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Abstract

In zeolites, liquid water creates an ionic environment via the formation of hydrated
hydronium ions in the negatively charged framework. Hydronium ions on tungsten oxide
surfaces are constrained in a support dependent electrical double layer. Both types of
ionic environment impact during acid catalyzed reactions on the chemical potential of
reacting molecules leading to a remarkable difference in reaction rate. In apolar solvents,

Brgnsted and Lewis sites contribute to the elimination reaction.

Kurzzusammenfassung

In flissigem Wasser entsteht in Zeolithen aus Hydronium-lonen und dem negativ
geladenem Gitter eine ionische Umgebung. Uber Wolframoxiden sind Hydronium-lonen
in der elektrochemischen Doppelschicht begrenzt. Beide Arten der lonenkonzentration
haben durch Beeinflussung des chemischen Potenzials des reagierenden Molekiils
einen signifikanten Einfluss auf die Rate der Alkoholdehydratisierung. In apolarer
Umgebung katalysieren sowohl Brgnsted- als auch Lewis-Sauregruppen die

Eliminierungsreaktion.
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1) Introduction: Refineries

Crude oil is transported to Germany via cross-border pipelines coming from Trieste,
Rotterdam, or soon Nordstream 2. Alternatively supertankers introduce their load to a
national pipeline system starting from Germany’s international cargo harbors.'?
Refineries are placed strategically among the country to upgrade the crude oil depending
in the demands of the nearby industry. In general one can subdivide refineries in focus
on fuel-production, such as gasoline, kerosine or diesel, or on the production of chemical

platform molecules.®

1.1) Concepts of modern refineries

Fuel-focused refineries typically provide mixtures of hydrocarbons: liquid gas, which
chemical composition is determined by the customer climate due to it's low boiling point
of <20°C; light (20-75°C) and heavy (75-175°C) naphtha, jet fuels (175-225°C) and other
high boiling residues (heating oil, lubricants and bitumen).2 Independent of the type of
refinery, the crude oil is introduced to a distillation unit that typically consist an
atmospheric distillation and a vacuum distillation column (Figure 1.1).* Before distillation
the oil is desalted with water in an extraction step to avoid corrosion in the downstream
units.®> 20 000 - 30 000 t d? of crude oil can be processed in most known distillation
columns, that are composed of up to 60 separation stages.® Pre-heating of the feeds is
achieved by heat exchangers that take advantage of hot product streams and face the
heat conservation of the unit.® The inlet temperature of the bi-phasic (gas and liquid)
crude oil feed to the atmospheric column is ~350°C.3 Within the column multicomponent
interphase mass transfer is a common phenomenon and realized with tray columns or
packed columns to achieve an enhanced fractionation.® Depending on the boiling points
the above mentioned fractions are separated and isolated. The atmospheric residue is
redistilled in vacuum (40-70 mbar) at around 400°C to achieve a maximum yield of low
boiling chemicals and feeds that can be upgraded downstream in cracking units.®® The
goal of any refinery is to limit the amount of short residue that is ending up as bitumen,

asphaltenes and heavy heating oil.

High boiling molecules can be converted to low boiling and middle distillate fractions via
cracking processes.’” One distinguishes between thermal cracking, hydrocracking and
catalytic cracking.® Thermal cracking is based on radical reactions at temperatures of
around 500°C.°> The major impacts on the thermal process are the feedstock quality,
temperature, pressure and residence time. Most critical is the residence time at a given

temperature that determines the fractions of volatile gases and coke.® Within the cracking



unit, large oil molecule are thermally decomposed into low-boiling molecules that can
undergo recombination reactions with other reactive molecules, polymerize or form
coke.® Both hydrogenation and dehydrogenation reactions may occur, producing (di)-
olefins, paraffins, polymers and hydrogen.® Larger molecules formed during thermal
cracking can be recycled to achieve a maximum yield of the desired product feed.
However, the selectivity of thermal cracking units is a major drawback.* E.g. the well-
known Visbreaking technology, reducing the viscosity of the heavy oil at temperatures of
470-495°C, gives only 10% conversion of the feeds on products in the boiling range of
~220°C.°> Delayed and fluid coking, that are alternative approaches of thermal cracking
have the prime purpose to run residues and heavy oils at harsher conditions 480-565°C

until full conversion, but yield coke up to 20-40 wt.%.°

Yield and quality of the primary feed can be significantly optimized when applying
catalytic cracking, rather than thermal cracking, to a variety of feedstocks ranging from
gas oil to heavy crudes and residues.® While thermal cracking is a process not employing
a catalyst, but free radical reaction mechanisms, producing moderate yields of gasoline
with low octane numbers and other distillates, the catalytic cracking makes use of a
catalytic material that favors ionic reaction mechanisms leading to high yields and
selectivity of gasoline with high octane numbers and other distillates.> Well known
catalysts are X- and Y-zeolites, as well as ZSM-5, that achieve higher reaction rates, a
higher fraction of Cs/Cs-hydrocarbons and highly branched molecules.® Catalyst
materials for FCC have to withstand physical impacts, thermal shocks and action of
oxygen-containing compounds such as CO; and air, or other potential catalyst poisons
introduced by the heteroatom containing cracking feedstock.® Commercially applied
cracking catalysts are insulating mixed oxides possessing strong acidic functions located
in micro- and mesopores.® The pore size and external surface area of the zeolite is an
additional parameter affecting the overall conversion due to mass transport limitations,
pore blocking and subsequent coking.® Coking is, similar to thermal cracking, a major
problem, with the difference that the coke is mainly recognized on the catalyst surface,
blocking the catalyst pores and deactivating the zeolites.* The most widely used process
is fluid catalytic cracking (FCC) that is characterized by the fluidized catalyst powder
moved through the typical riser-reactor.® The solid particles are of such a size that when
aerated with air or hydrocarbon vapor, the catalyst behaves like a liquid making it more
convenient to flush it through the pipes.® The actual cracking reaction takes place in the
reaction chamber where the catalyst is dispersed in the vaporized feedstock.* A very
established approach for maintaining catalyst activity in FCC is the reactivation of the

catalyst, by combusting the coke in a coupled regeneration unit.® On top of the riser, the



catalyst is separated via centrifugal force in cyclones and introduced to the regeneration
unit in which the coke is combusted in air (>600 °C).3’ The cracked hydrocarbons are
separated in a fractionator and further treated downstream. The catalyst material is then
reintroduced to the process ensure continuous operation of the unit.” Cracking, being an
endothermic process requires a continuous heat supply, that can be realized by taking
advantage of the exothermic coke combustion along with the catalyst regeneration.® The
main products of an FCC unit are gasoline (~47%), middle distillate (~20%), gases
(~21%), high boiling molecules (7%) and coke (5%).® Critical process parameters
affecting the product selectivity’s and feed conversion are temperature and residence
time rather than unit pressure, since substantial increase in pressure is required to
significantly increase conversion, while temperature has a primary effect on the rates of
the endothermic cracking reactions.®> A secondary temperature effect is the enhanced
cracking rate over the hydrogen transfer reactions leading to an increased amount of
olefines in the gasoline and the gas fraction.> However, most critical is the contact time
by adjusting fresh feed rate, riser steam rate and recycle rate, that are directly affecting
the conversion level, but can lead to undesired gasoline overcracking forming LPG.°

A very expensive but important alternative to FCC is the principle of hydrocracking to
convert higher hydrocarbons under Hz-atmosphere to short alkenes and after immediate
hydrogenation to alkanes.® By adjusting the severity one can yield various product
distributions from the exact same feed, which makes this process very attractive.
Temperatures of 300-450°C and H»-pressures of 100-200 bar make this process very
costly, but introduction of green hydrogen (H, coming from renewable feedstocks),
replacing conventional “grey hydrogen”, can lower the running costs due to subsidies
from the governments.®° To achieve the cracking and hydrogenation chemistry, a bi-
functional catalyst (acidic function: Al,Os, SiO2/Al,O3 or zeolites; metal function: Ni/Mo,
Ni/W or Pt/Pd), are used in this process.” The mechanisms in hydrocracking are similar
to that of FCC, but with an external hydrogen source, that hydrogenates quickly the
generated olefin intermediates formed via the carbonium ion chemistry.®> The high H.-
pressures prevents the catalyst blocking by the olefin and the further dehydrogenation
to coke.® In the future, refineries will face and process an increased amount of heavier
feeds making hydrocracking units an essential part of every refinery. However, the
increasing throughput requires a more climate-neutral source of hydrogen, as most
refineries have only an “in-house” primary source of hydrogen coming from the steam

reformers or catalytic reforming units.?

Secondary refinery products such as straight-run gasolines and napthas are upgraded

to high octane aromatics and branched alkanes. Typical reactions are the isomerization,
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the dehydrogenation of naphtenes to aromatics or dehydrocyclization of paraffins to
napthenes.® One valuable side product of dehydrogenation reactions is H,, which can be
separated and introduced in the hydrocracker.® Similar to the hydrocracking process, a
bi-functional catalyst is needed to catalyze efficiently the acid assisted reforming steps.3
Coking reactions can be suppressed by applying high hydrogen pressures (8-15 bar) but
as dehydrogenation reactions are strongly endothermic, note the unit pressure is critical,

but the heat supply is essential.®

Distillation Upgrading Products

Gas Plant

.
>

Lt. Naphtha HT ./

L J
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-
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Y

Figure 1.1 Simplified process scheme of a typical refinery (adapted from ref. *2) including
Crude distillation unit (CDU) and vacuum distillation unit (VDU), Hydrotreater (HT)

Due to the very cost-intensive shut-down of refinery units for catalyst exchange, the main
goal in refineries is to prolong the lifetime of the catalysts. One basic protocol to achieve
enhanced catalyst lifetime is the removal of heteroatoms of the crude oil feed.® The feed
entering the distillation unit typically is composed of 83-87 wt.% carbon, 10-14 wt.%
hydrogen and heteroatoms causing catalyst deactivation (0.1-2 wt.% nitrogen, 0.05-6
wt.% sulfur, 0.05-1.5 wt.% oxygen).* Additionally, low amounts of metals (>300 ppm) are
known to be part of the feed and cause undesired catalyst deactivation.® The selective
removal of heteroatoms is on the one hand necessary for the units healthiness and
productivities and on the other hand to fulfill the product requirements for gasoline and
diesel with regard to NOx and SO« emissions.?13 Hydrotreating units guarantee sulfur,
nitrogen and oxygen removal in the presence of high hydrogen pressure and are placed

strategically at several process positions in a refinery.'2 Hydrotreater additionally ensure



a partial hydrogenation of highly unsaturated feeds to avoid downstream coking and at
severe conditions hydrocracking takes place as the upper limits of hydrotreating
conditions may overlap with the lower limits of hydrocracking conditions.®
Hydrotreatment is carried out before, rather than after catalytic cracking as the products
require less finishing, corrosion and coke formation are reduced and thus higher
conversions are achievable.® Classical catalysts for hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) are Mo supported on alumina (Al.O3) catalysts with either
Ni or Co as promotor metal depending on the requirements on the hydrogenation
activity.'* Molybdenum, cobalt and nickel are the most widely used metals for HDS and
HDN reactions, impregnated on the support material in the oxide form and sulfided in
H.S flow prior to the use or during the actual run-time.* “Easy-to-process”-feeds usually
require a mild hydrogenation activity for an efficient heteroatom removal, so in particular
Co-Mo/Al,Os catalysts are used for straight-run petroleum fractions.* On the other hand,
the upgrading of residues requires a high hydrogenation activity to first hydrogenate the
aromatics to eliminate steric hindrances, before cleaving the carbon-heteroatom bonds.*
Thus, Ni-Mo/Al,Os is known to process refractory feeds more efficiently. A typical
hydrotreating feed is composed of saturated alkanes and cycloalkanes, unsaturated
molecules as olefins and aromatics and the critical sulfur- or nitrogen-containing
compounds such as thiols, thioesters, thiophenes, amines, pyridines and quinolines.**®
Oxygen-containing molecules become more interesting when introducing drop-in fuels,
which is described in more detail later in this section, but in normal crude oil feeds, the
concentration of phenolics or carboxylic acids are rather low (<0.1 wt.%).'2 N-containing
molecules deactivate hydrotreating catalysts due to their basicity with a high adsorption
constant.'® However, due to the high sulfur content in crude oil, the HDS reaction is most

dominant in today’s refineries.

Figure 1.2 Molecular structure of dibenzothiophene (DBT)

The chemical structure of the S-containing molecule is known to be more important than
the actual S-content, as the local structure around the heteroatom has direct impact on
the reactivity.!” For example the reactivities of 4-alkyl- and 4,6-dialkyl-dibenzothiophenes
are significantly decreased when compared to the non-substituted molecule (Figure
1.2).*® Steric and electronic effects, such as the accessibility of the S-atom, the

adsorption mode (flat or perpendicular) or the tr-electron system, are directly affecting
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the C-S cleavage rate.’® Simple thiols react via B-hydrogen elimination of H,S and
subsequent hydrogenation to the olefin, thiophenes require prior to the C-S bond rupture
a hydrogenation of the double bonds and benzothiophene, composed of unsaturated 11-
electron systems, can react either via hydrogenation route (HYD) or via direct
desulfurization route (DDS) as depicted in Figure 1.3.1%%° The unruliness, meaning the
fraction of refractory compounds, of the hydrotreating feed determines the dominant
reaction route. E.g. in 4- and 6-position substituted dibenzothiophenes (DBT) the
adsorption in o-mode is much weaker than that of unsubstituted DBT and the DDS
pathway is strongly suppressed.® However, hydrogenation of the aromatic ring system
of alkyl-substituted DBP in a flat adsorption mode is not influenced by the geometric
constraints, but results in a reduction of steric hindrance and easier access of the sulfur
atom.?! Hence, these molecules react selectively via the HYD-route, which drastically
increases the consumption of hydrogen for complex feedstocks.?? Unsaturated DBT, on
the other hand, reacts at high temperature selectively (up to 40% at 330°C) via the DDS

AN

OO
-

route to biphenyl.®

TH-DBT

it
e
~

S

Figure 1.3 Reaction network of the HDS of dibenzothiophene (adapted from ref.?%)

The hydrodesulfurization reactions are significantly affected by N-containing molecules
as pyridines and piperidines strongly suppress the hydrogenation pathway and
simultaneously inhibit the direct desulfurization route.?* On the other hand, H,S has a
positive effect on the HDN of pyridines, while S-containing dibenzothiophene shows not
a significant impact on the C-N bond cleavage rate.?* Thus, the cleavage of the different
heteroatoms (S and N) takes place at different active sites, whereas the hydrogenation
sites for N- and S-containing molecules may be the same.?* The nitrogen removal of
simple amines proceeds either via an Sy2 substitution process or if sterically hindered

(e.g. 2,6-dimethylpiperidine) by an E, elimination.*® HDN of more complex



benzo(a)carbazole and benzo(f)quinoline usually requires a saturation of the 1T-electron
system prior to the C-N cleavage step, due to the strength of the unsaturated C=N bond.*
Thus, a direct denitrogenation is not possible (Figure 1.4). E.g. the N-removal of
quinoline was found to take place via the saturated intermediates decahydroquinoline
and propylcyclohexylamine, or via the aromatic intermediates 1,2,3,4-
tetrahydroqguinoline and ortho-propylaniline.?® Due to the required hydrogenation steps,
catalysts need a strong hydrogenation affinity and the HDN reaction is due to it's high

H2-consumption a very costly process.

THQ1

@OOQGO@

| “ el

Oﬁ@ﬁ@ﬁm

THQS PCHA

Figure 1.4 HDN reaction network of quinoline (Q). The nomenclature is THQ5: 5,6,7,8-
tetrahydroquinoline; DHQ: decahydroquinoline; THQ1: 1,2,3,4-tetrahydroquinoline;
OPA: ortho-propylaniline; PCHA: 2-propylcyclo-hexylamine; PCHE: propylcyclohexene;
PB: propylbenzene (adapted from Ref. %)

1.2) Future challenges and decarbonization approaches

As mentioned already the hydrogen consumption in many processes of a refinery is a
cost intensive factor. Therefore, refineries can either fall back on classical (grey) H.-
production processes such as steam reforming of light hydrocarbons, partial oxidation of
hydrocarbons into a gas mixture rich in Hz, hydrogen recovery processes from refinery
off-gases (Table 1), or - most promising - incorporate green hydrogen to their balances.®
Hydrogen production concepts with zero or low environmental impact (“green”) process
all CO; and other pollutants when extracting the H,.2” Currently the most popular strategy
for almost pure H» production is water electrolysis, based on the movement of electrons
supported by an external circuit.?” Other processes include the plasma induced
decomposition of natural gas (CHa reacts to C) and Hz; 100% carbon yields, no CO;
release),?® photonic energy based hydrogen production (photocatalysis,
photoelectrochemical method, and artificial photosynthesis), thermochemical water

splitting and hybrid thermochemical cycles.?” Since 2018, ITM power together with the



Shell Rhineland Refinery in Wesseling, Germany, operate the world’s biggest H.-
electrolyzer for clean refinery-hydrogen. The unit is equipped with a polymer-electrolyte-

membrane-technology (PEM) producing up to 1.300 t (H,) a*.2°

Table 1.1 Hydrogen concentration in refinery off-gases (from Ref. )

Process H2-content
(vol. %)
Catalytic reforming 40-85
Catalytic cracking (off-gas) 10-30
Hydrocracking (off-gas) 40-60
Hydrotreating (purge) 25-35
Thermal hydrodealkylation 50-75
Hydrogenation (purge) 85

Besides focusing on “green” hydrogen, achieving emission reduction and climate
mitigation goals is becoming a key objective of most refineries. An alternative
decarbonization approach for petroleum based refineries is the insertion of drop in fuels.
31 Biofuels have been defined as functionally equivalent to petroleum-based
transportation fuels and are more or less compatible with the existing refinery
infrastructure.3 Currently, conventional drop-in biofuels are based on lipids or
oleochemicals, but renewable feedstocks such as lignocellulosic agricultural residues or
other waste biomass are most promising future feedstocks.®? The high oxygen content
of the bio-oil is most obstructive as the more reactive and corrosive intermediates, as
well as the immiscibility with petroleum based feeds require new process protocols.3334
Biocrudes that might be upgraded at a refinery will contain larger molecules composed
of phenols, catechols, guaiacols or syringols if based on lignocellulosic feedstocks.3!:®
Typical upgrading reaction for such classes of molecules are decarboxylation (O
removed as CO,), decarbonylation (O removed as CO), and hydrodeoxygenation (O
removed as H0).32%¢ Figure 1.5 (A) demonstrates that an increased demand of
hydrogen is required in upgrading of low H/C-feedstocks, promoting the
hydrodeoxygenation reaction and increasing the operation costs for drop-in biocrudes
based on lignin.3! Oxygen-containing gaseous products such as carbon dioxide and
monoxide being formed in the decarboxylation and decarbonylation reaction are
undesired loss of carbon. Not only the actual oxygen content of the bio-oils is challenging

for the current refinery infrastructure but also the functionality of the organic compounds,



including organic acids, aldehydes, ketones, and oxygenated aromatics, determines the

chemistry and make insertion to existing infrastructure challenging.®’

(A) (B)

Petrochemical Refinery

,,Drop-in“ biofuel

Oleochemical feedstock

2,0 HIC 4 ratio

Petroleum-Derived Biomass-Derived

Catalytic Cracker

Light Cycle Oil Hydrotreating

Bio-Oils

Vacuum Gas Oil
Aqeuous Sugar Streams

Vegetable Oils

Diesel Fuel Glycerols
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Lignocellulose Thermochemical feedstock / \
0 HIC,q ratio Biochemical feedstock / \
Kerosine
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Figure 1.5 (A) The effective hydrogen to carbon ratio ‘staircase’ for feedstocks (adapted
from Ref. 3!) and (B) the conversion of petrochemical- and biomass-derived feedstocks
in a petroleum refinery (adapted from Ref. )

Potential insertion points into already existing refinery infrastructure have to be carefully
evaluated. The conversion of biomass-derived feedstocks is achieved most efficiently in
catalytic cracking, hydrotreating and/or hydrocracking units due to their respective
properties (Figure 1.5 (B)).313436

1.2.1) Insertion points of biocrudes to the current refinery-infrastructure
Insertion of biocrudes to a conventional FCC unit yields large amounts of coke, but is
economically very promising as no external hydrogen is needed for the cracking of large
bio-molecules, the investment costs are low and the oxygen tolerant catalyst is
continuously reactivated.®* Coke can either be used to provide process heat or can be
converted into syngas through steam or CO-reforming.*® Depending on the source of
renewables, the potential product stream will be enriched of aromatics, as phenolics
represent a large fraction of pyrolysis bio-oils.3 Aromatics unlikely undergo any cracking
reactions and the removal of oxygen results in the consumption of hydrogen originated
from the hydrocarbon, vyielding consequently more higher unsaturated olefins or
aromatics.3373% Opposite to the coke-tolerant catalyst recycle in FCC, the risk of
permanent catalyst deactivation associated with insertion of unknown or complex feeds
is much greater for hydrotreating units.3! However, the major advantage of the
hydrotreater being the insertion point is that the oxygen-atom, even if located in

polyaromatic structures, can be removed selectively under Ho-atmosphere analogous to
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HDS and HDN reactions, over cobalt molybdate catalyst.®> Note, even at high hydrogen
pressures the removal of oxygen will not exclusively proceed via hydrogen addition, but
also via formation of CO and CO, causing enhanced catalyst deactivation.3! Similar to
hydrotreating, the hydrocracking unit operates under high hydrogen pressure and is able
to deoxygenate the biocrudes with it's current infrastructure. The hydrocracking catalyst,
however, due it's bifunctionality is very sensitive to oxygen-containing feeds that may
oxidize their expensive noble metals such as palladium (Pd) or platinum (Pt).3* Hence,
hydrocracking may be used as upgrading process downstream of hydrotreating where

size reduction of bio-molecules is still required.3!

