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ABSTRACT: Zeolites are crystalline microporous aluminosilicates

widely used as solid acids in catalytic routes to clean and sustainable | o ol
energy carriers and chemicals from biogenic and fossil feedstocks. This N ucose
study addresses how zeolites act as weak polyprotic acids and { H H,0*(ad.) (_\_Kﬂ_) H;0%(aq.)  Acidic
dissociate to form extra-crystalline hydronium (H;0") ions in liquid e pudrolysis
water. The extent of their dissociation depends on the energy required \/ R NN N Cellulose
to form the conjugate framework anions, which becomes unfavorable N )
b (solid)

as the extent of dissociation increases intracrystalline charge densities

because repulsive interactions ultimately preclude the detachment of

all protons as catalytically relevant H;O%(aq) ions. The extent of

dissociation is accurately described using electrostatic repulsion formalisms that account for aqueous H;O* concentrations for all
zeolite concentrations, Al densities, and frameworks. Probed by hydrolysis of cellulose, the most abundant biogenic polymer, this
study demonstrates that zeolites catalyze this reaction exclusively through the formation of the extra-crystalline H;O" ions at rates
strictly proportional to their concentrations in the aqueous phase, irrespective of their provenance from zeolites differing in
framework structure or Al content, without the purported involvement of acid sites at extracrystalline surfaces or intervening
formation of smaller cellulose oligomers. The results and mechanistic interpretations seamlessly and rigorously bridge the chemistry
of solid and liquid acids in aqueous media, while resolving the enduring puzzle of solid acids that catalyze transformations of

substrates that cannot enter the voids where acid sites reside.

B INTRODUCTION

Zeolites consist of aluminosilicate frameworks with voids of
molecular dimensions and a negatively charged framework
balanced by grafted cations. When these grafted cations are
protons, they act as solid acids that are widely used as catalysts
in processes for the synthesis and upgrading of energy carriers
and chemicals, such as transformations of hydrocalrbons,F6
synthesis gas mixtures,” '° methanol''™"* and CO,,'*"® as
well as in the chemical recycling of plastic wastes.'”"” Their
acid properties are conferred by these protons, which reside
predominantly within their void space and balance the charge
created by the isomorphic substitution of AI** for Si** into
neutral silicate frameworks; their Bronsted acid function is
complemented by concerted van der Waals interactions
between the host framework and guest organic molecules
involved as intermediates and transition states in catalytic
reactions. These confinement effects confer the remarkable
catalytic diversity that characterizes zeolitic solid acids in
practice.'® Lewis acid centers, as Al atoms detached from the
framework (extra framework Al) are also present in these
materials and can act as a distinct type of binding site."*™*
The type and number of acid sites, together with the
ubiquitous effects of confinement, determine the properties
of these materials as catalysts. In some cases, as in this study,
the role of the zeolite is merely to dissociate into anionic
frameworks and aqueous H;O" species, for which confinement
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effects are no longer consequential for any reactant molecules
that cannot plausibly enter their voids, but which react instead
using the acid function provided by the zeolites through their
dissociation into aqueous hydronium ions.

Here, the hydrolytic conversion of cellulosic materials,
a biogenic source of carbon, is examined using zeolitic acids
immersed in liquid water, as well as mineral acids. Cellulose is
a water-insoluble oligomer of glucose units linked by p-1,4-
glucoside bonds.** It is efficiently hydrolyzed by acids, such as
zeolites, to form glucose.zs’26 Hydrolysis requires the
protonation of glucoside bonds and the subsequent H,O-
mediated cleavage of the C—O—C moieties that link glucose
subunits. The observed hydrolysis, once implausibly proposed
to be mediated by intracrystalline protons (present within
voids smaller than 0.5—1 nm) cannot possibly involve protons
within such voids because of the inaccessibility of cellulose (an
insoluble polymer containing 300—10,000 glucose subunits),””
but its mechanistic basis remains an enduring puzzle. Yet, this
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reaction indeed occurs, with some studies proposing a
synergistic role of a metal function that is claimed to lead to
stronger acid sites, even without demonstrated trends between
cellulose hydrolysis rates and acid strength.”® Other reports
propose that cellulosic chains are cleaved into smaller soluble
oligomers via hydrolysis, possibly at external zeolite surfaces,
and that these oligomers then diffuse and react within
intracrystalline voids.” The smallest oligomer (cellobiose),
however, has a molecular diameter of about 1.2 nm, thus
rendering the proposal that it can diffuse into subnanometer
voids to access intracrystalline protons at the modest
temperatures of catalysis implausible. Extracrystalline H;O*
ions from zeolites have been reported to catalyze the hydrolysis
of cellulose and starch in the presence of cationic species (e.g.,
alkali salts and ionic liquids).””*° However, such extracrystal-
line H;O" ions are formed by ion exchange with the H" acid
sites of zeolites, leading to the loss of acidity of zeolites and
their deactivation.

These studies do not appear to have recognized the
hydrothermal aqueous chemistry of aluminosilicates in general,
and of zeolites in particular, or the likely impact of the
dissociation of these solid acids to form solvated hydronium
ions (H;0%(aq)) that could then act as Bronsted acids within
the readily accessible extracrystalline aqueous phase. Such
H,O" ions, but only when confined within microporous voids,
have been proposed as active structures for the dehydration of
aqueous alkanol reactants.””™** Any involvement of such
confined H;O" species in the hydrolysis of cellulose, or of its
smaller fragments, would require their diffusion through spaces
that are significantly smaller than the molecular dimensions of
the reactants and the intermediate products.

This study considers an extended aqueous phase as a
mediator that enables the charge separation required to detach
protons from their conjugate anions, as in the case of mineral
and carboxylic acids, and as typically considered for metal
oxides in the context of zeta potential and zero-point of
charge.*>*® The presence of an extracrystalline aqueous phase
allows the redistribution of H;O* and OH™ ions between the
solid and the bulk aqueous phases; this leads, in turn, to an
increase in the concentration (and the thermodynamic
activity) of H3;O * species in solution, which are measured
directly from pH data. The number of protons in the aqueous
phase depends on the relative amounts of water and zeolite
(and on their proton content); these protons allow direct
contact between crystalline cellulose and its fragments and
aqueous H;O" ions. These ions catalyze the hydrolysis of
glycoside linkages at rates proportional to their number,
because the acid strength of H;O" ions is independent of their
concentration for dilute acid media. The redistribution of
protons between those bound to the zeolite framework and
hydronium ions confined within voids or dispersed throughout
the aqueous phase is determined by the entropic gains
associated with detachment into the bulk phase and the
enthalpic benefits of binding and confinement within small
voids. These enthalpic and entropic effects determine the
Gibbs free energy change as a result of detachment.
Dissociation becomes favored at higher temperatures because
of the stronger effects of entropic gains on free energies at high
temperatures (e.g., K,, for water is 10™'* at 298 K and 107'*% at
373 K).*7

This study seeks to bridge the behavior of liquid and solid
acids in aqueous media through a common treatment of the
dissociation properties of weak polyprotic acids, treating the
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anionic framework as the conjugate anion in the case of solids.
In doing so, it describes, without the need for extraordinary
hypotheses, the observed trends of cellulose hydrolysis rates
with the number of protons in the anhydrous acid catalysts
used, irrespective of their framework structure, even though
these bound protons cannot be contacted by cellulose or its
fragments at their intracrystalline locations. These data and
their interpretation provide compelling evidence for the sole
involvement of extracrystalline H;O" ions in cellulose
hydrolysis, a conclusion consistent with the size of the
cellulose reactants and its oligomeric units.

