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ZEOLITE CATALYSIS

Role of the ionic environment in enhancing the
activity of reacting molecules in zeolite pores
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Tailoring the molecular environment around catalytically active sites allows for the enhancement of
catalytic reactivity through a hitherto unexplored pathway. In zeolites, the presence of water creates
an ionic environment via the formation of hydrated hydronium ions and the negatively charged
framework aluminum tetrahedra. The high density of cation-anion pairs determined by the aluminum
concentration of a zeolite induces a high local ionic strength that increases the excess chemical
potential of sorbed and uncharged organic reactants. Charged transition states (carbocations for
example) are stabilized, which reduces the energy barrier and leads to higher reaction rates.
Using the intramolecular dehydration of cyclohexanol on H-MFI zeolites in water, we quantitatively
show an enhancement of the reaction rate by the presence of high ionic strength as well as show

potential limitations of this strategy.

eolites, which are Brgnsted- or Lewis-

acidic microporous tectosilicates, are

widely applied in chemical industry for

sorption, separation, and catalysis (I-4).

In the most classic case, the acid char-
acter is introduced by substitution of metal
cations with a 3+ formal charge (5). It has been
speculated that the proximity of charge and
dipoles in zeolite pores should give rise to
strong field effects, but the effects were not
systematically quantifiable (6, 7). A long series
of investigations has shown that Brgnsted acid
sites (BASs) have constant acid strength for
sorption and catalysis, as long as the concen-
trations of substituting tetrahedral atoms do
not exceed a certain threshold (8, 9). The high
intrinsic catalytic activity of zeolites has, there-
fore, been attributed to the notable stabiliza-
tion of transition states in the constraints of
pores (10-14).

Recent experiments have shown that this
beneficial aspect of transition-state stabiliza-
tion also holds true when the catalyzed reaction
is performed in the presence of water, allow-
ing for the generation of hydrated hydronium
ions (H30"hyay)- The catalytic activity of these
hydronium ions is up to two orders of magni-
tude higher than the respective specific activ-
ity of H30™pyqy. in an aqueous acid solution, as
probed by alcohol dehydration (10, 11, 15). In
the environment of the zeolites, the Hy;O"pyqr.
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occupy a well-defined location at aluminum
tetrahedra (which causes the BAS in the solid)
and are located in much closer proximity in
zeolite pores than in the liquid phase. This
proximity has been shown to lead to an in-
crease in the activity coefficient of organic
molecules in the zeolite pores, resembling the
situation in the aqueous phase in the pres-
ence of high concentrations of cations and
anions of dissolved acids, bases, and salts (15).
The direct consequence of the higher activity
coefficient is a decrease in the interaction
strength of the sorbed organic molecules,
much like the decreasing interaction with
the solvent in an aqueous solution of in-
creasing density of cation-anion pairs. This
allows for a rigorous translation of the physical
chemistry of nonideality in an aqueous phase
into the constraints of nanopores.

The higher activity coefficient is caused by
an increase in the excess chemical potential
compared with an ideal environment, for ex-
ample, of a zeolite having no BAS. Conceptually,
the increase in the excess chemical potential
of the reacting molecule decreases the energy
difference to the transition state and, in con-
sequence, should lead to a higher rate, even
if the transition state is not stabilized. In ad-
dition, a polar transition state will be stabi-
lized by the polar environment compared with
the uncharged reactant. The confinement and
the well-defined close spacing of H;O"pyqr.
additionally stabilize the transition state,
acting positively to reduce the free-energy
barrier in the confines of zeolites (10, 1I).

Here, we show that such a scenario can be
realized and that the combination of the in-
crease in the thermodynamic activity of react-
ing molecules and the steric constraints of the
zeolite pores leads to strong deviations from
the expected sympathetic variation of catalytic
activities with active sites of constant acid-
base properties. We use the dehydration of

cyclohexanol on a series of H-MFI zeolites
with a wide range of BAS [H;0™,yq,.1 [0.05 to
0.86 millimoles per gram of MFI (mmol/gysr)]
to show that the positive effect of enhancing
the excess chemical potential of reacting mole-
cules leads to an optimum density of active
sites.