The great potential of drop-in fuel insertion to existing petrochemical infrastructure is best
shown by Neste Oil, using a modified hydrotreating process to convert triglycerides to
diesel fuel, marketed as NExXBTL fuel.®®4° Hydrotreating of vegetable oil results in
appreciable fuel properties and is currently more promising than biodiesel based on
agricultural waste.*® The cetane number, a quality feature for diesel, of hydrogenated
vegetable oil is increased by ~50% when compared to biodiesel and the oxygen content
can be reduced to a minimum (~0 wt.%).3® Compared to alternative sources, such as
microalgae, cellulose and waste agricultural biomass, vegetable oils have a higher
energy density and easy handling for processing in large-scale production with already
existing infrastructures.*! Note that more common is the transesterification of vegetable
oils such as soybean, sunflower or palm for the production of biodiesel, being similar to
conventional diesel with fossil origin.*? The direct insertion of biofuels from lignocellulose
(biomass to liquids) without any pretreatment to conventional refineries is, due to the
complex structure of cellulose, hemicellulose and lignin polymers, currently not
possible.3* Thus, the following section briefly summarizes common pretreatment

strategies.
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1.2.2) Pretreatment strategies for bio-based feedstocks

Water/ Light

Compounds
Agueous Phase

Evaporation

Y

Wet Feedstock
—_—

Fast Pyrolysis

Sugar-like
Phase Material

i Separation

Dry Feedstock
R —

Fast Pyrolysis 3

# Lignin Derived Material
Water Addition

Figure 1.6 Fractionation scheme for bio-oil phase separation (adapted from Ref. %)

Crude oil distillation is the major separation technique in petroleum refineries, as volatile
molecules are involved, but the main fraction of biomass components are non-volatile
and thus, solvent-based extraction, chromatography or membrane separation are
required.®* Consequently, these feedstocks are upgraded in advance in biorefineries, via

pyrolysis, extracted and fractionated (Figure 1.6).4

Figure 1.7(A) and (B) depicts the complex molecular structure of lignin polymers,
consisting of randomly cross-linked phenyl propane’s, most likely substituted coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol.**** Hence, degradation and
depolymerization of lignin to fine chemicals is very challenging. Despite the classical
approaches of lignin pyrolysis (thermolysis), gasification, hydrogenolysis, chemical
oxidation, and hydrolysis under supercritical conditions, much research was done to find
elegant protocols for lignin upgrading and most popular are the transition metal catalyzed
reduction or oxidation of C—O bonds, the visible light mediated reduction or oxidation of
C-O bonds and the redox-neutral conversion of lignin.**4¢ Hydrolysis as well as
photocatalytic methods use or allow water as solvent to break down the linkages.*44¢
The liquid oil products can be classified in water soluble phenols (guaiacols, catechols,
syringols and cresols), aldehydes and water-insoluble aliphatic molecules (e.g. alkanes,
methane, ethane).*® Conventional cheap solvents for the extraction of phenolic
monomers are water”#® and water/alcohol mixtures®®®! that work as hydrogen supplier
when introducing a transition metal catalyst for delignification (up to 94% conversion).%23
In a secondary upgrading process the hydrodeoxygenation reaction is carried out in the
same solvent removing oxygen from the lignin-derived phenolic monomers to obtain

chemicals that can be used as fuel or fuel additives.>
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Figure 1.7 (A) Schematic representation of a lignin polymer (adapted from Ref.**) and
(B) HDO of a lignin-derived monomer via (a) hydrogenolysis and (b) hydrogenation—
deoxygenation (adapted from Ref.>®)

An alternative pretreatment of biooil is the phase separation by water addition, yielding
a water-insoluble fraction derived mainly from phenaolic lignin at the bottom and a water-
soluble fraction rich in carbohydrates at the top.**°¢ Typically bio-oil produced from dry
raw material contains already 25-30 wt.% of water, but phase separation begins after
exceeding 30 wt.% water content, so the moister is adjusted depending on the
feedstock.*® The addition of salts (LiCl, CaCl,, FeCls, (NH4)SO4,K2CO3, and Fe(NOz)3),
or their respective salt solutions will enhance phase separation drastically.5” Depending
on the feedstock, the top layer (40-80 wt.%) exhibit high contents of water, acetic acid
and other water-soluble molecules like furfural, phenolics and their derivates.>” The
complex lignin derived materials that are water insoluble (Figure 1.5) can be either
upgraded via harsh hydrotreating and/or hydrocracking breaking down linkages and
reducing molecular size, or can be used e.g. as an organic binder (binder supplemented
with 10-15%).%® The water-soluble fraction can be concentrated by evaporating water
and volatile compounds in vacuum, yielding a sugar-like fraction (water content of 6.3 wt
% and a pH of 2.2) and an aqueous phase (95.8 wt % H;O, pH 2.2) as distillate.** So far,
much research is done investigating the aqueous phase upgrading of water-soluble bio-

based molecules via (hydro-)deoxygenation in an acidic environment #5°%% and over
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supported transition metal catalysts.®®"° However, industry-like solutions contain various
impurities such as inorganic salts that can alter the acid catalysis in aqueous phase. It is
known that the phase separation,’ the catalyst stability’? and the intrinsic rates”’® are
impacted by the salt concentration, and consequently change the apparent reaction
kinetics. As biomass in general contains a significant amount of inorganic compounds’
such as chlorine, calcium, potassium, or sodium, the potential for a significant
improvement is visible and thus, this work will among others discuss the effect of non-
ideality induced by ionic strength. As a model compound this dissertation focuses mainly
on cyclohexanol, being a undesired oxygen-containing product from the HDO of phenolic
compounds (Figure 1.7 (B)).>®
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1.3) Mixed oxide catalysts for reactions in solution

The design and the structure of effective catalysts targets a maximum number of well
distributed active sites accessible for the reaction substrate, that is determined by the
geometry of the accessible catalyst volume.® Deactivation of solid catalysts is mainly
caused by thermal degradation (or sintering), fouling (e.g. coking), poisoning,
volatilization of active catalyst agent(s), or leaching.®° In general one can classify the
catalyst deactivation in physical, thermal and chemical nature, leading to lack of
accessibility or loss of active sites, a decreased number of exposed sites, or a decline of
intrinsic activity.8! Leaching of the active phase and thermal degradation are particularly
problematic because of its irreversibility and thus, the catalyst design for a specific

reaction under particular reaction conditions is a key element of process design.

A well-established class of solid catalysts are zeolite materials, being microporous
crystalline aluminosilicates, applied in particular as zeolite Y and ZSM-5 in the fluid
catalytic cracking (FCC) process.® Characteristic for zeolites is the Si/Al-ratio, it's acidity
and the shape selectivity given by the microporous network of cavities.®? Aluminosilicate
zeolites are most generally defined by their 3-D and regular framework formed by linked
TO, tetrahedra (T = Si, Al), each oxygen being shared between two T elements, and
their channels and cavities with molecular sizes which can host the charge compensating

cations, water or other molecules and salts.* Weitkamp & describes the composition as

nf ny x=
XMyt xp - M, [(}’1 T,y T ---)02(y1+y2+~--)] 21" Ay, 23" Ay, ...

e My, My, cations with charge ni, n, which compensate the negative charge of the
framework (xin1 + X2n2 + ... = X)
e Ti, To..., elements (Si,Al..) in the tetrahedra

o Ai A ..., water, molecules, ion pairs.

and further classifies zeolites with low Si/Al ratio (<5), with medium (5-10) and high Si/Al
ratios (>10), achieved by the replacement of the silicon by aluminum.

Zeolites have a wide range of applications, represented by a worldwide consumption of
synthetic zeolites of about 1.7—2 million metric tons per year, and in detail, FCC catalysts
(primarily USY zeolite) constitute more than 95% of zeolite catalyst consumption.®*
Classical applications of microporous zeolites are exhaust gas treatments, as well as
absorption and adsorption processes.>*# Nowadays most petrochemical processes
make use of microporous crystalline aluminosilicates, e.g. cracking over zeolite-Y,
hydrocracking and isomerization over bifunctional zeolite-Y, alkylation over La-Y, or
Mobil-oil processes (MTG, MTP, MTA) over ZSM-5.2 Other applications for zeolite-
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catalyzed processes are hydroxylation (e.g., phenol), alkylation (e.g., ethylbenzene,
cumene), oximation (e.g., cyclohexanone oxime) and epoxidation (e.g., propylene oxide)
that are mainly carried out in Japanese industry.®* The catalyst for the respective
processes is chosen based on distinct structural, morphological and compositional
characteristics of the zeolite and the needs/limitations of the reaction.®* A wide range of
structures is possible by incorporating template molecules to the synthesis, contributing
via bond formation to the stability of the solid and controls the formation of a potentially
microporous framework structure.®® Typical zeolite pore sizes include: (i) small pore
zeolites with 8-membered ring, free diameters of 0.30 — 0.45 nm (e.g., zeolite A), (ii)
medium pore zeolites with 8-membered ring, 0.45 — 0.60 nm (ZSM - 5), (iii) large pore
zeolites with 12-membered ring 0.6 — 0.8 nm (e.qg., zeolites X, Y) and (iv) extra-large pore

zeolites with 14-membered ring pores (e.g., UTD-1).8¢

For acid base catalysis, as also studied in this dissertation, acidic sites such as acidic
OH groups (Brgnsted acid centers), true Lewis sites (aluminum-containing extra-
framework species) and cations as well as basic sites (such as basic oxygen atoms or
alkaline metal clusters) are of major importance.® The generation of acidic sites is
typically caused by the substitution of Si** with a metal ion (M*) during direct
hydrothermal synthesis or post-modification.®” The occupation of the framework T-site
(tetrahedral lattice Si or Al atom) by Al is governed by the particular synthetic method
and the distribution of Al can markedly vary depending on the Si/Al ratio.®® The
introduction of a negative charge onto the framework by a trivalent aluminum results in
a charge compensation by cationic species compensating for the negative lattice
charge.® In the case of protons compensating the charge, Bransted acid sites (BAS) are
formed.®® The catalytic activity of BAS confined in zeolite pores is determined by the
surrounding zeolite matrix, meaning the physical interactions between the adsorbed
molecule and the pore environment that significantly alters the reaction rates, which
represents the key difference to homogeneous Brgnsted acids.®'888° |n addition, the
protons structure-activity relation in zeolites is determined by lattice defects and other
structural inhomogeneities.® On the other hand, one can replace the acidic protos inside
the zeolite micropores by other cationic species to create well defined Lewis acid sites
and/or redox sites.® Alternatively, the Lewis acid density can be tuned by selective lattice
modification through isomorphous substitution of silicon atoms (Figure 1.8) in the
framework with other tetravalent elements (Sn**, Ti*", Zr*).88%0 Similar to the BAS
reactivity, the activity of Lewis sites is affected by their distribution within the zeolite
channels and thus, by local charge distribution, geometrical properties of the

confinement space and the chemical properties of the stabilizing zeolite lattice.®® Both,
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Brgnsted and Lewis sites are most commonly qualified and quantified via 2’Al magic-
angle spinning nuclear magnetic resonance spectroscopy (probing of coordination
structures), FTIR-spectroscopy of the hydroxyl (-OH) groups (hature and strength) and
FTIR-spectroscopy using probe molecules (acid type and strength), such as pyridine,

substituted pyridine, ammonia, amines and carbon monoxide/dioxide.&8"

Brinsted Acid Site

: @ H®
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Figure 1.8 Schematic illustration for structures of Brgnsted and Lewis acidity in zeolites.
(adapted from Ref. &)

For many industrial applications, such as conversions of biomass-derived feedstocks, it
is crucial that the catalyst demonstrates a high hydrothermal stability. The insufficient
stability of zeolites in hot liquid water is primarily caused by desilication, meaning Si-O-
Si hydrolysis leads in agueous medium to a framework collapse.® An increased
hydrothermal stability is e.g. achieved when reducing the pore concentration of water in
the presence of reacting substrates, which is again determined by the tetrahedral
aluminum balancing the hydrated hydronium ions in liquid water.®* As implied already,
the Brgnsted acid site changes its nature in the presence of water, as H>O interacts with
the BAS, and converts it into hydrated hydronium ions that stay and distribute within the
negatively charged framework.®? These hydronium ions confined in the pore environment
alter markedly the reaction rates of acid catalyzed reactions, when compared to
homogenous catalysis, as the association between hydronium ions and alcohols is
enhanced and the intrinsic rate constant is increased.®®*® These insights may allow to
understand and predict processes in confined spaces, similar to enzyme catalysis, but
do not necessarily make them a good candidate for biomass processing. For example,
small amounts of inorganic impurities in the water phase, such as NaCl (0.07-37 wt %),
enhance the hydrolysis of Si-O-Al bridges and the release of AI** species from the

zeolite framework.”? Figure 1.9 demonstrates that zeolites provide a medium
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hydrothermal stability, while carbon materials and (mixed-)oxides (ZrO; and TiO,) are

more promising catalyst materials in hot liquid water.%
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Figure 1.9 lllustration of hydrothermal stability of heterogeneous catalysts in
superheated steam (T> 400 °C). (Adapted from Ref. %)

Strategies for improving the hydrothermal stability of heterogeneous catalysts can be (i)
doping of the support (e.g. y-Al.Os) with heteroatoms such as La*",Ga*", Sm*, Ce®*" and
Ti**, (ii) surface modification, e.g. introducing hydrophobic functionalities preventing the
direct contact with water bulk or removing hydrothermally unstable surface groups, or
(i) deposition of oxide nanoparticles on a functionalized, high surface area support (e.g.
WO,/ZrO,, Nb/C), preventing the growth of oxide crystallites (active phase) due to a
strong interaction between active phase and support.®® Tungstated zirconia, alumina or
titania (WO«/ZrO,) e.g., attracted besides their hydrothermal stability the attention of
many research groups, as they also provide both Lewis and Brgnsted acid sites for acid
catalyzed reactions.®*®” The surface structure of the active phase (tungsten oxide) is
dependent on its surface density on the respective support, revealing maximum
dehydration activity at monolayer coverage in gas phase reaction.**% However, physical
changes of catalysts during exposure to hot liquid water directly alter the catalytic
performance in biomass processing reactions, and only few studies exist targeting such
mixed oxides under realistic upgrading conditions. Hence, this dissertation examines
suitable mixed oxides, zeolites and carbon-based catalysts for a typical aqueous phase

biomass upgrading reaction.
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1.4) Chemical kinetics in solution and thermodynamically non-
ideal systems

In biomass processing, the solvent may be water containing a significant fraction of ionic

species.” Therefore, research and especially kinetics take these ions into account and

consider them as an non-ideality factor. The following derivations, if not stated otherwise,

are based on the references 192 and explains how to modify general kinetic formulars

if deviating from ideality:

For a bimolecular reaction A + B - P, Madon and Iglesia 1°! postulate the reaction rate

according transition state theory to be proportional to the number of activated complexes
kT

per unit volume (c¥) overcoming the activation barrier with a frequency o Equation

(1.1) considers the transition state as a normal molecule. kg is the Boltzmann'’s constant,

h the Planck’s constant and T the temperature.

r=—2—cf (1.1)

In the case of a system other than that of an ideal gas, activities are used instead of
concentrations.® Therefore the equilibrium constant leading to the transition state K¥ is

defined as

at

K¥ = (1.2)

aA ap

and subsequently reformulated when introducing activity coefficients y, by substituting

for activity a = y - ¢ into the equation:

Ki= 2. 2 —exp (AGO*) (1.3)

YAYB CACB RT

Equation (1.3) together with (1.1) gives the expression for a reaction rate under non-
ideal conditions (1.4a) and it's corresponding rate constant (1.4b), as well as the rate

constant under thermodynamic ideality at infinite dilution y; — 1 (1.4c).1®

kg T .YaVYs
= —K¥ :
r h Ye Ca Cp (1.4a)
kg T
K= Bt YAVE (1.4b)
kg T
ko = BTK¢ (1.4c)
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The ratio of ki can be taken as a measure of the non-ideality of a system, compared to
0

the corresponding ideal case (Equation (1.5).100:10

k _Yavs

1.
) Y3 (1.5)

Activity coefficients can be estimated using the Debye-Hiickel theory, which makes use

of the ionic strength being a measure of the concentration of charged species in

1 2
I'= EZ Ci - Z (1.6)
i

ci is the concentration of ion i of charge Zi. In an environment of a very low ionic strength,

solution.”103

activity coefficients can be determined using the Debye-Hickel theory assuming a
central ion being surrounded by ions of opposite charge.’*1°® The expression for the

activity coefficient following this theory is (with A in water at 298K: 0.51 mol*2 dm??)102
log(y;) = —AZAVI (1.7)

This formula is based on the major assumption of low electrolyte concentrations, typically

less than 107 mol L1, Thus one rewrites equation (1.5) into the form of

log (k) = log(ko) + log(ya) + log(yg) — log(vs) (1.8)

to yield with (1.9) the final relationship of Brgnsted and Bjerrum.’3104

log (k) = log(ky) + 2AZ,ZgV1 (1.9)

An increase in ionic strength leads to higher rate constants for reactions involving
substrates/ions of the same charge and decreases the rate when the ions are oppositely
charged. Reactions, in which a neutral substrate is involved, do not depend on the ionic

strength according to equation (1.9), as Z=0 eliminates the right side of the equation.

For electrolyte solutions with higher ion concentrations, the experimentally determined
data deviates from the prediction based on the derived expression (1.9). The major
extensions of the Debye-Huickel theory are obtained by the addition of terms, such as
Vi
log(y;) = —AZ? ——— (1.10)
g(vi) 1T Bagyi
with ap being the distance of closest approach of ions and the temperature dependent

parameters A and B defined as'%:
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e’B

A= 1.11a
2.303 - 8meye kg T ( )

2e'N )/ 1.11b

B= (eoerkBT) ( ' )

Targeting reaction kinetics on surfaces, equation (1.3) together with (1.4a) already
describes the change in the standard Gibbs free energy of a substrate (1.12) which is
related to the chemical potentials of the ground and transition states as well as the

potential of the empty surface.%!
AG* = pups — pgs — u? (1.12)

In general, the chemical potential is given as a sum of an ideal contribution and an excess
contribution describing the thermodynamic non-ideality.’®® Consequently, we yield

equations (3.1a-c) as

W = p'ideal + p’;axcess (1.13a)
pideal = 40 4 RTIn(x;) = p’ + RTIn (3) (1.13b)
uEXCess — RTIn(y;) (1.13c)

for a constant temperature and pressure, where the excess chemical potential accounts

for intermolecular interactions between the solute and solvent molecules.°”:1%® Assuming

a typical chemical reaction on the surface A (g) + *= A* (surf) X P with k being an
irreversible rate limiting reaction step and adsorption being equilibrated, one applies
transition state formalism to yield the relationship of the equilibrium constant for the
reactants in the ground state converting to the activated complex (1.14)'°* and together

with (1.4a) we get the expressions:

AG%* g — pg-
$_ _ — _o A 1.14
K exp( RT ) exp< RT > ( a)
kg T MY = Har\ Yar
r= Texp (— i RT . y:l: *Car = k- QA (1l4b)

were Cgy+ is the concentration of A on the surface, which by definition the coverage

C4 = 0,4.1% Assuming the chemical potentials of the adsorbed ground state and the

substrate A in solution are equal, one can write by applying Langmuir-type adsorption
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(site balance closed: 1 = 6, + 6,) for the chemical potential of an ideal thermodynamic

system(yA—* = 1)108:

Vi
0a
Mag) = Ha* = Ha- + RTIn (1 — GA) (1.15a)
0y
Mg = pg- + RTIn ( T e*> (1.15b)
N
0, = eXp( RT)
B 0 (1.15c)
* u *
or ) oo )

This means for a chemical reaction, following transition state theory as (1.1)

0
exp B
— $_
r= h ct = I . lJ-O : Y, (1.16)
1-exp(- ) + oo - )

that the rate only depends on ,ug, ,ug* and U4+ (Figure 1.10) for ideal system without

excess contribution and for non-ideal system it additionally depends on y,- and ;.
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Figure 1.10 Energy diagram of a typical catalyzed reaction with and without non-ideality
contributions (based on Ref. 1)

One can differentiate three levels of influence: (i) The chemical environment, e.g., Al
concentration in zeolites, impacts on the strength of BAS and LAS and thus, the nature
of the center determines specific interactions; (ii) Steric constraints stabilize transition
states or influences the self-organization of solvents and reactive substrates; or (iii) The
self-organization of solvents and the presence of cation-anion pairs drastically change
the standard chemical potential of reactive substrates.?® This enables the possibility of
catalyst finetuning and processes optimization to enhance ionic and electronic
interactions between substrate and catalytic environment to increases acid catalyzed

reaction rates.
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1.5) Scope of the Thesis

The main goal of this thesis is to gain insights in acid catalyzed reactions such as
cyclohexanol dehydrations, being a representative for biomass derived platform
molecules, in aqueous and aprotic environment over heterogeneous catalysts. First
deviations from ideality caused by ionic strength effects are analyzed and the
concept of non-ideality is applied to zeolite catalysis. We investigate the combination
of micropore volume and acid site density in the zeolite framework and correlate
these physiochemical properties with the measured rates. The impact of the local
ionic strength is analyzed on the chemical potential of ground- and transition state.
The previously reported volcano-like shape of turnover frequencies (TOF) over
Bragnsted acid concentration (variation of Si/Al-ratio in H-MFI) is explained using the
non-ideality concepts and hydronium ion — substrate distances in the pore channels.
These explored concepts | aqueous phase are further applied to mesoporous mixed
oxide catalysts. The effect of surface density evolution of tungsten-oxide domains on
various supports on the catalytic activity is investigated. Using gas-phase water
adsorption techniques a model for the electrical double layer surrounding the WO,-
domain is presented. The confinement effects investigated in the first section are
applied to the constraint of the double layer and correlated with the catalytic activity
of the various supported tungstates. Finally the apolar phase cyclohexanol
dehydration in decalin is elucidated. Participating active sites are identified and
quantified via in-situ titration appproach. The kinetics of Brgnsted acid sites (BAS),
as well as of Lewis acid sites are analyzed. It is shown that the previously for zeolites
reported BAS-catalyzed monomer- and dimer-mediated pathway is also evident on
tungstate zircona. Further the kinetics of the active Lewis acids are studied with

kinetic isotope effect.
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2.1) Abstract

Tailoring the molecular environment around catalytically active site allows to enhance
catalytic reactivity via a hitherto unexplored pathway. In zeolites, the presence of water
creates an ionic environment via formation of hydrated hydronium ions and the
negatively charged framework Al 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, reducing the energy
barrier and leading to higher reaction rates. Using the intramolecular dehydration of
cyclohexanol on H-MFI in water, we show quantitatively the enhancement of the reaction

rate by the presence of high ionic strength as well as potential limitations of this strategy.
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2.2) Main text

Zeolites, Brgnsted- or Lewis-acidic microporous tectosilicates, are widely applied in
chemical industry for sorption, separation, and catalysis.* In the most classic case, the
acid character is introduced by substitution of metal cations with a 3+ formal charge.® 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.®” A long
series of investigations has shown that Brgnsted acid sites (BAS) have constant acid
strength for sorption and catalysis, as long as the concentrations of substituting
tetrahedral atoms did not exceed a certain threshold.®® The high intrinsic catalytic activity
of zeolites has, therefore, been attributed to the remarkable stabilization of transition

states in the constraints of pores.1%1

Recent experiments showed that this beneficial aspect of transition state
stabilization also holds true, when the catalyzed reaction is performed in the presence of
water, allowing for the generation of hydrated hydronium ions [H3O*war]. The catalytic
activity of these hydronium ions is up to two orders of magnitude higher than the
respective specific activity of hydrated hydronium ions in an agueous acid solution as
probed by alcohol dehydration.'®'5 |n the environment of the zeolites, the hydrated
hydronium ions occupy a well-defined location at aluminum tetrahedra (that causes the
BAS in the solid), are located in much closer proximity in zeolite pores than in the liquid
phase. This proximity has been shown to lead to an increase in the activity coefficient of
organic molecules in the zeolite pores, resembling the situation in agueous phase in the
presence of high concentrations of cations and anions of dissolved acids, bases, and
salts.’® The direct consequence of the higher activity coefficient is a decrease of the
interaction strength of the sorbed organic molecules, much like the decreasing
interaction with the solvent in an aqueous solution of increasing density of cation — anion
pairs. This allows to rigorously translate the physical chemistry of non-ideality in an

agueous phase into the constraints of nanopores.

The higher activity coefficient is caused by an increase in the excess chemical
potential compared to an ideal environment, for example, 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 consequence, should lead
to a higher rate, even if the transition state is not stabilized. In addition to that, a polar
transition state will be stabilized by the polar environment compared to the uncharged

reactant. It should be noted in passing that the confinement and the well-defined close
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spacing of hydrated hydronium ions additionally stabilizes the transition state, acting

positively to reduce the free energy barrier in the confines of zeolites.1%1!

We show in this contribution that such a scenario can be realized and that the
combination of the increase in the thermodynamic activity of reacting 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 [H3O"yqr] (0.05 — 0.86 mmol/gur) to show that the positive effect of
enhancing the excess chemical potential of reacting molecules leads to an optimum
density of active sites.

Catalyzed by hydrated hydronium ions (HsO*nar), cyclohexanol dehydrates to
cyclohexene in the aqueous phase on zeolite H-MFI. The reaction rate is independent of
the aqueous phase concentration of cyclohexanol above 0.1 mol/L (zero order reaction
region, S-Figure 2.1). The rate normalized to the concentration of BAS, the turnover
frequency (TOF), increased 6-fold from BAS concentration of 0.054 to 0.36 mmol/gmer
and then decreased by 60% to BAS concentration of 0.86 mmol/gvr (S-Figure 2.1A).
Concurrently, the activation energy decreased from 161 kJ/mol to 140 kJ/mol and
increased to 158 kJ/mol afterwards (S-Figure 2.B). In contrast, for gas phase reactions
such as n-pentane cracking and 1-propanol dehydration, the variation in BAS
concentration did not change the TOF, i.e., the acid strength of the sites involved can be
considered as being constant (S-Figure 2.C). The identical catalytic activity of BAS in
such a series of zeolites has been shown before for cracking.®’ It should be noted in
passing that also the characterization with a base molecule showed an identical strength
of the BAS.8 Although it has been reported that different Al locations influence catalytic
activity of zeolites,'®? the constant TOFs of n-pentane cracking and 1-propanol
dehydration on all the tested H-MFIs allows to exclude the probability of selective Al

locations on any specific T sites or in pairs impacting reactivity.
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Figure 2.1 Brgnsted acid site (BAS) normalized reaction rate in H-MFI catalyzed
reactions in water and gas phase. (A) Rate at 423 K and (B) activation energy of
cyclohexanol dehydration on H-MFI with different BAS concentrations in water. (C)
Cracking of n-pentane at 763 K (e) and dehydration of 1-propanol at 433 K (V) on H-
MFI with different BAS concentrations in the gas phase. Data for n-pentane cracking is
from reference % and *°; data for 1-propanol dehydration on H-MFI with 0.69 mmol/gwur
is from reference 2.

Then, the question arises as to why BAS exhibited significant differences in the
presence of water. To address this question, we analyze the differences of BAS induced
by their environments. In the gas phase, BAS are predominately covalent hydroxy
groups, located on oxygen bridging between silicon-oxygen and aluminum-oxygen
tetrahedra in the zeolite. The hydroxy groups are moderately polar and have negligible
volume. In water the BAS are converted to hydrated hydronium ions (HzO%hyqr) bonded

ionically to the zeolite framework, with a positive charge and a specific volume.

