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ABSTRACT: The impact of Sn on the concentration and strength of acid sites in Al
containing zeolites with MFI topology and their catalytic activity for the dehydration of
cyclohexanol in the aqueous phase has been investigated. The materials maintain constant
Al concentrations and consequently Bro̷nsted acid site (BAS) concentrations, while
exhibiting an increasing concentration of Sn Lewis acid sites (LAS). The presence of
water alters LAS(Sn), leading to weak BAS(Sn) that increases the concentration of water in
the zeolite micropore, while leaving the rate of dehydration of cyclohexanol unchanged.
The TOF increases with the concentration of BAS(Al) in close contact with framework
LAS(Sn), referred to as BAS(Pair). The increase in the Arrhenius pre-exponential factor,
without affecting the activation barrier (Ea), leads to the hypothesis that the proximity of
both sites allows for a later transition state induced by the polarization of the C−O bond, leading in turn to a higher transition
entropy.
KEYWORDS: Sn/Al ratio, MFI zeolite, dehydration, secondary alcohol, Lewis acid, Bro̷nsted acid

1. INTRODUCTION
Abundant concentrations of water in equilibrium with a
Bro̷nsted acidic zeolite converts the hydroxyl groups associated
with aluminum substituted into the lattice to hydrated
hydronium ions (H3O+(H2O)n).1,2 Because of the higher
entropy loss in the pores than in the liquid phase, the size of
these clusters is limited. The H3O+(H2O)n at lattice aluminum
sites are fluxional, but strongly hydrogen bonded clusters. With
limited concentrations of aluminum, the limitations of the
cluster size (typically 8 water molecules are associated with one
proton in the studied MFI) lead to empty voids in the zeolite
pores. Organic molecules adsorbed in these pores experience a
marked change in their thermodynamic properties, such as
being dissolved in a highly ionic solvent. This typically leads to
a higher excess chemical potentials of the sorbed molecule, and
happens in consequence to a higher reactivity and a weaker
interaction with the zeolite.2 Together, this may cause higher
catalytic activity if the transition state is charged, although the
constraints of the zeolite pores induce a decreasing impact at
higher H3O+(H2O)n concentrations.2,3

Unlike the protons of acids, metal cations are structure
breakers of such hydrogen bonded networks, forming typically
strong direct bonds between the metal cation and water
molecules in the first hydration shell.2 The presence of
hydronium ions and metal cations within a zeolite pore should
lead, therefore, to an interesting interplay between the
structure-forming protons and structure-breaking metal cati-
ons. Hydrolysis of exchangeable cations could, however, cause
hydrolysis and may eventually lead to the removal or leaching
of (at least a sizable fraction of) these metal cations. Thus, to
study such an effect, the metal cations are preferably anchored
to the zeolite lattice while remaining accessible to sorbing

molecules. The presence of such cations will also influence the
polarity of the pore.3 Cations like Ti, Sn, and V introduce
Lewis acid sites (LAS) into zeolite structures, the specific form
depending upon the concentration of water in the pores.4−7

Tin substituted in Sn-Beta zeolites, for example, is present in
two distinct configurations:5 (i) isomorphous substituted Sn4+

(close Sn sites), replacing framework Si4+ and (ii) hydrolyzed,
open Sn sites. Both configurations have specific interactions
with water and moderate Lewis acidity; their state can be
differentiated via organic probe molecules such as CD3CN.8

The absence of water in parts of the pore is claimed to aid
stabilizing Sn4+ Lewis acid sites in several applications.8−10

Because of its relatively large cation size and notable Lewis
acid strength, we have chosen to use Sn4+ as a Lewis acid site
to investigate the impact of the combination of H3O+(H2O)n
and the hydrogen bond breaking action of Sn4+. Both the self-
organization of water in the pores with varying concentrations
of these two sites and the consequences on sorption and
catalysis are investigated. The sorption and dehydration of
cyclohexanol2,11,12 in aqueous phase has been chosen as model
case. Previous studies have shown that the rate and elimination
mechanism (E1 and E2 routes) depend on the local
environment in the zeolite and the bulkiness of the reacting
molecule.12 ,13 To facilitate interpretation of the mutual
impact, a series of Sn-H-ZSM5 (Sn-H-MFI) was synthesized,
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keeping the aluminum concentration constant and varying the
concentrations of Sn. Detailed physicochemical character-
ization and the impact on cyclohexanol (CyOH) sorption and
conversion are used to probe the mutual influence of Bro̷nsted
and Lewis acid sites.

