperatures
in the range of 150-180 °C. Note that despite having a much less
Bronsted acidity, FULCAT®-22 F outperforms even highly acidic
catalysts such as TfOH. Thus, it was shown that a higher acidity of
the catalyst is not solely responsible for an improved alkene for-
mation, and accordingly, we also became interested in getting a
deeper insight into the catalytic structure of FULCAT®-22 F. Thus,
a detailed characterization of this heterogeneous FULCAT®-22 F
catalyst was carried out to understand the origin of its higher
performance, and the results of this catalyst characterization
study are presented in the subsequent chapter.

3.2. Fundamental Characterizations

Since, as mentioned above, the H,0 content can influence both
the original structural and acidic properties of the bentonite, a
schematic representation of which is given in Figure 3A, the syn-
thesized sample and its behavior upon activation at increasing
temperature were first studied by means of VT-XRD (Figure 3B).

The diffractogram of the as-synthesized material at 25 °C
(black curve) evidenced the presence of the main reflections
associated with the montmorillonite (M) phase, together with
some impurities of Quartz (Q).**! In particular, the main charac-
teristic reflection of montmorillonite at about 7°, corresponding
to the (0 0 1) reflection, is evident at all the activation tem-
peratures (PDF Nr. 00-003-0016). However, as the temperature
increases, the main reflection peak at 7° decreases and becomes
broader (from black to green curves), giving rise at higher tem-
peratures to an additional peak at about 9°, which seems to

ChemCatChem 2025, 0, e00325 (7 of 13)

persist even when the sample is cooled in vacuum to RT (dark
gray curves). This behavior, which was already observed in the
literature,’®>*°! is caused by a change in the crystallographic
parameters of the material during evacuation in the 25-500 °C
temperature range. By comparing the diffractogram of the as-
synthesized sample collected at 25 °C and the one activated at
400 °C (Figure S8), the differences in the (001) reflection become
particularly evident, suggesting a decrease in the basal spacing
with the temperature caused by the dehydration of the sam-
ple. Further information on the behavior of the material upon
heating can be obtained by TGA analysis (Figure S9), where
three different weight losses were observed, the first occurring
between RT and 200 °C, is due to water removal in the struc-
ture, and perfectly agrees with VT-XRD findings (for details and
further information, see Supporting Information)

The specific surface area (SSA) and pore size distribution
(PSD) of the sample activated at 80 °C, 180 °C, and 400 °C were
also studied (see Section 5 in the Supporting Information). These
temperatures, which will also be used for the advanced charac-
terisation (see below), were chosen to see the effect of water
removal on the textural properties of the material. All three N,
adsorption/desorption isotherms display a combination of type
Ib and type IVa isotherms with a type H3 hysteresis loop (Figure
S10).17! As a matter of fact, clays exhibit three different types of
porosity: (i) micropores due to the interlamellar pores localized
in the interlayer span of the clay, (i) mesopores due to intra-
aggregate pores situated in between adjacent laminae piles, and
(iii) macropores due to inter-aggregate pores occupying space
in-between aggregates of clay particles and non-clay particles
(see Figure S10 for a schematic representation).l>®!

