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Abstract: The intracrystalline ionic environment in
microporous zeolite can remarkably modify the excess
chemical potential of adsorbed reactants and transition
states, thereby influencing the catalytic turnover rates.
However, a limit of the rate enhancement for aqueous-
phase dehydration of alcohols appears to exist for
zeolites with high ionic strength. The origin of such
limitation has been hypothesized to be caused by the
spatial constraints in the pores via, e.g., size exclusion
effects. It is demonstrated here that the increase in
turnover rate as well as the formation of a maximum
and the rate drop are intrinsic consequences of the
increasingly dense ionic environment in zeolite. The
molecularly sized confines of zeolite create a unique
ionic environment that monotonically favors the forma-
tion of alcohol-hydronium ion complexes in the micro-
pores. The zeolite microporous environment determines
the kinetics of catalytic steps and tailors the impact of
ionic strength on catalytic rates.

Introduction

Catalytic reactions on microporous zeolites can be enhanced
by tailoring of the nanoscopic environment.[1] In liquid water

(H2O), zeolitic Brønsted acid sites (BAS), i.e., the acidic
bridging hydroxyl groups of zeolite frameworks form
hydrated hydronium ions (H+(H2O)n).

[2] The composition of
these intraporous hydronium ion clusters was quantified to
be H+(H2O)7–8 for the example of proton-exchanged Zeolite
Socony Mobil-5 (H-ZSM-5) zeolite through a combination
of adsorption of water and aqueous-phase organic
substrates.[2e] The zeolite-confined nano-environments play
important roles in hydronium ion-catalyzed reactions, such
as alcohol dehydration[3] and phenol alkylation in water.[4]

The confinement of zeolite pores enables the association of
a larger fraction of alcohol molecules with hydronium ions
in comparison with that in homogeneous acid solutions, and
minimizes the free energies of activation, in turn potentially
enhancing hydronium ion-catalyzed reaction rates.[5]

The variations in the concentration of hydronium ions in
nanoscopic confinements alter the adsorption of reactants,
and (de)stabilize surface intermediates and transition states
for the catalytic reactions in the zeolite micropores.[2e,6] We
have shown that the specific interactions between the
confined hydronium ions and adsorbed reactants in zeolite
induce thermodynamic non-idealities to a catalytic system.[6]

The turnover rates for intramolecular dehydration of cyclo-
hexanol (CyOH) in water initially increase with the local
ionic strength in a micropore, but decrease at higher ionic
strength, thus, giving rise to a limitation to the enhancement
of catalytic dehydration rates. The local ionic environments
with moderate-to-high ionic strength alter the excess chem-
ical potentials (i.e., excess free energies) of adsorbed
uncharged reactants and positively charged transition states,
which initially increase the reaction rates. The rates drop at
higher ionic strength as a consequence of increasing excess
chemical potentials of the charged transition states, which in
turn raises the activation Gibbs free energies.

Except for the corresponding lattice base site at the
aluminum oxygen tetrahedron interacting with the H+

(H2O)n, the other micropore space are saturated with
substrate molecules in the process of aqueous-phase CyOH
dehydration. This leads typically to zeroth-order kinetic
dependences in the reacting CyOH concentration.[3,5,6] It has
been observed in zeolite H-MFI that the adsorption
capability (and strength) for CyOH from an aqueous phase
decrease with increasing concentration of H+(H2O)n in
zeolite pores.[2e] In H-MFI pores, the presence of higher
concentration of H+(H2O)n decreases the void space
between the neighboring hydronium ion clusters, becoming
eventually smaller than the van der Waals volume (VvdW) of
CyOH molecule. This leads to limited adsorption of CyOH
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in the pores. This size (volume) exclusion effect has been
attributed to the marked reduction in catalytic dehydration
turnover rates.[6,7] However, it is still unclear whether the
production of catalytic rates are caused by these limitations
(more H+(H2O)n are present than reacting molecules) or
whether the decrease in rate and the lower fraction of
reacting molecules in the pores are parallel phenomena
caused by changes in the thermodynamic states along the
reaction path. To address this question we have decided to
study the kinetics under conditions not limited by the
maximum uptake of reactive substrates, under conditions
leading to a first-order dependence on the substrate
chemical potential.