In contrast to homogenous solution in which HsO"war. are highly dispersed
throughout the liquid volume, the HzO"hyar. 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 2.1A (black) shows the concentrations of HzO hyar.
per H-MFI unit cell varying between 0.3 — 5 in the samples tested, corresponding to a
local density of 0.1 — 1.6 mol/L, using the H-MFI unit cell volume of approximately 5.2
nm?3.2% If we consider further that the micropore volume of H-MFI is only ~ 1.3 nm?® per
unit cell (~ 0.14 cm®/gur, Table S1), the H;O*yar. has a molarity in the range of 0.4 — 6.4
mol/L in the micropore space. Such high local concentrations of H3zO"nqar. have two
consequences, i.e., a very high local ionic strength and a competition between the

HsO*nyar. and the substrate for the micropore space.

As an ion pair, HsO"na. with the corresponding anions, induces an ionic
environment. In an aqueous homogenous electrolyte solution, this leads to non-ideality
by which the ions (including HzO"nyar.) 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 decreased excess
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chemical potential of the solute. The ionic strength (I), is the most critical variable
determining the extent of deviation from an ideal solution. It is defined as the sum of all

product charge (zi) square weighted concentration (ci) of all the ions (Equation 1). Thus,
y is expressed as a function of I, y(l).

1 2
I= EZ Ci * Z{ (2.1)
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Figure 2.2 Impact of local HsO"nyqr. concentration and ionic strength on the dehydration
of cyclohexanol catalyzed by HsO"hyar.. (A) Unit cell normalized concentrations of HzO " hyar.
(A) and ionic strength () as a function of BAS (H3sO"hyar.) concentration. (B) Elementary
steps and their energies in dehydration of cyclohexanol on HzO"yqr. in H-MFI zeolite in
water under ideal and non-ideal conditions. (1) reactant cyclohexanol and HzO%yar; (2)
cyclohexanol associated with HsO%wya; (3) protonated cyclohexanol; (4) cyclohexyl
carbenium ion; (5% transition state of deprotonation of cyclohexyl carbenium ion by
water; (6) product cyclohexene, water and HsO'na.. The “H.O---” represents the
interactions with solvent water. (C) TOF as a function of ionic strength under the catalysis
of HCI (e) at 453 K and H-MFI () at 423 K. The ionic strength in HCI solution is varied
by the 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 ground
(GS) and transition state (TS) under the ideal condition and under an ionic strength. The

calculation of free energy barriers and excess chemical potential are in Supplementary
Text S2.1.
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Although classical ionic strength is defined for homogeneous solution, we have
shown previously that the concept of non-ideality and ionic strength is transferrable to
zeolites in water and applicable to quantitatively explain adsorption properties.’® By
considering the zeolite to be a “quasi solid electrolyte”, its local ionic strength in a
micropore is also defined by Equation 2.1, with z; being 1 and c¢; being volumetric
densities of HzO"nyar. and negatively charged framework site (Z) in the micropores, i.e.,
concentration normalized to micropore volume. Figure 2.2A (blue) shows the ionic
strength of the investigated H-MFI. Their high local concentration of H3O"hyqar. in H-MFI
micropores induces high local ionic strength. For example, H-MFI (Si/Al 15) has a BAS
concentration of 0.86 + 0.05 mol/gur, corresponding to an ionic strength of 4.9 + 0.3
mol/L. The ionic strength increases monotonically with the BAS concentration (Figure
2.2A), and the curve bends at high BAS concentration, because of the expansion of unit
cell at high Al concentration that dilute the volumetric concentration of HzO"hyqr..

The non-ideality also impacts the catalytic reaction rate. In general, the TOF
under a certain ionic strength TOF(I) differs from that under ideal conditions TOFgeal),
i.e., TOF at zero ionic strength, by factors of the activity coefficient of ground state yes(l)
and transition state yrs(l) (Eqg. 2.2a, detailed derivations are in Text S2.1 and S2.2). The
TOF(gea) is determined by AG®* gea), the free energy barrier under the ideal condition

applying the transition state formula (Eq. 2.2b).

Yes()
TOF(I) = TOF; — 2.2
Q) (idea) ">~y (2.2a)
kBT AGE?deal)
TOF (igeary =" I -y (2.2b)

The kg, h, and R denote the Boltzmann constant, Plank constant and ideal gas constant,

respectively. The activity coefficient determines the excess chemical potential (u®*°ss)

eXxcess

according to u =RTIny. For the dehydration of cyclohexanol by HzO%yar., it

proceeds stepwise via association with H3O%hyqr, protonation of the OH group, C-O
cleavage to form the cyclohexyl carbenium ion and deprotonation of the cyclohexyl
carbenium ion (Figure 2.2B). This stepwise mechanism is shown to dominate from low
HsO"hyar. concentration (< 0.01 mol/L) in homogeneous acids to high local HzO"nyar.
concentration (~ 2.7 mol/L) in zeolite.1!! The free energy barrier is the energy difference
between transition state, the deprotonation of cyclohexyl carbenium ion by water (CgH11*

--+H>0), and the ground state of adsorbed cyclohexanol associated with H3Ohyar.
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(H3O"nyar. = = -CeH110H). Cyclohexanol is a neutral molecule in the ground state, while it

is a positively charged cyclohexyl carbenium ion (CeH11%) in the transition state. A neutral
molecule is normally destabilized by the specific ionic strength (u&s°%® > 0), which is
given by Equation 2.3a showing a proportional increase with I. The term Ks denotes the
Setschenow constant. In contrast, a cation or an anion is normally stabilized by the
presence of an ionic environment (u$°%° < 0), given by extended Debye-Hickel
Equation (e.g., Truesdell-Jones Equation, Eq. 2.3b) where a is the ion diameter, A, B

and b are constants.

pgieess = 2303 - RTK, (2.32)

psseess = 2.303 - RT - <— (2.3b)

AT, b1>
1+ aBVI

As illustrated in Figure 2.2B, the positive ugs°® and negative u$3°%° in an ionic

environment lead to a lower energy barrier compared to that under ideal conditions
(AG (1) < AG%*geal) )-

The rate of cyclohexanol dehydration by HCI in homogeneous aqueous solution
showed a positive correlation with the ionic strength in concentrated LiCl solution (Figure
2.2C, black line). Its TOF at 453 K is less than 0.01 s at very low ionic strength, while it
increased to more than 0.08 st at high ionic strength of ~5 mol/L. In analogy to HCI, the
TOF of cyclohexanol dehydration on H-MFI is replotted as a function of ionic strength
(Figure 2.2C, orange line). It increases with increasing ionic strength up to ~2 mol/L,

however, in contrast to HCI 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 exchanging HsO"wqr. by Na* decreases the BAS
concentration of H-MFI while maintaining the same ionic strength. As shown in Figure
2.2D, with Na exchange degrees up to 75%, the TOFs of H-Na-MFI remained
unchanged, indicating that the variation of the concentration of hydrated hydronium ions
while maintaining the ionic strength constant 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 the ionic strength. Both samples have identical BAS
concentration (77 vs. 90 umol/gwr), however, the former has a higher ionic strength than
the latter (2.6 vs. 0.9 mol/L) and, indeed, the TOF is fourfold higher on H-Na-MFI (Si/Al
45) than on H-MFI (Si/Al 200), i.e., 0.082 vs. 0.021 s. Thus, these results demonstrate
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that it is not the location of hydronium ions or the hydronium ion concentrations, but the
ionic strength that is critical for the specific catalyzed rate.

The free energy barrier and excess chemical potential in the reactions are shown
in Figure 2.2E. The decrease of u$5°%° is more significant than the increase of ugs°®®,
thus, the lower free energy barrier is caused in its majority by the stabilization of transition
state. The inverse-volcano trend of ufs®®® with ionic strength seems at first sight
consistent with Equation 3b that the negative first term dominates at low ionic strength,
while the positive second term dominates at high ionic strength. However, the monotonic
increase of TOFs with ionic strength at all concentrations under HCI catalysis exclude
this possibility.

Next, we explore the reason for the rate drop with HsO"q. at higher
concentrations. In variance to catalysis in aqueous HCI, in H-MFI both cyclohexanol and
HsO*nar. reside in the zeolitic micropore channels, and their relative locations are
depicted in Figure 2.3A. The average distance between two HzO*nar. neighbors (dn.n)
represents the distance between H3;O'wa-Z pairs. The distance between their
boundaries is dy.s, With volume of Vy. In this space between them resides the sorbed
cyclohexanol. At molecular level, the change of electrolyte concentration is equivalent to
the change of dn.n and du-s. Thus, the increase of BAS concentration in H-MFI leads to a
shorter distance between HzO"war., inducing a decrease of dn.n, do-s and Vp.p. Figure 2.3B
shows that increasing BAS concentration from 0.05 to 0.86 mmol/gue reduced the dnn
from 2.6 to 1.0 nm and the dy., from 1.6 to almost 0.0 nm. It should be noted here that
the composition of HzO*hyar. (H*(H20)s) was determined to be invariant with temperature
(Text S2.3).

The individual energy level of reaction ground and transition states in terms of
enthalpy (AHgg, AHtg) and excess chemical potential (ugs®®, uts °°°) on all studied H-
MFI are depicted as a function of dp, (Figure 2.3C and 3D). The enthalpy of ground state
AHgg of sorbed cyclohexanol is stable at a distance dwb larger than 0.8 nm, while it
increases sharply with the decrease of dy»-», suggesting a repulsion between HzO*nyqr. and
sorbed cyclohexanol. The same trend is observed for u&s®° . In contrast, the transition
state has both AH1g and u7s®® in reverse-volcano curves with the minimum at ~0.8 nm
and ~0.6 nm of dps. The dp.p, of 0.8 nm is a critical distance at which Vp.p is 0.2 nm?3, the
same volume of one cyclohexanol molecule in liquid phase. At this distance the volume
between two neighboring HsO*nar. is equal to the van der Waal (vdwW) volume of
cyclohexanol. At lower db.b, the V., becomes smaller than vdW volume of cyclohexanol,

causing a strong vdW repulsion that increases the energy of the TS and decrease the
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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.
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Figure 2.3 Impact of the distance between HzO"yqar. in H-MFI micropore on the energy
of the ground state (GS) and the transition state (TS) of cyclohexanol dehydration
catalyzed by H3O"nyar.. (A) Schematic illustration of HsO"nya. and cyclohexanol in H-MFI
micropore channels and the mean distance dn.» between two neighboring H3O"nyar,, the
mean distance dp., and volume V., between the boundaries of neighboring HzO hyar.. (B)
The dnnand dpb as a function of BAS concentration. (C) Excess chemical potential and
(D) enthalpy of ground and transition state as a function of dob, and Vpb. The dnn is
estimated by the cubic root of the average zeolite volume normalized to the number of
H3O"hyar; the dpb is calculated by subtracting the length of HzO%wyarfrom dnn; the Vi is
calculated by a cylinder model with length of dv, and the diameter of H-MFI micropore
channel.

Thus, we show how the bulkiness and the charges of H3O*,q: constrained in zeolite
micropores combine to influence the catalytic activity. For H-MFI, the H3O*"q:. is a cluster

with a composition of H*(H.O)s and has a specific volume, e.g. ~0.24 nm?® at room
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temperature. It is anchored to the exchange sites of the zeolite framework by Coulombic
forces and competes with substrate (e.g., cyclohexanol) to occupy the micropore volume.
As the stabilization of water in the H*(H20)s ion is larger than the stabilization of the
sorbed organic molecule, i.e., cyclohexanol, the latter adsorbs only in the volume
between neighboring H*(H20)s in the micropore channel. This adds spatial constraints to
substrate additional to that of micropore framework. At high HsO*ny4r. concentrations, the
volume between neighboring H*(H20)s becomes smaller than vdW volume of substrate.
This leads to strong vdW repulsion between substrate and H*(H20)s, and results in
consequence in a decrease of the reaction rate. It should be noted in passing that such
vdW repulsion might not apply for the case of smaller alcohols, e.g., ethanol, because
they were shown capable replacing water molecules in the H3O"q. cluster, forming
(C2HsOH)(H30*)(H20), cluster in zeolite channels.?*

Thus, the charge of HsO"hyqr. Creates an ionic environment that can be expressed
as the ionic strength in H-MFI micropores. Such an environment increases the standard
free energy/excess chemical potential of the substrate ground state, i.e., it destabilizes
the uncharged reacting ground state of cyclohexanol. The ionic environment stabilizes
the positively charged transition state. Both effects together lead to a decrease of the
activation free energy and enhance so the reaction rate. Such ionic environments in
zeolites will also exist with other solvents. For example, methanol forms protonated
clusters H*(CHsOH), in small pores zeolites,? which would additionally allow to stabilize

the charged transition state via the modulating solvent permittivity.2®

The combination of the enhancement by the charged environment and the
limitations by the additional spatial constraints from HzO"nyqr. lead to @ maximum in the
catalytic activity of HsO*nyar. With varying HsO*nyar. concentrations. For H-MFI, the highest
rates are observed when the volume between two neighboring HzO*war. €quals to the
vdW volume of substrate, i.e. concentrations of substrate and HzO"yqr. in the micropores
are close to equal.

The final question arising is, however, how general these conclusions about reactivity in
constrained environments are. To probe this, we explored a wide series of H-BEA
zeolites (S-Table 2.1) and report here the first results of this study. The dependence of
the rate of alcohol dehydration on the concentration of hydronium ions exhibits an
analogous volcano-like dependence (Figure 2.4A). In particular, the variation of
activation enthalpy and entropy with ionic strength show the similar profile shapes to H-
MFI (Figure 2.4B, 4C), indicating the ionic strength influences catalytic activity via the
identical mechanism. Note the curves shifting up and towards lower ionic strength on H-

BEA compared to H-MFI, that is attributed to be the consequence of larger pore size of
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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 quantitative
interpretation of the catalytic activity will allow prediction of the most suitable microporous

catalyst for reactions in the presence of active sites being associated with ions.
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Figure 2.4 Comparison of the dehydration reactions of cyclohexanol catalyzed by
H3O"hyar. in H-MFI and H-BEA. (A) Impact of BAS concentration on the TOF at 423 K. (B)
Activation enthalpy (AH*) and (C) activation entropy (AS*) as a function of ionic
strength.
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2.3) Supplementary Materials

Role of the ionic environment to enhance activity

of reacting molecules in zeolite pores

Content:
Materials and Methods
Supplementary Text S2.1, S2.2
S-Figs. 2.1t0 4

S-Table 2.1
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2.3.1) Materials and Methods
H-MFI (Si/Al 45, 60, 90 and 250) were obtained in the hydrogen form from Clariant. H-
MFI (Si/Al 12, 15 and 40) were obtained from Zeolyst (CBV2314, CBV3024E, CBV8014).
H-MFI (Si/Al 23) was prepared by mild dealumination of HMFI (15) using ammonium
hexafluorosilicate (AHFS); H-MFI (Si/Al 26 and 32) were prepared by dealumination of
HMFI (15) using AHFS under mild and severe conditions. H-MFI (Si/Al 200) was home
hydrothermally synthesized. Their physicochemical properties are compiled in S-Table
2.1. Cyclohexanol (99.7 %) was purchased from Sigma Aldrich and was used as

received.

Dealumination of H-MFI was carried out by treating 4 g of zeolite powder in 40 mL AHFS
solution at 80 °C for 2 h. In a typical mild treatment, the amount of AHFS was equal to
the Al amount in the loaded H-MFI; and four times more AHFS was used in a severe
treatment. After the treatment, the powder was separated from the solution by
centrifugation and washed with hot deionized water for three times. Then it was dried at
120 °C overnight and calcined in flowing air at 550 °C for 3 h. After cooling, the powder

was stored and ready for use.

The hydrothermal synthesis of H-MFI (Si/Al 200) was carried out in the agueous solution
with composition of 10.75 Na2O : 0.25 Al,Oz : 100 SiO2 : 2000 H.O : 20 TPABTr. In a 36
mL H2O solution of 1.38 g NaOH, 8.55 g tetrapropylammonium bromide (TPABr), 0.25 g
Alx(SO4)s + H,O and 32.1 g LUDOX-30 (Sigma-Aldrich, AS-30) were stepwise added
under vigorous agitation. The gel formed was transferred to an autoclave and kept at
170 °C for 60 h under slow rotation. After drying overnight, the solid was calcined at 550
°C in 100 mL/min air for 6 h with a heating rate of 10 °C/min to remove the template.
Thus Na form MFI was obtained. It was then exchanged to NH, form via ion exchange
in 50 mL 1 mol/L NH4NOs3 solution. After centrifugation and washing with deionized water,

it was calcined to H-MFI using the same calcination procedure as described above.

The H-BEA zeolite was synthesized in the presence of fluoride anions following a
reported method.(?"?8) In brief, the H-BEA was prepared by a hydrothermal synthesis at
140°C, with an initial gel composition: SiO2: xAl203 : (0.54 + 2x) TEAOH : (0.54 + 2x)
HF : (7 + 2x) H20. Then it was washed with deionized water and filtered, followed by
calcination at 500 °C for 2 h under air. The H-BEA was then obtained as a powder and
ready for use. By changing the gel composition, i.e. x indicated in the formula, HBEA

with different Si/Al ratios (15 to 400) were prepared.

Aqueous-phase dehydration reactions were performed in a 300ml Hastelloy Parr

autoclave. Typically, 100 ml 0.33 M aqueous cyclohexanol solution and a specific
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amount of catalyst (for example, 100-200 mg for zeolites) were loaded in the reactor.
The closed reactor was then pressurized with 40 bar H» at room temperature and heated
under agitation of 700 rpm. The reaction time was based on the point when the set
temperature was reached (10-15 min). At the end of a reaction, the reactor was cooled
with an ice/water mixture to below 277 K. The reaction mixture of cyclohexene (oil phase)
and cyclohexanol-containing aqueous phase was extracted using dichloromethane and
analyzed on an Agilent 7890A gas chromatograph (GC) equipped with a HP-5MS
column, coupled with Agilent 5975C MS.
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2.3.2) Supplementary Text

S2.1 Calculation of free enerqy barrier and excess chemical potential of ground and

transition state in cyclohexanol dehydration in H-MFI.

The activity coefficient of adsorbed cyclohexanol increases exponentially with ionic

strength, which is quantifiable by a salting-out model:

log,, (7Cy,ad ) = K (S-2.1)

in which Ks is the Setschenow constant. The standard state chemical potential of
adsorbed cyclohexanol is a function of ionic strength (lnwe) in H-MFI, 12, oq(Iuur),

expressed as

/ugy,ad (lave) = lugy,ad (0)+RTIn Veyad = /ng,ad (0) +2.303- RTK I ey (S-2.2)

The ugy,ad(O) is the chemical potential of cyclohexanol adsorbed in MFI zeolite free of
ions (I = 0), e.g. purely siliceous MFI. For the adsorption of cyclohexanol from the
aqueous phase in H-MFI with an ionic strength of luwe, the adsorption constant K3y is

expressed as

0 | 0 0 0 0
K;d _ exp |:_ /uCy,ad ( Hll;lfll_) :uCy,aq i| — exp I:_ /uCy,ad (R)T /uCy,aq

} 10Kt (S-2.3)

This equation predicts that K3y increases exponentially with the lur:.

Based on the Gibbs-Helmholtz equation, the adsorption heat AQ.q and enthalpy AHSy
are given by equation (S-2.4).

AQ,  AHY _{6(AG§d/T)J :_[a(Rln K:d)]

(S-2.4)

T2 T2 oT aT

Under constant temperature and pressure, using the expression of Koy in Equation S-
2.3 allows Equation S-2.4 to be reformulated as following:

d((/ugyad(o)_zugyaq)/-r) dK
: : —2.303-RI — S-2.5
d(l/T) HMFI ( )

d(yT)

AQa\d ==
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dK, 1 daQ,
d(UT)  2303-R dlyy

(S-2.6)

Equation S-2.6 gives the variation of Ks with T.

S-Figure 2.2 shows the measured K4, and AQaq of cyclohexanol on H-MFI with different
ionic strength at 298 K. By regression of the two plots using equations S-2.6 and S-2.9,
Ks at 298 K is determined to be 1.3 £ 0.1 and dK¢/d(1/T) is 95 + 10 K. Assuming that
dKs/d(1/T) is invariant with temperature, the Ks at 423 K is calculated to be 0.04 + 0.02.

K, (423 K) = K_(298 K) + dK, ( L 1

- - —0.04+0.02 ]
d@wT) | 423K 298 K] (5-2.7)

Thus the excess chemical potential of sorbed cyclohexnanol in H-MFI as reacting ground

state (ugs°°®) is calculated by

Uos T =2.303-RTK,I (S-2.8)
The excess chemical potential of transition state (u$5°°%°) is calculated by
1 = AGF (1) = AG (i + s ™ (S-2.9)

The AG%4eay and AG*(l) are the free energy barrier under ideal condition and in the
presence of an ionic strength, respectively. They are obtained from the measured

reaction TOF using transition state formula.

k T AGOiiea

TOFgeay = _?] eXp{_—R(.F I)] (S-2.10)
k.T AGH(I

TOF(1) = *;] exp(— RT( )j (S-2.11)

The TOF¢eay under the ideal condition was obtained as 0.010 + 0.001 s by extrapolating
the TOF to zero ionic strength, because it is experimentally impossible to measure the

reaction rate of an H-MFI with zero ionic strength, i.e., without BAS.

Taking the relation of AG%* (geay and AG¥(1) in Equation S-2.9 into Equation S-2.11, gives
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°f AG ot 4o oeess _ excess
TOF(' ) — kBTTeXp(_ AGRT(I ) J — k;T exp (_ (ideal) ILF:T_IS_ Has j
ke T AGiea s Hes
= 8Xp| -~ exp| — ex —TOF. . -
h p[ RT P RT P RT (ideal)

This Equation S-2.12 is Equation (2.2a) in the main text.

Yes(l)
7rs(1)

(S-2.12)
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S2.2 Calculation of TOF in cyclohexanol dehydration in H-MFI via partition function

analysis.

The cyclohexanol (A for short) adsorbs in zeolite pore channels, reacting through a
transition state (f) to the product. Assuming there are N adsorption sites in the pore
channel and no interaction between adsorbed species. When Na amount of cyclohexanol
adsorbed and N* amount of transition state exist for the reaction (Na >> N¥), the canonical
partition function Q(N, Na, N¥) at constant temperature is expressed as:

N!

Q(N,NA,N*)=|\I NN =N _N¢),-q,i',’,;-q¢“,'p (S-2.13)
N N

where ga,p and gi, are the molecular partition function of A and reacting transition state
in the pore, respectively. Then the chemical potential of A (Jap) and transition state (uy,p)

are expressed by

kTaan(N,NA,N*)

OolInN=InN !—InN*!—In(N—N —Ni)!
Hap =—Kg N kgT |: - - :|
A

=—kgTIn Uap —Ksg N (8-2.143)
A

O[INNE=INN, =InN*-In(N =N, = N")!]

kTaInQ(N,NA,N*)
oN’

Hip =R N (S-2.14b)

=—kgT In q.p— ke T

Applying Stirling approximation, equation (S-2.14) is transformed into equation (S-2.15).

Hpp = —koT InqA’p—kBTﬁ[N INN =N, NN, =N InN*=(N =N, =N")In(N-N, -N")]

A
=—kgTInq,, —kgT [~INN, ~1+In(N =N, —-N") +1] (S-2.15a)
NA

- _kBT In qup + kBT In m

yivpz—kBTInqtvp—kBT%[NInN—NAIn Np—N*INN° =(N=N, =N)In(N=N, ~N")]

=—kgTIng,, —ksT[~INN*=1+In(N =N, =N") +1] (S-2.15b)
Ni

Number of transition states N* are very small (Na >> N*¥). So the pap and s, are further

expressed by

Na

Hpp = —kgT In Oap + KT In N (S-2.16a)

A
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+

(S-2.16b)

N

He, =—KgTIng,, +kgT In
) ) N A
Coverage (0) is often used to describe an adsorption process. In this particular case the
coverage of A is defined as 8, = Na / N; and that of transition state is defined as 6% = N*

/' N. The equations (S-2.16a and b) are then expressed as:

o
Hap = —kgT In Oap t kgT In 1 > (§-2.17a)

A

+

te, =—KgTIng,  +kgT In

(S-2.17b)

A

Equations (S-2.17) are the chemical potential under ideal condition. When accounting
the interactions under non-ideal conditions, it is corrected by an activity coefficient term,

YapOr Yip

0
tap, =—KgT INQ,, +KgT In1 2 +kgTIny,, (S-2.18a)
YA
+
te, =—KgTIng, , +KkgT In Lo +kgTIny, (S-2.18b)
“ YA

Consider a catalyst having local ionic strength (I) coexist with an ideal catalyst (I = 0).
Under equilibrium, A and transition state in both catalysts have the same chemical

potential, respectively:

0,(1) 8, (0)
—k,TIng,, +k,TINn—2"_+k.T In )=—k.TIng,, +k.,TIn—2"_ -
B Oap TKg 1-6,(1) B 7A,p( ) B Qap K 1-6,(0) (S-2.19a)
0' (1) 6*(0)
—k.TInq,, +k,TIn———"—+k.T In N=-k.TIng,, +k.T In———"— -2.
o1 NG +keTIN— ROM 7ip(1)=—kgT Ing, , +kg 1-0,00) (S-2.19b)

The | in parentheses represents the ionic strength in the zeolite, while the value of 0

refers to the ideal zeolite. The Equations S-2.19 is reformulated to

Oa(1) _ 1-0,(1)

KsT In 0,(0) +kgTIny, (1) =kgT In 1-0,(0) (S-2.20a)
o' (1) _ 1-0,(1)

ksT In 70 ) +kgT Iny, (1) =kgT In 1-6,(0) (S-2.20b)
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Noticing that the right part of Equation S-2.20a and S-2.20b are the same, therefore their
left parts equal.