When catalyzed by H30"pyqr., cyclohexanol
dehydrates to cyclohexene in the aqueous
phase on zeolite H-MFI. The reaction rate
is independent of the aqueous phase con-
centration of cyclohexanol above 0.1 mol/liter
(zero-order-reaction region; fig. S1). The rate
normalized to the concentration of BAS, the
turnover frequency (TOF), increased six-
fold from a BAS concentration of 0.054 to
0.36 mmol/gyrr and then decreased by 60%
to a BAS concentration of 0.86 mmol/gypy
(Fig. 1A). Concurrently, the activation energy
decreased from 161 to 140 kJ/mol and in-
creased to 158 kJ/mol afterward (Fig. 1B).
By contrast, for gas phase reactions such as
n-pentane cracking and 1-propanol dehydra-
tion, the variation in BAS concentration did
not change the TOF, that is, the acid strength
of the sites involved can be considered as
being constant (Fig. 1C). The identical catalytic
activity of BASs in such a series of zeolites has
been shown before for cracking (16, 17). The
characterization with a base molecule also
showed an identical strength of the BAS (I8).
Although it has been reported that different
Al locations influence the catalytic activity
of zeolites (19, 20), the constant TOFs of
n-pentane cracking and 1-propanol dehy-
dration on all the tested H-MFIs allow us
to exclude the probability that selective Al
locations on any specific T sites or in pairs
affect reactivity.

Then, the question arises as to why BASs
exhibited substantial differences in the pres-
ence of water. To address this question, we
analyzed the differences of BASs induced by
their environments. In the gas phase, BASs
are predominately covalent hydroxy groups,
located on oxygen bridging between silicon-
oxygen and aluminum-oxygen tetrahedra in
the zeolite. The hydroxy groups are moder-
ately polar and have negligible volume. In
water, the BASs are converted to H3O yqy.
bonded ionically to the zeolite framework,
with a positive charge and a specific volume.

In contrast to a homogeneous solution in
which HzO",yq,, are highly dispersed through-
out the liquid volume, the H;O"yq,, in H-MFI
are confined in the limited space of zeolite
pores. Consequently, this leads to a very high
local concentration that cannot be changed
by adding more water. Figure 2A (black line)
shows the concentrations of H;O,yq,. Der
H-MFTI unit cell varying between 0.3 and 5 in
the samples tested, corresponding to a local
density of 0.1 to 1.6 mol/liter, using the H-MFI
unit cell volume of about 5.2 nm? (21). If we
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Fig. 1. BAS-normalized reaction rate in H-MFl-catalyzed reactions in
water and gas phases. (A and B) Rate at 423 K (A) and activation
energy (B) of cyclohexanol dehydration on H-MFI with different BAS
concentrations in water. (C) Cracking of n-pentane at 763 K (circles)

consider further that the micropore vol-
ume of H-MFTI is only ~1.3 nm? per unit cell
(~0.14 cm®/gypy; table S1), then the Hy0 pyar.
has a molarity in the range of 0.4 to 6.4 mol/
liter in the micropore space. Such high local
concentrations of HzO",yq,, have two conse-
quences: a very high local ionic strength and
a competition between the H;O "4, and the
substrate for the micropore space.

As an ion pair, H30™,yq,, With the corre-
sponding anions induces an ionic environ-
ment. In an aqueous homogeneous electrolyte
solution, this leads to nonideality by which the
ions (including H30 4, ) have concentration-
dependent activity coefficients (y). A solute is
stabilized (y < 1) or destabilized (y > 1) by the
presence of a specific concentration of cations
and anions, reflecting an increased or de-
creased excess chemical potential of the solute.
The ionic strength (1) is the most critical var-
iable determining the extent of deviation from
an ideal solution. It is defined as the sum of
the product of the charge (2;) squared and the
concentration (¢;) of all the ions (Eq. 1). Thus, y
is expressed as a function of 7, y(I):

I:;Zciz?