We quantitatively investigate the aqueous-phase CyOH
dehydration reaction at low coverages of CyOH to con-
clusively exclude the influence of limitations in the uptake
of the reacting alcohols. Thermochemical and kinetic
measurements are used to describe, how the confined ionic
environment intrinsically facilitates the accommodation of
reaction intermediates and the enthalpic stabilization of
charged transition states within zeolite micropores to max-
imize the alcohol dehydration turnover rates. The position
of the maximum turnover rate was observed to be
independent of the sorbed state of substrate molecules and
reflects the optimal formation of alcohol-hydronium ion
interactions and charged transition states.

Results and Discussion

Reaction order as a function of CyOH concentration on H-MFI
(Si/Al 45)

As outlined above, in aqueous phase structural BAS are
transformed to H+(H2O)n and serve as active sites for the
catalytic dehydration of CyOH.[2d,f,5b] The dehydration of
CyOH to cyclohexene on Brønsted acidic zeolite proceeds
in the sequence of the formation of associated alcohol-
hydronium ion complexes, the protonation of the OH group,
accompanied with the stepwise cleavage of C� O bond to
carbenium ion intermediate and the deprotonation step to
generate the cyclohexene product (Supporting Information,
Scheme S1). Previous contributions focused on the aqueous-
phase CyOH dehydration in the zeroth-order kinetic
regimes catalyzed by microporous zeolites with the starting
CyOH concentration ([CyOH])>100 mM (millimole per
liter).[5,6] Density functional theory modeling and isotope
experiments showed that the E1 character involving Cβ� H
bond cleavage as the kinetically relevant step is the more
plausible mechanism for the elimination of water.[5] A rate
expression [Eq. (1)], details of the derivation are shown in
the Supporting Information Note S1) derived from transi-
tion state theory describes the kinetic dependence of
turnover rates on the rate constant kz,d and the association
degree of CyOH with hydronium ions, qz;a [Eq. (2)]:

r
H3Oþ½ �0

¼ kz;dqz;a (1)

qz;a ¼
KL;a

CyOH½ �aq

H2O½ �l

1þKL;a
CyOH½ �aq

H2O½ �l

(2)

Here, H3O
þ½ �0 is the concentration of hydronium ions,

KL;a represents the equilibrium constant for the association
of alcohol-hydronium ion within zeolite pores. Then, the
apparent reaction order of CyOH (n) is formulated in
Equation (3), in particular, as a function of the fractional
coverage or the association degree of CyOH with the
hydronium ions (qz;a) (details of the derivation are presented
in the Supporting Information Note S1):

n ¼
@ ln rð Þ

@ ln CyOH½ �aq
� � ¼

1

1þKL;a
CyOH½ �aq
H2O½ �l

¼ 1 � qz;a (3)

The rate of CyOH dehydration over H-MFI 45 (Si/Al
45) as a function of [CyOH] in the range of 0.3–100 mM are
compiled in Figure 1. The reaction rates of CyOH dehydra-
tion in an aqueous phase decreased with the decrease of
[CyOH] at temperatures of 393 to 413 K, and concurrently,
the reaction order increased gradually and approached a
first-order kinetic regime (1.0�0.15 of reaction order) at
[CyOH] below 1 mM. The increase in the reaction order
with respect to the [CyOH] decrease is associated to a lower
coverage of CyOH molecules. Mass transfer effects in this
reaction were assessed by the Weisz-Prater criterion,[8] and
the results showed an absence of mass transfer limitation
(Detail of the calculations see from the Supporting Informa-
tion Note S2). Therefore, the measured reaction rates are
considered to be the intrinsic turnover rates of hydronium
ion-catalyzed dehydration of CyOH in the zeolite micro-
pores.