Such extracrystalline H;O" ions can also mediate, at least to
some extent, acid-catalyzed reactions of smaller organic
substrates. The contributions of such “natural” pathways
catalyzed by aqueous H;O" ions must be considered before
any unusual reactive properties are attributed to confined
H,;0" ions in acid-catalyzed transformations, even for smaller
reactants. In treating such hydrodynamically and thermody-
namically complex systems, this study demonstrates how
transition state formalisms for thermodynamically nonideal
systems and the use of chemical potentials as the kinetic
driving force for chemical reactions account in a straightfor-
ward manner for the presence of a dense extracrystalline liquid
phase and for its role in chemical reaction rates. For many
reactions of even smaller molecules at low temperatures, the
possible role of solid acids as a mere source of aqueous H;O"
ions must be considered and tested.

This study poses the question of how crystals of acid-type
aluminosilicates with voids of molecular dimensions detect the
presence of an extracrystalline liquid water phase differently
than when in contact with water vapor at pressures
immediately below its condensation point.

Stated differently, this study aims to determine whether the
chemical potential or the density of the extracrystalline water
phase is the relevant modifier of catalytic reactivity. A subset of
this question is answered here for the specific case of
aluminosilicates in their acid form with the overarching
premise that voids of molecular dimensions can recognize
the chemical potential of an extracrystalline fluid phase, but by
the nature of its microporous void environment, neither its
density nor its physical state.

B RESULTS AND DISCUSSION

Conversion of Cellulose to Polyols Catalyzed by
Zeolites in Aqueous Media. Cellulose conversion to polyols
proceeds via bifunctional pathways involving the kinetically
relevant hydrolysis of cellulose by acids to form glucose and
the fast subsequent hydrogenation of glucose to sorbitol and
other polyols on Ru/C cocatalysts present in the aqueous

. 28,31
suspension (eq 1):
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Table 1. Bronsted Acid Site (BAS) Density in Zeolites, Cellulose Conversion and Polyol Selectivities

Selectivity (%)

Zeolite Si/Al ratio  BAS density (ps)* (BAS nm™)  Cellulose conversion (%)”  Ethylene glycol  Triols Tetritols”  Pentitols®  Hexitols”
None 12.5 7.5 6.3 32 10.3 64.7
H-MFI(16)% 16 091 30.6 4.6 4.7 0.7 S.5 56.0
H-MFI(21)% 21 0.75 28.0 48 5.0 0.8 6.9 617
H-MFI(58)¢ s8 0.31 234 5.5 58 22 6.0 63.1
H-MFI(100)¢ 100 0.18 21.0 72 63 17 32 54.4
H-BEA 14 0.87 30.8 5.3 4.6 1.0 4.9 558.7
H-MOR 12 1.19 27.7 6.3 5.3 1.1 7.7 61.4
H-FAU 13 0.42 28.8 6.2 5.4 1.6 7.5 55.0

“BAS density measured from the amount of NH; evolved from NH,-zeolites. YBatch stirred reactor; 478 K, 0.5 h, 6 MPa H,, 40 g water, 0.2 g
zeolite, 1.0 g cellulose, 0.02 g 3 wt % Ru/C. “Propylene glycol and glycerol. “Erythritol and threitol. °Ribitol, arabitol and xylitol./Sorbitol, mannitol
and iditol. ®Numbers in parentheses refer to the Si/Al ratio measured by X-ray fluorescence spectra.
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Figure 1. (2) Cellulose hydrolysis rate with different amounts of H-MFI(16) used per volume of water. (b) Cellulose hydrolysis rate as a function
of total BAS numbers for different zeolites. (c) Cellulose hydrolysis rate as a function of H;PO, and H,SO, concentrations. (d) Cellulose hydrolysis
rate as a function of hydronium H;O" concentration in aqueous H;PO, and H,SO, solutions (478 K, 30 min, 6 MPa H,, 40 g water, 1.0 g cellulose,
0.02 g 3 wt.% Ru/C). The H;0" concentration for H;PO, and H,SO, in (d) is calculated based on their dissociation constants and properties of
water at each reaction temperature.®”*"**
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Scheme 1. Schematic Depiction of Dissociation Processes for Mineral Acids and Zeolitic Acids in Aqueous Media
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Cellulose conversion rates are limited by its initial acid-
catalyzed hydrolysis step. In aqueous media, such steps first
require a reaction between cellulose and H;O" ions via a
protonated cellulose moiety at the transition state (&, eq 2):

H,0* + Cellulose <—&—= H,0 + (H"-Cellulose)”

quasi-equilibrated transition state

@
— Product + H;O*

Cellulose hydrolysis rates can be expressed using the tenets
of transition state theory as (details of the derivation in Section

S1):
XPl — o [CH%ellulose
RT (3)

where Cyy+ and c.guose Tepresent the concentration of H;O"
ions and cellulose in aqueous media, respectively; AG* is the
activation Gibbs free energy of formation of the transition state
from cellulose and H;O" ions.

Table 1 shows cellulose conversions and selectivities to
polyols for reactions in liquid water (40 g) at 478 K and 6 MPa
H, on Ru/C catalysts with and without the presence of various
zeolites in their H-form (H-MOR, H-BEA, H-FAU and H-
MFTJ; 0.2 g zeolite). The Si/Al ratio and the Bronsted acid site
(BAS) density are also listed in Table 1 for each zeolite sample
used in this study. In the absence of zeolites, the cellulose
conversion in water was 12.5% after 0.5 h; these rates reflect
the prevalent concentration of H;O" ions in pure liquid water,
given by its temperature-dependent equilibrium dissociation
constant.”” Hexitols, predominantly sorbitol and mannitol,
were the predominant products (64.7%; Table 1), consistent
with previous studies.”® Ethylene glycol (7.5%), triols (6.3%),
tetritols (3.2%), and pentitols (10.3%) were also detected in
the reaction on Ru/C catalysts dispersed in water but without
the presence of zeolites.

The addition of H-zeolites increased cellulose conversion
levels (to 30.6% after 0.5 h in the case of H-MFI (Si/Al 16)),
and the hexitol selectivities slightly decreased (e.g., from 64.7%
to 56.0% on H-MFI(16) at about 30% conversion) because of
subsequent acid-catalyzed dehydration of sorbitol and
mannitol.””*’ The higher cellulose conversions and similar

r =

kT
h
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distributions of hydrogenation products (polyols) on all
zeolites, compared with those in pure water, confirm the
catalytic role of zeolites in cellulose hydrolysis and in
mediating the kinetically relevant step involved in the
formation of all hydrogenated products in these cascade
reactions.