2. RESULTS AND DISCUSSION
2.1. Structure of the Zeolites. The normalized powder

XRD patterns of the zeolite samples show that at low Sn
concentrations, the samples had a typical MFI structure (Table
S1) with the main peaks at 2θ = 7.8°, 8.7°, 23.1°, 23.8°, and
24.3° (Figure S1a). For Al/Sn-0.7 crystallization did not occur,
indicating an upper limit of Sn incorporation. Diffraction peaks
of SnO2 (2θ = 31.7°, 36.8°, 41.4°, and 53.1°) were not
observed in any sample. A more detailed analysis in the 2θ =
22°−25° range (Figure S1b) suggests somewhat less defined
peaks in Sn-MFI and Sn/Al-1. The relative degree of
crystallinity calculated for Sn/Al-1 was around 50−60%,
while the other samples had values around 100%, when
compared with the ZSM-5. The apparent lower crystallinity of
Sn/Al-1 is attributed to the generation of defects in zeolite
framework.14

As the substitution leads to adjustment of bond lengths and
angles (indicated by shifts of the diffraction peaks)15 gradually
lower 2θ values (Figure 1a) were observed. The calculated unit
cell volume, the crystal system, and the atomic lattice (a−c)

are summarized in Table S2. All lattice parameters and the cell
volume increased with increasing Sn concentration. This
expansion of the orthorhombic unit cell volume as a function
of the Sn concentration is consistent with the replacement of Si
by Sn, as the bond length of Si−O (0.1623 nm)16 is smaller
than the bond length of Sn−O (0.2072 nm).

The micropore volumes were <0.2 cm3 g−1 for all samples
(Table 1), in good agreement with the MFI structure. For Al/
Sn-8 and Al/Sn-4, the micropore volume slightly increased
with the addition of Sn, while for higher concentrations of Sn,
the micropore volume decreased, which is hypothesized to be
associated with a gradual loss of crystallinity.

The same tendency was observed for the BET specific
surface area values (Table S3). The specific surface area in the
mesopore range increased with the addition of Sn.

The infrared spectra (IR) of all the samples showed the OH
bands characteristic of ZSM-5 zeolites (Figure S2).17 The band
at 3745 cm−1 is related to silanol groups on the external surface
of the zeolites (Figure 1b), while the band at 3610 cm−1 is
attributed to Bro̷nsted acid sites (BAS), Si(OH)Al.18 In
general, all the samples showed similar intensities of the band
at 3610 cm−1, while that at 3745 cm−1 increased in the
presence of Sn. This suggest that the addition of Sn creates
some lattice defects. The Raman spectra of the samples did not
show bands around 670 and 560 cm−1 (Figure S3), which
indicates the absence of extra-framework Sn species.15,19

Figure 1. (a) XRD patterns of Al/Sn MFI zeolites showing a specific 2θ range (λ = 1.6531 Å). (b) IR spectra of pyridine adsorption on Al/Sn MFI
zeolites. (c) IR spectra of deuterated acetonitrile on Al/Sn MFI zeolites. The deconvolution of the IR spectra was done with the ORIGIN software
program using a mixed Gaussian−Lorentzian curve. The bands of adsorbed CD3CN were found at 2325 cm−1 (magenta) and 2297 cm−1 (red).
The band at 2287−2275 cm−1 (black) is assigned to CD3CN adsorbed on silanol groups.