AQ) _ ' (1)
ksT In 2.00) +kgT Iny,, (1) =kgT In 5 (0) +kgTIny, (1) (S-2.21)

A

This gives the expression of transition state ratio

0 (1) _6,(1) 7ap(D)

o) 6,0) 7., (5-2.22)

Under reaction order of zero, zeolite pore is saturated by A, i.e. Ba(l) = 6a(0). The ratio of
6*(l) / 6%(0) is the ratio of TOF(I) / TOF(0), because transition state has a constant

frequency to convert to product. So Equation S22 transforms into

TOF(l) _ 7a,(l)
TOF(0) 7.,(1)

(S-2.23a)

7A,p(|)

TOF(1) = TOF(0)-
(1) (0) 0

(S-2.23Db)

The Equation S23b is essentially Equation (2.2a) in the main text.
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S2.3 Determination of the number of water molecules constituting a hydronium ion in H-
MFI

The number of water molecules (ny,o) constituting a hydronium ion in H-MFI was
determined by the approach described in a previous work (?°). In brief, three steps were
involved: (1) determining the saturated uptake (gsa) Of a substrate (e.g. cyclohexanol,
phenaol) from the aqueous phase in H-MFI zeolite and the volumetric uptake in the
micropore (Vsuw); (2) calculating the volume (Viyar) in the micropore that is occupied by
the hydronium ions; (3) repeat the two steps on H-MFI with different BAS concentrations

(ceas).

Under saturated adsorption, the adsorbed substrate and hydronium ions takes up all the
micropore space of H-MFI (Eq. S-2.24). The volume taken by hydronium ions are

proportional to its concentration in micropores (Eq. S-2.25).

V,

sub

+Vhydr :Vmicr (8'2-24)

Vhydr =Ny0 ‘Vm,Hzo "Caas (5-2.25)

The Vi is the micropore volume of H-MFI zeolite; Vy y, is the molar volume of water.

Here it is assumed that water in the hydronium ion has the same packing density as that
of free water. By determining Vhyar 0N a series of H-MFI with varying cgas, their plot shows

a linear correlation (S-Figure 2.4). Then ny, . is obtained from the quotient of the slope

t0 Vim0 (EQ. S-2.25), and is shown to be invariant with temperature (S-Figure 2.5).
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S-Figure 2.1 BAS normalized dehydration rate of cyclohexanol on H-MFI (Si/Al 45) as a
function of aqueous cyclohexanol concentration. This work chooses the zeroth order
reaction region, i.e. cyclohexnaol concentration above 0.1 mol/L for the rate comparison
and kinetic analysis.
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S-Figure 2.2 Influence of ionic strength in H-MFI on the adsorption constant (Ka¢° ) and
adsorption heat (Qad) Of cyclohexanol at 298 K. The values are reported previously in
reference (%), and the one first from the right is measured on H-MFI (Si/Al 12) in this
work, see S-Figure 2.5
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S-Figure 2.3 Adsorption isotherm of cyclohexanol on H-MFI zeolite in aqueous phase at
298 K. The data for H-MFI110, H-MFI45, H-MFI32, H-MFI23 and H-MFI15 are reported
previously in reference (*°).
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S-Figure 2.4 Micropore space volume occupied by hydronium ions in H-MFI in water as
a function of the BAS concentration. Black data points (e) were from reference (*°); Blue
data points () were from reference (*°); Orange data points () were from reference (*°).
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S-Figure 2.5 Number of water molecules constituting a hydronium ion in H-MFI at
different temperatures.

S-Table 2.1 Physicochemical properties of H-MFI zeolite samples

) BAS Micropore , .
Sample SU Al concentration  volume ~ lomicstrength®  HsOTnar per
ratio _ 3 (mol/L) unit cell
(mmol/g) (em’/g)

H-MFI12 12 1.15 0.18 6.4 6.6
H-MFI15 15 0.86 0.18 4.8 4.9
H-MFI23 23 0.65 0.16 4.1 37
H-MFI26 26 0.62 0.16 3.9 3.6
H-MFI32 32 0.52 0.14 3.7 3.0
H-MFI40 40 0.35 0.15 23 2.0
H-MFI45 45 0.31 0.12 2.6 1.8
H-MFI60 60 0.23 0.15 1.5 1.3
H-MFI90 90 0.15 0.13 1.2 0.9
H-MFI1200 200 0.090 0.10 0.90 0.52
H-MFI250 250 0.054 0.14 0.39 0.31
H-BEAILS 15 0.82 0.24 3.5 3.2
H-BEA25 25 0.44 0.21 2.1 1.7
H-BEAS0 50 0.21 0.20 1.0 0.81
H-BEA75 75 0.16 0.20 0.80 0.62
H-BEA100 100 0.095 0.19 0.50 0.36
H-BEA200 200 0.047 0.19 0.25 0.18
H-BEA400 400 0.020 0.19 0.11 0.08

a calculated by normalizing BAS concentration to micropore volume

b calculated by the BAS concentration per weight of zeolite (mmol/g) multiplying the weight of unit cell

(5760 g/molunitcen for MFI and 3840 g/moluniccen for BEA). Unit cell compositions of HxAlxSigexO192 for H-MFI

and HxAlxSisaxO128 for H-BEA based on database of Structure Commission of the International Zeolite

Association (IZA-SC), reference to http://www.iza-structure.org/databases/micropore volume.
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3.1) Abstract

Tungstate domains supported on ZrO,, Al>O3, TiO,, and activated carbon drastically
influence the hydronium-ion-catalyzed aqueous phase dehydration of alcohols. For all
catalysts, the rate of cyclohexanol dehydration normalized to the concentration of
Bragnsted acid sites (turnover frequencies, TOFs) was lower for monotungstates than for
polytungstates and larger crystallites of WO3;. TOFs were constant, when reaching or
exceeding the monolayer coverage of tungstate, irrespective of the specific nature of
surface structures that continuously evolve with surface W loading. However, the TOFs
with polytungstates and large WOs; crystallites depend strongly on the underlying support
(e.g., WO,/C catalysts are 10-50 fold more active than WO,/Al,O3 catalysts). The
electrical double layer (EDL), surrounding the negatively charged WO« domains, contain
hydrated hydronium ions, whose local concentrations change with the support. This
varying concentration of interfacial hydronium ions (“local ionic strength”) impacts the
excess chemical potential of the reacting alcohols and induces the marked differences
in the TOFs. Primary H/D kinetic isotope effects (~3), together with the substantially
positive entropy of activation (111-195 J mol?! K%?), indicate that C—H(D) bond cleavage
is involved in the kinetically relevant step of an El-type mechanistic sequence,
regardless of the support identity. The remarkable support dependence of catalytic
activity observed here for aqueous-phase dehydration of cycloalkanols likely applies to

a broad set of hydronium-ion-catalyzed organic reactions sensitive to ionic strength.
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3.2) Introduction

Tungsten oxide (WOy)-based solid acids have been intensively characterized in
terms of the inorganic structures and widely employed as catalysts in gas-phase
isomerization reactions of linear alkanes and o-xylene,'"'alcohol dehydration®'2> and
liquid-phase upgrading of biomass-derived feedstocks (e.g., sugars and bio-oils'®'8).

General agreement exists that the catalytic activity of the tungstated catalysts
depends on the structure of the WOy species and their interactions with the support.'
For isomerization and dehydration reactions at a gas-solid interface, Iglesia and
coworkers'2192! showed that the total-W-based catalytic activity of supported WOy
domains is a function of the surface W density, reaching a maximum at a monolayer
coverage of surface polytungstates. Their value of monolayer surface W density (7-8 W
nm2), however, is higher than what is generally agreed upon (4.5-5 W nm) by most
other authors.5¢'%22 |t has also been suggested that protons may take different positions
on the polytungstate domains, denoted as H®*(WO3).°" (titrated protons typically exist in
a ratio < 0.1 to total W atoms)."® More recent investigations indicated that Zr-WOx mixed
oxide clusters of ~1 nm in size possess the most active Bronsted acid sites (BAS) of
WO,/ZrO; catalysts for both alkane hydroisomerization and alkanol dehydration. These
observations, along with the interpretations and implications, have been well outlined
and discussed.

While tungstated catalysts expose multiple types of surface WO structures and acid
sites (e.g., W-OH, H®(WQ3):.>"), immersing such catalysts in water results in the
deprotonation of Brgnsted acid sites, forming hydrated hydronium ions (HzO*(H20),
abbreviated here as (H3O")nyqr).22 An analogy is made here to our previous finding with
H-MFI zeolites, for which the transformation of the Brgnsted acid sites to hydrated
hydronium ions in the presence of water has been demonstrated.??

Chemical transformations such as the formation of hydrated hydronium ions occur
in the presence of water via an acid-base reaction, possibly accompanied by a
redistribution of electrons and generation of a surface potential that manifests itself in
surface charges, which become neutralized by ions of opposite charge in solution. The
process leads to the formation of an electrical double layer (EDL) at the surface.?
Transfer of protons to water (generating hydrated hydronium ions) leads to negatively
charged oxide particles and a layer rich in (H3O")nyqr. at the WO, domains (point of zero
charge < 2 for pure WO32%%).

Our previous studies demonstrate that hydronium ions confined in molecularly sized
pores of zeolites catalyze aqueous-phase cyclohexanol dehydration with turnover rates

enhanced by up to two orders of magnitude compared to non-constrained hydronium
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ions in aqueous solutions.??>?” Here, we investigate the catalytic activity of hydronium
ions localized in the EDL of tungstated catalysts, which has been shown to be of excellent
stability in the acidic aqueous phase.'®?8

In this study, we use cyclohexanol dehydration as a probe reaction, aiming to
examine the effects of WOx domain size and support (ZrOz, Al.Os, TiO2 and activated
carbon) on the turnover rates of hydronium ions that are primarily distributed near the
surface of tungstate domains. As conventional characterization techniques for acid-base
properties of these materials often yield results inconsistent with those measured in the
presence of polar liquids such as water,?® we developed a robust quantification method
based on ion exchange for enumerating active sites at (or close-to-) reaction conditions
in the aqueous phase. We show that not only the surface W densities, but also the nature
of the underlying support affects the site-specific activity remarkably. The catalytic activity
of WOy domains supported on activated carbon even rivaled the activity of the most

active zeolites for this reaction.

3.3) Results and Discussion

3.3.1) Agqueous-phase cyclohexanol dehydration over WOx/ZrOz2

WO,/ZrO; catalysts were prepared in different ways. The first set of catalysts (entries
1-4 of Table 1) was obtained by thermally treating a commercial W/Zr(OH)4 sample with
a constant WOs3 loading (15.5 wt.%) at different temperatures (973-1173 K), while for the
second series, a commercial Zr(OH)4 sample was impregnated with 3-37 wt.% WOy
(weight percentage calculated in the form of WO3) and calcined at 973 K (entries 5-8 of
Table 1). In the first series, the measured W surface density increased from 4.1 to 20.4
W nm?2, with the concomitant decrease in surface area caused by the increasing
calcination temperature; in the second series, the W surface density increased
continuously from 1.2 to 19.5 W nm2 (the BET surface areas first increased and then
decreased as the W loading increased).

Based on the well-established relationship between the W surface density and
surface structures of WOx domains,?2"3%3! our samples with intermediate W surface
densities of 4-6 W nm2 are expected to exhibit approximately monolayer coverages of
two-dimensional WOx domains (i.e., polytungstate species) on the surface of ZrO,. In
line with this expectation, these samples do not show pronounced peaks of WO3
crystallites in their XRD patterns (S-Figure 3.3).

A more detailed compilation of characterization results is presented in the
Supporting Information (S-Figure 3.3-10 and S-Table 3.3). The physicochemical

properties of tungstated zirconia materials have been extensively investigated in the
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literature and our findings here are in general agreement with previous
studies."121320.21.32 The surface W densities of WO./ZrO, samples studied in this work
correspond to a full span of WOsdomain structures, ranging from isolated
monotungstates and two-dimensional polytungstates to three-dimensional crystalline
WO; nanoparticles.® In addition, subnanometric WOy clusters incorporating some
zirconium cations are also expected to exist in samples prepared by impregnation of W
precursor onto amorphous Zr(OH)s support.>'® Wachs et al. argued that it should be
easier to extract and incorporate zirconium cations from the metastable ZrO,(OH)s_«
phase than a stable pre-formed ZrO, crystallite during calcination. Thus, as a
comparison, two additional catalysts were prepared by first calcining the same
commercial Zr(OH)s sample at 973 K to convert it into crystalline ZrO, and then applying
the same impregnation and thermal treatments used for the second series (entries 9-10
of Table 3.1).
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Table 3.1 | General properties of the investigated tungstate catalysts

WOs3 BET surface W-surface

Entry Catalyst loading area density
wt.% m2g? W nm2
1 WO/ ZrOz meL 973 16 80 4.1
2 WO/ ZrOz meL, 1023 16 75 4.7
3 WO,/ZrOz meL, 1073 16 57 5.6
4 WO/ZrOz,meL 1173 16 19 20.4
5 (3)WO,/ZrO, 3 71 1.2
6 (18)WO/ZrO2 18 106 4.6
7 (24)WO/ZrO2 24 94 6.7
8 (37)WO/ZrO; 37 50 19.5
(18)WO,/pre-formed

710, 18 33 14.2
10 (30)WOy/pre-formed 30 17 46.0

ZrO;
11 (7)WO,/C 7 1001 0.2
12 (18)WO,/C 18 888 0.5
13 (27)WOy/C 27 765 0.9
14 (37)WOy/C 37 670 1.4
15 (41)WO,/C 41 619 1.7
16 (54)WO,/C 54 479 2.9
17 (15)WO.ly-Al,O3 15 177 2.2
18 (20)WO./y-Al,03 20 152 2.9
19 (24)WO.ly-Al,03 24 136 4.7
20 (32)WO.ly-Al,O3 32 129 6.5
21 (50)WO./y-Al,O3 50 80 16.1
22 (2)WOL/TIO; 2 10 5.2
23 (5)WOL/TIO, 5 12 11.0
24 (15)WO/TiO; 15 12 325

The BAS of WO,/ZrO, materials are almost exclusively associated with W-OH (in
W-O-W and W-O-Zr structures) and protons delocalized over extended domains of
polytungstates and WOs; crystallites (through formation of H®*(WOs3).> via the local
reduction of polytungstate domains). In the aqueous phase, these BAS become hydrated

hydronium ions; the vast majority of these (H3zO*)nar. are spatially distributed in the EDL
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(comprised of an immobile Stern layer and a diffuse layer, with typical thickness of a few
nanometers),®® while only a minor fraction diffuses into the bulk solution (<10%)
according to static pH measurements. It should be noted that the negative charge of the
(WQO3):> domains stabilizes the (HsO*)nyqr. close to the surface, but that the repulsion
between (H3O%)nyqr. Will lead to a fairly well averaged distance between them.

The total BAS concentrations on all the WO,/ZrO, samples (in the aqueous phase),
determined by the Li*-ion-exchange method (Experimental), are presented in Table 3.2
(entries 1-10). The maximum BAS concentration appears at ~5 W nm?, i.e.,
corresponding to a monolayer coverage of WO-species. Concurrently, the mass-specific
olefin formation rates reached their maxima at such surface W densities. The presence
of optimal W surface densities for maximum rates is well documented for BAS-catalyzed
o-xylene isomerization and 2-butanol dehydration on tungsten oxide catalysts (WO./ZrO,
and WO,/Al;03).5121519.2034 g ch observations are often associated with the structural
evolution of supported WOy domains from isolated monotungstates at submonolayer
coverages to surface polytungstates at intermediate W densities and to WOs-crystallites
at even higher loadings. Our data in this study are in line with those of Wachs et al.56:1°
and Thomas et al.,?? who reported the monolayer coverage to be achieved at 4.5-5 W
nm=,

It should be noted in passing that the BAS counts, determined by aqueous phase
Li* ion-exchange, represent more accurate estimates for the active sites than those given
by ex-situ measurements in the gas phase or vacuum. The BAS per W-atom increased
from 0.025 to 0.19 as the surface W density increased to a point when monolayer
coverage was reached, beyond which point not all W atoms would be exposed. For gas-
phase studies on similar tungstated zirconia catalysts, the H*/W. ratio was found to be
much smaller (< 0.04) at similar W densities,'? suggesting that in the presence of water,
the reducibility of WO, domains and their ability to delocalize charges is enhanced and/or
that some Lewis acid sites are converted into BAS. We hypothesize that the latter
contribution to the higher BAS concentration, requiring water dissociation on Lewis acid
sites, is minor, because water preferably adsorbs on WO3 domains in an undissociated
form.3%% The increase in BAS concentrations was fourfold higher than the decrease of
the LAS concentration prior to exposure to water for tungsten oxide-based catalysts®” or

after immersing such catalysts in the aqueous phase.*®
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Table 3.2. Active site concentrations and various activity metrics of tungstated
catalysts (473 K, 0.33 M cyclohexanol)

Mass-specific

BAS TOF
rate
Entry Catalyst
umoly* geart (H*
umol s geart st
nm-2)

1 WOX/ZI’Oz,MEL,gn 47 (035) 4.3 9.1x102
2 WOL/ZrOz,meL 1023 85 (0.68) 8.0 9.5x102
3 WOX/ZFOZ,MEL,1073 61 (064) 4.9 8.1x102
4 WOX/ZFOZ,MEL,1173 36 (11) 2.7 7.4x102
5 (3)WO,/ZrOo: 4 (0.03) 0.06 1.7x1072
6 (18)WO,/ZrO; 159 (0.90) 13.8 8.7x107?
7 (24)WO,/ZrO> 123 (0.79) 10.8 8.8x107?
8 (37)WO,/ZrO; 71 (0.85) 6.0 8.4x107?
9 (18)WOy/pre-formed

40 (0.73) 2.0 5.0x102

ZrO»

10 (30)WO,/pre-formed

15 (0.53) 0.7 4.7x102

ZrO»

11 (7)WO,/C 79 (0.05) 6.2 7.8x102
12 (18)wo,/C 79 (0.05) 25.8 3.3x101
13 (27)WO,/C 71 (0.06) 24.9 3.5x101
14 (37)WO,/C 92 (0.08) 30.0 3.3x101
15 (41)WO,/C 70 (0.07) 23.7 3.4x101
16 (15)WOx/y-Al203 15 (0.05) 0.1 5.3x10°3
17 (20)WOx/y-Al203 92 (0.36) 1.4 1.5x1072
18 (24)WOy/y-Al203 96 (0.41) 1.8 1.8x1072
19 (32)WOy/y-Al203 140 (0.65) 3.6 2.6x107?
20 (50)WOy/y-AlO3 153 (1.1) 4.9 3.2x107?
21 (2)WOL/TIO2 5 (0.03) 0.2 3.6x107?
22 (5)WO/TIO2 14 (0.70) 2.0 1.5x101
23 (15)WOL/TIO2 23 (1.1) 3.1 1.4x101

To properly account for variations in the concentration of accessible W atoms and
the associated acid sites, while varying the surface W-densities, TOFs were obtained by
normalizing the measured mass-specific rate against the total BAS concentration.

Although a bare ZrO. surface also has BAS, these sites are virtually inactive for
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dehydration (S-Table 3.2). For samples containing WOy at, close to, or exceeding their
monolayer coverages, it may be reasonably assumed that ZrO; surfaces are almost fully
covered and, thus, BAS (13 ymol geat™'; S-Table 3.2) on ZrO- do not contribute to the total
BAS counts. The full coverage is corroborated by the absence of carbonate formation
typically observed with ZrO, surfaces exposed to CO» (S-Figure 3.11 and 3.12). For other
samples that expose ZrO, surfaces to varying extents, our TOF estimates based on total
BAS counts might somewhat underestimate the site-specific activity of BAS associated
with WOy domains. For WO,/ZrO; catalysts derived from W/Zr(OH)4 (entries 1-8 of Table
3.2), the TOF showed a continuous increase with increasing W surface densities up to
~4.5 W nm2, beyond which the TOFs stayed constant. The TOFs at the plateau (Figure
3.1) are ~50% higher compared to that of homogeneous acids at the same conditions
(i.e., (5-6)x102 s at 473 K and 0.33 M cyclohexanol),?? suggesting a higher catalytic
activity of hydronium ions localized near the polytungstate domains supported on ZrO..
It is noteworthy that the WO,/ZrO, catalysts prepared by using crystalline ZrO; as the
support displayed a somewhat lower TOF than the other WO,/ZrO, catalysts derived
from amorphous W-impregnated Zr(OH)s precursors (Table 3.2). These findings
motivated us to explore the impact of the underlying support for these tungstate domains,

with the surrounding EDL hosting the hydronium ions.
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3.3.2) Support effects in aqueous alcohol dehydration on supported
tungsten oxides
Surface densities of W on y-Al.Os, TiO2 and activated carbon were varied by
changing the W loading, which also induced concomitant changes in specific surface
areas (entries 11-24 of Table 3.1). The way surface WOy structures vary as a function of
the areal W density depended on the nature of the support, as shown by comparison of
Raman spectra and XRD patterns of all tungstated catalysts (S-Figures 3.3-10). The
structural aspects of supported tungstate domains have been discussed in great
detail.53%4% Compared to oxide supports, activated carbon appears to be less prone to
dispersing WO domains, thus, favoring the formation of large WOy crystallites at much
lower W surface densities than on oxides (S-Figure 3.6). With activated carbon, however,
tungstates did not reach the theoretical monolayer coverage in the range of W loadings
studied here.

0.0 0.5 1.0 15 2.0
0.40 i i i i L i i i i L i i i i L i i i i

0.30 - WO,/C

0.25 -
0.20 A
0.15 A

i WO,/ZrO
0.10 R P “ o H,PO,

0.05 s W

Turnover frequency (s1)

0.00 -
0 10 20 30 40

WO, Surface Density (W nm-2)

Figure 3.1. Turnover frequencies (rates normalized to the concentration of
exchangeable protons on solid surfaces) as a function of WOy-surface density on
different tungstated catalysts (reaction conditions: 473 K, 0.33 M cyclohexanol). The TOF
with a homogeneous acid (H3POs), normalized to the dissociated hydronium ion
concentration in water at reaction temperature, is shown for comparison (dotted line).
Dashed lines serve as guide for eyes, indicating the level of TOFs at the plateau region.
The WO,/ZrO; catalysts derived from W/Zr(OH), are plotted with the same symbol (black
filled circles). Note the much smaller x-axis scale (0-2 W nm2) for the plotted data of
WO,/C series, for which the synthesized catalysts with higher WOy loadings were not

stable and, therefore, the TOFs at higher WOy surface densities were not measured.
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As with WO,/ZrO, (Section 3.1), TOFs of all tungstated catalysts increased
dramatically with W surface densities, but leveled off after reaching a certain threshold
value of surface W density (Table 3.2 and Figure 3.1). This threshold coincided with the
surface W density (~5 W nm2) at monolayer coverage for WO«/ZrO, and WO/Al,O3
catalysts but did not quite match that value for WO,/TiO, catalysts. The plateau was
reached at a much smaller surface W density for tungstate supported on activated
carbon than on other oxide supports (Figure 3.1). Interestingly, the plateau TOFs differ
among catalysts (WO,/C > WO,/TiO, > WO,/ZrO, > homogeneous acids > WO,/Al,O3),
unlike that reported for gas-phase 2-butanol dehydration, for which TOFs were
unaffected by the identity of the support (SiO2, Al.Os, ZrO, and Sn0,)."™ In another report
on gas-phase methanol dehydration catalyzed by supported tungstate catalysts, a
substantial support dependence was also observed, but the highest activity (W-based)
was observed on WO,/Al,03.4> Remarkably, the TOF of EDL-confined hydronium ions on
WOQO,/C is an order of magnitude higher than that on WO,/Al>O3 and even comes close to
that of the most active zeolite catalysts (that work in zero-order kinetic regime) previously
discovered for this reaction.?? Note that y-Al,O; is converted into a hydrated boehmite
(AIOOH) phase in hot liquid water without having an appreciable impact on rate
measurements (i.e., the conversion increased linearly with time).