Figure la depicts cellulose hydrolysis rates that increase
linearly with the amount of H-MFI(16) charged (per water
volume) at low catalyst concentrations, but then reaches nearly
constant values (1.0 ymol s, all rates are defined as the moles
of cleaved glycosidic bonds per s) above 5.0 g L™". Such trends
are unaffected (Figure 1b) by whether the proton density (per
H,O volume) was varied through changes in the framework
identity (H-MFI, H-BEA, H-MOR, H-FAU; Figure 1b) or the
BAS concentration for any given zeolite framework (0.18—0.91
BAS nm™? for H-MFI). It is evident that cellulose hydrolysis
rates are not strictly proportional to the mass of the purported
catalyst charged, even though this is the accepted requirement
for a reaction to be mediated by the catalyst and for the
absence of diffusional artifacts.

Cellulose hydrolysis rates were also measured on aqueous
mineral acids (H;PO,, H,SO,) at 478 K. An increase in H;PO,
concentrations from 0 to about 0.5 mM led to a linear increase
in cellulose hydrolysis rates, but to a sublinear increase at
higher H;PO, concentrations (2—14 mM; Figure lc). In
contrast, rates increased linearly with H,SO, concentration
throughout the entire concentration range (0—2 mM; Figure
1c). These different trends reflect the incomplete dissociation
of the weaker Hy;PO, acids; both mineral acids (H;PO, and
H,S0,), however, gave similar hydrolysis rates when rates were
normalized by their respective H;0%(aq) concentrations
(determined from their pH values). For both acids, rates
were the same at any given concentration of hydronium ions
and increased linearly with H;0%(aq) concentration (<2.3
mM) at all H;PO, and H,SO, concentrations. At these dilute
H;0" concentrations (<2.5 mM), the H;O0" activity
coefficients are near unity (yp,: 0.92—0.98 for 0.1—2.5 mM
H,0% 478 K), as evident from Debye—Hiickel formalisms for
dilute strong electrolytes (details in Section S2). These data for
mineral acids give a value of the intrinsic reactivity of aqueous
H,;O" with a rate constant of 0.086 L mol™ s™" (based on eq 3;
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478 K); these constant turnover rates are indicative of the
direct involvement and equal reactivity of aqueous hydronium
ions (irrespective of provenance or concentration) in the
kinetically-relevant steps that mediate cellulose hydrolysis.

The absence of a linear dependence of cellulose hydrolysis
rates on the number of protons in the amount of zeolite
present (Figure 1b) resembles those expected (and observed,
Figure 1c) for weak acids, such as H;PO,. These trends
indicate that zeolite crystals merely behave as polyprotic acids
of modest strength, which dissociate incompletely in aqueous
media at the conditions of reaction. As a result, H;0*(aq.)
concentrations depend not only on their acid dissociation
constants (and thus on acid strength), but also on the relative
proportion of water and solids prevalent in the reaction
suspension, as is the case for weak mineral acids, where the
combined effects of dissociation constants and acid amounts
determine H;O" concentrations. Only the H;O" ions in the
extracrystalline water phase are responsible for hydrolysis of
cellulosic moieties that cannot access intracrystalline bound
protons or confined H;O" ions within zeolites. This conclusion
leads, in turn, to the prediction that hydrolysis rates would
depend linearly on the concentration of aqueous H;O" ions,
irrespective of their provenance from the dissociation of liquid
water, mineral acids, or zeolites crystallites.

Next, these extracrystalline concentrations of aqueous H;O"
ions are described using concepts first developed for the
incomplete ionization of weak mineral acids. These concepts
are then used to show that cellulose hydrolysis rates are
independent of the type, amount, or Al content in zeolites, but
similar to those for mineral acids and solely dependent on the
prevalent aqueous H;O" concentrations in the extracrystalline
aqueous media.

Theoretical Assessments of the Dissociation of
Intracrystalline O—H Groups and of Their Equilibration
with Extracrystalline H;O* lons in Aqueous Media.
Dissociation of Acid Zeolites in Aqueous Media. The
dissociation of weak monoprotic acids occurs via the
stabilization of protons by H,O molecules to form H,;O"
complexes that interact with the conjugate bases (B™) and with
the H-bonded H,O network, but which ultimately dissociate
the proton-base pair to gain the entropy of mixing that
compensates for the enthalpic cost of dissociation (Scheme
1a). The equilibrium K, for the local protonation to form the
H;0" species bound at the conjugate base and K,y for its
dissociation (the desorption of bound H;O" ions into the
aqueous phase). The overall equilibrium constant K for the
dissociation of mineral acids (Scheme 1a) is the product of
K, and Ky (Ky = K, 5-Kyp)-

A similar formalism and sequence of equilibrated steps
(Scheme 1b) describe the thermodynamics of detachment of
protons from its solid conjugate base in the case of solid acids,
specifically in this case, from the anionic framework of a zeolite
crystal. Dissociation involves: (i) protonation of H,O to form
H,0" ions bound at the conjugate zeolite framework (KP’Z);
(ii) detachment of H;O" from the framework (Z~) to form
H;0" species that remain solvated within intracrystalline voids
(H;0*(pore); Ky,); and (iii) desorption of H;O"(pore) ions
into the extracrystalline bulk aqueous phase to form H;0*(aq)
ions (Kg,,). The overall equilibrium dissociation constant K,
therefore reflects the product of the three constants (K, = K,
Kd,z'1<des,z')‘

The overall dissociation constants (Kj for mineral acids in
Scheme 1la; K, for H-zeolites in Scheme 1b) then give the
equilibrium relations:

_ agrag _ Tply gt 1

Ky = = . —
ayp YuB l-—a c (4a)

A+ - Yatlr- v 1

K, = H'4z” _ w7z fu* =
ayz yHZ l—a c (4b)

In these equations, ay+, cy+ and yp+ represent the activity,
concentration, and activity coefficients for H;O" ions,
respectively, in the aqueous media; ayg and ap- represent the
activities of the mineral acid HB and the conjugate base B~
solvated by the aqueous media, and the yyp and y,- terms are
their respective activity coeflicients, ¢® is the standard state
concentration (1 mol L™"). The ay, and a,- terms are the
thermodynamic activities of the HZ acid moiety in the
aluminosilicates and of their conjugate anions (anionic
framework with Al—-O~—Si sites), while y;;, and ¥, are their

(e}

respective activity coefficients. In addition, the degree of
dissociation (&) is defined here as the ratio of the number of
B~ anions present to the number of HB initially present in the
undissociated mineral acid; it represents the ratio of the
number of dissociated zeolitic Bronsted acid sites (Z~) to the
initial number of protons in H-zeolites. Accordingly, the term
(1 — @) represents the fraction of the protons that remain
associated with the respective framework conjugate bases or
confined as H;O" within the zeolite micropores (only the
former for mineral acids).