The turnover frequencies (TOFs) measured at [CyOH]-
=0.7 mM by normalizing the reaction rates to the total BAS
concentration of H-MFI 45 are 4–6 times lower than those

Figure 1. Cyclohexanol dehydration rates measured on H-MFI 45 as a
function of the concentrations of cyclohexanol in the aqueous phase at
393 K (squares), 403 K (circles), and 413 K (triangles). Dashed lines are
to guide the eye.
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in the case of zeroth-order kinetic regimes. It is important to
note that the turnover rates and TOFs for the CyOH
dehydration on H-MFI 45 zeolite are more than two orders
of magnitude higher than those measured for unconfined
hydronium ions in homogeneous phosphoric acid (H3PO4)
solution when both a low and a high concentration of CyOH
were applied (Supporting Information, Figure S1). The
nanoscopic environment of H-MFI zeolite induces a lower
activation free energy (Supporting Information, Table S1),
which indicates that the catalytic activity gain from the
confinement effects of zeolite is still remarkable although
the reaction proceeds in the first-order kinetic regimes. The
apparent activation energy for the catalytic dehydration of
CyOH with first-order kinetic was 118�4 kJmol� 1, which is
about 24�6 kJmol� 1 lower than that determined from
zeroth-order kinetic regime. The value is in reasonable
agreement with the adsorption heat (24–30 kJmol� 1) of
CyOH on H-MFI zeolites in aqueous phase.[2e,5b]

The aqueous-phase adsorption properties of CyOH in
zeolite H-MFI 45 pores were evaluated in detail. In the
work of Shi et al.,[5b] the adsorption equilibrium (Kads°) and
saturation uptake (qmax) for H-MFI 45 were determined
from the Langmuir-type isotherms at room temperature
with the values of 304 (dimensionless) and 0.61 mmolg� 1,
respectively (Supporting Information, Table S2). The uptake
of CyOH in H-MFI 45 from the aqueous solution with the
starting [CyOH] of 0.7 mM is 0.056 mmolg� 1, corresponding
to 0.092 of fractional coverage (θ) in the micropore, which is
far away from the saturated adsorption. The qmax value
becomes lower due to the density increase of CyOH in
zeolite pore at high temperatures.[9] Kads° was extrapolated
to the reaction temperatures with the values of 17 (393 K)
and 8.5 (413 K). H-MFI 45 zeolite pore contains �0.3
CyOH molecule per unit cell at [CyOH] of 0.7 mM under
the temperatures of 393 to 413 K, whereas 1.8–2 per unit cell
was estimated for the hydrated hydronium ions (i.e., H+

(H2O)n).
Note that the nature of hydronium ions confined within

H-MFI zeolite pores has been verified independent on the
identity of adsorbates (Figure S2–S5, see details from the
alcohol adsorption on zeolites from gas phase and from
aqueous phase in the Supporting Information) and the
temperature as applied.[6] In addition, in zeolite pores
organic molecules tend to adsorb on the hydrophobic sites,
whereas the residual space (i.e., the hydrophilic space)
allows the accessibility to the hydronium ions regardless of
the saturation state of the pores (Supporting Information,
Scheme S2).[10] A lower fraction of associated CyOH and H+

(H2O)n is, therefore, concluded to exist for the H-MFI
zeolite when approaching a first-order kinetic regime (with
the low coverage of the substrate molecule). Thus, we
conclude that the significantly reduced coverage of CyOH in
the pores at first-order reaction is largely responsible for the
decreased turnover rates of the aqueous-phase dehydration
catalyzed by H-MFI 45 compared to the counterpart at
zeroth-order reaction.

The reaction mechanism for aqueous-phase CyOH
dehydration with much lower coverage of CyOH on zeolite
was studied by measuring the kinetic H/D isotope effects

(KIE). The dehydration reactions of C6H11OH and
C6D11OD were performed at the concentration of 1 mM
(within the first-order kinetic regime) on H-MFI 45 zeolite
at 403 K. Catalytic results showed a turnover rate of 5.8×
10� 5 s� 1 for C6D11OD and 1.9×10� 4 s� 1 for C6H11OH (Sup-
porting Information, Table S3), giving a KIE value of 3.3�
0.5, which is in good agreement with those obtained for the
zeroth-order kinetic regimes over H-MFI, H-BEA zeolites
and also with those from first-order kinetics catalyzed by
homogeneous acidic H3PO4 catalyst.