A similar magnitude of support effect was observed for the aqueous-phase
dehydration of several other substituted cyclohexanols, showing the generality of this
marked support dependence of catalytic activity of the (H3O")nyar. in the EDL (S-Table
3.4).

3.3.3) Mechanism and kinetics of cyclohexanol dehydration on tungstate
domains

Before analyzing the observed rate dependence on the nature of support for WOy
domains, we establish below that the mechanism of alcohol dehydration is identical for
the investigated catalysts. The reaction sequence for the hydronium-ion-catalyzed
alcohol dehydration in the aqueous phase was shown previously to consist of alcohol
adsorption and association with hydronium ions, protonation of the alcohol, and stepwise
or concerted C-O and C-H bond cleavage along E1- or E2-type paths.?22?” Our previous
studies showed that in general an E1-like mechanism dominates for cyclohexanol
dehydration with zeolites and aqueous inorganic acid catalysts, but that alcohol
dehydration may occur via an E2-like mechanism for some substrates, such as cis-2-

methylcyclohexanol.*!
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To identify the kinetically relevant step, the H/D kinetic isotope effect (KIE) was
determined by comparing dehydration rates of C¢H1OH and CsD1/OD (Table 3.3). KIEs
of ~3 measured (at 473 K) on representative tungstate-based catalysts, including
materials in sub-monolayer regime and catalysts exceeding the theoretical monolayer
coverage, clearly indicate that C-H(D) bond cleavage is involved in the kinetically

relevant step.

Table 3.3 | H/D isotope effects measured for cyclohexanol dehydration in aqueous
phase (473 K, concentration of cyclohexanol shown in brackets). In the first-order

regime, measured KIE values are not affected by the alcohol concentration.

Formation rate of olefin (umol gt s?)

Reactant —(15)w0,/ (32)WO,/ (18)WO,/ _
(5)WO,/TiO,  (18)WOJ/C  (37)WO,/C
A|203 A|203 yA{O])
0.027 1.7 8.4 0.6 5.8 14.4
CeH110H
(0.11 M) (0.22 M) (0.22 M) (0.11 M) (0.11 M) (0.11 M)
0.010 0.5 2.9 0.2 1.9 5.0
CeD110D
(0.11 M) (0.22 M) (0.22 M) (0.11 M) (0.11 M) (0.11 M)
KIE 2.7 3.1 2.9 3.3 3.1 2.9

The observed large positive activation entropies are shown later to be much less
compatible with a typical E2 mechanism having an ordered transition state in which C-O
and C-H bonds are concertedly broken. Therefore, we conclude that an E1-type
mechanism is also the dominant path with the C-H bond cleavage (deprotonation of a
carbenium ion-like intermediate) as the step with the largest degree of rate control for
the present set of catalysts.

Under the measurement conditions, the dehydration rates on representative
tungstated catalysts were determined to be first order with respect to the alcohol
concentration (S-Figure 3.13), indicating low coverages of the reactive intermediates
derived from cyclohexanol (i.e., a small fraction of hydronium ions being associated with
cyclohexanol). The first-order rate expression can be written as:

TOF = kesrKaasQron (3.1)

where Kags is the equilibrium constant for the adsorption of alcohol in the EDL, which

includes the association of alcohol with the hydronium ions in the EDL volume, aron is

the thermodynamic activity of the alcohol, and ker is a product of several corresponding
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kinetic and thermodynamic constants for the protonation of alcohol, C-O bond cleavage
and C-H bond cleavage steps, as shown previously.???” Thus, within the mechanistic
framework described above, the effective first-order rate constant (ke#K,45= TOF/aron)
reflects the standard free energy differences (AG®*, Table 3.4) between the highest-lying
transition state (C-H cleavage TS with the organic moiety and H>O loosely interacting
with each other) and associated alcohol and hydronium ions in the EDL:

AGpreas = AG’;‘SC_H"'...HZO(EDL) - AG;OH(aq) - AG;I*'(EDL) (3.2)

Measured first-order rate-constants at various temperatures (only for representative
catalysts in their respective plateau regime in Figure 3.1) were used to determine AH*
and, in turn, AS* (Table 3.4). These AH* and AS* values vary with the type of catalysts
and are significantly different from those obtained for reactions catalyzed by soluble
acids. This suggests that hydrated hydronium ions as active sites exist in an environment
different from the bulk solution and that this environment is influenced by the material

dispersing the WOy structures.

Table 3.4. Activation parameters derived for first-order rate constants*

AG*473¢
AH% AS°*
Catalyst (kJ mol
(kJ mol?) (J mol'*K?) .

(15)WO,/Al,05 222+7 195+17 130+3
(32)WO,/Al,0s 210+4 173+18 128+4
WOL/ZrOoneL 073184 £ 10 131 +15 123 +2
(18)WO,/ZrO, 177+9 114+15 123+3
(5)WO,/TiO,  192+2 152+5 121+3
(37)WO,/C 174+2 119+6 118+2

Soluble acids 151 +4 55+8 125+ 1

*These parameters are determined for first-order rate constants, reflecting the
enthalpic, entropic and free energy differences between the highest-lying transition state
and the solution state. Standard enthalpies, entropies and free energies of activation (at
473 K) were derived from kinetic measurements using the transition state theory
formalism. The error bars for AH°¥ and AS°* represent the 1-0 s.d.'s, while the error bar

for AG°* represents the maximum error rounded up to the nearest integer.
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On the other hand, changing the areal concentration of W and BAS for a given
support leads to rather minor variations in the activation enthalpies and entropies,
indicating that the concentration of sites varied, but not their nature. The lowest TOFs
and first-order rate constants (at the plateau regime in Figure 3.1) measured for
WO,/AlO3 are caused by the highest enthalpic barrier, which is offset to a great extent
by the largest entropy gain. In fact, hydronium ions near surfaces of ZrO; and carbon-
supported WO, catalysts are more active than those in homogeneous solutions, because
the associated activation entropies are significantly higher. In all cases studied, the
positive transition entropies show that the elimination follows an E1 mechanism.

With hydronium ions in the aqueous phase, the reaction takes place with a
substantially lower enthalpic barrier and a much smaller entropy gain than those
measured for the WO,-based catalysts (Table 3.4). The progress of the C-H bond
cleavage should be similar for the homogeneous-acid-catalyzed dehydration, as inferred
from the identical KIE?>?" to those reported in Table 3.3. Thus, the entropy gain is
concluded to arise, in part, from the translational and rotational degrees of freedom for
water released upon the almost complete C-O bond scission. Additional entropy changes
(either gains or losses) may be acquired primarily via configurational rearrangements
within the extended water network that solvates the kinetically relevant TS and the initial
state with different abilities to engage in H-bonding. More hydrogen bonds being
disrupted in attaining the TS typically leads to a greater entropy gain and a higher
enthalpic barrier.#2*® Thus, it appears that the disruption of hydrogen bonds is more
extensive in attaining the same kinetically relevant C-H bond cleavage TS in the EDL
near surfaces of tungstated catalysts than in the bulk aqueous solution. We attribute this
to the stronger bonding of the hydronium ion near the surface and the concomitant higher

entropy gain of water formed past the protonation steps.

3.3.4) Origins of aqueous phase support-dependent activities

The TOFs and the activation parameters for aqueous-phase cyclohexanol
dehydration vary drastically with the nature of the support. Conceptually, the differences
in the TOFs and activation parameters may be caused by: (1) different nature of the rate-
determining step (RDS) or differences in the extent of bond breaking/making; (2) different
thermodynamics of the adsorption of cyclohexanol, Kais, and the ensuing quasi-
equilibrated steps (e.g., protonation of alcohol) preceding the RDS; (3) different intrinsic
rate constants for the RDS, kin; (variations in enthalpy and entropy of activation).

As the measured KIEs were identical among catalysts (~3; Table 3.3), the progress
of C-Hg bond cleavage at the kinetically relevant TS is inferred to be similar across

different catalysts and can be characterized as being “late” (i.e., C-Hg bond almost fully
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broken) along the reaction coordinate.?? Thus, differences in the progress of C-Hg bond
breaking at the TS are concluded to be unlikely and not the reason for differences in the
activation parameters and rates (Figure 3.1 and Table 3.4).

In the first-order regime and with the RDS being the C-Hg bond scission, the
adsorption (including association with the hydronium ion), protonation and the C-O bond
cleavage steps that precede the RDS can be treated as a lumped, quasi-equilibrated
step (Kump = Kc-oKprotKags). The measured first-order rate constant, Kmeas, is the product
of kint and Kiump. Although a higher kmeas (and a correspondingly lower AG°®¥meas) must be
caused by a better stabilization of the transition state or a destabilization of hydronium
ions in the EDL (in the 1%t order regime, the alcohol reactant being in the liquid phase
makes its energy level irrelevant), it is impossible to assess in this kinetic regime, which
of the two constants, kit and Kump, is the main contributor to kmeas. The adsorption
constant Kags is comparable across different tungstated catalysts according to
independent measurements (S-Figure 3.15), leading us to conclude that any difference
in the adsorption strength is not responsible for the pronounced TOF variations as the
support identity varies (Figure 3.1).

Now the question arises, why the C-H cleavage TS is more stabilized (relative to the
hydronium ions) on WO,/C than on oxide-supported tungstate domains and in an
aqueous acidic solution (in enthalpic and free energy terms; see Table 3.4). To answer
this question, let us reiterate that hydronium ions are distributed primarily in the EDL with
a ratio of water to H* ranging from 6 to 18 when adsorbed from the gas phase close to
the water saturation/condensation pressure. This is in the range for which water is still
considered to be in the hydration shell of the hydronium ion. This may have two
consequences. On one hand, the acid strength of hydronium ions varies subtly with the
size of the hydration shell.?” On the other hand, the size of the hydronium ion may
influence the distance between them changing the impact on the sorbed molecules*4#°,
i.e., it influences the excess chemical potential of the sorbed molecules and all
intermediates and transition states along the reaction coordinate.

Our recent work indicated that a “local ionic strength” in zeolite pores has a great
impact on the excess chemical potential (considered in the activity coefficient) of the
adsorbed species.*® Thus, we hypothesize that the density of the hydronium ions in the
EDL on the WO, domains also induces a local ionic environment and controls the excess
chemical potentials of the substrates along the reaction pathway. We also hypothesize
that the potential size of the hydronium ion plays a minor role, as most changes in the
acid strength have been found for hydrated hydronium clusters with only a few water
molecules associated.?*4%4” The nature of the support influences the concentration of

surface protons (BAS concentration in Table 3.2) and the volume of the EDL that is
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primarily comprised of water molecules, and few alcohol molecules (first-order kinetic
regime).

Hence, gas-phase water uptake measurements are used here to provide relative
magnitudes of the EDL volume surrounding the WO, domains for different catalysts,
though we must keep in mind that such measurements are not meant to quantitatively
represent the EDL volume at reaction conditions. S-Figure 3.16 shows the isotherms
measured at 313 K of water adsorption on different catalysts and column 2 of S-Table
3.5 reports the water uptake extrapolated to 70 mbar (saturation vapor pressure)*® and
313 K. Extrapolation to other equilibrium pressures along the isotherm would not change
the qualitative trend discussed next. Column 4 of S-Table 3.5 is the estimate of the ionic
strength that would exist if the number of hydronium ions on each support, measured
(473 K, 40 bar N2) as shown in Scheme 3.1 and described in the associated text, were

placed in the water layer (approximating an EDL as estimated at 313 K).

Scheme 3.1. Determination of Brensted acid site concentration on tungstate

surfaces using ion exchange of a Brgnsted acid site with excess LiCl solution.

Given that the accessible support surfaces on supported tungstate catalysts
(WO/ZrO2, WOL/AIL,Os and WOL/TiO2) become minimal after exceeding monolayer
coverage of the tungstate domains (S-Figures 3.11 and 3.12), the water uptakes on these
materials can be directly related to those adsorbed on WO, domains only. In contrast, for
WO,/C, where the WO-coverage was much lower than a monolayer, the surface of
activated carbon, on which water adsorption can also occur (on the polar surface
functional groups), must be considered. Consequently, the water uptake on WO,/C was
corrected for the adsorption on bare carbon support to obtain the fraction of water
adsorbed on WOy domains only.

Figure 3.2A illustrates that the TOFs of representative catalysts increase with the
concentration of hydronium ions in the EDL. WO,/C catalysts had a more than 10-fold
higher activity than WO,/Al,O3 catalysts, owing to the much higher concentration of
hydronium ions in the EDL. This trend is qualitatively similar to that observed for HCI-
catalyzed dehydration of cyclohexanol in water, where an increasing ionic strength

(induced by increasing LiCl concentration from 0 to ~5 M) enhanced the TOF by nearly
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20-fold (S-Figure 3.2). For a reaction that develops positive charges in the transition
state, this observation would be expected as a consequence of ionic strength effects
(i.e., Bronsted-Bjerrum-Debye theory).

Conceptually, a higher concentration of hydronium ions in the EDL leads to a closer
spacing, which is ultimately limited by the repulsive electrostatic forces between EDL-
constrained hydronium ions and the negatively charged WO3; surfaces. Applying a purely
geometric model (Figure 3.2, upper panel), we then estimated the average distance (dn+)
between neighboring hydronium ions; the details of the estimation method are described
in the SI, S-Note 3.1. Here, a uniform spacing was assumed for the hydronium ions
distributed over the EDL surrounding WO.-domains. As expected, the decrease of du-+
was found to correlate well with an exponential increase of TOF (Figure 3.2B), reflecting
the substantial rate enhancement of the acid-catalyzed dehydration in a dielectric
environment populated with hydronium ions as the average spacing (du+) decreases, or
as the local ionic strength increases.

To address the temperature difference of the water adsorption measurement and
the reaction conditions (TOFs at 473 K are associated with ionic strength in the EDL
estimated from water adsorption at 313 K, see S-Table 3.5 and associated text for
details), we draw attention to the fact that specific interactions with the tungstate surface
that may affect the EDL volume are chemical/structural properties of the surface and,
therefore, likely to be somewhat temperature independent after accounting for the
change in pH with temperature (S-Note 3.2). For a demonstration of this, Fokkink et al.
reported for TiO2 (and this is expected to apply to other simple oxides) that at a constant
electrolyte concentration, after temperature correction of the pH, the charge density on
the surface vs. pH was independent of temperature.*® By inference, it would be
reasonable to assume for the present study that the actual EDL dimension and the ionic

strength remain constant over the temperature range 313-473 K.
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Figure 3.2. Graphical model (upper panel) of the gas-phase water uptake
measurements. Vwater iS defined as the adsorbed water on WOx-domain only (corrected
for adsorption on support material in the case of carbon), drickness IS the multiplication of
the kinetic diameter of H.O (0.265 nm)*° and the number of water-layers on the WOx-
surface and dy+ is the average distance of hydronium ions on the tungsten oxide surface
(Awo,). Lower panel: A: Turnover frequencies (TOFs) of aqueous-phase cyclohexanol
dehydration (473 K, 0.33 M cyclohexanol) on different tungstated catalysts as a function
of approximated “hydronium ion concentration” based on H* counts constrained in Viwater;
B: TOF as a function of the average distance of hydronium ions (dy+), calculated from
q. S-2.1 and 2 (see Sl) using an estimated layer thickness of 0.49 nm (S-Figure 3.17, Sl)
on the WOx-domain for catalysts with monolayer or supramonolayer W-coverages (the
calculated average distance of hydronium ions appears to be artificially larger for
WO,/Al>,O3 and WO,/ZrO> samples with submonolayer coverages, due to non-corrected
adsorption of water on oxide supports; for this reason, the two lowest points in panel A
are not plotted in panel B). Dashed lines represent trends.

As the reaction is first order in the alcohol, the reference state for the kinetics is
cyclohexanol in the bulk solution phase, essentially unaffected by the “ion concentration”
in the EDL. However, both the ground state and the C-H cleavage transition state are
located in the EDL at the WOs3; surface and, thus, influenced by the ionic strength. While
we cannot exclude an impact on the (excess) chemical potential of hydronium ions, we
conclude that the TOF is directly related to the ionic strength in the EDL (and inversely
proportional to the average distance of the hydronium ions) and, hence, controlled by
the difference between the excess chemical potential of cyclohexanol in the liquid phase
and the transition state of the C-H cleavage of the intermediately formed carbenium ion.
Although the individual enthalpy and entropy components must both be affected by the
local ionic strength, a detailed analysis remains challenging and beyond the scope of

this work.
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Summarizing, our analysis shows that the effect of the support identity on the TOF
of alcohol dehydration in the aqueous phase is predominantly associated with the
different
extents of stabilization for the C-Hg bond cleavage transition state in the presence of a
variable ionic strength within the interfacial water layer. This local ionic strength, which is
equivalent to the hydronium ion concentration in the interfacial layer, is hypothesized to
account for the changes in energetics (free energy level of the rate-limiting TS) and the
measured TOFs. The volume of the interfacial layer (EDL) and the number of hydronium
ions distributed therein collectively determine the local ionic strength. The number
density of hydronium ions is influenced by the nature of the support because the latter is
known to affect the ability of the WOx domains to delocalize negative charges, the extent
of which appears to be enhanced by the presence of water as shown in this work. The
volume of the interfacial water layer is much less straightforward to determine, but gas-
phase water uptake appears to serve as a reasonable approximation of the EDL volume

surrounding the WOx domains for different catalysts.
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3.3.5) Conclusion

Using a series of hydrothermally stable supported tungstate catalysts, we
demonstrate that hydronium ions within the electrical double layer of these two-
dimensional surfaces exhibit a marked dependence of TOF on the identity of the support
for the aqueous-phase dehydration of cycloalkanols. This site-specific activity increases
with the density of (HzO*)nya. in the layer above the solid surface (EDL). The maximum
TOFs rival the most active zeolite catalysts for the same reaction.

For oxide-supported tungstates, their ability to delocalize hydronium ions in the EDL
varies with the dominant surface tungstate structures, with the maximum (HzO")nyar/W
ratio appearing at monolayer coverage (~5 W nm?2) where two-dimensional
polytungstates prevail. For these catalysts, TOF is a steep function of surface W density
up to monolayer coverage, but then becomes independent of the W-surface density and
structural changes of tungstate. Differences in the TOFs and activation parameters are
not caused by changes in the reaction mechanism or rate-determining step, as indicated
by the same magnitude of primary deuterium isotope effects across the studied catalysts.
Instead, the TOFs increase with the estimated hydronium ion concentrations in the EDL
(with increasing proximity of hydronium ions localized in the EDL) over the negatively
charged WOx-domain. This reflects the impact of ionic strength, H-bonding and the
associated variations in electrostatic forces on the stability of the positively charged
deprotonation transition state in the EDL. These insights also extend our recent findings
on the impact of non-ideal ionic environments in zeolite pores for hydronium ion-
catalyzed alcohol dehydration.®?

Our findings point to a new possibility of modulating the intrinsic activity of acid sites
associated with WO, domains in aqueous-phase acid catalysis, previously unexploitable
in gas-phase scenarios of similar reactions catalyzed over these materials. The
implications may be extended to a broad set of acidic oxide domains (VOx, ReOy, MoOy,

etc.) that host a high local concentration of (HzO*)nyar. in their near-surface regions.
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3.3.6) Materials and Methods

Reagents used were follows: cyclohexanol (ReagentPlus®, 99%, Sigma-Aldrich);
cyclohexanol-di2 (=2 98 atom% D, Sigma-Aldrich); ethyl acetate (ACS reagent, 299.5%,
Sigma-Aldrich); sodium sulfate (Acros Organics, anhydrous, 99%); 2-cyclohexen-1-one
(295%, Sigma-Aldrich); doubly deionized water (resistivity of ~18 MQ-cm); ammonium
metatungstate hydrate (Sigma-Aldrich, 99.99% trace metals basis); lithium chloride
(ACS reagent, 299%, Sigma-Aldrich, anhydrous, free-flowing).

Tungstated zirconium hydroxide (XZ01251/02) and zirconium hydroxide (Zr(OH)a,
batch number: PRB310) were obtained from MEL Chemicals. Other support materials
for impregnation, including activated carbon (Darco®; KB-G, Sigma- Aldrich), titanium(I1V)
oxide (anatase; Sigma-Aldrich, 99.8% trace metals basis) and commercial boehmite
(CATAPAL® B alumina, SASOL), were purchased from individual companies.

The first series of WO,/ZrO, catalysts was obtained by thermally treating a
commercial tungstated zirconium hydroxide sample (XZ01251/02, specification sheet in
S-Table 3.1) in a static air muffle furnace at 973-1173 K for 4 h, resulting in materials with
calculated surface densities of 3-20 W nm?; in this case, the increase in surface density
is due to phase transformation from monoclinic to tetragonal zirconia and a consequent
loss of surface area with increasing calcination temperature.?' This series of WO,/ZrO,
is denoted with ‘MEL’ and the corresponding pretreatment temperature as subscripts; for
example, WO./ZrO2 meL 973 Stands for a commercially obtained catalyst calcined at 973 K.

The second series of WO,/ZrO, catalysts was prepared by incipient wetness
impregnation of as-received Zr(OH)s; with aqueous solutions of ammonium
metatungstate containing the desired amount of W. The samples were dried at 383 K for
12 h and calcined in flowing synthetic air (20 ml min' g*) for 4 h at 973 K. Nominal W
loadings of 4-50 wt.% were achieved, corresponding to surface densities (SDw) of 1-20

W nm2, calculated using an established correction method®:

wt%W
NAX 100

SDy = ———w___ (3.3)

S.Ax1018

1_(Wf%WxMW03
100 My, )

where My,,, and My, are the molar mass of WOs (231.84 g mol) and W (183.84 g
mol'), Na is the Avogadro’s number (6.023x10%%), wt%W is the W loading (wt%) in the

sample and S.A. is the Brunauer—Emmett—Teller (BET) surface area of the sample (m?

g™, respectively. Two additional WO,/ZrO, catalysts were prepared by first calcining the
as-received Zr(OH)s at 973 K (in synthetic air flow, 20 ml min™ g™') for 4 h to convert it to
crystalline ZrO,, which was then impregnated with aqueous solutions of ammonium

metatungstate containing the desired amount of W, followed by the same thermal
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treatment at 973 K. These two samples are denoted as “(M)WO,/pre-formed ZrO;”,
where M refers to the nominal WO3 loading.

WO,/C, WO/y-Al,03 and WO,/TiO, were prepared via the same protocols described
above for incipient wetness impregnation and thermal treatments of the second series of
WO,/ZrO3, using activated carbon, y-Al,O3; and TiO; as support materials, respectively,
except that N, was the atmosphere used in thermal treatments of carbon-supported
materials. For WO,/y-Al>O3 catalysts, the y-alumina support was obtained by treating
boehmite for 7 h in static air at 973 K. These impregnated materials and the second
series of tungstated zirconia are all denoted as “(M)WO,/support”, where M refers to the
nominal WO3 loading.

The elemental composition was determined by the Microanalytical Laboratory at TU
Minchen using acid digestion and subsequent photometric determination using a
Shimadzu UV-160 photometer. Specific surface areas and pore volumes of the
impregnated materials were determined by N» physisorption using a PMI Automatic
Sorptometer. The isotherms were measured at 77 K, after activation in vacuum at 473
K.

Raman spectra were acquired on a Renishaw inViaTM Reflex Raman system,
equipped with a Renishaw RL532C, Class 3B, 532 nm laser as excitation source. After
calibration to a Si (111) crystal, the spectra were conducted with a 50-fold magnification
in the range of 100-4000 cm™ and 1-10 s of measurement time. At least 10 different
positions were measured on each sample.

X-ray Diffraction (XRD) was performed on an instrument (Empyrean, PANalytical)
equipped with a Cu X-ray tube (Cu-Ka radiation, 0.154 nm), a Ni KB-filter, and a solid-
state detector (X'Celerator) operated at 45 kV and 40 mA with step size of 0.017° and
scan time of 115 s per step. Reflection transmission mode from 5 to 70° (20) at ambient
conditions was performed while samples were pressed on a silicon single crystal with a
(111) surface.