The SSA of the material showed a slight decrease passing
from 180 °C to 400 °C (175 and 207 m? g~', respectively), while
an intermediate value was observed in the case of activation
at 80 °C (200 m? g~") (see Table 2 and Figures S12-S14 for the
BET fit). NL-DFT model highlights the presence of both microp-
ores and mesopores (see Figure S11, Table 2, and Figures S15-S17
for the NL-DFT fit). In particular, the NL-DFT pores size distri-
bution (PSD) of micropores (Figure S11a) evidenced for all the
three activation temperatures the presence of an homogeneous
family with a size of 1.5 nm while in the case of the samples
activated at 80 °C and 180 °C, an additional smaller family cen-
tered at 1 nm can also be identified. A slight decrease in the
micropore volume is also observed as the activation tempera-
ture is increased to 400 °C (see Figure Sl1b, Table 2). Concerning
the mesoporous cavities, the PSD is characterized in the 2-10 nm
range by the presence of a heterogeneous family of sites (Figure
S11a and Table 2). In this case, the mesopore volume showed a
slight decrease passing from 180 °C to 400 °C (0.163 and 0.161 cm?
g~', respectively) while a slightly lower volume is observed in
the case of the samples activated at the lowest temperature
(0158 ¢cm3® g~") (Figure S1lb and Table 2). The SSA and PSD
values suggest that the interlamellar pores constantly decrease
with increasing temperature, as shown by the reduction in SSA,
micropores, and mesopores volumes from 180 °C to 400 °C, in
perfect agreement with VT-XRD and TGA analysis. However, for
the sample activated at 80 °C, the presence of residual water is
probably hindering the full accessibility of the surface, leading
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Figure 3. Pictorial representation of the original structure of bentonite (structural OH are not shown) (a) and VT-XRD of FULCAT®-22 F heating the sample
in vacuum in the temperature range from 25 to 400 °C (from black to green curves) and after cooling down to 25 °C in vacuum (grey curve) (b).

Table 2. Specific surface area as determined by the BET equation and porosity (determined by the NL-DFT method) for FULCAT®-22 F activated at 400 °C,
180 °C, and 80 °C. The mesopore volume was obtained by subtracting the micropore volume from the total pore volume.
BET area (m?> g~')  V total (cm® g7") V micro (cm? g7) V meso (cm? g7") Micropores size (nm)  Mesopores size (nm)
ACT 400 °C 1751 £ 0.1 0.200 0.039 0.161 15 2-10
ACT 180 °C 2071 £ 03 0.218 0.055 0.163 1/15 2-10
ACT 80 °C 200.8 + 0.5 0.21 0.053 0.158 1/15 2-10
Table 3. Elemental composition of FULCAT®-22 Fobtained by EDX analysis.
Elements o Fe Mg Cu Ca Ti Si/Al
Wt. % 5478 3.83 0.94 0.40 030 038 036 327
Dev. std 0.74 0.61 0.86 0.17 0.19 0.04 0.05 2.08

to an underestimation of both the SSA and mesopore volume of
the material.

In order to investigate the main elements present in the
sample, FESEM-EDX analysis was performed (Figure S18 and
Table 3).

The samples exhibited leaf-like crystals, which are organized
in dense aggregates ! and all the elements result in being
well dispersed (Figure S18). The sample has a large variety of
elements, with the prevalence of Si and Al followed by Fe,
Mg, and K. Furthermore, Cu, Ca, and Ti were also observed
to a lesser extent. It is worth noting that the content of ele-
ments is probably influenced by the acid treatment used to
obtain the commercial sample, where a series of processes
take place depending on the type and intensity of the treat-
ment. The acid treatment is probably also responsible for the
higher Si/Al ratio shown by FULCAT®-22 F with respect to the
one expected from the untreated montmorillonite structure
(~2).

3.3. Advanced Characterization

To investigate the presence of acidic sites in the sample, a
detailed in situ IR characterization was performed. First, a pre-
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liminary analysis of the as-synthesized and evacuated sample
was carried out, showing a progressive decrease in stretching
and bending vibrational bands of H,0 upon increasing temper-
ature (see Supporting Information, e.g., Figure S19, for further
information).

In IR spectroscopy, it is a common procedure to completely
evacuate the sample prior to the adsorption of different probe
molecules.™ However, since, as previously pointed out, the dif-
ferent content of water in montmorillonite can influence both
the structural and acidic properties of the material, the activation
temperature should be carefully selected. In this regard, three
different temperatures were chosen for the activation: 80 °C,
180 °C, and 400 °C. At the first two temperatures, some inter-
layer water is still present in the structure. These conditions are
quite close to those of one of the catalytic tests. On the other
hand, the highest temperature, although not achievable dur-
ing catalyst testing, represents the best activation temperature
for spectroscopy since it causes the complete removal of the
molecular water.