For H-zeolites, the geometric structure of the dissociated
acid site (Z7) is essentially unchanged by deprotonation and
thus resembles that for its undissociated form (HZ); it differs
only in its negative charge. Therefore, its activity coefficient y, -
can be accurately dissected into the product of yy, and of an
activity coefficient (y_(,) that accounts for the nonidealities
imposed by interactions with the surrounding environment
specifically mediated by the presence of such negative charges
(r,-= 7—(2)'}/HZ)' Similarly, the activity coefficient (y,-) of
mineral acids is also expressed as the product of yyp and y_5)
(]/B_ = y_(B)-]/HB). In addition, Debye—Hiickel formalisms for

dilute electrolytes indicate that activity coeflicients for aqueous
H,;O" ions are near unity at their low prevalent concentrations
for all solid acids and dilute mineral acids examined in this
study (<2.3 mM H;0% y,;+ from zeolite: 0.98—0.99 at 298 K
and 0.96—0.99 at 478 K; y,;+ from mineral acid: 0.92—0.98 at

478 K; calculation details are shown in Section S2 and S3). eq
4a then becomes

KB
T E LK
o B (5a)
K,
| = —
cyt
@t K (b)

Equation 5a shows that for strong mineral acids, their large
Ky values allow complete dissociation for a broad range of ¢y,
(e.g., H,S0O,) but not for weak acids, which show a decrease in
a as ¢y, (e.g, HyPO,). These trends reflect the decreasing
contributions from the entropy of mixing to the dissociation
free energies as ¢y, increases (—RTIn(Cyy+)) and their ultimate
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inability to compensate for the larger dissociation enthalpy of
the weaker acids.

These entropy contributions are also prevalent in the
dissociation of zeolitic acids in aqueous media and influence K,
values, but « values are additionally (and strongly) influenced
by the accumulation of charge reflected in y_(,) (eq Sb), a term
that reflects the electrostatic repulsion caused by the
accumulation of negative charges within zeolite crystals. Such
effects, albeit at smaller distances, are also evident in the much
smaller Ky values as protons are additionally removed from
polyprotic molecular and mineral acids. For instance, these Ky
values decrease from 7.9 X 107 to 6.3 X 107° to 4.0 X 107"% as
protons are removed from H;PO, (298 K).*' This is also the
case for polyprotic heteropolyacids (H;PW,0, in acetone,
from 2.5 X 1072 to 1.0 X 1072 to 1.0 X 107* 298 K),* for
which such effects are weaker because the negative charge is
delocalized over a much larger oxide domain than for H;PO,
acids.

Thermodynamic Treatments of Zeolite Dissociation in
Aqueous Media. A monoprotic mineral acid dissociates in
aqueous media into an anion and a cation (H;0*(aq)) both
present in dilute form for the systems of interest in this study.
Analogously, protons within zeolite frameworks can detach
from the conjugate anion to form dilute H;O*(aq) ions and
negatively charged frameworks. Each zeolite crystal, however,
contains many protons. For instance, H-MFI crystals with a Si/
Al ratio of 10 and 1 pm?® volume contain 1.6 X 10° BAS and a
volumetric density of 1.6 BAS nm~3, corresponding to a mean
distance of 0.85 nm among BAS in the undissociated zeolite.
This leads to a significant anion density as dissociation occurs.
In contrast with monoprotic mineral acids dispersed in
solution, these charges accumulate inside zeolite crystals at
densities that cause significant electrostatic repulsion, causing
Y-(z) values to increase sharply above unity as the extent of
dissociation increases. The concomitant repulsion destabilizes
the conjugate anion until equilibrium is reached as these
electrostatic forces (together with the intrinsic dissociation
enthalpy for a zeolitic proton) can no longer be compensated
by the entropy of mixing as H;0*(aq) ions enter the
extracrystalline fluid phase.

The Gibbs free energy changes associated with these
dissociation events are dissected using a Born—Haber
thermodynamic cycle for the detachment of protons from
zeolite frameworks, as described in Scheme 2 and discussed in
detail below.

This Born—Haber formalism (Scheme 2) divides the
detachment process into hypothetical individual steps that
complete a detachment event by considering a zeolite crystal
immersed in liquid water and having a total negative charge N
(H-ZN") distributed uniformly throughout its volume with a
charge density p. The balancing H;O" ions removed to create
this negative charge reside within the extracrystalline aqueous
phase and are located at essentially noninteracting distances
from the crystal (when uniformly distributed in the liquid
through vigorous agitation). The detachment of a proton from
a zeolite crystal at a given dissociation extent of a (H-ZN~ —
H* + Z®7) s treated in the thermochemical cycle as
consisting of three hypothetical steps (Scheme 2, A — D);
these steps are chosen arbitrarily but they must complete the
dissociation event. These steps are chosen for convenience and
exploit the state function nature of thermodynamic properties;
they consist of:

Scheme 2. Thermodynamic Cycle for Zeolite Dissociation
in an Aqueous Phase”

I o
Zeolite AG, Zeolite + +
.o ——— + H T - crystal :_30
(o) )
®® —® © —® (o
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AGigea = AG, + AG, = -k T InK,
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AG,

LT
Zeolite Zeolite

S - crystal &) S - Crystal (-) i.0)
_(p) o+ 20N

n® 0O ® 0 ,

S -©

“The hydronium ions (H;0%) are at non-interacting distance from
the zeolite surface.

(i) the detachment of a neutral H-atom from a random
location within the crystal and its placement within the
aqueous phase with a free energy change AG, (Scheme
2, A — B);

(ii) the removal of an electron from this H-atom to a
noninteracting location and the solvation of the H* ion
to form H;0%(aq) with a free energy change of AG,
(Scheme 2, B — C); and

(iii) the placement of the electron removed from the H-atom
within a crystal with a pre-existing negative charge
(Scheme 2, C — D; AG; for the total energy change).

The total dissociation free energy change is then given by
the sum of these individual free energies, because they
complete a dissociation event:

AGy = AG, + AG, + AG; (6)
The AG, and AG, terms do not depend on the charge

density within a zeolite crystal and are thus insensitive to the
extent of dissociation. In contrast, AG; equals the sum of the
work (W) required to move an electron from a noninteracting
distance into a crystal with a given preexisting negative charge
density (set by the extent of dissociation) while maintaining all
aqueous H;O" ions at noninteracting distance. Consequently,
AG; increases as the preexisting charge present in the crystal
increases. The sum of AG, and AG, reflects only the ideal state
contributions to AGyg,, whereas AGj represents electrostatic
energies from anion—anion interactions that introduce non-
idealities, captured, by convention, as the excess free energy

( A Gexcess) :

W= AG3 = AGexcess = kBTln }/—(Z) (7)

The work term (W) is that required to accumulate negative
charges within zeolite crystals. Thus, it is the sum of
electrostatic energies from Coulomb interactions among all
negative charges. For a negative charge in a wet zeolite crystal,
its electrostatic energy (u) by interaction with all the other
negative charges is given by the integral:

+o0
u= / ur-p_47rr2dr
o (8)
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The term u, is its Coulomb interaction energy with another
negative charge at a distance of r; p_ is the volumetric density
of negative charges in the zeolite, and the term p_dzr’dr
accounts for the number of negative charges at the distance r.
The integration should start from the boundary of the negative
charge center, which is denoted as r, in eq 8. We surmise that
in zeolites, r, is given by the length of AlI-O bond (~0.16 nm
in —O—Al-O"—), because the framework negative charge
reflects the replacement of Si** by AI** in the framework with
the charge delocalized among the four AI-O bonds.