Gas-phase calorimetric and gravimetric measurements were performed at 318 K on
a Setaram TGA-DSC 111 microbalance attached to a UHV system. The catalyst powder
was pressed into pellets, crushed and sieved to a 100-500 um fraction and loaded in a
crucible (10-20 mg). Prior to measurements, the sample was activated at 723 K for 1 h
with a heating ramp of 10 K min"' under high vacuum (p < 10™* mbar). Water vapor was
introduced into the isothermal system in small pressure steps from 103 to 25 mbar,
followed by adsorption equilibration. The weight increase and heat flux were monitored
during pressure equilibration.

Liquid-phase adsorption was carried out immersing 50-200 mg of catalyst in several

defined cyclohexanol solutions (3-74 mM) for at least 24 h under isothermal conditions.
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The solid was separated from the solution and the residual concentration of cyclohexanol
in the liquid was determined via GC-MS, after an extraction with ethyl acetate in which
2-cyclohexene-1-one was added as an internal standard.

The Fourier-transform infrared (IR) spectra of adsorbed carbon dioxide were
recorded on a Perkin—Elmer 2000 spectrometer at a resolution of 4 cm=" in transmission
mode. The catalyst samples were prepared as self-supporting wafers and activated in
vacuum (p = 10 mbar) at 723 K for 1 h at a heating rate of 10 K min~". After cooling to
303 K, the sample was equilibrated with 0.5 mbar CO, for one hour followed by
outgassing at 10°® mbar for one hour and the acquisition of the spectrum. Finally,
desorption program (up to 723 K with 10 K min~" and 1 h at 723 K) was initiated and the
spectra were recorded until equilibrium was achieved.

Aqueous-phase cyclohexanol dehydration was performed in a 100 ml Hastelloy Parr
reactor. In a typical experiment, 33 mL of 0.33 M aqueous cyclohexanol solution and
~200 mg of the catalyst were loaded in the reactor. The reactor was sealed, and all
oxygen was removed by flushing three times with 40 bar N, before pressurizing to a No-
pressure of 40 bar at ambient temperature. The mixture was then heated to a defined
temperature (Tr, e.g., 473 K). Agitation (700 rpm) was started when the temperature
reached (Tr -10), to ensure a negligible conversion during heat-up. The reaction time (tr)
was recorded after reaching Tr (time zero). At the end of a reaction, the reactor was
immediately cooled with an ice/water mixture to 277 K and lower. Reactants and products
were extracted three times using 20 ml of ethyl acetate each time. A defined quantity of
2-cyclohexen-1-one was added in ethyl acetate as an internal standard. The organic
phase, after being separated and dried over sodium sulfate, was analyzed on a
Shimadzu 2010 GC equipped with an HP-5MS 25mx0.25 mm (i.d.) column and a flame
ionization detector (FID). The carbon balance was found to be better than 95%. The
selectivity towards the olefin (cyclohexene) was always larger than 99% (i.e., only traces
of the ether product).

For all prepared catalysts, stability tests were performed at 473 K and 40 bar N> in
stirred hot liquid water for at least 12 h. In a typical run, 0.1 g of catalyst and 100 mL of
deionized water were charged into a 300 mL Hastelloy Parr reactor equipped with a 2
pum filter. After stirring (700 rpm) for 12 h, the hot suspension was drained and filtered
from the reactor via a gate valve to ensure no back-precipitation of possibly dissolved
tungstates if any. The filter cake was dried overnight at 373 K and analyzed for its
elemental composition to examine whether there was any leaching of W (as bulk WO3 is
known to slowly dissolve in water, with the dissolution rate and the speciation of multiple
co-existing W-anions controlled by solution pH). For none of the materials did we detect

noticeable changes in the elemental compositions, indicative of negligibly slow
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dissolution of WO3 domains in hot liquid water in the absence of externally added acids
or bases. Additional tests of long-term hydrothermal stability required the monitoring of
alcohol conversion as a function of time (> 20 h), that is to say, if W leaching occurred
(forming tungstic acid in water via: WO3; + H,O = WO4% + 2H*) over an extended period
of time, the conversion rate would change (as we show later that TOFs are significantly
different for supported tungstates and homogeneous acidic species such as tungstic
acid), which would be captured by a noticeable change in the slope of the conversion-
time curve. These results are shown and discussed in the Supporting Information (S-
Figure 3.1), based on which W leaching was fully excluded.

For the determination of BAS concentration at reaction conditions (473 K, 40 bar
N2), 300 mg catalyst was suspended in 100 mL of an aqueous cyclohexanol solution
(0.11 M) and charged to a 300 ml Hastelloy Parr reactor. After removing air by flushing
with N2 for multiple times, the reactor was charged to 40 bar (N2) and heated under an
agitation speed of 500 rpm to 473 K. When reaching the target temperature, the reactor
was immediately quenched by cooling the vessel in an ice-water bath, to ensure
negligible conversion of the alcohol during cooling. This protocol ensured that possible
reduction processes of the WOx-domain by the alcohol (a potential reductant) that would
form additional BAS at reaction conditions had taken place prior to reaction. These
processes, if occurring, are considered to be fast and irreversible. The reactor was
depressurized before adding lithium chloride (LiCl) to yield a final salt concentration of
1.6 M. The mixture was stirred at ambient conditions for at least 12 h to ensure complete
proton exchange of all BAS (e.g., W-OH + LiClag — W-OLi + HCly).

After separating solid and liquid, the ion-exchanged catalyst was dried and tested
for alcohol dehydration reaction, which showed negligible conversion (< 1% conversion
after 4 h, i.e., two to three orders of magnitude lower mass-specific activity than any of
the tungstated catalysts) and thus indicated complete proton exchange with Li*. This
result also indicates that Lewis acid sites (that are not supposed to react away with LiCl),
if still persisting in water, do not catalyze dehydration at detectable rates. The recovered
liquid contained LiCl at approximately the same concentrations as the initial values, and
it also contained a defined quantity of protons exchanged from the solid sample. Note
that for high LiCl concentrations (1-5 M), a pH meter that measures the activity of
hydronium ions in aqueous solution does not yield a reliable measure of the
concentration of hydronium ions because of the ionic strength effects. Therefore, to
quantify the concentration of hydronium ions, 33 mL of the recovered solution was added
to the 100 mL Hastelloy Parr reactor and cyclohexanol (0.33 M) was added. Multiple
reactions with HCI as a catalyst were conducted (conversion < 10%) to allow calculating

rates of HCl-catalyzed cyclohexene formation, rfomationHci. As the solution contains LiCl
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at relatively high concentrations, the turnover frequency (TOF) was corrected for the ionic
strength effects (S-Figure 3.2). In this way, the concentration of BAS (i.e., hydronium

ions) in the post-exchange solution can be calculated according to Eq. 3.4:

_ Tformation, HCI
[BAS]= R (3.4)

This [BAS] concentration in the post-exchange solution was then used to calculate
the surface concentration of exchangeable protons on the solid sample, based on the
volume of solution and mass of the solid sample. To quantify the amount of in-situ
generated BAS, the protocol was repeated at room temperature without heating to 473
K prior to the addition of LiCl. Separate experiments with support materials alone show
that hydroxyls (-OH) on Al2O3, TiO2 and activated carbon do not contribute significantly
to the BAS counts, while there is 13 pmol gea! of exchangeable BAS on bare ZrO;
surfaces (S-Table 3.2).
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3.4) Supporting Information

Impact of the local concentration of hydronium ions at tungstate

surfaces for acid-catalyzed alcohol dehydration

Content:

Specification sheet for the commercial tungstated zirconium hydroxide sample
(MEL Chemicals): S-Table 3.1

Supporting kinetic analysis: S-Table 3.2, 4; S-Figure 3.2, 13

Supporting characterization: S-Table 3.3, 5; S-Figure 3.3-10, 11, 12 ,14-16
Stability tests: S-Figure 3.1

Supporting concepts: Note 3.1, Note 3.2, S-Figure 3.17 and 18

83



S-Table 3.1 Generic sample analysis sheet for the commercial tungstated zirconium
hydroxide (product XZO 1251/02, batch PRB1034) provided by the company (MEL
Chemicals). The company recommends the following activation procedures: this sample
needs activating by calcining at 973-1073 K (preferably in static air) immediately before
use; the optimum temperature will depend upon the acidity requirements of the reaction
being catalyzed; preferably, cool in a P.Os desiccator, or dry at 573 K for 1 h immediately
before use.

Analysis Units Result
LOI (@1000 °C) % 26.5
WO3/MOx % 15.5
SOs % <0.01
Na ppm 10
Cl ppm 40
Specific surface Area m2/g 260
Total Pore Volume cm?d/g 0.33
Phase (by visual inspection of XRD) Amorphous

Particle Size (high ultrasonic 40w 60s)

D10 um 1.4
D50 pm 5.6
D90 um 9.3
Aged surface area (after 750 °C for 2
m2/g 80
h)
Aged total pore volume
cm?d/g 0.22

(after 750 °C for 2 h)
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S-Table 3.2 General properties and mass-specific activities of bare supports, after
thermal treatment at 973 K in synthetic air (for y-Al.O3, ZrO, and TiO>) or N, (for activated
carbon). Activity measurements were carried out at standard conditions (473 K, 0.33 M
cyclohexanol in water, ~0.2 g of catalyst)

BET surface

Entry Support area BAS Mass-specific rate
pUmMol geat’
m2 gt 1 umol gear® st
1 y-Al203 219 N.D. ~0
2 ZrOo 112 13 ~0
3 TiO> ~20 N.D. ~0
4 activated carbon 1090 2 3

* N.D. (not detectable) is defined as a value smaller than 1 umol gear™.

3.4.1) Stability tests

To maintain relatively low conversions for an accurate assessment of
stability without the interference from reactant depletion effects on first-order
kinetics, a much smaller mass of sample had to be employed. For example, a
WO,/C sample was chosen for the study of hydrothermal stability, since the
presumably poor wetting of tungstate domains on carbon surfaces casts doubts
on the stability of WO,-domains in hot liquid water. S-Figure 3.1, however,
illustrates that this representative carbon-supported catalyst maintained its
activity (i.e., linear increase of conversion) over a period of more than 45 h,
demonstrating its hydrothermal stability. Moreover, the obtained rate was close
to the activity when applying the conditions described for the typical experiments,
illustrating that variation of the catalyst mass loading has no effect on the mass-
specific rates of the reaction. Oxide-supported tungstate catalysts also did not
show any sign of W leaching based on the long-term activity tests (not shown).
Thus, we conclude that our tungstated materials are hydrothermally stable
catalysts for acid-catalyzed reactions and are also promising platforms for the

assembly of bifunctional catalysts for hydrodeoxygenation reactions.
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S-Figure 3.1 Long-term hydrothermal stability test of a representative WO,/C catalyst in
a reaction at 443 K (intended for lower rates and longer reaction times) and 0.33 M
cyclohexanol. The obtained rate over 45 h was 1.7 umol (gear S)™, similar to 1.3 pmol (gear
s)* for initial rates with 211 mg catalyst and ~2 h reaction time. The linear increase over
that long period of time and the obtained rate close to the initial rate demonstrates a

good stability of this type of material for the reaction in water.
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3.4.2) BAS determination: calibration of ionic strength effects

0.6

0.5 +

0.4 1 s’

-1 -1
mol,,.s"]
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alcohol
\

0.2 2

TOF [mol
[ ]

0.1
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S-Figure 3.2 Calibration of ionic strength effects on the dehydration activity (TOF per
hydronium ion) with HCI solution containing LiCl at 0-5 M concentrations (473 K, 0.33
MCyOH, pH(HCI) = 3.2).
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3.4.3) X-ray diffraction
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S-Figure 3.3 XRD patterns of (upper figure) WOx/ZrO2 calcined from WOx/Zr(OH)4
(MEL Chemicals); (lower figure) the two WOXx/ZrO2 samples prepared from crystalline
ZrO2 (see Experimental in the main text). The surface W density was varied by

increasing the calcination temperature. Crystallite sizes of WOx estimated by line
broadening analysis are compiled in S-Table 3.3.
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S-Figure 3.4 XRD patterns of WO,/y-A.O; synthesized by incipient wetness
impregnation. The calculated W surface densities are 2.2, 6.5 and 16.1 W nm?,
respectively, with increasing tungsten loading from 15 to 50 wt% (reported on the basis
of WO3 mass). Crystallite sizes of WOy estimated by line broadening analysis are
compiled in S-Table 3.3

— (5)WOTIO,
— (15)WO JTiO,
5
« z
@
=
° Ang::QE'-
A___ ey
r T r . . r '
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S-Figure 3.5 XRD patterns of tungsten catalysts supported on titania, synthesized by
incipient wetness impregnation. The calculated W surface densities are 16.2 and 32.9
W nm for tungsten loadings of 5 and 15 wt% (reported on the basis of WO3; mass),
respectively. Crystallite sizes of WOy estimated by line broadening analysis are
compiled in S-Table 3.3.
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S-Figure 3.6 XRD patterns of tungsten catalysts supported on activated carbon,
synthesized by incipient wetness impregnation. The calculated W surface densities are
0.5, 1.4 and 2.9 W nm?, respectively, with increasing tungsten loading from 18 to 54 wt%
(reported on the basis of WO3s; mass). Crystallite sizes of WOx estimated by line
broadening analysis are compiled in S-Table 3.3.

When comparing peak shapes of the WO,-reflections (206 = 23.1°, 23.5° and 24.4°) in the
XRD-patterns of S-Figure 3.3-6, one recognizes differences in the structure of the
tungstate domains depending on the underlaying support material. For example,
comparing (54)WO,/C and (15)WO,/Al.O3 with approximately the same surface density
of 2-3 W nm, the reflections of WO, on activated carbon are broad, yet already showing
the formation of crystalline WOs, while on the tungstated alumina catalyst the WOy
domains are well dispersed and XRD-amorphous, in view of the absence of reflections
at 26 of 23.1°, 23.5° and 24.4°. With increasing W loading on alumina, the reflections at
23.1° and 23.5° gained in intensity due to the formation of larger WOy crystallites. On
WO,/C, the only significant peak is observed at 23.1°. Similarly, a comparison of
(50)WO,/Al,03z and (5)WO/TiO2 with similar surface densities (~16 W nm?) shows that
the tungstate domain is much better dispersed on TiO, compared to the alumina-
supported counterpart (S-Figure 3.7). From these observations, in combination with the
activity for alcohol dehydration reaction reported in Figure 3.1 (main text), we conclude
that a better dispersion of WO, does not play a key role ((54)WO,/C being the most active
and (15)WO,/Al,O3 the least active), though the structural differences of the tungstate

domains could account for some of the activity differences.
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S-Figure 3.7 A comparison of XRD patterns of representative WO,/ TiO2 and WO,/Al,O3
catalysts at similar surface coverage of WOx-domains (~16 W nm?).
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3.4.4) Raman spectra
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S-Figure 3.8 Raman spectra of (upper figure) two selected WO,/ZrO- catalysts within
the second series (see Experimental in the main text), one below monolayer coverage
(1.2 W nm?), the other around monolayer coverage (4.6 W nm?); (lower figure) two
WO,/ZrO; catalysts prepared from crystalline ZrO,. Raman features of W-O-W linkages
at 805 cm™ are detectable after reaching the monolayer coverage (~4 W nm) on ZrO,.

The Raman spectra of supported WO,/ZrO; catalysts show bands attributed to crystalline
m-WO3 (133, 178, 187, 272, 327, 417, 437, 448, 715, 805 cm?), with the most prominent
features appearing at 715 and 805 cm, while vibrations of the crystalline ZrO, support
dominate at lower Raman shifts.> For all oxide-supported materials, the feature at ~805

cm?, attributed to the presence of W-O-W linkages in crystalline WOy structures (to be
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more precise, the stretching mode of W-O-W), is the most dominant among the WOx-
related bands, irrespective of the W loading. On ZrO»-supported tungstate materials, this
band becomes detectable only after reaching the monolayer coverage, whereas on
Al,Os-supported samples, this band is already evident on a sample containing nominal
submonolayer coverage ((15)WO\/Al;Os, S-Figure 3.9). On TiO2-supported tungstate
catalysts, the 805 cm™ peak is already visible on (5)WO/TiO2, while the intensity
increases by several fold on (5)WO,/TiO,, along with the appearance of the 715 cm*
feature. Note also the Raman features (950-1015 cm™) that reflect a distribution of
distorted WOge units in the framework associated with surface O=WOs..

—— (15)WO 4-AL0,

I
—— (32)WO,/-ALLO, /
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S-Figure 3.9 Raman spectra for two selected tungstated alumina catalysts, one below
monolayer coverage (2.2 W nm), the other exceeding monolayer coverage (6.5 W nm’
2). Raman features of W-O-W linkages at 807 cm™ are detectable even at a coverage of
2.2 W nm* on alumina surfaces.
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S-Figure 3.10 Raman spectra for two selected WO,/TiO- catalysts exceeding theoretical
monolayer coverage. The corresponding surface densities of these materials are 16 and
33 W nm?, with increasing loading from 5 to 15 wt.% WOs;. Raman bands centered at
390, 515 and 639 cm™ correspond to the Big, Aig OF Bag, and Eq modes of the anatase
tetragonal phase, respectively.
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S-Table 3.3 WOxy-crystallite sizes estimated using the Scherrer equation (N.D. = not

determined due to the lack of reflections).

Support wt.% WOs3 Surface W dwox
density crystallites

(W nm) (nm)

Al2O3 15 2.2 N.D.

Al2O3 32 6.5 8.5

Al2O3 50 16.1 9.6

ZrO; 16 4.1 N.D.

ZrO; 16 5.6 8.8

ZrO; 16 20.4 38.7

pre.ZrOx? 18 14.2 15.8

pre.ZrOz? 30 46.0 21.1

TiO- 5 11.0 N.D.

TiO- 15 325 N.D.

C 18 0.5 1.0

C 37 1.4 4.1

C 54 2.9 7.7

2 The support was crystalline ZrO; formed by calcining the MEL-Zr(OH)4 at 973 K

(Experimental).
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S-Table 3.4 Turnover frequencies (TOFs) of representative tungstated catalysts for
reactions with substituted cyclohexanols (2-methylcyclohexanol (2-MeCyOH), Sigma-
Aldrich 99%, cis/trans mixture; 4-methylcyclohexanol (4-MeCyOH), Sigma-Aldrich 98%,
cis/trans mixture; 1-methylcyclohexanol (1-MeCyOH), Sigma-Aldrich 96%). Activity
measurements were carried out at standard conditions (473 K, 0.33 M alcohol in water,
0.1-0.2 g of catalyst); only reactions with 1-MeCyOH were carried out at lower
temperature (383 K) due to its higher reactivity.

Entry Alcohol, Tixn Support TOF (s?)
1 (32)WO,/AlL,Os  2.6x1072
2 CyOH, 473 K (18)WO,/ZrO; 8.7x1072
3 (24)WO,/C 3.5x10%
4 (32)WO/Al,0;  8.0x1072
5 2-MeCyOH, 473K (18)WO,/ZrO; 2.3x10!
6 (24)WO,/C 7.4x107
7 (32)WOW/ALO;  1.9x10?
8  4-MeCyOH, 473K (18)WO,/ZrO; 4.2x10
9 (24)WO,/C 2.6x101

10 (32)WO,/A,03  4.9x1073
11 1-MeCyOH, 383K (18)WO,/ZrO;  2.4x102
12 (24)WO,/C 1.6x10
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3.4.5) IR spectroscopy of adsorbed CO2

= Adsorbed CO, species on (18)WO,/Zr0, (313K, 0.5 mbar)
= Adsorbed CO, species on (32)WO,/Al,O, (313K, 0.5 mbar)
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S-Figure 3.11 IR spectra of adsorbed carbon dioxide on two representative tungstated
materials. Bands of linearly adsorbed CO,, carbonates, bridged carbonates and
carboxylates are generally found at 2360, 1530-1620, 1620-1670 and 1350-1420 cm™,
respectively. All spectra having been normalized to pellet area and mass, the ratio of
integral intensities for the linearly adsorbed CO, band (2360 cm™) is qualitatively in
agreement with the relative H" counts in Table 3.1.

—— After heat treatment (723K, 1h, 10 bar) at 313K, 10°° bar
—— Adsorbed species (313K, 10°° bar)
After 2™ heat treatment (313K, 10°° bar)
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S-Figure 3.12 IR-spectra of adsorbed carbon dioxide on ZrO, (Zr(OH)4 preactivated at
973 K, 4 h in static air). Bands of linearly adsorbed CO-, carbonates, bridged carbonates
and carboxylates are generally found at 2360, 1530-1620, 1620-1670 and 1350-1420
cm™, respectively.
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3.4.6) Reaction order measurement
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S-Figure 3.13 Olefin formation rate is first order with respect to alcohol concentration for
representative tungstated materials with comparable W surface densities (m 2.9 W nm™

WO,/C, ® 4.1 W nm™? WO,/ZrO,, A 6.5 W nm? WO,/Al,Os).

98



3.4.7) Aqueous-phase cyclohexanol adsorption

CyOH _, adsorption on (32)WO,/AL,0,

CyOH_, adsorpfion on WO /Zr0, MEL.973

0.08

200 200
175 4
s s »
5 150 4 Af.l 5 150 4 o %
g 125 - A Ei Y a g ¢ % *
% 100 A a % 100 3
F<y
IR I RN 4 L1701
T T
9 o] ade SR
& 501 A 278K & 501
a . A 303K o] O 278K
25 & 313K ® 303K
A 23K @ 323K
Di T T T T T T T D T T T T T T T
000 001 002 003 004 005 006 007 008 000 001 002 003 004 005 006 007
CyOH equilibrium concentration (mol L) CyOH equilibrium concentration (mol L™)
CyCH __ adsorption on (27)W0,/C CyOH ,, adsorption on pretreated carbon
1800 — 2000 .
1600 4 o 1750 4
i | o . |
T 14004 m = . <~ 1500 4 e
B B A s B
2 1200 1 o om = M
o u 2 1250 4 &
E =] o E
= 1000 4 = = . L]
@ = 1000
& 800 g~ =
o E o
7 s 7 0
T 1 T
o] o]
S 400 - m oK | & 0
O 303K | 278 K
200 = 313K 250 A 303K
M 323K @ 323K
0 . T 0+ T T
0.00 0.01 002 0.03 0.0¢ 0.05 0.00 0.01 0.02 0.0 0.04

CyOH equilibrium concentration (mol L")

CyOH equilibrium concentration (mol L™)

0.05

S-Figure 3.14 Liquid phase adsorption of cyclohexanol from aqueous solutions (0.003-
0.075 mol L) on selected representative tungstated materials and pretreated activated

carbon (973 K, 4 h in Ny).
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S-Figure 3.15 Van't Hoff plots of adsorption constants (Kads) determined from fitting the
corresponding data in S-Figure 3.14 to Langmuir isotherms.

At near ambient temperatures (278-323 K), the adsorption constant was similar between
WOx/Al03 and WO,/ZrO;,, while being a factor of 2-3 larger on WO,/C than on
WO,/AlO3. Based on the heat of adsorption, it can be predicted that the differences in
the adsorption constant should become smaller between WO,/C and WO./Al;O3 at
reaction temperatures (e.g., 473 K), because the adsorption on the former catalyst would
become less strong (i.e., Kags decreases with T, since delta Hags ~ -7 kJ mol?) while the
adsorption on the latter should remain almost unchanged (i.e., Kags hardly changes with
T since delta Hags ~ 0 kJ mol?) at reaction temperatures. Applying the same reasoning,
the adsorption constant on WO,/ZrO, should be smaller than that on WO,/Al,O3 at
reaction temperatures. By and large, the heat of adsorption values (S-Figure 3.15)
suggest that the adsorption strength should be comparable at reaction temperatures.
Nevertheless, the less satisfactory trendlines of the regressed Kags in the Van't Hoff plots
and the significant uncertainties in the adsorption enthalpy precluded a reliable
extrapolation of these values to reaction temperatures, and thus a quantitative

comparison of adsorption constants at reaction conditions was not made.
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3.4.8) Gas-phase water adsorption measured by microbalance
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S-Figure 3.16 Water adsorption at 313 K on representative materials.

S-Figure 3.16 provides the water adsorption isotherms measured at 313 K for
representative samples. This information was used to estimate the volume of the
electrical double layer (EDL) surrounding the WOx-domains on the catalyst surface.
Specifically, the volumetric water uptake at 70 mbar (obtained from extrapolation, see
below), which is the saturation vapor pressure of water at 313 K, was assumed to be
equivalent to that of the EDL at reaction conditions (473 K, 40 bar Nj). It was also
assumed that the titrated BAS (HszO") are uniformly distributed in that volume to yield an
approximation of an “ionic strength” (S-Table 3.5, column 4) in the EDL engulfing the
tungstate domains. The values in column 4 of S-Table 3.5 are plotted as the x-axis in
Figure 3.2A in the main text. In S-Note 1, it is established that the actual EDL and ionic
strength maintains the same relationship over the temperature range 313-473 K.