[5b] This result indicates
that a C� H (D) bond cleavage also in this case is the
kinetically relevant step, which can be related to the rate-
limiting step in the E1 mechanism for aqueous-phase
dehydration of alcohols on zeolites.[3c,5]

Zeolite-catalyzed dehydration of CyOH within varying ionic
environments

To expand the discussion, a series of H-MFI zeolites with
different Si/Al ratios (12, 32, 90, 200) was studied. Chemical
and physical properties of all the H-MFI samples including
the acidic site concentration and micropore volume are
summarized in Table S4 (Supporting Information). For these
zeolites, the higher the Si/Al ratio gets, the lower the BAS
concentration becomes. No clear correlation between the
micropore volume and the Si/Al ratios was observed,
suggesting that this depends solidly on synthetic parameters.
The ionic strength (I), determined by normalizing the BAS
concentration to micropore volume, monotonically in-
creased with the concentration of BAS (or H+(H2O)n) in H-
MFI pores. Changes in the BAS concentration from
0.09 mmolg� 1 on H-MFI 200 to 1.15 mmolg� 1 on H-MFI 12
result in the concentration values of H+(H2O)n varying from
0.9 molL� 1 to 6.4 molL� 1. In the dehydration of CyOH
under the first-order kinetic regime, we observed a volcano-
shaped dependence of the TOFs on the ionic strength of
zeolites at each temperature (Figure 2A, Supporting Infor-
mation, Figure S6). The TOF increased at lower ionic
strength until 3 molL� 1 and decreased again at higher ionic
strength. Comparing the volcano rate dependence in the
zeroth- and first-order kinetic regimes, the position for a
maximum of TOF value was found at 2–3 molL� 1 for both
cases. This similarity clearly reflects identical kinetic sit-
uations, independent of the coverage of sorbed substrates in
zeolite micropores.

We conclude that the varying reaction rates are a
consequence of the non-ideal thermodynamic states of all
reactive substrates in the reaction path, which determines
the transition free energies and in turn the overall catalytic
activities (Supporting Information, Table S5). The reaction
rates are, hence, required to be expressed as the functions of
activities and activity coefficients.[11] H-MFI zeolite contain-
ing zero ionic strength in the pores was hereinafter referred
to as an ideal condition. In fact, it was represented by the
extremely diluted concentration of hydronium ions, because
it was experimentally impossible to measure the reaction
rate for zeolite H-MFI with zero BAS concentrations. The
TOF(0), which denotes the TOF value under an ideal
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condition, were therefore obtained by extrapolating the
plots of TOF versus ionic strength to a zero ionic strength in
first-order kinetic regimes. Under a non-ideal condition, in
zeolite micropore abundant active sites stay un-occupied
and the TOF(I) from Equation (4) (details of derivation see
from the Supporting Information Note S3) is expressed in
terms of the activity coefficient of the transition state (
g� Ið Þ) and the TOF(0). Applying the transition state
formula [Eq. (5)], DG

�� idealð Þ; the apparent Gibbs free
energy of activation at an ideal state, is determined by the
TOF(0).

TOF Ið Þ ¼
TOFð0Þ

g� Ið Þ (4)

TOF 0ð Þ ¼
kBT

h
exp �

DG
�� idealð Þ

RT

� �

CyOH½ � (5)

where kB, h, and R are the Boltzmann constant, Plank
constant and ideal gas constant, [CyOH] represents the
concentration of CyOH in an aqueous phase.