For a volume in space with N negative charges, the total
electrostatic energy (U) is proportional to the electrostatic
energy of each negative charge (u), given by eq 92, and the
work (W) required to increase the negative charge by one
elementary charge unit (eq 9b):

1

U= ENu (9a)
dUu

w=—
dN (9b)

This leads to a W term that is proportional to the
dissociation extent a (eq 10, details of the derivation in
Section S4):

2
Pp4 1,
W = =11y + rp)exp| —— |-a
€o€, W)

(10)

In this equation, &, is the vacuum permittivity and &, is the
relative permittivity of the zeolite crystal (&,) immersed in
water; they account for how the electric field among charges
decreases with the distance from the charge center in a given
medium relative to vacuum; g, is the elemental charge and pjy
is the volumetric BAS density. The term rp represents the
Debye length, which accounts for the screening of the negative
charges by hydronium ions, present as protonated water
clusters and negatively charged framework sites within the
zeolite crystal.

Equations 7 and 10 allow y_,) to be expressed as

2
Pgd, 1,
Yz)= exp(f-a)|f = %"D(Vo + rD)exp[—r—O]

Eo€4KB D
(11)
The y_(,) term in eq Sb can be replaced by its form in eq 11
to give:
K,
C}fexp(/)’-a) + K, (12)

c

For @ < 1 (and aff < 1), eq 12 can be simplified into an
explicit equation for @ as a function of Cy+ (eq 13); this
equation resembles that for weak mineral acids (eq Sa), but
with an additional (1 + f8) factor:

K

4

Cyt

+ (14 p)K, (13)

o
4

Maximum « values are attained when the aqueous H;O" ion
concentrations are much smaller than (1 + ) -Ky:

K
fmx =TT B K, a+8 (14)

The (1 + f§) value determines the maximum attainable
extent of dissociation (a,), thus allowing eq 13 to be
rewritten as

K,
[T -1
T+ oK, (15)

o
4

a =

The values of K, and a,,,, can be determined by regressing
measured values of the extent of dissociation (a) at different
concentrations of aqueous H;O" ions (cy,) to the functional
form of eq 12. This is carried out in practice by measuring the
pH values at different loadings of zeolite in water (i.e., zeolite
mass per water volume), as in the case of mineral acids, in
order to obtain @ values as a function of cy,.

The value of K, is, by its definition, an intrinsic property of a
BAS within a zeolite and independent of the charge
accumulation within a zeolite crystal. It is, in fact, a measure
of the strength of an acid site for each aluminosilicate
framework, in a similar manner as K, values in mineral acids.
The effects of charge repulsion are taken into account in the
value of a,,,, which depend on BAS densities (and Si/Al
ratios), but not on the framework crystalline structure of the
aluminosilicate, as we will show in the next section from the
pH measurement of zeolite suspensions in water and the
determination of the corresponding K, and a,,,,, on H-MFI, H-
BEA, H-FAU and H-BEA.

The Gibbs free energy changes associated with these
dissociation events are dissected using a Born—Haber
thermodynamic cycle for the detachment of protons from
zeolite frameworks, as described in Scheme 2 and discussed in
detail below.

Measurements of Extent of Dissociation of Zeolites in
Aqueous Media. The pH of well-mixed zeolite suspensions
was measured at different zeolite concentrations (zeolite mass
per water volume) to determine the extent of dissociation for
each zeolite sample and how it depends on the H;O0"
concentrations in the contacting fluid phase. The introduction
of a given amount of zeolite into a known water volume
decreased the pH, because of the detachment of protons from
zeolite crystals and their incorporation into the extracrystalline
aqueous phase, causing the H;O" thermodynamic activity to
increase (Figure 2).

Figure 2a shows an illustrative example, in which different
amounts of H-MFI(16) were added to H,O at 298 K and the
measured H;O" concentration increased from 5.0 (X 10%°°) x
10™* to 0.8 mmol L' (i.e, pH from 6.3 + 0.5 to pH 3.2) and
then almost unchanged as the H-MFI content increased above
9.0 g L™". The extent of dissociation (a) for H-MFI(16) for
each zeolite amount added (and resulting aqueous H,O*
concentration) can be determined from the measured pH
though a proton balance:

o= (epr — COH’)'V

meg (16)

where V is the volume of water, m is the zeolite mass, and ¢ is
the Brensted acid density per unit mass of zeolite (mol g™*).
Figure 2b show that higher aqueous H;O" ion concentrations
lead to lower dissociation extents (a), consistent with the
functional form of eq 185.

The data in Figure 2b for H-MFI(16) give d,,, and K,
values of 0.39 + 0.02 and (156 + 10) X 107%, respectively,
when regressed to the functional form of eq 15. This value of
Opmay indicates that only 0.39 of the protons present in this H-
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Accurate descriptions of these effects of H;0O" concentration
on the extent of dissociation (a) for zeolitic acids require an
assessment of the Gibbs free energies contributions from the
electrostatic work to accumulate charges within a zeolite crystal
(W) and from the entropy gain upon mixing the extracrystal-
line H;O" into the aqueous phase (-TAS,,) for H-MFI(16) at
298 K (eq 17).

W = kgTIn Yz = kpTn

K,(1 — a)c® }
Cat (17)

AS, = —Rln(c—}f]

c (17b)

The two contributions are shown separately in Figure 3. The
higher H;O" concentrations lead to lower extents of
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Figure 2. (a) H;0"(aq) concentrations as a function of H-MFI(16)
concentration in water. (b) Extent of zeolitic acid dissociation (a) as a
function of H;O" concentration for H-MFI(16). (298 K, 40 g water,
400 rpm agitation speed. H;O" concentrations are changed by varying
mass of zeolites loaded in water.).