Extrapolation of measured isotherm data to Px2o = 70 mbar was done by fitting the
1
adsorption data to a Freundlich-type isotherm with the fit function q(p) = K - p». The

101




water uptake on bare activated carbon (pretreated in flowing N, at 973 K for 4 h) was
subtracted from the values obtained for WO,/C materials without any further correction
for loss in surface area, due to the lack of knowledge about the actual exposed support
surface.

S-Table 3.5 Approximated ionic strength, volume of water adsorbed on WOy domains
(at 70 mbar and 313 K) and corresponding turnover frequencies (TOFs) of representative
catalysts. For the calculation of the average distance between neighboring hydronium
ions, we used the water-layer thickness of 0.49 nm obtained from S-Figure 3.17. Average
distance between neighboring hydronium ions (du:) is not shown for samples with
submonolayer WOy-coverages, due to non-corrected adsorption of water on oxide
supports and the inflated estimate of the EDL volume

Average distance

Catalyst Aevsacicrebr(,ad conclzﬁtfation str:aonng;?h” h b eQNeen TOF at473
: . ydronium ions, K
Vwater in a catalyst H*/Vwater A

(cm? gearl) (umolsas geatt)  (MoOln+ L1) (nm) (s?)
(15)WOx/Al203 0.051 15 0.3 / 0.005
(24)WO/Al203 0.069 94 14 1.56 0.018
(32)WO/Al203 0.070 140 2.0 1.29 0.026
(B)WO/ZrO2 0.034 4 0.1 / 0.017
(18)WO/ZrO2 0.045 159 3.6 0.96 0.087
(18)WOs/pre.ZrO2 0.017 40 2.4 1.16 0.050
(24)WO/ZrO2 0.043 123 2.9 1.07 0.088
(837)WOx/ZrO2 0.026 71 2.7 1.11 0.084
(15)WO/TiO2 0.008 23 2.8 1.09 0.136

Activated carbon 0.035 Not measured / / /
(7)WOx/C 0.026 79 3.0 1.05 0.078
(18)WOs/C 0.017 81 4.6 0.85 0.326
(54)WO/C 0.014 79 5.5 0.77 0.323

By dividing the values in the column 2 of S-Table 3.5 by the BET surface area (M2 gcar?,
Table 3.1 in the main text) for catalysts, whose support surfaces are fully covered by
tungstates (i.e., monolayer coverage), the thickness of the water layer is estimated to be
42, 52, 54 and 6.7 A for (18)WO4/ZrO,, (37)WO./ZrO,, (32)WO,/Al,O3 and
(15)WOL/TIO, respectively. This magnitude appears to be in line with the knowledge that
the typical thickness of the EDL is on the order of 1 nm or less,>® suggesting that the
measured volumetric uptake of water is a reasonable proxy of the EDL volume at
reaction conditions.

As a reality check for the WO,/C catalysts, we calculated the effective exposed area of
WO, crystallites based on X-ray diffraction results (S-Table 3.3). Assuming a
hemispherical shape for WO3; patrticles, one obtains the average geometric area and

volume of such a WO3 particle and thus can calculate the moles of W within the particle.
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From the geometric area of hemispherical WO3; and the amount of protons stabilized

over that domain (H*/W ratio; Table 3.2, main text), a H*/nm?2 ratio and consequently the

average distance between neighboring hydronium ions (dw.) were obtained. For
(18)WO,/C and (54)WO,/C, the values of du+ were estimated to be 0.65 and 0.41 nm,

respectively. These values are very similar to those estimated based on the gas-phase

water uptake (S-Table 3.5, column 6), when assuming an average water-layer thickness

of 0.49 nm around the WOy-domain as determined from S-Figure 3.17.
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S-Figure 3.17 Estimation of the average thickness of the water layer formed in
equilibration with saturation vapor pressure of water at 313 K (70 mbar)
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3.4.9) S-Note 1

Adsorption of water

. Adsorbed Volume of Water Ve,
vapor in vacuum
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S-Figure 3.18 Graphical model of water adsorption on WO-domain, adapted from the
main text. Vwaer is defined as the adsorbed water on WOx-domain only (corrected for
adsorption on support material), dnickness Can be seen as the multiplication of the kinetic
diameter of H,0O (0.265 nm)* and the number of water-layers on the WO,-surface and
is determined from S-Figure 3.17. dy+ is the average distance of hydronium ions on the
tungsten oxide surface (Ayo,)-

nm3

A [nmz] B Vwater [ g (S-Eq. 1)
WO03 - Ao
g Thickness

nm?2
Awo, = ]

(S-Eq. 2)
umoly+ 1
BAS [T] X Na ]

dy+[nm] =

The thickness of the EDL estimated from S-Table 3.5; S-Figure 3.17 and associated
text for gas-phase suggests >1 monolayer of water surrounding the WO,-surface, when
considering the kinetic diameter of H,O being 0.265 nm. Thus, applying S-Eq. 1 and S-
Eq. 2 we obtain Figure 3.2B in the main text, describing the TOF as being an exponential
function of the average distance (dy+) of the interfacial hydronium ions near the active
phase. Increasing the number of shells, by fixing the adsorbed volume (Vwater) reported
in S-Table 3.5 (column 2), decreases consequently the accessible area of WO3 (Awo,)
that hosts the EDL, e.g., increasing the number of H,O-layers to >10, leads to an average
distance of the protons already in the range of a C-C bond length (0.154 nm). Thus, we
conclude that the reported dy+ values for one to two shells of water are in a reasonable

magnitude.

3.4.10) S-Note 2
We further draw the reader’s attention to the fact that the correlation of TOFs at 473

K are associated with ionic strength in the EDL estimated from water adsorption at 313
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K (see S-Table 3.5 and associated text for details). To evaluate how the EDL dimension
changes with temperature, we plot the Debye length from 273-523 K in S-Figure 3.18.
Debye length is characteristic of the EDL length, which is a function of the dielectric

constant of solvent (I ;), ionic strength (/, mol L") and temperature (T) (S-Eq. 3).2

&-&0kpgT
Ap = |5 (S-Eq. 3)
2x10°Nyqzl

where (o is the vacuum permittivity, ks is the Boltzmann’s constant, 10° is the
conversion factor from the mol L units of concentration into mol m=3, Na is the Avogadro’s
number, q. is the elementary charge. In general, the Debye length increases with
temperature, however in aqueous phase it is compensated by the decrease of dielectric
constant of water (S-Figure 3.18). In consequence, the Debye length at 473 K is only
15% smaller than that at 313 K. It seems then reasonable to assume for the present
study that the actual EDL dimension maintains the same relationship over the

temperature range 313-473 K.
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S-Figure 3.19 Dielectric constant of water ([J;) and Debye length (Op) normalized to the
value at 313 K as a function of temperature (Data from the reference: Uematsu, M. &
Franck, E. U. Static dielectric constant of water and steam?®).
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4.1) Abstract

Apolar phase cyclohexanol dehydration in decalin has been investigated over tungstate
zirconia catalysts (WOx/ZrO) at relatively mild reaction conditions (423 K). Dehydration
in apolar phase occurs via a Bronsted acid catalyzed pathway leading to surface-
monomer or -dimer species, showing a strong initial alcohol concentration dependence.
To account for the differences of condensed phase to gas phase, acid site quantification
is carried out via in-situ titration of various base-molecules. In contrast to previous
published studies, a full suppression of the dehydration activity was not achieved by
increasing the base load to WO,/ZrO, materials. A substantial residue activity is
recognized that is identified by kinetic isotope effects (KIE) and intensive kinetic studies
to be a result of Lewis acid centers on the tungsten oxide domain, catalyzing via a E2-
like pathway. We show that we can classify surface sites on WO./ZrO; catalysts to active
sites that bind strong (piperidine) and weaker bases (pyridines) and are the major
contributor (70-90% at 423K) to catalytic activity. We identified weak acid sites that do
not bind pyridine/DTBP, but bind piperidine, and are inactive for dehydration. Last, we
recognize weak acid sites that bind none of the investigated N-titrants, but which are
catalytically active (10-30% of total activity).The knowledge about these surface sites

allows to correctly account for their respective activity (TOFs).
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4.2) Introduction

(Mixed-) metal oxides became a standard choice for acid catalyzed reactions in the last
centuries ** due to their thermal stability >¢ and acid strength "8. Tungsten oxide based
solid acids have been previously employed as suitable catalysts in gas-phase
isomerization reactions,”®8 alcohol dehydration 8121921 and liquid-phase upgrading
processes of biomass-derived feedstocks (e.g., sugars, bio-oils?>?4, and long-chain
alcohols %2%), In this work we focus on the alcohol dehydration only, which can serve as
a probe to explore the catalytic site requirements and reaction pathways over mixed
metal oxides containing both Brgnsted acid sites (BAS) and Lewis acid sites (LAS).
Activities and mechanisms of Lewis acid catalyzed alcohol dehydration are reported in
detail over y-alumina 34, zirconia or titania 2% catalysts. The BAS catalyzed alcohol
conversion is known to proceed via monomer- and dimer-mediated pathways over strong
solid acids such as various zeolites in gas ?° and liquid phase 303!, Typically the
differentiation and quantification of both types of acid sites is done by adsorption of basic
probe molecules such as pyridine, 2,6-di-tertbutylpyridine or ammonia in the gas phase
phase.?3234 Alternatively, Iglesia et al. titrated the active BAS in-situ during the reaction
by increasing the titrant concentration leading to a suppression of the total rate.®
Results, however, always suggested the LAS activity to be insignificant when comparing
with the proton catalyzed pathway on catalyst systems containing both competing types

of active species. 2%

In this work we doped tungsten oxide on zirconia (WO,/ZrO-) to achieve a stable and
active catalyst domain that consist of both, BAS and LAS. Cyclohexanol is used as a
alcohol representative for a class of molecules coming from biomass upgrading
reactions.® Macht and Iglesia ¢ report the activity of BAS on tungsten domains in the
gas phase for butanol dehydration to be intrinsically independent of the support material.
They classify the contribution of LAS catalysis as negligible and therefore do not
investigate the active sites in terms of its nature and dehydration mechanism. However,
Larsen et al. reported that the dehydration of short chain alcohols such as 1-propanol,
2-propanol, and tert-butanol over WO,/ZrO, proceeds solely over Lewis-acid sites 263
and structure-function relationships on facetted titania are known to affect the activity in
2-propanol dehydration.?” Synergistic effects between both LAS and BAS have been
published with theoretical and experimental evidence e.g. for the etherification of glycerol
and other alcohols from the biomass upgrading family. 263839 Bell et al. reports a
noteworthy LAS contribution in the etherification of 1-dodecanol at 393 K over tungstated
zirconia in an aprotic solvent. 26 In contrast to Iglesia they propose a stand-alone activity
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of LAS besides the dominant BAS activity that is attributed to W Lewis-acid sites only.
These findings are based on in-situ titration with sterically hindered pyridine, poisoning
the surface Brgnsted sites only during the reaction. 1-dodecanol consumption still occurs
after complete suppression of the BAS contribution, which is assigned to active Lewis
acid sites. However, the site specific activities of LAS are in general recognized as orders
of magnitude lower than BAS catalyzed. As a consequence literature lacks so far from
understanding the mechanisms of alcohol dehydration over tungsten oxide based Lewis
acids and how the nature of the LAS impacts on the alcohol dehydration, considering
that LAS on the basis of zirconia were found to be inactive for etherification reactions in
the liquid phase. Understanding and tuning the Lewis acid catalysis in parallel to the

established proton catalyzed pathways, is crucial for an optimized catalyst design.
4.3) Experimental

4.3.1) Preparation and characterization of tungsten oxide-based catalysts

Information about chemicals, catalyst synthesis and characterization, are partly
taken from Reference (*°) as materials may be used in both studies.

All chemicals commercially obtained were used without further purification.
Zirconium hydroxide was obtained in the form of Zr(OH), (MEL chemicals, batch number:
PRB310). Commercial boehmite (CATAPAL® B ALUMINA) was purchased from Sasol.
Doubly deionized water (resistivity ~18 MQ-cm) and ammonium metatungstate hydrate
(Sigma-Aldrich, 99.99% trace metals basis) were used to prepare the solution used for
impregnation. Cyclohexanol (ReagentPlus®, 99%, Sigma-Aldrich) or cyclohexanol-d.» (=
98 atom% D, Sigma-Aldrich) was used as the reactant. Decahydronaphthalene (decalin,
mixture of cis-and trans isomers, = 99.0%, Sigma-Aldrich) was used as the solvent.
Cyclohexen-1-one (= 95%, Sigma Aldrich) was added post-reaction as a standard for
gas chromatography (GC) analysis. Pyridine (anhydrous, 99.8%, Sigma-Aldrich), 2,6-di-
tert-butylpyridine (= 95%, Sigma-Aldrich) and piperidine (99%, Sigma-Aldrich) were used

during the titration experiments.

A series of WO,/ZrO; catalysts were prepared by incipient wetness impregnation of
Zr(OH)4 with agueous solutions of ammonium metatungstate hydrate containing desired
guantities of tungsten. The impregnated sample was dried in static air at 383 K for 12 h,
followed by calcination in flowing synthetic air (20 ml min* g*) for 4 h at 973 K (ramp: 10
K mint), and then cooled to room temperature. Tungsten oxide loadings of 8-37 wt.% (in
the form of WO3) were achieved, corresponding to surface densities of 2-20 W/nm?,

calculated using an established method 2. To prepare pure zirconia and y-alumina used
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for control experiments, Zr(OH)4 and boehmite were calcined in flowing synthetic air (20
ml min? g1) for 4 h at 973 K (ramp: 10 K min?).

The determination of weight loadings of W was carried out by the Microanalytical
Laboratory at TU Munchen using acidic digestion and subsequent photometric
determination using a Shimadzu UV-160 photometer. The BET specific surface areas
and pore volumes of the investigated materials were determined by N. physisorption,
following a standardized protocol. The samples were first activated in vacuum at 473 K,
before collecting the N> sorption isotherms at liquid nitrogen temperature (77 K) using a
PMI Automatic Sorptometer. Powder X-ray diffraction (XRD) was performed on an
instrument (Empyrean, PANalytical) equipped with a copper X-ray tube (Cu-Kq radiation,
0.154 nm), a Ni Kg-filter, and a solid-state detector (X'Celerator) operated at 45 kV and
40 mA with a step size of 0.017° and scan time of 115 s per step. Reflection transmission
mode from 5 to 70° (20) was performed at ambient conditions on samples pressed on a
silicon single crystal with a (111) surface. Infrared (IR) spectra of adsorbed pyridine (or
ammonia) were obtained with an Perkin-Elmer 2000 spectrometer with a resolution of 4
cm™. All investigated catalysts and materials were placed as a self-supporting pellet to
the machine and activated in vacuum (P=10"° mbar) at 450°C for 1 h (10 K min't) before
approaching the measurement temperature (423 K for pyridine adsorption, 323 K for
ammonia isotherms). In a typical pyridine adsorption experiment, the sample as then
equilibrated with 0.1 mbar pyridine for 30min followed by outgassing for 1 h. The
recorded spectra represents the total chemisorbed pyridine. As a last step, the materials
were reheated to 450°C (10 K min, 1 h) to desorb weakly adsorbed pyridine and thus
yield the number of strong Brensted (BAS) and Lewis acid sites (LAS). The
concentrations of Brgnsted and Lewis acid sites were calculated from the integral
intensities of the peaks at 1540 and 1450 cm™, respectively, by applying a molar integral
extinction coefficient of 1.67 and 2.22 cm pmol™*.#* Ammonia isotherms were typically
obtained at 323 K, exposing the sample to an increasing pressure of ammonia (0.002-
0.3 mbar) while keeping isothermal conditions. All spectra were recorded when
adsorption equilibria were reached and the cell was brought back to vacuum (~10°
mbar). Details of the peak assignment from IR spectra with adsorbed ammonia are

presented in Section 3.4 and based on well known protocols.*?
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4.3.2) Rate assessments in an isothermal, gradientless stirred tank
reactor

Cyclohexanol dehydration was performed in a 300 ml Hastelloy Parr reactor. In a
typical experiment, 100 mL of a 0.05-1.0 M cyclohexanol solution (solvent: decalin) and
~200 mg of catalyst were loaded in the reactor. The sealed reactor was then flushed
three times with 20 bar N, before being pressurizing to an initial N2>-pressure of 40 bar
at ambient temperature. The mixture was then heated to the target temperature (Tr, €.9.,
473 K). Agitation (700 rpm) was started when the temperature reached (Tr -10), to
ensure a negligible conversion during heat-up (confirmed by independent
measurements). The reaction time (tg) was recorded after reaching Tr (time zero). An
aliquot (~0.5 mL) of the reaction mixture was sampled at different time intervals through
a dip tube connected to a 2-um filter submerged under the solution. Approximately 0.5
mL of a cyclohexen-1-one solution (0.05 wt.% in decalin) was added as an internal
standard to the liquid sample and the mixture was then analyzed by a gas chromatograph
(GC, Shimadzu 2010) equipped with a HP-5 capillary column (30 m x 250 ym) and flame
ionization detector (FID). Kinetic isotope effects (KIEs; ru/ro) were measured by replacing
non-deuterated cyclohexanol with cyclohexanol-di2, whose reactions were carried out
with the procedure described above. The carbon balance for all experiments was closed
to within £ 5 %. Rates per gram of catalyst did not change with the catalyst loading in the
reactor. Further increasing the stirring rate also did not lead to appreciable changes in
conversion.

Discrimination between acid sites, i.e., Brgnsted acid sites (BAS) and Lewis acid
sites (LAS), was achieved by titration experiments using pyridine, 2,6-di-tert-
butylpyridine and piperidine under reaction conditions. Specifically, different quantities of
decalin solutions of a given titrant were added to the starting reaction mixture, and then
rates were determined, using the protocol described above, on these pre-titrated
samples. The amount of titrant adsorbed on the catalyst was measured from its residual
concentration in the solution using the same chromatographic protocols as for other

catalytic reactions.
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4.4) Results and Discussion

4.4.1) Effect of tungsten surface density on the rate of cyclohexanol

dehydration in decalin

The effect of W surface density on the rate of cyclohexanol dehydration was studied
for ZrO.-supported tungstate catalysts. As the W surface densities increased, the
prevalent WOx-domain structures in the series of catalysts evolved from isolated
monotungstates through two-dimensional polytungstates to three-dimensional
crystalline WOy nanopatrticles, according to the characterization data (S-Figure 4.1-2 and
S-Table 4.1-3) and consistent with the literature 7:101213.19.43.44

Cyclohexanol dehydration in decalin yielded cyclohexene as the predominant
product (> 99% selectivity) on the studied WO,/ZrO, catalysts at all tested temperatures
(403-473 K). The olefin formation rates were obtained at relatively low conversions (<
20%) and normalized to the total W content (Table 4.1). A maximum in the mass-specific
rate of olefin formation was observed at W surface densities of 4-7 W nm?,
corresponding to the theoretical monolayer coverage that was calculated by assuming
corner-sharing WOy octahedra with bond distances derived from monoclinic WQO3.36:4445
Bare ZrO, was virtually inactive at the same conditions (S-Table 4.2), indicating that LAS
and BAS associated with the supports do not play any catalytic role.

The physicochemical properties of tungstated catalysts and the rate variations with
W surface density have been extensively studied in the literature and our findings here
regarding the rate maxima (Table 4.1) are in general agreement with previous
publications 7819364446 Tyngstate domains of medium size are shown to offer the best
compromise between accessibility and delocalization of negative charges formed via
reduction of tungstate anions to H®*(WO3).>. For example, Barton, et al. 7 argued that
isolated monotungstates that exist at low W surface densities cannot delocalize the
negative charge required for the formation of BAS, whereas an excess negative charge
may be delocalized over polytungstate species that form at intermediate WOy surface
densities, hence the high activity on the latter type of domains. Exceeding the monolayer
coverage, however, leads to the formation of WOy crystals that become less intimately
connected to the support surfaces and reside predominantly at inaccessible locations,
when compared to the monolayer structure, causing the W-based reaction rates to
decrease.® Taken together, dehydration rates per W atom (Table 4.1) reflect the
convoluted effects of the dispersion of WO, domains and the reactivities of BAS and LAS

coexisting in these samples.

116



In the following subsections, detailed kinetic evaluations are presented for
representative materials chosen from a series with different W-loadings corresponding
to sub-monolayer, monolayer and supra-monolayer regimes.*® We specifically focus on
the evolution of W surface density on the concentration and strength of LAS and BAS

and their catalytic consequences. 3¢

Table 4.1 Catalyst mass based and W-based dehydration rates. Reaction conditions:
423 K, 1.0 M CyOH in decalin. (Only strictly comparable conditions, surface-dimer
regime, see also Figure 4.2)

Catalyst Prior-titration dehydration rate (423 K)
Catalyst mass based W-based
(umol g* s™) (10 mol molw* s?)
(8)WO/ZrO2 0.22 0.6
(18)WO/ZrO> 8.24 11.2
(37)WO,/ZrO: 7.24 4.6

4.4.2) Titration of acid sites by different bases varying in strength and
steric hindrance

BAS and LAS of varying strength and concentrations coexist on supported tungstate
catalysts 84748, Titration methods can be employed to measure acid site concentrations
during catalysis and to discern the individual catalytic involvement of BAS and LAS?® 26
Three organic base titrants were used in this work, all being similar in size to
cyclohexanol. Pyridine (proton affinity: 930 kJ mol?) and piperidine (proton affinity: 954
kJ mol?) are known to adsorb on both BAS and LAS, while 2,6-di-tert-butylpyridine
(DTBP) almost exclusively adsorbs on BAS but cannot coordinate to LAS because of
steric hindrance around its nitrogen atom 8344° The strength of the acid sites also plays
a role, potentially rendering adsorption on some weak sites hardly possible at reaction

conditions.
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Table 4.2 BAS concentration (BAS:iraion) determined via titration of catalysts using 2,6-
di-tert-butylpyridine (DTBP) and pyridine, rates corrected for post-titration rates and
normalized to total Brgnsted acid sites determined by in-situ titration. Note: Post-titration
rates are independent of the alcohol concentration (shown later). BAS counts are
independent of initial alcohol concentration and temperature (shown in Sl). Reaction
conditions: 443 K, 1.0 M CyOH in decalin. (Only strictly comparable conditions, surface-
dimer regime, see also Figure 4.2)

Post-titration residue  Corrected mass-specific

Catalyst mass-specific activity dehydration rate BASiraton  TOFess
(umol g* s™) (umol g* s™) (umol g*) (s
(8)WO/Zr0, 0.13 0.09 6 0.02
(18)WOL/ZrO; 3.90 4.33 100 0.04
(B37)WO/ZrO, 2.88 4.39 67 0.07

Dehydration rates decreased linearly with increasing titrant uptake for all three
organic base titrants (Figure 4.1(A), see also S-Figure 4.6-8). Independent of the catalyst
loading, however, a full suppression of the dehydration rate was not achieved by either
pyridine or DTBP. Our observations for cyclohexanol in-situ titration apparently contrast
those reported by Macht et al. for gas-phase 2-butanol dehydration on various supported
tungstate catalysts; those authors showed that titrant uptakes were greater for pyridine
than for DTBP and that pyridine titration suppressed 2-butanol dehydration activity
almost completely’®. Rorrer and Bell also found for liquid-phase 1-dodecanol
etherification and unimolecular dehydration that no alkene was formed once all BAS on
WO,/ZrO, were poisoned by pyridine or DTBP at ~400 K.%¢
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Figure 4.1 (A)Titration of acid sites on an exemplary WO,/ZrO; catalyst. (See also S-
Figure 4.6-8 for the other two materials) All data points were from independent batch
measurements with varying concentrations of the titrant added in the mixture. Titration
experiments were performed at an alcohol concentration of either 0.11 M or 0.33 M. The
temperature is set to 423 K. (B) Base Titration of (18)WO,/ZrO, with DTBP at 423K or
453K for primary and secondary alcohols. For all linear alcohols the initial concentration
is fixed to 0.05 mol L™.