Table 1. Structural and Acid Site Characterization (for Chemical Composition Please see Table S1)

pyridine (mmol g−1) CD3CN (mmol g−1)

samples pore volume (cm3 g−1) BAS(Al) LAS LAS(Sn) (2308 cm−1) LAS(Sn) (2316 cm−1) LAS(EFAL) (2325 cm−1) BAS(Al) (2296 cm−1)

Sn-MFI 0.14 9.80 × 10−3 0.33 0.17 0.13 0 0
Al/Sn-1 0.13 0.21 0.27 0.16 0.02 0.06 0.21
Al/Sn-2 0.16 0.21 0.17 0.09 0.02 0.04 0.22
Al/Sn-4 0.19 0.21 0.13 0.06 - 0.06 0.22
Al/Sn-8 0.18 0.21 0.07 0.01 - 0.05 0.21
Al-MFI 0.17 0.22 0.05 - - 0.03 0.21
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2.2. Quantification of Acid Sites. The adsorption of
pyridine on Lewis acid sites (LAS) led to IR bands at 1453 and
1490 cm−1, while protonation at Bro̷nsted acid sites caused
bands at 1490 and 1546 cm−1.8 The peak assigned to Lewis
acid site bound pyridine (1450 cm−1) increased with Sn
concentration, while the band at 1546 cm−1 (BAS) remained
constant (Figure S4). For Sn-MFI the 1546 cm−1 band was
absent, indicating in turn the absence of BAS(Sn) for this
sample. Lewis acid sites were observed also for Al-MFI, which
is related to extra-framework aluminum (LAS(EFAl)). The total
concentration of LAS and BAS on each sample was calculated
considering equimolar pyridine binding (Table 1).

As expected, all the samples with Al showed a similar
concentration of BAS(Al), while the concentration of LAS
increased with increasing concentration of Sn4+.

The IR spectra after saturation with CD3CN and subsequent
evacuation at 40 °C are shown in Figure 1c. Adsorption of
CD3CN allowed to differentiate the acid sites.20 The bands at
2316 cm−1 (blue) and 2308 cm−1 (green) are associated with
the C�N stretching vibrations of CD3CN adsorbed on the Sn
LAS.8,21,22 The bands have been attributed to partially
hydrolyzed framework Sn sites (�Si−O�)3Sn−OH (open
Sn) and fully framework coordinated Sn atoms Sn(�Si−
O�)4 (close Sn), respectively.5 The presence of Al in these
samples also leads to LAS associated with extra-framework Al
and BAS(Al) associated with framework Al. The bands of
adsorbed CD3CN on these sites were observed at 2325 cm−1

(magenta) and 2297 cm−1 (red), respectively (Figure 1). The
band at 2287−2275 cm−1 (black) is attributed to CD3CN
adsorbed on silanol groups.8 In line with the chemical
composition, the concentrations of BAS(Al) and extra-frame-
work Al were nearly identical with all samples, while the
concentration of Sn varied (Table 1). As bands characteristic
of CD3CN on extra-framework Sn were not observed,23 we
conclude that all the Sn is substituted in the framework, acting
as Lewis acid sites (LAS(Sn)). For samples with a lower
concentration of LAS(Sn), only coordinatively closed tin atoms
Sn(�Si−O�)4 were observed. The concentration of the
open Sn framework centers (�Si−O�)3Sn−OH increased
with the concentration of Sn. In general, the total
concentration of Lewis acid sites (open Sn, close Sn, and
extra-framework Al) determined by CD3CN was similar to the
concentration of Lewis acid sites determined by the adsorption
of pyridine.
2.3. Interaction with Water and Domain Formation.

As Sn introduces additional LAS, it raises questions about how
Sn influences the formation and size of hydrated hydronium
ions formed from BAS. The concentration of Al in the zeolite
framework defines the concentration of the H3O+(H2O)n.

2 For
Sn-MFI, 4−5 water molecules were adsorbed per Sn (Figure
S5).

For aluminum-containing zeolites, the adsorption enthalpy
for the first water molecule was 64 kJ mol−1, increasing to 82 kJ
mol−1 with the next water molecule. This was followed by a
decrease of the adsorption enthalpy to the enthalpy of water
condensation heat (∼45 kJ mol−1) at 25 °C as further water
molecules adsorbed. A similar behavior was previously
observed for H-MFI samples.2 For these latter samples, the
adsorption enthalpy increase with the second water molecule
was associated with proton transfer to adsorbed water, but
until now, a conclusive explanation for the observation has not
been found.