Although classical ionic strength is defined
for a homogeneous solution, we have shown
previously that the concept of nonideality and
ionic strength is transferrable to zeolites in
water and applicable to quantitatively explain
adsorption properties (15). By considering the
zeolite to be a “quasi solid electrolyte,” its local
ionic strength in a micropore is also defined
by Eq. 1, with 2; being 1 and ¢; being volumet-
ric densities of H30"p,yq,, and the negatively
charged framework site (Z") in the micropores,
i.e., concentration normalized to micropore

1
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BAS concentration (mmolg,g/Gye)

volume. Figure 2A (blue line) shows the ionic
strength of the investigated H-MFI. The high
local concentration of H3O pyq,, in H-MFI mi-
cropores induces high local ionic strength. For
example, H-MFI (Si/Al 15) has a BAS concen-
tration of 0.86 + 0.05 mol/gygr, corresponding
to an ionic strength of 4.9 + 0.3 mol/liter. The
ionic strength increases monotonically with
the BAS concentration (Fig. 2A), and the curve
bends at high BAS concentration, because of
the expansion of the unit cell at high Al con-
centration that dilutes the volumetric concen-
tration of H30"pyqr..

The nonideality also affects the catalytic
reaction rate. In general, the TOF under a cer-
tain ionic strength TOF(J) differs from that
under ideal conditions TOF;geay—that is, TOF
at zero ionic strength—by factors of the activ-
ity coefficient of ground state ygs(Z) and tran-
sition state yrs(Z) (Eq. 2A; detailed derivations
are in supplementary text S1 and S2). The
TOF(ideal) is determined by AGOi (ideal)s which is
the free-energy barrier under the ideal con-
dition calculated by applying the transition-
state formula (Eq. 2B):

Yas()

TOF(I) = TOF; . 2A
( ) (ideal) YTS(I ) ( )

kT AGo‘fi 1
TOF igear) = BT exp ( }({I—Tea) (2B)

where kg, T, h, and R denote the Boltzmann
constant, temperature, Plank constant, and
ideal gas constant, respectively. The activ-
ity coefficient determines the excess chem-
ical potential (u**“**%) according to uxeess =
RTlny. For the dehydration of cyclohexanol
by H30 hyar, it proceeds stepwise via associ-
ation with H3O"pyq4,, protonation of the OH
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and dehydration of 1-propanol at 433 K (triangles) on H-MFI with
different BAS concentrations in the gas phase. Data for n-pentane
cracking are from (25) and (16); data for 1-propanol dehydration on
H-MFI with 0.69 mmol/gyg, are from (26).

group, C-O cleavage to form the cyclohexyl
carbenium ion, and deprotonation of the cy-
clohexyl carbenium ion (Fig. 2B). This step-
wise mechanism is shown to dominate from
low H30™"yqy, concentration (<0.01 mol/liter)
in homogeneous acids to high local H;0 " pyar.
concentration (~2.7 mol/liter) in zeolites (10, 7).
The free-energy barrier is the energy differ-
ence between the transition state, the depro-
tonation of cyclohexyl carbenium ion by water
(CgHy1 ' ++-H,0), and the ground state of ad-
sorbed cyclohexanol associated with H3O pyqy.
(H30 hyar.-CeHyOH). Cyclohexanol is a neu-
tral molecule in the ground state, whereas it
is a positively charged cyclohexyl carbenium
ion (CgHy; ") in the transition state. A neutral
molecule is normally destabilized by the spe-
cific ionic strength (ugs®™ > 0), given by Eq. 3A,
which shows a proportional increase with 1.
The term K denotes the Setschenow constant.
By contrast, a cation or an anion is normally
stabilized by the presence of an ionic envi-
ronment (U7 < 0), given by the extended
Debye-Hiickel equation (e.g., Truesdell-Jones
equation; Eq. 3B), where a is the ion diameter
and A, B, and b are constants:

uEeess — 9,303 - RTK I (3A)
pSess — 2 303RT
AVI
: (— AV, bl) (3B)
1+ aBVI

As illustrated in Fig. 2B, the positive pgg®s
and negative u7y** in an ionic environment
lead to a lower energy barrier compared
with that under ideal conditions [AG‘)*(I) <
AG™ igean]-