The ionic environment of the zeolite pore influences the
observed activation Gibbs free energy (DG

��) for the CyOH
dehydration in the first-order kinetic regime through affect-
ing the excess chemical potential of transition state (mexcessTS ).[6]

The mexcessTS contributes to the activity coefficient of the
transition state, which can also be restated as the functions
of TOF (0) and TOF (I):

mexcessTS ¼ RTlng� Ið Þ ¼ RTln
TOF 0ð Þ
TOF Ið Þ (6)

The values of DG
�� and mexcessTS measured at 403 K are

compiled in Figure 2B. Both the kinetic parameters show an
inverse-volcano trend as a function of the ionic strength in
zeolite micropores. A negative value of mexcessTS points to the
stabilization of the charged transition state by the ionic
environment.[6] The largest extent of transition state stabili-
zation is found at moderate ionic strength. Figure 3 displays
the energy landscapes for aqueous-phase dehydration of
CyOH on H-MFI zeolite that possesses hardly any ionic
environment (ideal state, left part) and a high ionic strength
(non-ideal state, right part). The values of DG

�� Ið Þ are
determined by all the changes in the transition state
complexes and the excess interactions of adsorbed reactants/
transition states with the confined hydronium ions in zeolite
pores.[1e] The zeolite pores with zero ionic strength (consid-
ered as an ideal state), thus, do not induce excess chemical
potential on reacting molecules. Therefore, for the catalytic
reactions occurring in zeroth- and first-order kinetic regimes
the excess Gibbs free energy (DGexcess) quantifies the differ-
ence between the free energy under a given ionic environ-
ment in zeolite (DG

�� Ið Þ) and that under an ideal condition
(DG

�� idealð Þ) [Eq. (7) and (8)]. This excess free energy
reflects the impact from the ionic environment of micro-
porous zeolites on the catalytic activities of a reaction.[6]

DGexcess 0
th

� �
¼ DG

��
0th Ið Þ � DG

��
0th idealð Þ (7)

DGexcess 1
stð Þ ¼ DG

��
1st Ið Þ � DG

��
1st idealð Þ (8)

The DGexcess also relates to the excess activation enthalpy
(DHexcess) and entropy (DSexcess) (
DGexcess ¼ DHexcess � TDSexcess). The values of DHexcess and
DSexcess, which are calculated to be negative for all the
studied H-MFI zeolites, are plotted in Figure 4A by showing
a linear correlation (that is, an enthalpy-entropy compensa-
tion effect).[12] Increasing ionic strength induces a stronger
impact on DSexcess by lowering the entropy gain, which is
predominately linked with the formation and stabilization of
charged transition state complexes in zeolite pores. In this
case, it brings in also the beneficial enthalpic stabilization to
overweigh the penalty of a lowering in entropy, endowing
an enhancement of the rate for the catalytic CyOH
dehydration on zeolites. CyOH dehydration with a max-
imum reaction rate manifests the values of DHexcess and
DSexcess ranged in � 35–� 25 kJmol� 1 and � 70–� 50 Jmol� 1

K� 1, respectively. A higher ionic strength (that is, the ionic
environment after the position of maximum turnover rate)
influences the activity gain by a means of increasing the

Figure 2. A) TOFs for H-MFI zeolite-catalyzed aqueous-phase cyclo-
hexanol dehydration measured as a function of ionic strength in the
first-order kinetic regime at 403 K. The data (circles) related to zeroth-
order kinetics at 423 K are from ref. [6]. B) Reaction Gibbs free energy
(triangles) and excess chemical potential (squares) of the transition
state (TS) with varying ionic environments at 403 K. Dashed lines in
both plots are to guide the eye.
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enthalpic barrier, although there is a characteristic greater
gain in DSexcess. This phenomenon has also been observed
from the alcohol dehydration in the zeroth-order kinetic
regimes catalyzed by Brønsted acidic zeolites, of which the
pores are fully filled with both substrate molecules (i.e.,
CyOH and substituted CyOH) and intraporous hydronium
ions (H+(H2O)n).