Different probe molecules with different basicity were dosed
on the sample, previously activated at 80 °C and 180 °C,
to study the presence and the variations of Lewis acid sites
(LAS) and Brensted acid sites (BAS), and try to correlate
them with the catalytic activity of the sample. The sam-
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Figure 4. IR spectra of FULCAT®-22 F after adsorption of 15 mbar CD;CN (a and b) and 26 mbar pyridine (c and d) on the previously evacuated sample at
180 °C (a and ¢) and 80 °C (b and d). Dark coloured, grey, light coloured and black lines represent the maximum adsorption, the progressive outgassing,
the reactivated and the fully evacuated samples, respectively. The spectra were normalised by means of the optical density (OD) and plotted by
subtracting the spectrum of the evacuated material (see Supporting Information).

ple activated at 400 °C, which is an ideal working condition
for IR spectroscopy, was also studied in the same way for
comparison.

The interaction of CO with the sample activated at the three
temperatures was first studied by dosing a proper amount of
gas (~60 mbar) into the cell and cooling down to —196 °C with
liquid nitrogen (see Supporting Information, e.g., Figure S20, for
additional information). In all three cases, two main bands at
2158 and 2140 cm™' were observed, attributed to the interac-
tion with weakly acidic silanols and liquid-like CO, respectively.
Some additional bands at higher wavenumbers start to appear
at low CO pressures, but the broadness and the low intensity
of the signals make it difficult to make a correct assignment
(for details, see Figure S20 and section S7). To better identify
the presence of BAS and LAS in the material, other stronger
basic molecular probes as CD;CN and pyridine, were employed
(Figure 4).

The interaction of CDsCN with the sample activated at 180 °C
and 80 °C is shown in Figure 4AB. The adsorption of CD;CN
at RT on the samples resulted in the appearance of numerous
bands shifted to higher frequencies with respect to the original
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C—N stretching mode of free CD;CN (2263 cm™), indicating the
presence of several sites having different acidity.

In both samples, two sharp bands can be observed at 2286
and 2264 cm™. The intensity of these signals varies according to
the activation: in the sample activated at 180 °C, the two bands
reach similar intensities, whereas in the sample activated at
80 °C, the one at 2286 cm™" is more intense. Additionally, for the
180 °C activated sample, the 2286 cm™" band is broader, suggest-
ing the presence of an additional signal at lower wavenumbers
(~2274 cm™") which is easily desorbed during outgassing. As
the pressure decreases, the 2264 cm™' band quickly disappears,
while the 2286 cm™' signal is more resistant and shifts slightly to
2290 cm~". The higher strength of this latter band is also high-
lighted by its persistence when the sample is reheated (see the
light-coloured lines in Figure 4A,B). The behavior and position of
the band suggest that the 2264 cm™" is due to liquid-like CDsCN,
while the 2286 cm™' one is tentatively assigned to the interaction
of the molecular probe with the BAS of the material, which can
be both structural and/or originate from the water polarization.
Differently, the shoulder visible in the 180 °C activated spectra
at 2274 cm™' is due to the interaction with silanols. Therefore, in
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the OH stretching region (Figure S21Ic,e), the 3748 cm~' band is
consumed and shifted to a broader signal at 3425 cm™".

At wavenumbers higher than 2286 cm™, both the samples
display the presence of one main signal at 2306 cm™~' together
with the presence of a shoulder having the apparent maximum
at around 2325 cm™'. However, also in this case the broadness
of the bands suggests the presence of several sites. Both signals
result to be stable upon outgassing and only by re-heating the
sample, the intensities visibly decrease. Taking into consideration
the large shift to higher frequencies of those bands (respectively,
Av = +43 and Av = +62 cm~! with respect to 2263 cm™') and
the high stability to evacuation, those signals could be assigned
to the interaction of CD;CN with LAS. The broadness of the
bands suggests the existence of different LASs on the samples,
whose precise assignment is not straightforward (a tentative
assignment is reporting in the Supporting Information, Section
S7-Adsorption of CD3;CN).