The rate of cyclohexanol dehydration by HCI
in homogeneous aqueous solution showed a
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Fig. 2. Impact of local H30",yq. concentration and ionic strength on the
dehydration of cyclohexanol catalyzed by H30" 4. (A) Unit cell-normalized
concentrations of H30hyqr. (triangles) and ionic strength (circles) as a
function of BAS (H30"hyq.) concentration. (B) Elementary steps and their
energies in dehydration of cyclohexanol on H30+hydr, in H-MFI zeolite in water
under ideal and nonideal conditions: (1) reactant cyclohexanol and H30"hyq.
(2) cyclohexanol associated with H30"yqr. (3) protonated cyclohexanol,

(4) cyclohexyl carbenium ion, (5%) transition state of deprotonation of
cyclohexyl carbenium ion by water, and (6) product cyclohexene, water,

positive correlation with the ionic strength
in concentrated LiCl solution (black line in
Fig. 2C). Its TOF at 453 K is less than 0.01s* at
very low ionic strength, whereas it increased
to more than 0.08 s~ at a high ionic strength
of ~5 mol/liter. In analogy to HCl, the TOF of
cyclohexanol dehydration on H-MFT is replotted
as a function of ionic strength (orange line in
Fig. 2C). It increases with increasing ionic
strength up to ~2 mol/liter; however, in con-
trast to HC, it drops at higher ionic strength.

To further explore the impact of ionic
strength, a series of Na* partly exchanged
H-MFI (Si/Al 45) were prepared. Partly ex-
changing H30",yq,, by Na* decreases the BAS
concentration of H-MFI while maintaining
the same ionic strength. As shown in Fig. 2D,
with Na exchange degrees up to 75%, the TOFs

Pfriem et al., Science 372, 952-957 (2021)

28 May 2021

BAS concentration (mmol/g,,.,)

(GS) and transition state

of H-Na-MFI remained unchanged, indicat-
ing that the variation of the concentration of
H30",yqr. While maintaining a constant ionic
strength does not change the reaction rate.
The comparison of H-Na-MFI (Si/Al 45) with
a Na' exchange degree of 75% with H-MFI
(Si/Al 200) exemplifies the impact of the ionic
strength. Both samples have close BAS con-
centrations (77 versus 90 umol/gyrr); how-
ever, the former has a higher ionic strength
than the latter (2.6 versus 0.9 mol/liter), and,
indeed, the TOF is fourfold higher on H-Na-
MEFI (Si/Al 45) than on H-MFI (Si/Al 200), that
is, 0.082 versus 0.021 s . Thus, these results
demonstrate that it is not the location of
hydronium ions or the hydronium ion con-
centrations but the ionic strength that is
critical for the specific catalyzed rate.

and H30+hydr.- The “HzO"

lonic strength (mol/L)

" represents the interactions with solvent water.
(C) TOF as a function of ionic strength under the catalysis of HCI

(black circles) at 453 K and H-MFI (orange circles) at 423 K. The ionic
strength in HCI solution is varied by changing the concentration of LiCl
electrolyte. (D) TOF of Na partly exchanged H-MFI (Si/Al 45). (E) Reaction
free-energy barriers and excess chemical potential of the ground state

(TS) under the ideal condition and under an ionic

strength. The calculations of free-energy barriers and excess chemical
potential are provided in supplementary text S1.

The free-energy barrier and excess chem-
ical potential in the reactions are shown in
Fig. 2E. The decrease of ufy®* is more im-
portant than the increase of ugg®*; thus, the
lower free-energy barrier is mostly caused by
the stabilization of the transition state. The
inverse-volcano trend of pF®s® with ionic
strength seems at first sight consistent with
Eq. 3B whereby the negative first term domi-
nates at low ionic strength and the positive
second term dominates at high ionic strength.
However, the monotonic increase of TOFs with
ionic strength at all concentrations under HCI
catalysis excludes this possibility.