For activated Sn-MFI the concentration of Bro̷nsted acid
sites was very low (∼10 μmol g−1). It increased in the presence
of water (Figure S6) to approximately 29 μmol g−1. The
equivalent decrease in the LAS(Sn) was attributed to
dissociation of water at the framework Sn sites.24

IR spectra after water adsorption at 30 °C on Sn-MFI at
10−3−1 bar are compiled in Figure S7. The key bands were
observed at 3740, 3648, 3389, and 1615 cm−1. The band at
3740 cm−1 corresponds to silanol groups located at the
external surface. In general, this band was not significantly
perturbed by an increase in water pressure, indicating only a
very weak adsorption of water. The band at 3648 cm−1 is
attributed to water adsorbed on accessible Sn sites, analogous
to the adsorption of molecular water on Al3+. With increasing
equilibrium pressure of water, the band of hydrogen bonded
water at 3389 cm−1 increased in parallel to the band of the
deformation vibration of water at 1617 cm−1. It is hypothesized
that the increase in adsorption enthalpy for Sn-MFI as the
concentration of water increased is the consequence of the
hydrolysis of the close framework Sn sites to open framework
Sn sites and the associated stronger adsorption of water on
these sites.10

Water adsorption on zeolites substituted with different
concentrations of Sn (and similar Al concentrations) (Figure
S8) shows a significant increase in the adsorption capacity and
strength in comparison to Sn-MFI (Table S4). The total water
uptake was defined as the amount of water adsorbed with a
heat of adsorption higher than ∼45 kJ/mol (Figure S8). The
water uptake on BAS(Al) refers to the amount of water
adsorbed on aluminum-containing MFI zeolites (Al-MFI). The
additional water uptake increased linearly with the concen-
tration of framework Sn (Figure S9). Averaging overall Sn/Al
samples, approximately 4 water molecules were adsorbed per
Sn (Table S4). This suggests a stronger interaction of water
with incorporated Sn sites than with silanol nests of zeolites.5,11

The fraction of accessible space decreased with the
concentration of Sn in the framework. Thus, the presence of
Sn leads to a higher fraction of the zeolite pores being filled
with water (Figure 2). The increased concentration of

hydrated hydronium ions resulting from the higher water
uptake could potentially influence the distribution and size of
proton domains within the zeolite structure. One possibility is
that the higher concentration of water leads to more numerous
but smaller domains of hydrated hydronium ions distributed
throughout the zeolite framework. Alternatively, it could result
in fewer but larger domains containing delocalized protons.

Figure 2. Schematic representation of micropore domains when Sn is
present in the zeolite structure. CyOH refers to cyclohexanol
molecules inside the nonpolar domain, and O− refers to deprotonated
BAS. H3O+ refers to the hydronium ion, and Sn refers to the
framework Sn.
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To probe this, let us look to the details of adsorption in the
zeolite pores in the presence of water. The adsorption isotherm
of cyclohexanol in aqueous phase for Al/Sn-2 (Figure S10)
showed cyclohexanol uptake to increase sharply with
concentration and gradually reaching a constant level above
0.03 mol L−1. The uptake of 0.989 mmol g−1 corresponds to a
volume of sorbed cyclohexanol of 0.104 cm3 g−1 (Table S5),
similar to the volume unoccupied by water (Table S4). The
calorimetrically measured adsorption enthalpy (∼40 kJ mol−1)
was higher than that determined (∼26 kJ mol−1) for H-MFI
samples.2 This high enthalpy of sorption points to a stronger
interaction with the sorbed molecule, i.e., a lower excess
chemical potential of cyclohexanol compared to cyclohexanol
adsorbed on H-MFI with the same concentration of aluminum.