Comparing the samples activated at 80 °C and 180 °C, a
slight difference in BAS and LAS present in the sample can be
observed. As a matter of fact, in the less activated sample the
relative intensity of BAS seems to prevail with respect to both
silanols and Lewis ones. Upon increasing the activation temper-
ature, the prevalence of BAS slowly decreases as underlined by
the appearance of 2274 cm™ silanols band and by the lower
intensity of the 2286 cm™' signal. This tendency is confirmed
by repeating the experiment on the sample activated at 400 °C
(Figure S21a,b). In this case, there is a prevalence of silanols
and liquid-like bands at 2274 and 2264 cm™', respectively, while
the band relative to BAS further decreases and slightly shifts
to 2290 cm™'. A possible explanation of this behavior is due
to the different water contents of the sample activated at the
three temperatures. As previously explained, it is well known that
part of the BASs in montmorillonite comes from the polariza-
tion of the H,O molecule and therefore prevails at low activation
temperature."® When the activation temperature reaches 400 °C,
the residual BAS signal at 2290 cm~" is likely to be due to some
structural BAS sites rather than to the one coming from the
polarization of H,0O, which are expected to be almost completely
outgassed.

The acid sites present in FULCAT®-22 F were further studied
by dosing pyridine (Py) on the sample activated at 180 °C and
80 °C Figure 4C,D. The interaction of pyridine with the samples
led to the appearance of numerous signals in the 1680-1380 cm™'
spectral range, where the 8a, 8b, 19a, and 19b ring-stretching
modes of Py can be appreciated.3°6°!

In both spectra, the bands at 1581, 1482, and 1437 cm~, which
are easily desorbed during the outgassing, can be reasonably
assighed to modes 8a, 19a, and 19b of physiosorbed Py.[396162]
Additionally, the hydrogen-bonded Py to weakly acidic silanols
is observed at 1597 (8a) and 1445 cm™' (19a) (see Table S3 for
the assignments).l'83%6 As expected, those bands result in being
more stable during the outgassing with respect to the phys-
iosorbed ones. In the OH stretching region (Figure S22c.e), the
interaction with silanols caused the erosion of 3748 cm™' bands
and the formation of a strong and broad absorption centered
at about 3000 cm™' (Av ~ 700 cm™).1%?! |n the high frequency
region, the appearance in the 3200-3000 cm~' spectral range of
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different CH stretching bands is also observed. In both spectra,
two weak signals at 1575 and 1450 cm™' present as shoulders
of the more intense bands at 1581 and 1445 cm™' can be dis-
tinguished. Those bands can be attributed to the interaction
with LAS (L-Py) (8b and 19b modes, respectively).*"! In addi-
tion, the 1490 cm™ signal can be due to the 19a mode of L-Py,
although it is also attributed to the interaction with both LAS
and BAS.'®3963] |nterestingly, by reactivating the samples, the
silanols bands at 1597 and 1445 cm™' decrease drastically, while
the 1490 cm~' band seems to remain almost unchanged. How-
ever, the most interesting phenomenon is the appearance of a
band at 1544 cm™', which was completely absent in the adsorp-
tion spectra performed on the sample activated at 180 °C and
not very intense in the one activated at 80 °C. The appearance
of this band is characteristic of the formation of the pyridinium
ion generated by the interaction with BAS.'"®%! Also, one addi-
tional band at 1642 cm™, due to the 8a or 8b mode of BAS,
appeared.'®®! The appearance of BAS only during the outgassing
or the reactivation of the sample seems to be a rather unusual
phenomenon. A possible explanation could be that the pyridine
molecules firstly interact with residual physiosorbed or interlayer
water molecules present in the clay through the formation of
a bond between the nitrogen atom of pyridine and one of the
hydrogen atoms of water.!'** During the outgassing, those water
molecules start to be evacuated, facilitating the interaction with
the structural BAS of the samples. However, this pyridine “wash-
ing” alters the amount of H,O present in the sample, which is
responsible for the formation of the H™ BAS through the polar-
ization of interlayer cations, making it impossible to study the
true nature of the sample. For this reason, pyridine is probably
not the most suitable molecular probe to detect differences in
BAS present in the samples activated at different temperatures.