[3,5]

As illustrated in Figure 4B, in the channel of H-MFI
zeolite the distance of the center of hydronium ions is dh–h
and the boundary distance between two neighboring hydro-
nium ions is db–b. The values of dh–h and db–b decrease with
the increasing of ionic strength in the zeolite micropores
(Figure 4C). The CyOH adsorbs in the void space between
two hydronium ions and, thus, the CyOH uptake shows a
reduction with the increased ionic strength or the concen-
tration of BAS sites (Scheme 1). Once the ionic strength in
H-MFI micropores increase to a high value (i.e.,
>3 molL� 1), the average volume of the voids become less
than the VvdW value of CyOH. Under these conditions the
work to be done to accommodate the transition state causes
in the sum a gradually lower stabilization (and hence a
higher entropy) of the transition state. Figure 4D shows this
dependence in terms of activation enthalpy (ΔH°�) and
entropy (ΔS°�) as a function of the distance db–b between

two neighboring H+(H2O)n. Both activation parameters
reach the minimum positions at the db–b between 0.5 and
0.8 nm. The differences in ΔH°� and ΔS°� indicate the
sensitivity of the transition states for CyOH dehydration to
the ionic environments of zeolite and, thus, accounting for
the volcano-shaped plot of catalytic turnover rates.

As a side note, the confined hydronium ions in H-MFI
zeolite have been determined to possess a volume of (239�
15) Å3[2e] and the composition (H+(H2O)7–8) is characteristi-
cally invariant with the temperature[6] and adsorbates
(Supporting Information, Figure S2–S5). The number of
CyOH molecules that the voids between two neighboring
hydronium ions can accommodate are estimated by normal-
izing the void volume to the VvdW of CyOH (193 Å3 at
398 K[14]). Based on a cylindric model for the void space in
H-MFI zeolite cavities (5.6×5.4 Å in diameter), the volume
of void could fall in a range allowing for the sorption of 0.8–
1.0 number of CyOH, irrespective of the pore-filling degree
of zeolite (Supporting Information, Table S6). The substrate
to hydronium ion ratio is around 1 :1 for the highest reaction
rate in the zeroth-order kinetic regime,[6] where the
adsorption of CyOH in zeolite is saturated. However, at
first-order kinetic regime (i.e., 0.7 mM CyOH concentra-
tion), the maximum rate occurred at the CyOH to hydro-

Figure 3. The illustration of the sequence of steps for the formation of transition states within zeolites under ideal state and non-ideal state
condition. The combination of zeolite and CyOH in the aqueous phase was treated as the reference state for the formation of the transition states
in the pores. The reference states are in equilibrium with the formation of transitions states, as described with the transition state equilibrium
constant (K�). The sloping dashed lines indicate there are some elementary steps connecting in between two states.
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nium ion ratio of ca. 0.1 (Supporting Information, Fig-
ure S7). This indicates that the apparent substrate to hydro-
nium ion ratio in the zeolite micropore is not the criterion to
determine catalytic reaction rate.

The ionic environment inside zeolite creates specific
interactions with the H+(H2O)n and further influence the
chemical potentials of reacting molecules. The enhanced
reaction kinetics are a consequence of destabilizing the
ground state (Supporting Information, Figure S8) and stabi-
lizing the transition state by the H+(H2O)n under an ionic
strength.[6] The positive effect is partly compensated at high
ionic strength by the rearrangement required to stabilize the
transition state, i.e., the partial rearrangement of the H+

(H2O)n-zeolite (cation-anion) pairs. It should be noted that
the larger size of the transition state of the carbenium ion
compared to adsorbed CyOH or a lower concentration of
the cyclohexyl oxonium ion are the physical reasons for the
thermodynamic manifestation. The active sites required to

achieve a maximum turnover rate are quantified to be
comprising of 1–2 hydronium ion clusters per unit cell
(Supporting Information, Table S6), corresponding to an
ionic strength range from 1.5 to 2.5 molL� 1, regardless of the
intraporous alcohol concentration. In contrast, in an open
aqueous solution (e.g., hydrochloric acid (HCl)) the CyOH
dehydration rate increased monotonically with the ionic
strength that was tuned by using lithium chloride (LiCl)
(Supporting Information, Figure S9). The different behavior
has its cause in the fact that the work to separate hydronium
ions and rearrange them with the anions of the zeolite was
replaced only by a small overall volume increase for open
solvents.