The high enthalpy of sorption is hypothesized to be caused
by the stronger and simultaneous interaction of the OH group
of cyclohexanol with Sn4+ and H3O+(H2O)n. The requirement
of proximity for these sites caused us to denote these sites as
paired sites (BAS−LAS(Pair)), with BAS and LAS denoting
isolated sites. The concentration of BAS−LAS(Pair) in each
sample almost entirely corresponds to the concentration of
Sn4+ (Table 2, for calculations please see Figures S11−S14,

Table S6). This observation suggests a strong correlation
between the concentration of BAS−LAS(Pair) and the presence
of Sn4+ ions in the zeolite structure. It indicates that the
formation of BAS−LAS(Pair) sites is closely linked to the
incorporation of Sn4+ ions and Al3+ into the zeolite framework.
The notable exception for Al/Sn-1, which had around 30% of
Sn paired with BAS(Al), is attributed to the lower crystallinity of
this sample.

As presented for Sn-MFI, the water adsorption for Al/Sn
samples was also investigated by IR spectra at different
pressures of water (Figure S15). A comparison between the
spectra collected for all the samples is shown in Figure 3. The
bands observed at 3746 and 3610 cm−1 correspond to silanol
groups located at the external surface and the stretching mode
of bridging OH groups (Si−OH-Al) in the zeolite, respectively.
The intensity of the band at 3610 cm−1 drops continuously
with increased water pressure, due to adsorption of water on
the BAS(Al) (Figure S16).

At the pressure of ∼10−3 mbar the additional bands at 3698,
2888, 2465, and 1630 cm−1 appear.

The band at 3698 cm−1 was attributed to unperturbed OH
stretching vibrations, from H-bonded water adsorbed.25 In the
difference spectra (Figure S16), the negative band observed at
3610 cm−1 for all samples with Al are related to the Bro̷nsted
acid sites interacting with water, while the bands at 2888 cm−1,
2465 and 1630 cm−1 were corresponding to the A,B,C-triplet
of the Fermi resonance, which is related with water molecules
hydrogen bonded to BAS groups.13 The spectra of Sn-MFI,

when compared with Sn/Al, exhibit a complete absence of the
bands related to the Fermi resonance A,B,C-triplet. This
absence suggests significant differences in the local chemical
environment or coordination geometry of water at the Sn4+

sites in these materials.
2.4. Dehydration of Cyclohexanol in the Aqueous

Phase. In aqueous phase, dehydration of alcohol is catalyzed
by hydronium ions.12 For zeolite these hydronium ions are
related to the BAS(Al).

2,12,26−28 The impact of the LAS sites on
this reaction is unexplored. Table 2 summarizes the rate and
turnover frequency (rate normalized to the concentration of
BAS(Al)) observed at 150 °C and 40 bar (Figure S17).

Cyclohexene was the main product of cyclohexanol
dehydration on all the zeolites. The reaction rate was
independent of the concentration of cyclohexanol, i.e., showing
a zero-order dependence (Figure S18). The aluminum-free
sample (Sn-MFI) had very low catalytic activity, which is
attributed to the absence of H3O+

hydr. inside the pores of this
zeolite. For Al/Sn samples, the rate increased with the
concentration of Sn, also increasing the turnover frequency
(TOF) (Figure 4) by a factor of 2. It should be noted in
passing that the impact was smaller for Al/Sn-1 because of the
lower crystallinity of Al/Sn-1. The TOF increased linearly with
the fraction of BAS(Pair) in the total BAS (Scheme S1; Figure
4b). Extrapolation of the trend allowed estimation of the
specific TOF of these paired sites (Figures 4b, Figure S19).

The activation energies were similar for all zeolites with
values between 140 and 150 kJ mol−1 (Figure S20 and Table
2), which indicates that the presence of Sn framework does not
affect the BAS(Al) acid strength, but slightly decreased ΔG°⧧
(Figure 4c).

The kinetic measurements indicated that all the samples may
follow an E1 mechanism, as previously reported.29 In this
mechanism, first, the adsorbed cyclohexanol is protonated,
followed by water elimination, which involves the intermediate
carbenium ion with stepwise C−O and C−H bond scissions.
For the H-MFI studied samples, the protonation of the alcohol
requires a hydronium ion, which only exists with the presence
of BAS(Al). As all the Sn/Al samples studied in this work have a
similar concentration of BAS(Al), the increase observed on the
measured TOF values is concluded to be caused by LAS(Sn). It

Table 2. Catalytic Activity (150 °C, 40 bar) of the MFI
Samples

samples
reaction rate × 10−5

(mol gcat
−1 s−1)