By looking at the spectra of the sample activated at 400 °C
(Figure S22a,b) the same bands except for the one related to
BAS appear upon interaction with pyridine. The absence of those
signals is probably due to the low water content, and conse-
quently low BAS present in the sample which can be further
reduced by the “pyridine washing” The low concentration of
BAS sites, the partial loss of structure due to thermal treatment
and the hindrance of the pyridine molecule probably prevent
the appearance of any bands relative to BAS, which was other-
wise observed for CD;CN on the 400 °C activated sample (Figure
S21b). Only the interaction with a strong and smaller molecule
as NH; (kinetic diameter 57 A and 2.6 A for pyridine and NH,
respectively)!%®lreveals the presence of some residual more
easily accessible structural BAS (see Supporting Information, e.g.,
Figure S23, for additional information).

Lastly, in order to study the accessibility of the different
acid sites to 1-hexanol and to simulate a situation closer to the
catalytic conditions, heptanenitrile (G;Hi3N) was dosed to the
sample activated at 180 °C (Figures S24 and S25). Upon interac-
tion with G;H;3N, one main band at 2273 cm™, together with two
shoulders at around 2290 and 2310 cm™', appears. By compar-
ing those signals with the one obtained from CD;CN adsorption
(see Supporting Information for further details), the former one
was assigned to BAS, while the latter one to LAS. The pres-
ence of the same band trend observed for CD;CN, having very
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Figure 5. Postulated mechanism for the dehydration of primary alcohols by acid-pretreated montmorillonites, based on experimental tests and analytical
work. 1-Hexanol was chosen as the model substrate, and for simplification, only the interlayer region with the Si** tetrahedral layout is shown. (A)
Dehydration facilitated by protonated bridging oxygens, (B) dehydration involving protonated bridging oxygens and water molecules as proton donors,

and (C) dehydration mediated by water molecules as proton donors.

similar relative intensities, highlighted that the different acid
sites are all available to hexanol, used for the catalytic test, and
the hindrance of the molecule is not playing a role in their
accessibility.

3.4. Postulated Reaction Mechanisms for the Dehydration of
Primary Alcohols

Based on the analytical and experimental results, we propose
potential mechanisms for the dehydration of primary alco-
hols catalyzed by acid-pretreated montmorillonites. It should
be added that these mechanisms described in the following
represent only a few plausible pathways based on conceivable
interactions of specific moieties in the montmorillonite cata-
lyst with the substrate (shown in Figure 5) and have not been

ChemCatChem 2025, 0, e00325 (11 of 13)