It should be emphasized that influences of rearrange-
ment of water structures occluded in microporous zeolites
on the stability of surface intermediates and transition states
have been extensively investigated for different catalytic
reactions.[15] For instance, Bates and co-workers reported

Figure 4. A) The relationship between the excess enthalpies (DHexcess) and excess entropies (DSexcess) induced by the ionic environment in H-MFI
zeolites. B) Schematic illustration for the hydronium ions (blue color, H+(H2O)8) in H-MFI channel. The mean distance of the center of two
neighboring hydronium ions (dh–h) estimated by the cubic root of zeolite volume normalized to the number of hydronium ions.[2e,6] The boundary
distance between two hydronium ions (db–b) obtained by subtracting the length of hydronium ion from the dh–h, assuming a cylindric model for the
hydronium ion in zeolite micropore.[13] The voids (orange color) between the two neighboring hydronium ions are the adsorption space for CyOH
molecules. C) The calculated dh–h and db–b with respect to the ionic strength in different zeolites. D) The activation enthalpy (ΔH°�) and entropy
(ΔS°�) as a function of dh–h and db–b. The surrounding solid lines on the symbols in (A), (C) and (D) plots are error bars. Dashed lines in (C) and
(D) plots are to guide the eye.
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the formation of extended hydrogen-bonding networks in
H-BEA zeolite pores at an increased water pressure and the
further solvation of water-ethanol-clusters that eventually
led to a severe inhibition for gas-phase ethanol
dehydration.[15d] Ways of manipulating the reactivity of
zeolite catalysis by water structures can be diverse, since the
formation/stabilization of water structures on the active sites
in the pores depends on the zeolite topologies,[1e,15d,16] pore
polarities (i.e., hydrophilicity/hydrophobicity),[6,15] and the
reaction conditions of interest (e.g., water pressure or water
loadings).[17] Moreover, the kinetic phenomena related to
the molecularly confined ionic environment of zeolite has
been demonstrated cross the whole H-ZSM-5 zeolite crystals
in our study. The ionic strength of the ionic environment
can likely extend to other microporous materials and be
applicable for explaining the impacts of water structures
(e.g., water-alcohol-clustered hydronium ions,[15d] extended
hydrogen-bonding water networks[15]) or other kinds of
protonated clusters[18] on the kinetic relevance of catalysis at
the solid–liquid interfaces.

Conclusion

We show here that the microporous environment in zeolites
leads to a maximum in impact of ionic strength on catalytic
turnover rates by kinetically studying the intramolecular
dehydration of CyOH in aqueous phase. Hydrated hydro-

nium ions (H+(H2O)n), derived from the hydration of
zeolitic Brønsted acid sites by water molecules, are confined
in zeolite micropores and comprise of one proton along with
7–8 water molecules. As cations, these hydronium ions
together with zeolite framework anions generate a high ionic
strength in zeolite micropores, a situation in which the
organic reactant and the transition state behave non-ideally.
In the hydronium ion-catalyzed alcohol dehydration via a
carbenium ion transition state, the ionic environment
destabilizes the adsorption ground state and enthalpically
stabilizing the charged carbenium ion transition state,
reducing the reaction free energy barrier and enhancing the
catalytic reaction rates.

The rate increases monotonically with ionic strength in
an open environment, i.e., aqueous HCl solution. However,
it reaches a maximum and then drops at high ionic strength
in zeolite pores. The maximum rate is a result of the
optimized accommodation of reacting molecule and charged
transition state by the confined pore space between two
neighboring hydronium ions, and occurs when the space
volume is close to the vdW volume of the substrate,
regardless of the coverage or the pore-filling of the
substrate. At high ionic strength, hydronium ions approach
each other and the work to separate hydronium ions and re-
arrange them with the anions of the zeolite partly compen-
sates the rate enhancement. In open aqueous phase, this
work is replaced by a volume expansion towards the open
solvents, thus, rates increase monotonically. The kinetic
features of ionic environment in microporous zeolite dem-
onstrated here can offer great opportunities for the design
and optimization of optimal materials at an atomistic level.
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