TOF (rate/
BAS) (s−1)

BAS(Pair)/
BAS(total)

Ea
(kJ mol−1)

Sn-MFI ∼0 - 0 -
Al/Sn-2 2.90 0.143 0.469 139 ± 11
Al/Sn-4 2.34 0.118 0.175 145 ± 10
Al/Sn-8 1.91 0.096 0.049 144 ± 7
Al-MFI 1.90 0.087 0 142 ± 7
BAS(Pair) - 0.207 - 140 ± 9

Figure 3. IR spectra after water adsorption on all the studied samples
at ∼10−1 mbar.
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should be emphasized that Sn sites in the absence of BAS(Al)
do not catalyze the reaction to an appreciable extent.

Conceptually, the carbenium ion intermediates could also
undergo a bimolecular rearrangement and form an diphenyl

Figure 4. (a) TOF (rate/BAS(Al)) for cyclohexanol dehydration over Al/Sn-MFI samples as a function of the Sn concentration measured by
CD3CN titration. Reaction conditions: at 150 °C, 40 bar of N2, 700 rpm, 0.33 M cyclohexanol−water solution. (b) TOF (rate/BAS(Al)) for
cyclohexanol dehydration over Al/Sn-MFI samples as a function of BAS(Pair)/BAS(total) (for detailed calculation, see SI). (c) ΔG°⧧ (Gibbs energy)
at 150 °C as a function of the BAS(Pair)/BAS(total). The average error for the ΔG°⧧ is ±0.2 kJ/mol (∼0.2%). (d) Arrhenius plot for the aqueous
phase dehydration of cyclohexanol to cyclohexene over Al/Sn-MFI at 140 °C, 150 °C, 160, and 170 °C. Reaction conditions: cyclohexanol (3.3 g),
H2O (100 mL), 150 °C, 40 bar H2, stirred at 700 rpm. (The dashed lines serve as a guide to the eye.).

Scheme 1. Hypothesized Mechanism of LAS(Sn) for Dehydration of Cyclohexanol in Aqueous Phase
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ether molecule.30 The pore size of the MFI structure excludes
this pathway (Scheme 1).

It is speculated that the abundance of water in aqueous
phase leads to blocking of Sn4+, which may catalyze
cyclohexanol dehydration in the absence of water.31 The
higher rates in the presence of Sn4+ are, thus, caused by an
increasing the pre-exponential factor (Figures 4d, Figure S20)
in the presence of BAS(Pair). This increase points to a later
transition state in the C−O bond cleavage, which remains
uncompensated by the back-donation of the proton to the
neutral water cluster. Thus, the overall kinetic barrier is lower
with respect to standard free energies, but remains unchanged
in the standard enthalpy of the equilibrated intermediates plus
the transition state.

To consider a possible confinement effect caused by the
presence of LAS(Sn), which may decrease the cyclohexanol
space by increasing the concentration of water, we calculated
the distance between two hydronium ions neighbors (Dh‑h)
(see Scheme S2, Table S7 and Table S8). In general, the values
were not strongly affected by the presence of the Sn. One also
could argue that the presence of framework Sn may increase
the Bro̷nsted acidity by an additional stabilization of the
negative charge of zeolite framework or the polarization of an
OH group.32 However, Shi et al.12 have shown that the
dehydration of alcohol in the aqueous phase is independent of
the intrinsic strength of the dissolved acid since the hydrated
hydronium ions may be the most acidic species in aqueous
acidic solutions.

Aiming to get a better visualization of the distribution of the
acid sites in the reaction environment, IR spectra of used
samples were collected and compared with the fresh ones
(Figure S21). The peak at 3745 cm−1 is related to silanol
groups, and the calculation of this area on the corresponding
IR spectra indicates an increase in the Si−OH groups for the
used Al/Sn-2, while it was almost constant for the Al-MFI
sample. A similar tendency was observed after the titration
with CD3CN of the Sn/Al-2 and Al/MFI used samples (Figure
5). The IR spectra of the used samples (Sn/Al-2 and Al-MFI)
showed evidence of hydrolyzing the fully framework
coordinated tin atoms (closed Sn) to framework tin centers
(open Sn) after the reaction. For Sn/Al-2, the comparison
between the fresh and used samples showed that after the
reaction, the concentration of silanol groups (black dashed
curve, 2275 cm−1) and the concentration of open framework
Sn (green dashed curve, 2316 cm−1) increased, while the peak
related to close framework Sn (blue dashed curve, 2308 cm−1)
decreased.