confirmed by spectroscopic methods yet. Our recent work indi-
cates that under mild conditions, ether formation occurs first,
followed by elimination to yield the corresponding alkene. We
assume that a similar pathway is present in this case when using
such a montmorillonite-type catalyst. Ether formation may pro-
ceed via various mechanisms; here, we will only discuss three
potential catalytic pathways. Accordingly, ether formation can
(A) be facilitated by protonated bridging oxygens, (B) involve
both protonated bridging oxygens and water molecules as pro-
ton donors, and (C) be mediated solely by water molecules
acting as proton donors (Figure 5). The subsequent elimina-
tion step yields one equivalent of alcohol and 1-alkene. Under
the applied reaction conditions (leading to a thermodynami-
cally controlled process), the initially formed 1-alkene undergoes
rapid isomerization, resulting in a mixture of alkene isomers.
As described in Figure 5B,C, water from the interlayer can play
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an active role in the elimination reaction. It can be activated
either by Brensted acid sites (Figure 5B) or by Lewis acid sites
(Figure 5C). Since the reaction is reversible, hydration of the
alkene products, as suggested in the case of tertiary alcohols,
cannot be excluded. However, as the alkene products are con-
tinuously removed from the reaction mixture, the equilibrium is
shifted toward the formation of alkenes.

4. Conclusions

A commercial acid-leached bentonite (FULCAT®-22 F) turned out
to facilitate efficiently the dehydration reaction of a range of
substituted alcohols under energy-saving conditions at much
lower temperatures than most “traditional catalysts” for this pur-
pose. Dehydration of 2-methyl-2-hexanol was observed to occur
at 60 °C, while the dehydration of a primary alcohol such as
1-hexanol was noted to take place at 150-180 °C. This tempera-
ture is relatively mild in comparison to the typical dehydration of
primary alcohols, which often occurs at temperatures exceeding
300 °C. While at 2 mol%, an alkene formation of 8% was observed
with the best Brgnsted acid (TfOH), a yield of 52% was observed
with the studied material FULCAT®-22 F, representing a 6.5-fold
increase. Furthermore, dehydration of primary alcohols with dif-
ferent chain lengths also proceeds successfully. A stability and
recycling study was conducted, demonstrating 10 catalytic cycles
without any loss of activity. After each reaction, the reaction ves-
sel was filled, necessitating, however, recycling of the catalyst
after cycle 6. While the yields remained fairly constant during
cycles 1-6, a lower yield was then observed in cycle 7 after the
recycling of the catalyst. In subsequent cycles, then the yields
returned to the range of the average value.

In order to rationalize this unexpected high catalytic activity
being superior to “classic” Brgnsted acids with much lower pKa
values, the catalyst was deeply characterized using both funda-
mental and advanced characterization methods. In this regard,
VT-XRD evidenced the prevalence of montmorillonite structure
and impurities of quartz, together with a probable decrease
in the basal parameters by increasing temperature due to the
evacuation of the water present in the structure. TGA analysis
shows that water removal in the structure occurs between RT
and 200 °C, in perfect agreement with VT-XRD results. BET and
PSD analysis evidenced a decrease in the surface area and a
slight modification in the micropores present in the material by
increasing the temperature. Due to EDX, Fe, Mg, and K results
to be the most abundant elements present in the structure after
the acid treatment performed to prepare this commercial sam-
ple. The deep spectroscopic analysis, carried out with different
molecular probes of variable basicity (CO, CD;CN, Py, and NH;3),
revealed a modification of the BAS and LAS present in the sam-
ples activated at different temperatures. In particular, CD;CN
dosage revealed, on one side, the presence of different LAS in
the sample, on the other the prevalence of BAS when the sam-
ple is activated at the lowest temperature (80 °C). These BAS
are probably mainly H* sites coming from water polarised by
the cations in the interlayer, which explains why these species
decrease with increasing activation temperature (180 °C and

ChemCatChem 2025, 0, e00325 (12 of 13)

400 °C). However, when the sample is fully activated (400 °C)
along with LAS, some residual BAS were also observed, indicat-
ing that some residual structural BAS are likely to be present in
the sample. On the other hand, pyridine results to be not the
most suitable molecular probe to detect different acidities of the
samples activated at different temperatures due to its interaction
with H,O present in the clay and the consequent alteration of
the BAS sites. Lastly, the use of heptanenitrile showed that the
different acid sites are all available to hexanol, the reactant in
catalytic testing, and molecule hindrance plays no role in their
accessibility.
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