MFI(16) sample can be detached from framework, even when
the H;0*(aq) concentration in the aqueous phase is very low
(<0.1 mmol/L). This contrasts the behavior of mineral acids,
even weak ones, which dissociate fully in the asymptotic limit
of very dilute H;0*(aq) ions, because the large (differential)
entropy gain upon detachment compensates the dissociation
enthalpy so as to provide a favorable free energy. The data in
Figure 2b were also regressed using the dissociation
equilibrium equation for mineral acids (eq Sa); the resulting
fit (dashed curve in Figure 2b) deviates significantly from
measured @ values.
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Figure 3. Gibbs free energies (AG = W — TAS,, circle), and
contribution from the electrostatic work required to accumulate
charges within zeolite crystal (W, square) and from the entropy of
mixing H;O* (TAS,, triangle) in bulk water as a function of H;0O"
concentration for the specific case H-MFI(16). The value of W and
AS,, are calculate from eqs 17a and 17b.

dissociation (a) and to smaller intracrystalline charge densities
and, in turn, to smaller values of the electrostatic work required
to remove additional charges from the crystal. At these higher
H;0" concentrations, however, the entropy gains upon placing
an additional H;O* within the bulk phase are smaller than
those at low H;O" concentrations. As a result, entropy gains
cannot compensate for the larger amount of work required to
detach additional protons from zeolite crystals and these two
effects balance to lead to a small dissociation of zeolitic acids.
The total Gibbs free energy (AG = W — TAS,,), comprising
the work and mixing entropy components, changes more
weakly with H;0" concentration than the mixing entropy
(TAS,,), because of the compensation between the two terms
of TAS,, and W. In contrast with mineral acids, for which the
W term does not depend on the extent of dissociation, this W
term increases as charge accumulates within zeolite crystals at
higher extents of dissociation. The strong inhibition of
dissociation as charge accumulates precludes the detachment
of all protons from zeolite frameworks (and solid acids in
general). Such trends of @ and Gibbs free energy with H,O*

35192 https://doi.org/10.1021/jacs.4c11705

J. Am. Chem. Soc. 2024, 146, 35185—35198


https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11705?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c11705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

concentration for H-MFI (16) are identical for the other
zeolites examined, H-MFI(with Si/Al ratios of 21, 58 and100),
H-BEA, H-FAU and H-MOR, as shown below (Figure 4 and
Section S6).

0.5

\ o H-MFI(16)
K H-MFI(21)
H-MF1(58)
H-MFI(100)
H-BEA
H-FAU
H-MOR
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Extent of zeolite dissociation ()
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Figure 4. Extent of zeolitic acid dissociation at different H,O"
concentrations for H-MFI(with Si/Al of 16, 21, 58 and 100), H-
BEA, H-FAU and H-MOR (298 K, 40 g water, 400 rpm agitation
speed. H;O" concentrations were varied through changes in the mass
of zeolite added to the suspension.) Solid curves represent the
regression of the data for each zeolite to the functional form of eq 15
(with the parameters reported in Table 2).

The effects of H;0*(aq) concentration on a values, shown
for H-MFI (16) in Figure 2a, are similar for all framework
structures (MFI, BEA, FAU, and MOR) and different Si/Al
ratios (16—100 for MFI) examined (Figure 4). The regressed
values of a,,,, and K, for each sample are shown in Table 2.

Table 2. Measured Values of Dissociation Constant K, and
Maximum Dissociation «,,,, for Different Zeolites

zeolite T (K) K, (x107°) pK.* Qe
H-MFI(16) 298 156 + 10 3.81 + 0.03 0.39 + 0.02
H-MFI(21) 298 163 + 8 3.79 + 0.02 0.39 + 0.02
H-MFI(58) 298 178 + 9 3.75 + 0.02 0.48 + 0.02
H-MFI(100) 298 122 + 8 3.91 + 0.03 0.49 + 0.02
H-MOR 298 78+ 5 4.11 + 0.03 0.29 + 0.01
H-BEA 298 152 + 10 3.82 + 0.03 0.28 + 0.01
H-FAU 298 157 £ 9 3.80 + 0.03 0.40 + 0.02
H-MFI(16) 274 140 + 8 3.85 + 0.02 0.27 + 0.02
H-MFI(16) 283 148 + 9 3.83 + 0.03 0.34 + 0.02
H-MFI(16) 313 181 + 21 3.74 + 0.05 0.46 + 0.03

“pK, = —log;y K..

The K, values are similar ((122—178) X 107°), as is the case
also for their pK, (i.e., —log;y K,) values (3.74—3.91). Only H-
MOR shows a pK, value that lies outside the uncertainty range
of the values measured for other zeolites (pK, = 4.11 for H-
MOR); MOR is the only framework with bound H* species in
two very distinct void environments (12 MR straight channel;
8MR side pockets), of which the smaller 8MR pockets may
tend to more strongly retain the hydronium ions via their

stronger constraints, compared to the larger pores of MFI, BEA
and FAU. These measured K, values are much smaller than the
K, values of H,SO, (K,, = 6.3 X 10%) and H,PO, (K,, = 7.9 X
107%), making zeolites behave as a weak acid in water.

These data (Figure 4) and their accurate description using
eq 15 show that crystalline aluminosilicates in their proton
form have acid strengths that are similar for all framework
structures (MFI, BEA, FAU and MOR) and Al (and H)
densities (0.18—1.19 BAS nm™®) examined. These data also
show that confinement effects do not influence the detachment
tendencies of these different aluminosilicates, which merely
reflect the equilibration among bound protons and confined
and unconfined H;O" ions. Such observations are consistent
with the conclusions of theoretical treatments of the acid
strength of zeolites in gaseous environments**~*® and with
measured rates and kinetic trends for methanol dehydra-
tion,*”*® alkene oligomerization,49 alkane isomerization and
cracking,” and isobutanal-isobutene Prins condensation.”"

The excess Gibbs free energies for the detachment of zeolitic
protons into the aqueous phase (AG,,..,) (eq 7) at different
extents of dissociation (@) are shown in Figure S for each
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Figure 5. Measured excess Gibbs free energy (AG,,.) as a function
of dissociation degree (a) for each zeolite at 298 K.

zeolite framework. On all samples, AG,.. values approach
zero for low « values (the thermodynamically ideal case) and
then increase sharply as the extent of dissociation increases
(Figure S). Specifically, AGy.s values increase most sharply as
a values approach a,,,, (e.g., 0.49 for H-MFI(100); 0.28 for H-
BEA), thus precluding any dissociation beyond . The
positive AG,,. values reflect the negative impact of charge
accumulation within zeolite crystals on the detachment of
additional protons. This ultimately precludes the detachment
of all protons for all zeolites as extracrystalline H;0*(aq) ions.
Such incomplete dissociation is reminiscent of the discrete step
changes in dissociation constants (K, > K,, > K,;) for the
sequential removal of each proton in polyprotic mineral or
molecular acids, e.g., H;PO, and H,PW,,0,. """ These latter
systems also respond to the larger charge at the conjugate
anion, but with an impact on energy that quantum mechanical
in nature and specific to each solvated conjugate base; such
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charges are present at the atomic scale of chemical bonds. For
zeolite crystals acting as acids, the energy impact is
predominantly classical, electrostatic in character, and relevant
at the scale of zeolite crystals (10°—~10* nm); the Gibbs free
energy of dissociation also changes continuously (instead of
discretely, Figures 3 and S1), because of the large number of
protons in each zeolite crystal and the much larger dimensions
of the conjugate anion crystals.