Next, we explore the reason for the rate drop
with H30 yq,. at higher concentrations. In
contrast to catalysis in aqueous HCl, in H-MFI,
both cyclohexanol and H3O"yq,, reside in the
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Fig. 3. Impact of the distance between H30+hyd,_ in the H-MFI micropore on
the energy of the ground state and the transition state of cyclohexanol
dehydration catalyzed by H30+hydr_. (A) Schematic illustration of H30+hydr_ and
cyclohexanol in H-MFI micropore channels and the mean distance dy., between
two neighboring H30"yqr. and the mean distance dy-, and volume Vy., between
the boundaries of neighboring H30+hydr_. (B) The dh., and dy.p, as a function of

zeolitic micropore channels, and their relative
locations are depicted in Fig. 3A. The average
distance between two H;0",yqr, neighbors (dj, 1)
represents the distance between Hz;O™yq,-Z
pairs. The distance between their boundaries
is dy1,, with a volume of 1},4,. In the space
between them resides the sorbed cyclohexanol.
At the molecular level, the change of electro-
lyte concentration is equivalent to the change
of dy.;, and dy,.,. Thus, the increase of BAS
concentration in H-MFI leads to a shorter
distance between H;O"pyqy, inducing a de-
crease in dy,y,, dy1, and V4, .. Figure 3B shows
that increasing the BAS concentration from
0.05 to 0.86 mmol/gyr reduced the dy,;, from
2.6 to 1.0 nm and the dj,;, from 1.6 to almost
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0.0 nm. It should be noted here that the compo-
sition of H30 ™ yar, [H(H,0)s] was determined
to be invariant with temperature (supplemen-
tary text S3).

The individual energy levels of reaction
ground and transition states in terms of en-
thalpy (AHgg, AHy) and excess chemical
potential (ugs®s, uy ) on all studied H-MFI
are depicted as a function of d,,, (Fig. 3, C
and D). The enthalpy of ground state AHES
of sorbed cyclohexanol is stable at a distance
dyp larger than 0.8 nm, whereas it increases
sharply with the decrease of dy,;,, suggest-
ing a repulsion between H;O ™4, and sorbed
cyclohexanol. The same trend is observed for
ugs . By contrast, the transition state has both

00 02 04 06 08 10 12 14 16 1.8

d,, (Nm)

BAS concentration. (C and D) Excess chemical potential (C) and enthalpy of
the ground and transition states (D) as a function of dy, and Vy.p. The dy is
estimated by the cubic root of the average zeolite volume normalized to the
number of H30"hyqr; the dy.p is calculated by subtracting the length of H30%yqr
from dy.p; the Vip is calculated by a cylinder model with length of dy, and

the diameter of the H-MFI micropore channel.

AH g and uS°* in reverse-volcano curves with
the minimum at ~0.8 and ~0.6 nm of d,,. The
dy,1, of 0.8 nm is a critical distance at which 14,3,
is 0.2 nm?, the same volume of one cyclohex-
anol molecule in liquid phase. At this distance,
the volume between two neighboring H;0 4.
is equal to the van der Waal (vdW) volume of
cyclohexanol. At lower dy,.;,, the 14,1, becomes
smaller than the vdW volume of cyclohexanol,
causing a strong vdW repulsion that increases
the energy of the transition state and decreases
the TOF. In an open aqueous solution, the work
to separate charges (hydronium ions and the
anions of the zeolite) will be replaced only by
a volume increase without constraining the
sorbed alcohol.

4 0of 6



RESEARCH | REPORT

A 010
| @ TOFonH-MFI |
| K
0.08 | LY _Ternhaeaes |
I’ \.\
T N
< 0.06 ! 8
<2 i \
[ ! X
o 4 B
= 0.04 - & Y
] ®-
! N
B4 N
0.02 Wosg
o T,
vv Te————
0.00 . . . .

0.0 0.2 0.4 0.6 08 1.0
BAS concentration (mmol/g)

B ZOOL
1
1
180 41
? ..
_— %
yi ! -7
bl 1 &
© 1604 @ =
E .\_., //)
— \ ,//
X \ =%
~—" . a0 W
Pi 140 - . _ ___
<
_________ 1
120 1 l'e H-BEA
| ® H-MFI i
100 T T T T T
0 1 2 3 4 5 6

lonic strength (mol/L)

180

160<L

140!