The profiles observed for used Al-MFI were very similar to
the ones collected for the fresh sample (Figure S22 and Table
S9). The presence of these polar hydroxyl defect groups (Sn−
OH) with BAS properties (BAS(Sn)), in close contact with
BAS(Al), may alter the thermodynamic state of the reagents
inside the micropore environment. According to Choudhary et
al.33 glucose molecules next to the metal center (LAS) that are
bonded with OH (Bro̷nsted base) group will replace water
molecules in the first shell of the metal center with its OH
groups, by hydrogen donation. A similar mechanism has been
identified for Sn-BEA-catalyzed aldose-to-ketose isomerization.
It should be noted in passing that, this protonation indicates
that oxygen around Sn4+ acts as Bro̷nsted base, deprotonating
the alcohol hydroxyl group.34

The results demonstrate that the positive effect of Sn4+ on
the rate of cyclohexanol dehydration is not caused by the direct

catalytic action of Sn4+. It is also not caused by adjustment of
the pore around the active site or an increase in the BAS
acidity. The linear correlation between BAS(Pair) and TOF
values, combined with the slight, but decreasing tendency
observed for ΔG°⧧ (Figure 4c) point to the role of Sn4+ that
allows orientation of the polar group in cyclohexanol and a late
transition state that is associated with a higher transition
entropy. It should be noted in passing that such effects are also
attributed to local fields induced by Lewis acid sites.

3. CONCLUSIONS
A series of hydrothermally synthesized MFI zeolites containing
increasing concentrations of Sn4+ has been used to show the
impact of Lewis acid sites in the proximity of Bro̷nsted acid
sites. X-ray diffraction and the IR spectra of CD3CN showed all
Sn to be located inside the zeolite lattice. The adsorption of
water hydrolyzed the framework coordinated Sn atoms to the
framework Sn centers with the formation of weak BAS(Sn).
However, without the presence of BAS(Al), the samples were
not able to catalyze the dehydration of cyclohexanol in the
aqueous phase.

Although LAS(Sn) did not catalyze the dehydration of
cyclohexanol in the aqueous phase by itself, it enhanced the
reaction rate at H3O+(H2O)n. This enhancement was caused
by an increase in the transition entropy, which is currently
attributed to a later transition state of the elimination caused
by stabilization of the polar hydroxyl group and positively
charged hexyl carbenium ion. This action of the cation mimics
directional effects observed in enzyme pockets. It remains an
open question whether this positive effect on the transition
entropy could also be caused by local fields induced via Sn4+.

In summary, the observed impact of Sn4+ cations clearly
indicates the potential and limitations of such modifications by
incorporated heteroatoms for acid catalyzed reactions.

Figure 5. (a) IR spectra after CD3CN titration of the Al/Sn-2 fresh
sample and the used one. The sample was applied in the reaction of
dehydration of cyclohexanol at the liquid phase (150 °C, 20 min, 40
bar). Both samples were activated at 450 °C for 1 h followed by
CD3CN titration at 40 °C. Si−OH/black, BAS(Al)/red, LAS(EFAL)/
pink, open LAS(Sn)/blue, close LAS(Sn)/green. The deconvolution of
the IR spectra was done with the ORIGIN software program using
Gaussian-type curves. (b) Comparison of the difference between the
IR spectra of the used samples after CD3CN titration and the
spectrum of the fresh sample after CD3CN titration for Al/Sn-2.
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4. EXPERIMENTAL SECTION
4.1. Catalyst Preparation. A hydrothermal method was