The monotonic increase in AG.. with extent of
dissociation leads to larger activity coefficients for the
conjugate anions (y_,) = exp(—AGe/RT)) and conse-
quently to smaller dissociation constants (K;y_"') as «
increases, in contrast with the discrete steps prevalent upon
dissociation of polyprotic molecular and mineral acids. This
merely reflects the very large number of protons in each zeolite
“acid unit” (i.e., crystal). For instance, a 1 um® crystal of H-
MFI with acid density of 1.6 BAS nm™ contains ~1.6 X 10°
protons. At a dissociation extent of 0.01, the anionic charges at
the conjugate base reside at a mean distance of 4.0 nm; the
dissociation extent increases to 0.2 as the distance decreases to
1.5 nm. Such an increase of the & value with decreasing the
distance continues, until reaching a,, when the anionic
charges cannot get any closer. The much shorter distances
among negative charges in “molecular” acids (e.g,, ~0.3 nm in
the two O~ atoms in HPO,*™ anions) lead to drastic changes
of dissociation energy and thus discrete decrease in
dissociation constants with each additional removal of a
proton.

The extent of dissociation of a zeolitic acid in aqueous
systems is most sensitive to K, the intrinsic dissociation
constant, and «a,,,,, which accounts for the increase in the
electrostatic work required to create additional charge as more
protons are detached. The K, values are similar on all zeolites
examined, but a,,,, varies with the zeolite framework type and
BAS density. In the next section, these Kz and a,,,, values are
used to estimate the extracrystalline H;O" concentrations at
conditions where their direct measurement is still difficult (e.g.,
at higher hydrolysis temperatures of >473 K), and to relate
rates of H;O%-catalyzed hydrolysis of cellulose to the
concentrations of hydronium ions present.

Acid-Catalyzed Hydrolysis of Cellulose by Extracrys-
talline H;0%(Aq) Cations in Aqueous Suspensions of
Acidic Zeolites. The dissociation of H-zeolites forms
H;0%(aq) ions in the extracrystalline liquid phase. These
hydronium ions must act as the mediating acid function in
catalyzing the hydrolysis of cellulose, a molecule that cannot
access protons in the intracrystalline regions, and specifically
the kinetically relevant protonation and hydrolytic cleavage of
C—O linkages in reactants. Such considerations indicate that
hydrolysis rates must be proportional to the number of
H,0*(aq) ions present in aqueous zeolite suspension.
Confirming such a prediction requires either direct pH
measurements at reaction temperatures (478 K) or extrap-
olation of the measured values of K, and «,,,, determined at
298 K (Table 2) to such temperatures. The direct measure-
ments are challenging and subject to pervasive artifacts, so the
H,07%(aq) concentrations are estimated here by measuring the
temperature dependence for K, and a,,, at lower and
intermediate (and more accessible) temperatures.

Table 2 shows K, values for H-MFI(16) that increased from
140 (+8) x 107 to 181 (x21) X 107° and a,,,, values that
increased from 0.26 (+0.02) to (0.46 + 0.03) as temperatures
increased from 274 to 313 K. These temperature effects on K,
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reflect the endothermic nature of zeolite dissociation (AH® =
44 + 0.8 kJ mol™'; Figure 6). The standard dissociation
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Figure 6. van't Hoff plot of the dissociation constant (K,) of H-
MFI(16). K, is referenced to 1 mol/L H;O" ion solution as the
standard state. Dashed lines represent the results of a linear regression
and the triangle the value of K, estimated at 478 K.

entropy (AS,°, obtained from Figure 6) is —57 (£15) J mol™
K™ (1 mol L™" H;O" standard state). When zeolite crystals are
well-dispersed throughout the suspension, the dissociation of
zeolitic acids is driven by the entropy gained upon detachment
and the subsequent transfer of the bound protons to a well-
mixed extracrystalline water phase as H;O" ions (AS; = 76 +
15 J mol™' K™'); this leads to a —TAS, term (—22.6 (£1.5) kJ
mol™!, 298 K) that exceeds the dissociation enthalpy of 4.4
(+0.8) kJ mol™. The K, values for H-MFI(16) at cellulose
hydrolysis temperatures (305 (+£30) X 107%, 478 K) were
estimated by extrapolating the values measured at 274—313 K
to the functional form of the expected van’t Hoff relations (K,
vs 1/T) (Figure 6). The same values of dissociation enthalpy
(44 + 0.8 kJ mol™") obtained on H-MFI(16) were used to
obtain K, values at 478 K for the other samples from the values
measured directly at 298 K (Table 3), in light of their similar
dissociation enthalpies.**>">*

The value of ,,,, (Table 2) also increased with temperature
(0.27 + 0.02 at 274 K; 0.46 + 0.03 at 313 K; for H-MFI(16)).
The interpretation (and prediction) of these effects and any
plausible extrapolations of a,,, to reaction temperatures

Table 3. Values of K, and «,,,, for Each Zeolite Sample at
the Temperature of Cellulose Hydrolysis Rate
Measurements (478 K)

a

Zeolite K, (x 107%) Aoy
H-MFI(16) 305 + 30 0.78 + 0.03
H-MFI(21) 320 + 30 0.77 + 0.03
H-MFI(58) 330 + 30 0.82 + 0.04
H-MFI(100) 240 + 25 0.81 + 0.04
H-MOR 150 + 15 0.69 + 0.03
H-BEA 300 + 30 0.66 + 0.03
H-FAU 310 + 30 0.76 + 0.03

“Detailed derivations are in Section S7.
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requires insights about any temperature-dependent terms in eq
18,

1 1
amax= =
1+p

2
Pp4.

o
gogszTrD(rO + rD)eXp(_g) (18)

The permittivity of the wet zeolite (&,) contains
contributions from the framework and the confined water
molecules. The permittivity of silica is insensitive to temper-
atures (3—4 between 298 and 1300 K),** and siliceous zeolites
exhibit even lower permittivity (1.5—2.5).*7>° The permittiv-
ity of water in confined spaces has been reported to be much
lower than in bulk liquid water. For example, water confined
between two plates separated by 1 nm has a &, value of about 2
in the out-of-plane direction at ambient temperature.”” This
value was used here for €, and assumed to be invariant with
temperature in the range of interest (274—478 K).

The other temperature-dependent term (rp; Debye length)
in eq 18 accounts for the screening of the negative charges by
hydronium ions present within the crystallites; it was
determined from measured a,,,, values for different zeolites
at 298 K and also for H-MFI(16) from 274 to 313 K (Table
S1). The r, values decreased with increasing py for these
zeolites (Figure S2) and, in the case of H-MFI(16), decreased
from 0.115 to 0.091 nm with temperature from 274 to 313 K
(Figure S3). The Debye length for an electrolyte solution is
given by

1+

-
| &0k T

= 5
\/ qu I (19)

where ¢, is the relative permittivity of the surrounding medium
(i.e,, water for aqueous solution), and I is the ionic strength.
To apply this equation to the micropore environment of
zeolite, ¢, is replaced by ¢, the relative permittivity of the
zeolite crystal immersed in water, given the expression:

. | &0, kg T
D™ 2
\/ 29,1 (20)

The extrapolation of rp, values to the temperature of catalytic
interest (478 K) requires a relation between the ionic strength
of the H;O" ions and conjugate framework anions, in zeolite
crystal (I, eq 10) and temperature. Using eq 20, the ionic
strength for H-MFI(16) was determined from ry, values
measured between 274 to 313 K, and extrapolated to 478 K
(Figures S3b, S4). This ionic strength was used to estimate rp
and then the expected value of a,,,, for this sample at 478 K.
Then, rp and @,,,, were calculated for the other zeolites at 478
K using the rp, value for H-MFI (16) (Table 3), based on the
assumption that temperature effects on ionic strength are
similar on all zeolites (Section S7). This is a reasonable
assumption because the temperature-dependence of ionic
strength in zeolite voids is attributed to the temperature-
dependent protonation and dissociation of zeolitic BAS
(Scheme 1), a property of the zeolitic acid strength which is
shown to be the same on all tested zeolites (i.e., the similar K,
values).