(¢}

120 4

100 4 1) e
W e- -4

801 @_- s

\ -
60 1 Ry oW

AS* (J K- mol1)

o4 0 ooaESErT 1

20

0 T T T T T
0 1 2 3 4 5 6

lonic strength (mol/L)

Fig. 4. Comparison of the dehydration reactions of cyclohexanol catalyzed by H30*p,yq,. in H-MFI and H-BEA. (A) Impact of BAS concentration on the TOF at
423 K. (B and C) Activation enthalpy (AH™) (B) and activation entropy (AS*) (C) as a function of ionic strength.

Thus, we show how the bulkiness and the
charges of H30 ,yq,. constrained in zeolite
micropores combine to influence the catalytic
activity. For H-MFI, the H3O0™,q;. is a cluster
with a composition of H*(H,0)g and a spe-
cific volume, for example, ~0.24 nm? at room
temperature. It is anchored to the exchange
sites of the zeolite framework by Coulombic
forces and competes with substrate (e.g., cyclo-
hexanol) to occupy the micropore volume. Be-
cause the stabilization of water in the H*(H,0)g
ion is larger than the stabilization of the sorbed
organic molecule, that is, cyclohexanol, the
latter adsorbs only in the volume between
neighboring H*(H,0)g in the micropore chan-
nel. This adds spatial constraints to the sub-
strate additional to that of the micropore
framework. At high H;0 "4, concentrations,
the volume between neighboring H*(H,0)g
becomes smaller than the vdW volume of
substrate. This leads to strong vdW repulsion
between substrate and H*(H,0)g and conse-
quently results in a decrease in the reaction
rate. Such vdW repulsion might not apply
for the case of smaller alcohols, for example,
ethanol, because they were shown to be capable
of replacing water molecules in the H;0 " pyar.
cluster, forming (C,H;OH)(H;0™)(H,0),, cluster
in zeolite channels (22).

Thus, the charge of H30 4, creates an
ionic environment that can be expressed as
the ionic strength in H-MFI micropores. Such
an environment increases the standard free
energy and excess chemical potential of the
substrate ground state, that is, it destabilizes
the uncharged reacting ground state of cyclo-
hexanol. The ionic environment stabilizes the
positively charged transition state. Both effects
together lead to a decrease of the activation
free energy and enhance the reaction rate.
Such ionic environments in zeolites will also
exist with other solvents. For example, meth-
anol forms protonated clusters H*(CH;OH),,
in small-pore zeolites (23), which would ad-
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ditionally allow for the stabilization of the
charged transition state via the modulating
solvent permittivity (24).

The combination of the enhancement by
the charged environment and the limitations
by the additional spatial constraints from
H30"hyar, leads to a maximum in the catalytic
activity of H30 yq,, With varying H30 hyar.
concentrations. For H-MFI, the highest rates
are observed when the volume between two
neighboring H3O",yq,. equals to the vdW vol-
ume of substrate, that is, the concentrations
of substrate and H3O",yq,. in the micropores
are almost equal.

The final question is, however, how gen-
eral these conclusions about reactivity in con-
strained environments are. To probe this, we
explored a wide series of H-BEA zeolites (table
S1) and report here the first results of this
study. The dependence of the rate of alcohol
dehydration on the concentration of hydro-
nium ions exhibits an analogous volcano-like
dependence (Fig. 4A). In particular, the varia-
tion of activation enthalpy and entropy with
ionic strength shows similar profile shapes
to that of H-MFI (Fig. 4, B and C), indicating
that the ionic strength influences catalytic
activity through the same mechanism. Note
the curves shifting up and toward lower ionic
strength on H-BEA compared with H-MFI,
which are attributed to the larger pore size
of H-BEA that induces less vdW stabilization
of transition state. It is to be expected that
the specific enhancement and the position of
the maximum will subtly depend on the size
of the reacting molecule and the difference
in polarity between the reacting substrate
and the transition state. Overall, the results
demonstrate unequivocally that the quanti-
tative interpretation of the catalytic activity
will allow for the prediction of the most
suitable microporous catalyst for reactions in
the presence of active sites that are associated
with ions.
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