employed for the synthesis of Al/Sn-MFI zeolites.21 In a
typical preparation, 15.3 g of tetraethyl orthosilicate (TEOS,
Sigma-Aldrich, 99%) was hydrolyzed with 16.5 g of
tetrapropylammonium hydroxide (TPAOH, Sigma-Aldrich,
99%, 40% solution in water) under vigorous stirring. Then, a
solution of SnCl4 x H2O (Sigma-Aldrich 99%) and Al(NO3)3 x
9H2O (Sigma-Aldrich, 99%) was added to hydrolyze the
TEOS. The molar composition of the final batch was Si/(1):
Sn/(0.002−0.03): TPAOH/(0.45): Al/(0.02): H2O/(35)
(Table S1). After stirring overnight, the clear gel was placed
in an autoclave (300 mL) in an oven at 160 °C for 3 days.
After crystallization, the material was filtered, washed with
deionized water, dried at 100 °C and calcined in synthetic air
(100 mL min−1) at 550 °C (1 °C min−1) for 5h. (The samples
were named according to the molar Al/Sn ratio.)
4.2. Catalyst Characterization. Elemental analysis was

performed on an Agilent 760 ICP-OES spectrometer. X-ray
diffraction analysis was performed on a diffractometer, using
Cu Kα radiation and operating at 45 kV and 40 mA. The
scanning range was 2θ = 5°−50° with step increments of 0.01°.
The relative crystallinity of the samples was calculated by
comparing the total area of the two strong diffraction peaks in
the 2θ region of 5°−35° with those from the Al-MFI sample
(free of Sn). The unit cell parameters were calculated by using
the UnitCell software. Surface areas and micropore volumes
were determined by N2 adsorption at liquid N2 temperature
with a Sorptomatic 1990 automated surface area and a pore
size analyzer. Raman spectra were obtained using a Renishaw
inVia Reflex Raman System. The laser line at 785 nm of a He−
Cd laser was used as an exciting source with an output of 50
mW. The infrared spectra of the samples were recorded on a
ThermoScientific Nicolet Fourier transform infrared (FT-IR)
spectrometer. 120 Scans were accumulated for each spectrum.
Before each IR experiment, the samples were activated in a
vacuum (p = 10−7 mbar) at 450 °C for 1 h (10 °C min−1).
After the mixture was cooled, a spectrum of the activated
sample was collected.

The titration of the BAS and LAS experiments were
performed using pyridine, acetonitrile-d3 (CD3CN), and
water adsorption. After the activation (similar for all the
analyses), the sample was equilibrated with vapor of pyridine
(150 °C), CD3CN (40 °C), and water (35 °C) for 60 min
followed by outgassing for 1 h, after which an IR spectrum was
recorded (for more details please see Supporting Information).
The water adsorption at the gas phase was performed using a
Seteram microbalance connected to a vacuum system. In a
typical experiment, the Al/Sn zeolite samples were loaded on
the microbalance and activated under vacuum (<10−4 mbar) at
450 °C for 1 h and cooled to 30 °C afterward. The water vapor
was introduced stepwise through a dosing valve. After
equilibration under a certain pressure of water and at room
temperature, the adsorbed amount was quantified by the mass
increase, and the released heat was monitored by DSC signal.
The total water uptake for all the samples inside the micropore
was determined based on the point when the heat of
adsorption approached ∼45 kJ mol−1, i.e., where the water
started to condensate outside the pore.
4.3. Catalytic Reaction. The aqueous phase dehydration

reactions were performed in a 300 mL Hastelloy Parr reactor.
Initially, 100 mL of an aqueous cyclohexanol solution (0.33M)

and a specific amount of catalyst (range 50−150 mg) were
added to the reactor. In sequence, the reactor was pressurized
with 40 bar H2 at room temperature and heated up to desired
reaction temperature. The initial time of the reaction was
based on the point at which the set temperature was reached.
The agitation used was ∼700 rpm. At the end of the reaction,
the reactor was cooled to room temperature. The reaction
mixture of cyclohexene (oil phase) and cyclohexanol-
containing aqueous phase was extracted with several fractions
of CH2Cl2 (total amount was 100 mL). The solution was
analyzed on an Agilent 7890A gas chromatograph (GC). For
quantification, 1,3-dimethoxybenzene was used as an internal
standard. The carbon balance was higher than 92%.
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