These estimates of K, and a,,, values at 478 K (Table 3)
allow estimates of the H;O"(aq) concentrations for each
zeolite concentration at the conditions of cellulose hydrolysis
(details in Section S8). Figure 7a shows that cellulose
hydrolysis rates increase linearly with aqueous H;0%(aq)
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Figure 7. (a) Cellulose hydrolysis rate (given as number of cleaved
glycosidic bonds per second) on different zeolites with different
loadings and Si/Al ratios as a function of calculated hydronium ion
(H;0") concentrations; (b) cellulose hydrolysis rate per H;O" ion for
mineral acids and different zeolites. Reaction conditions: 478 K, 6
MPa H,, 40 g water, 1.0 g cellulose, 0.02 g 3% Ru/C, 20—30%
conversion.

concentrations for all zeolites; these rate data lie along the
same lines as for H3;PO, and H,SO, mineral acids. This
relation also includes the hydrolysis rates and H;0*(aq)
concentrations for pure water. These linear trends, irrespective
of the source of the H;0%(aq) ions shows that cellulose
hydrolysis is catalyzed solely by hydronium ions in the
extracrystalline aqueous phase.

The intrinsic competence of such species (but not their
abundance) is independent of their provenance (or their
concentration, as expected dilute character in the aqueous
media). Cellulose hydrolysis rates “sense” the amount (per
volume of water), identity, composition, and proton density of
these acids only through their role in determining H;0*(aq)
concentrations through their influence on the extent of
dissociation of acidic zeolites. Turnover rates for cellulose
hydrolysis (per H;O"(aq)) are the same for all zeolites (with
different frameworks and intracrystalline proton densities) and
for mineral acids (Figure 7b). These similar turnover rates are
expected from the similar properties and dilute nature of all
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H,0" species, irrespective of provenance; consequently, these
results act, in turn, as confirmatory evidence for the validity
and accuracy of the theoretical constructs used here to account
for the effects of charge accumulation on the extent of
dissociation. These formalisms can be extended, without
modification, to the characterization and reactivity predictions
for other solid acids (e.g., WO;, sulfonated carbons and resins,
heteropoly acids) for which their mesoporous nature may lead
to combined contributions from H;O" ions within mesopores
and throughout the bulk aqueous media for large molecules
that are excluded, as in this case, from intracrystalline regions
of zeolites. They are also expected to serve as essential and
straightforward tools to characterize the dissociation properties
of these solids, as well as those for microporous and
mesoporous heterosilicates in which Al atoms are replaced
by other trivalent cations (e.g, Ga, Fe, B).

The Recovery of Zeolite-Derived H;0*(Aq) Upon
Separating Solid Acids from Aqueous Suspensions.
The presence and role of detached H;0%(aq) ions in catalytic
reactions may impact their full recovery as solids are recycled
by filtration after reaction. The removal of such ions would
lead, however, to the permanent formation of isolated solids
and filtrate with large and equal negative and positive charges,
respectively. In fact, the number of acid sites in H-MFI(16), as
measured by NH,-TPD, is identical (0.86 vs 0.85 mmol g~")
before and after vigorous stirring as a suspension in water for
10 h at 478 K and filtration. No detectable changes in cellulose
hydrolysis rates (Figure 8a) are observed after five sequential
reaction cycles (with intervening filtration). The pH of an

QD
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—2® o o

Cellulose hydrolysis rate

0 T T T T T
1 2 3 4 5

Number of cycles

O
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Figure 8. (a) Cellulose hydrolysis rates for five consecutive cycles. (b)
pH values of aqueous suspension of H-MFI(16) under vigorous
agitation and of its supernatant after centrifugation measured by pH
meter (and conformed by pH strips) (0.2 ¢ H-MFI(16), 7 mL H,0,
298 K). Cellulose reaction conditions: 478 K, 30 min, 6 MPa H,, 40 g
water, 1.0 g cellulose, 0.2 ¢ H-MFI(16), 0.02 g 3%Ru/C.
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aqueous suspension of H-MFI(16) (28 g L™') was measured
to be 3.08 while the pH of the supernatant solution after
centrifugation was 6.60, a value similar to that of pure water in
contact with ambient air (Figures 8b). These data show that
none of the detached protons are permanently detached from
zeolite crystals upon liquid—solid separation, making suspen-
sions of zeolitic acids fully recyclable and reusable.

The entropy of mixing that enables the charge separation is
lost upon removal of water from the suspension, leading to the
reattachment of all protons to zeolite frameworks and allowing
the indefinite separation and reuse of the solid acid catalysts.
The H;0%(aq) ions return to the double layers and ultimately
to the anionic framework as liquid water is removed by
filtration and evaporation. In contrast with the situation for
liquid acids, where the conjugate base is also solvated by the
aqueous place, the crystalline conjugate anion is retained as the
suspension is filtered and the H' ions are reattached to the
anionic framework. Dissociation therefore becomes reversible
upon physical separation of the solid from the liquid, making
solid acids fully recoverable after their catalytic function is
complete, in contrast with mineral and molecular acids.

B CONCLUSIONS

Bronsted acid sites of zeolites dissociate to form the
extracrystalline H;O" ions in aqueous media and the
conjugated anions in the zeolite frameworks. The H;O" ions
are fully recyclable and solely catalyze the hydrolysis of
cellulose. The dissociation of zeolites, acting as weak polyprotic
acids, reaches limited extents, irrespective of their framework
structures and Si/Al ratios. Such incomplete dissociation is
intrinsically imposed by the inhibiting effect of the electrostatic
repulsion from the accumulated negative charges within the
voids of the zeolites. Based on this dissociation model and the
thermodynamic analysis, an equation for the dissociation
extent of zeolites has been derived as a function of the
extracrystalline H;O" concentration and dissociation equili-
brium constant. By this equation, the H;O" concentrations in
the aqueous phase for different zeolites have been calculated
under the cellulose hydrolysis conditions, along with the
known H;0" concentrations of mineral acids, showing an
excellent linearity with the measured cellulose hydrolysis rates.
This work enables the direct comparison of zeolites and also
other solid acids with mineral acids and the clarification of
their intrinsic acidity in aqueous media especially involving in
the reactions of cellulose and other bulky feedstocks (e.g.,
triglycerides, waste plastics etc.) that are not accessible to the
internal acid sites.
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