To address the origin of the different titration behavior, in-situ titration experiments
with DTBP were carried out varying the nature of the substrate from linear primary
alcohols (1-dodecanol) to linear secondary alcohols (2-heptanol, 2-dodecanol). The
formation rate (Figure 4.1(B)) of the tungstated zirconia catalyst being considered as
covered by a WOx-monolayer becomes suppressed from originally ~40 pumol gear? (2-
heptanol) to a plateau at around ~4 pmol geart When increasing the base concentration.
Similarly, the dehydration rate of 2-dodecanol is suppressed from ~31 umol gear* to ~2
umol gear’. Thus, the plateau regime of the linear secondary alcohols is much less in
activity when comparing the rate ratio: rate(total observed rate)/rate(post-titration). This
ratio is 3 for cyclohexanol over 18WO,/ZrO,, 10 for 2-heptanol and 12 for 2-dodecanol.
For better comparison to Rorrer and Bell ?® the same analysis was carried out for a
primary alcohol (1-dodecanol). The rate gets suppressed by a factor of 11 for 1-
dodecanol. Note that the actual titrated sites with linear (long chain) alcohols are less
than compared to titration with cyclic cyclohexanol. One possible explanation for the
diverging site counts, assuming the used catalyst batch for these experiments is identical
in site counts as for CyOH-titration, could be steric effects of the linear alcohols,
considering a portion of sites being inaccessible for these classes of alcohols. The active
sites would be potentially strong BAS, as their rate could be suppressed to a minimum.
Inaccessible BAS and LAS do not contribute significantly to the activity, so near complete
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titration is possible. These results suggest that our observations in Figure 4.1(A) do not
fully contrast Rorrer and Bell. % Titration of cyclohexanol dehydration with a significant
plateau activity at high base concentrations, is most likely due to the cyclic secondary
alcohol structure of cyclohexanol, accessing additional sites for reaction. For
completeness, we tested the acid site counts and found them not to be function of
temperature or alcohol concentration, when obtained with in-situ titration approach (S-
Figure 4. 9-10).

In the present work, piperidine did not affect the post-titration activity on WO,/ZrO,
catalysts. For this series of catalysts, the maximum uptake of piperidine was significantly
higher than of those of the two pyridines (Figure 4.1(A)). This is expected, since
piperidine being a stronger base than the pyridines and should be able to probe both
strong and relatively weak acid sites.>® However, the same residual activity after reaching
maximum uptakes of the three bases on (18)WO,/ZrO; indicates that the sites, which
cannot be titrated by pyridine but can bind piperidine, are inactive for dehydration. The
concentration of these inactive sites on WO,/ZrO., may be estimated from the difference
between pyridine and piperidine uptakes, which was the smallest on (37)WO,/ZrO- with
the lowest dispersion of WOx domains. The remaining active sites on WO,/ZrO, after
piperidine titration appear to be substantially weaker in acid strength such that even
piperidine cannot be adsorbed on these sites.

Altogether, we have on WO,/ZrO- catalysts at least three classes of sites: (1) active
sites that bind all three titrants and are the major contributor (70-90% at 423 K) to
catalytic activity; (2) weak acid sites that do not bind pyridine/DTBP, but bind piperidine,
and are inactive for dehydration; (3) weak acid sites that bind none of the N-titrants, but
which are catalytically active (10-30% of total activity). The inactive acid sites and those
responsible for the residual dehydration rates may be weak BAS or LAS, though their
precise chemical identities cannot be determined from these experiments. Itis interesting
to consider the fact that type 3 sites are not capable of binding piperidine but can catalyze
dehydration, while type 2 sites can bind piperidine but cannot catalyze dehydration. It is
unlikely that both are classifiable as BAS, because in such cases, the weaker sites (type
3, active, non-piperidine-binding) should not show a higher catalytic activity than the
stronger sites (type 2, inactive, piperidine-binding). In turn, it may be argued that type 2
and type 3 sites are of disparate nature, one being BAS and the other being LAS. We
conclude that the pyridine/DTBP poisons these active BAS, while terminal W-OH and Zr-
OH, as well as peripheral W-O(H)-M (M = Al, Zr) structures, are potential candidates for

weak, inactive BAS. Because the Zr-OH groups are minimally exposed on catalysts
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covered with tungstate-monolayers or crystallites (S-Figure 4.5), the weak BAS are more
likely to be W-OH linkages on (18)WO/ZrO, and (37)WO,/ZrO:..

The site counts of relatively strong and catalytically relevant BAS were obtained
from the uptakes of DTBP (or pyridine), assuming that DTBP adsorbs on these sites with
a 1:1 stoichiometry. Although these BAS concentrations did not entirely follow the same
trend as the values obtained from the quantitative analysis of IR spectra of adsorbed
pyridine (i.e., gas phase measurements, S-Table 4.4, S-Figure 4.5), the set of values
were of comparable magnitude to each other. For example, in situ titration experiments
gave BAS concentrations of 6, 100, 67 umol g* for the three WO/ZrO, catalysts,
compared to 2, 60, 11 umol g* determined by IR (S-Table 4.4). According to the in situ
BAS counts, the HW ratio drastically increased from 0.014 (submonolayer) to 0.141
(monolayer) and then decreased to 0.037 (supramonolayer) with increasing WOy loading
on ZrOz, which is in line with previous findings.3¢

Surprisingly, the maximum uptake of pyridine was either identical to, or slightly
higher than (likely for steric reasons), that of DTBP, which suggests that during liquid-
phase catalysis, pyridine is almost exclusively adsorbed on BAS while being hardly
adsorbed on the LAS. In contrast, a substantial amount of LAS was probed by pyridine
during gas-phase IR measurements, though a large fraction of those appeared to be
rather weak in acid strength (S-Table 4.3). Moreover, pyridine was found to saturate both
BAS and LAS on tungstate catalysts during gas-phase dehydration of 2-butanol.21° In
line with our observation, however, Rorrer and Bell found that pyridine and DTBP
uptakes required to fully suppress liquid-phase etherification and dehydration rates of 1-
dodecanol were nearly the same on a WO./ZrO, catalyst.?® These results lead us to
hypothesize that the very different conditions for gas-phase and liquid-phase
experiments, including the adsorption of alcohol and solvent on BAS and LAS for the
latter case, are responsible for such discrepancies in the binding ability of pyridine on
BAS and LAS.

Turnover frequencies (TOFs) were obtained by normalizing the mass-specific rates
to the site counts determined by in situ titration. The TOF (corrected rates for post-
titration activity) of the catalytically relevant BAS was estimated to be 0.02-0.07 s*
among the three catalysts at 423 K and increasing with the weight loading. The remaining
activity after pyridine/DTBP titration was substantial, accounting for 10-30% of the total
activity (Table 4.2 and Figure 4.1). From this data it was not possible to obtain upper-

bound estimates for the concentration of catalytically active LAS.
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4.4.3) Rate dependences on the alcohol concentration over tungstate

catalysts

It has been well established that alcohol dehydration rates on Brgnsted acidic solids

(zeolites and polyoxometallates) in the gas phase and in apolar liquids decrease

asymptotically with increasing alcohol partial pressures or concentrations 2°5-5% This

characteristic feature, often attributed to the formation of a much less reactive surface

dimer species on BAS, is also observed here over the series of tungstated catalysts at a

temperatures of 423 K (Figure 4.2 (A)). A typical reaction mechanism accounting for such

kinetics

involves the monomer- and dimer-mediated pathways that have been

extensively discussed in prior contributions.?*° This mechanism (Figure 4.3) appears to

be universally applicable for BAS-catalyzed alcohol dehydration, as long as the dimer

formation is not prohibited by spatial constraints.
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Figure 4.2 (A) Rates of cyclohexene formation as a function of cyclohexanol
concentration. Cyclohexanol dehydration was performed in an alcohol concentration
range of 0.05-1.0 M in decalin (other conditions: 0.05-0.4 gca, 40 bar N, 423 K,
conversion < 20%). Rates were corrected for residue activity (B) and normalized to

titratable BAS counts (C).
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Based on the mechanism illustrated in (Figure 4.3), the following rate expressions
have been derived for olefin formation via monomer- and dimer-mediated elimination

routes on catalytically active BAS:

rpas _ kmKi[CyOH]+kpK, K, [CyOH]?
[H], 1+K;[CyOH]+K,K,[CyOH]"

(Eq. 4.1)

where kv and kp are the intrinsic rate constants of water elimination from the monomer
and dimer pathways, respectively; K is the equilibrium constant for alcohol adsorption
on the BAS and K3 is the equilibrium constant for alcohol dimer formation from an alcohol
monomer interacting with a liquid-phase alcohol; [H']o represents the pyridine-titrated
concentration of BAS (Table 4.2). These equations and their derivations have been
reported previously 2°, so the details are not repeated here. While Eq. 4.1 is the general
form of rate expression encompassing all coverages, Eqg. 4.2 can be derived by
assuming active BAS to be fully covered with alcohol-derived species (1 <<
K4[CyOH]+K4K,[CyOH]?):

Ipas :kM+kDK2[CyOH]
[H+]0 1+K,[CyOH]

(Eq. 4.2)

At both low and relatively high concentrations of cyclohexanol, modest H/D kinetic
isotope effects (KIEs) of 1.2-1.4 were registered on representative WO,/ZrO, catalysts,
suggesting that both monomer and dimer routes proceed via rate-determining C-O bond
cleavage with limited C-Hg bond cleavage at the transition state.

However, Eq. 4.2 only considers the rate contribution from the pyridine/DTBP-
titrated BAS, while we clearly showed the presence of another set of catalytically active
sites (Figure 4.1 (A)). Distinct from the negative rate dependence on alcohol
concentration for the pristine catalysts, the rates measured on the counterparts pre-
titrated with pyridine (separate batch experiments) were insensitive to changes in the
alcohol concentration (Figure 4.4). The zero-order kinetics on the pyridine-poisoned
catalysts suggests that the active sites that persist after pyridine titration are not BAS,
which would exhibit decreasing activity with increasing cyclohexanol concentration
(assuming the same behavior as delocalized protons). In turn, these results add further
evidence, in addition to arguments presented in the previous section, that LAS are

responsible for the residual activity after pyridine/DTBP titration.
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Figure 4.3 An illustration of a plausible sequence of steps involved in intramolecular
dehydration of cyclohexanol catalyzed by BAS on tungstate domains. 2°3°

For the studied WO./ZrO, (18 and 37 wt% WOs-loading) catalysts with
(supra)monolayer coverages of WOyx domains, the support surfaces are minimally
exposed, as demonstrated in previous works”14%6 and verified here (S-Figure 4.3) by IR
spectra of CO, adsorption showing no carbonate formation (CO, adsorbs on ZrO; but
not on WOs3). Moreover, bare ZrO, supports showed negligible activities at these
conditions (S-Table 4.2). Thus, sites on support surfaces are not responsible for the
residual rates after titration with pyridine or DTBP. Instead, tungsten centers must
represent the major form of LAS that are active on these catalysts. As a result, the
additional sites that are titrated by piperidine on (18)WO./ZrO, and (37)WO./ZrO,
catalysts are concluded to be weak BAS that do not retain pyridines and are inactive for
dehydration.

To provide insights into the mechanism of LAS-catalyzed dehydration, H/D KIEs
were measured for the pair of non-deuterated and perdeuterated cyclohexanol reactants
on the pyridine-poisoned catalysts where only LAS are active for dehydration. Given that
the dehydration of alcohols on metal oxides (e.g., TiO2, ZrO2, y-Al,O3) preferentially
proceeds via an E2-type elimination route requiring Lewis acid-base pairs and involving
a transition state (TS) with some carbenium-ion character?®, the magnitude of KIEs likely
reflects the different progress of bond breaking and making in the concerted elimination
TS, rather than a shift in the RDS for a stepwise elimination route. H/D kinetic isotope
effects measured for pyridine-titrated WO,/ZrO, catalysts on which all catalytically
relevant BAS were poisoned and only LAS remained available for catalysis, showed a
KIE of 1.4 (for (18) WO,/ZrO5) and 1.4 (for (37) WO,/ZrOz). These modest KIEs typically
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arise from rehybridization of the C, from sp® to sp?, indicating a substantial degree of Cq-
O bond cleavage in the TS of the rate-determining step (RDS).%” It may be that the Cg-
H(D) bond cleavage (proton abstraction) does not substantially occur, or that both the
Cg-H(D) bond scission and the Oca-H(D) bond formation are almost complete, or that the
TS is nearly symmetrical with respect to the Cg-H(D) bond scission and Oca-H(D) bond

formation.
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Figure 4.4 Insensitivity of olefin formation rate to the variation in cyclohexanol
concentration on pre-titrated tungstate catalysts. Titrant concentration (pyridine) was
chosen to ensure a complete suppression of BAS activity on both materials. Other
conditions were: 423 K, 40 bar, 0.1 gcat

Knowing the main contributor to the activity being (titratable) BAS and tungsten
centers (LAS) being responsible for the residue activity, the total rate equation can be

expressed as Eqg. 4.3 comprising rate contributions from catalytically active BAS and LAS

(reastrias):

ltotal = TBas + (Las = [BASITOFgys + [LASITOF 45 (Eq. 4.3)

in which ras corresponds to the residual rate after pyridine/DTBP titration. At full

coverages of both BAS and LAS, we have:
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_ kM+kDK2[CyOH]
rtotal - [B ] 1+K2[CyOH]

+ [LAS]kp 45 (Eq. 4.4)

in which kias is the zero-order rate constant (equal to rates measured for LAS-catalyzed
dehydration in zero-order regime, Figure 4.4).

For the present study, Eq. 4.2 and Eq. 4.4 satisfactorily describes all experimental
data measured at temperatures no higher than 453 K. Further increasing the temperature
caused the fraction of unoccupied BAS to increase and the formation of surface alcohol
monomers and dimers to become less favorable (more so for alcohol dimers than for
monomers). Consequently, the reaction order in alcohol eventually shifted to positive
values at T > 453 K (not shown). We restrain the analysis to the kinetic regime with
negative reaction orders, for which the TOFgas-concentration curves can be obtained
with Eqg. 4.2 to calculate the intrinsic kinetic and thermodynamic parameters (kwv, ko and
K2). A detailed analysis of the activation parameters is beyond the scope of this work, it

requires high quality data for multiple temperatures and can be subject to future studies.
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4.5) Conclusion

Alcohol dehydration reactions on tungstate zirconia catalysts can be titrated in
condensed apolar phase by base molecules such as pyridines or piperidines. In contrast
to gas phase results, where uptakes were greater for pyridine than for DTBP both yield
in condensed phase approximately the same uptake. The steric hindrance of the alcohol
determines the titration behavior, as it was shown for cyclic, secondary alcohols, and
show a significant residue activity when titrated by strong bases, while rates of primary
(long chain) alcohols can be suppressed to near total loss of activity. The activity in apolar
phase comes dominantly from BAS sites, catalyzing the reaction via a monomer- and
dimer-mediated route, which is known in the literature for zeolite catalysis and as we
have shown are also true for mesoporous mixed oxide systems. Beyond that we showed
that weak Lewis acid sites contribute to up to 30% of the overall activity, following an E2-

like mechanism.
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4.6) Supporting Information

Distinct pathways of cyclohexanol dehydration on Lewis

and Brgnsted acid sites of tungsten-oxide based catalysts

Content:
Supporting kinetic analysis:
Supporting characterization:

Stability tests:
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S-Table 4.1 General properties of the tungstated catalysts studied in this work. See also
40

_ W-surface
WOy-loading  BET surface area _
Catalyst density
(Wt.%)? (m2 g?) (W nm2)
(8)WO/ZrO> 8 90 2.3
(18)WO/ZrO2 18 106 4.6
(37)WO,/ZrO:2 37 50 19.5

a@Measured loadings in the form of WO:s.

S-Table 4.2 Measurements of the catalytic activities of bare supports. Conditions: 0.4 g
of catalyst, T = 443 K, 40 bar Nz and 0.33 M CyOH in decalin.

BET surface

Support area Olefin formation rate
m2 gt umol stgcar?
ZrO; 166 <103
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4.6.1) X-ray diffraction

Intensity (a.u.)

crystalline WO,
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—WO /0,
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S-Figure 4.1 XRD patterns of tungsten catalysts supported on ZrO,, purchased from
MEL Chemicals. The surface W density is varied by increasing the calcination
temperature. The calculated W surface densities are 4.1, 5.6 and 20.4 W nm?,
respectively, with increasing calcination temperature from 973 to 1173 K. Crystallite sizes
of WOy estimated by line broadening analysis are compiled in S-Table 4.2.

4.6.2) Raman spectra
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S-Figure 4.2 Raman spectra for two selected tungstated zirconia catalysts, one below
monolayer coverage (1.2 W nm™), the other around monolayer coverage (4.6 W nm?).
Raman features of W-O-W linkages at 805 cm™ are detectable after reaching the

monolayer coverage (~4 W nm) on ZrO,.
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The Raman spectra of supported WO,/ZrO: catalysts show bands attributed to crystalline
m-WO3 (133, 178, 187, 272, 327, 417, 437, 448, 715, 805 cm™?), with the most prominent
features appearing at 715 and 805 cm, while vibrations of the crystalline ZrO, support
dominate at lower Raman shifts.'? For all oxide-supported materials, the feature at ~805
cm? is the most dominant irrespective of the W loading. On ZrO,-supported tungstate
materials, this band becomes detectable only after reaching the monolayer coverage.
Note also the Raman features (950-1015 cm™) that reflect a distribution of distorted WOs
units in the framework associated with surface O=WOs4.

S-Table 4.3 WOy-crystallite sizes estimated using the Scherrer equation (N.D. = not
determined due to the lack of reflections).

Support wt.% WO3 Surface W dwox
density crystallites
(W nm?) (nm)
ZrO; 15 4.8 N.D.
ZrO> 15 5.6 8.8
ZrO; 15 20.4 38.7
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4.6.3) IR spectroscopy of adsorbed CO:2

- Adsorbed CO, species on (18)WO,/ZrO, (313K, 0.5 mbar)

Intensity (area/mass)

L -

T T T T T T T T T T T T I
3000 2800 2600 2400 2200 2000 1800 1600 1400
Wavenumber (cm™)

S-Figure 4.3 IR spectra of adsorbed carbon dioxide on one representative tungstated
materials. Bands of linearly adsorbed CO,, carbonates, bridged carbonates and
carboxylates are generally found at 2360, 1530-1620, 1620-1670 and 1350-1420 cm™,
respectively.

—— After heat treatment (723K, 1h, 10 bar) at 313K, 10°° bar
—— Adsorbed species (313K, 10°° bar)
—— After 2™ heat treatment (313K, 10°° bar)
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S-Figure 4.4 IR-spectra of adsorbed carbon dioxide on ZrO; (Zr(OH)4 preactivated at
973 K, 4 h in static air). Bands of linearly adsorbed CO,, carbonates, bridged carbonates
and carboxylates are generally found at 2360, 1530-1620, 1620-1670 and 1350-1420
cm™, respectively.
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Total pyridine adsorption at 423 K

— (8)W0,/ZI0,
—— (18)W0,/Zr0,
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S-Figure 4.5 Infrared spectra of tungstated zirconia catalysts with adsorbed pyridine.

4.6.4) Titration of acidic sites during cyclohexanol dehydration

S-Table 4.4 BAS and LAS concentrations measured by IR spectroscopy of pyridine
adsorption on the studied tungstated catalysts.

Catalyst BAS (Pyr-IR)® LAS (Pyr-IR) BAS (Pyr-IR)® LAS (Pyr-IR)?
umol g umol g pumol g* umol g*
(8)WOL/ZrO> 2 39 1 25
(18)WO,/ZrO;, 60 103 24 43
(37)WO,/ZrO; 11 22 1 2

a Determined by quantitative analysis (integrated areas) of IR bands of pyridinium ions (~1540
cmt) and coordinatively bound pyridine (~1450 cm-?), respectively. Pyridine adsorption and IR
measurement was both performed at 423 K.
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Liquid phase (in-situ):

Piperidine concentration (umol g, %)

0 50 100 150 200 250 300
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S-Figure 4.6 Titration of (8)WO,/ZrO with pyridine (black, x-axis bottom) and piperidine
(red, x-axis top) at 423 K and 0.11 M cyclohexanol. The value from which an increase of
base molecules did not cause any further rate-suppression is depicted as guidance. Note
that the x-axis represents the theoretical base uptakes. After no further suppression is
possible, the remaining base is solvated in the bulk liquid. Also note that the initial CyOH
concentration has no impact on the number of titratable sites (See S-Figure 4.7).

Piperidine concentration (umol g, ")
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S-Figure 4.7 Adapted from Figure 4.1(A) (main text). Titration of (18)WO,/ZrO, with
pyridine (black, x-axis bottom), DTBP (blue, x-axis bottom) and piperidine (red, x-axis

134



top) at 423 K and 0.11-0.33 M cyclohexanol. The value from which an increase of base
molecules did not cause any further rate-suppression is depicted as guidance. Note that
the x-axis represents the theoretical base uptakes. After no further suppression is
possible, the remaining base is solvated in the bulk liquid. Also note that the initial CyOH
concentration has no impact on the number of titratable sites (See S-Figure 4.7).

Piperidine concentration (umol g, ™)
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14 1 1 1 1
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S-Figure 4.8 Titration of (37)WO,/ZrO, with pyridine (black, x-axis bottom) and piperidine
(red, x-axis top) at 423 K and 0.11-0.33 M cyclohexanol. The value from which an
increase of base molecules did not cause any further rate-suppression is depicted as
guidance. Note that the x-axis represents the theoretical base uptakes. After no further
suppression is possible, the remaining base is solvated in the bulk liquid. Also note that
the initial CyOH concentration has no impact on the number of titratable sites (See S-
Figure 4.7).
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To test if the titration method has a function of initial concentration, titration was carried
out at two different initial concentrations. The results suggest that the site counts are

independent of the initial alcohol concentration.

(37)WO,/Zr0,, 423 K

14 4
PPy |
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Y
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Pyridine concentration (umol g ")

S-Figure 4.9 A) Titration of (37)WO/ZrO; with pyridine (0.33 M initial CyOH-
concentration) and DTBP (0.11 M initial CyOH-concentration) at 453 K
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To test if the titration method has a function of temperature, titration was carried out at
two different reaction temperatures. The results suggest that the site counts are
independent of the temperature (in this particular regime, increasing the temperature

drastically will result in a different adsorption behavior of the tirant).

(8)WO,/Zr0,, 0.11 M(CyOH)
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S-Figure 4.10 Titration of (8)WO./ZrO, with pyridine (0.11 M initial CyOH-concentration)
at 423 K and 443 K.
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4.6.5) Note on the mechanism causing a negative fractional order
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S-Figure 4.11 (Adapted from main text). An illustration of a plausible sequence of steps
involved in intramolecular dehydration of cyclohexanol catalyzed by BAS on tungstate
domains.

Based on the mechanism illustrated in the above Figure, the following rate expressions
have been derived for olefin formation via monomer- and dimer-mediated elimination

routes on catalytically active BAS (see main text for references):

rpas _ KmK4[CyOH]+kpK4K,[CyOH]?
[H], 1+K([CyOH]+KK,[CyOHP

(Eq. 4.1)

Considering that the rate constants (kw and kp) and equilibrium constants (K; and K3) are
temperature dependent one can simulate the shape of the concentration function. ky and
ko will increase with temperature (T1 < T2 < T3) while K; and K will decrease. Depending
on the parameters one can yield experimentally a clearly negative fractional order or a
positive order flattening at higher alcohol concentrations. The temperature function on
the parameters are unknown and are likely different among the parameters. However,

this gives a first impression on the complexity of the reaction system.
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S-Table 4.5 Kinetic regimes in apolar phase CyOH-dehydrations

o —T1
o —T2
|_

T3

0 2 4 6 8 10
CyOH-concentration (mol L)

S-Table 4.6 Parameters used for simulation of kinetic regimes of the above figure

Parameter T1 T2 T3
Km 30 60 90
kp 2 4 8
K1 100 10 1
K> 10 1 0.1
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5) Summary and Conclusion

The summary section is based on references to Chapter 2-4. See the main text for

references to related literature.

In zeolites Brgnsted acidity is introduced into the microporous framework through
the addition of framework aluminum, which creates in the presence of water in the limited
volume of the microchannels of zeolite H-MFI a high concentration of hydrated
hydronium ions at aluminum sites. The catalytic activity of these constrained hydronium
ions is up to two orders of magnitude higher than the respective specific activity of
hydrated hydronium ions in an aqueous acid solution as probed by alcohol dehydration.
In zeolites, the resulting high charge density creates a highly non-ideal solvation
environment, in which the proximity between the molecules is enhanced, which has been
shown in literature to lead to an increase in the activity coefficient of organic molecules
in the zeolite pores. The impact on activity coefficient directly translates to a increased
excess chemical potential of sorbed and uncharged organic reactants. For cyclohexanol
dehydrogenation, the charged carbenium-ion transition state was in addition stabilized,
the activation barrier in consequence reduced and the reaction rates were observed to
be higher.

Rates were analyzed for a set of zeolites varying BAS concentration from 0.054
to 0.86 mmol/gue. The reaction rate is observed to be independent of the aqueous phase
concentration of cyclohexanol. However, the activity is a function of the BAS
concentration in a volcano-like shape, with a maximum at ~0.36 mmol/gur. The
increasing part of the function on BAS concentration [BAS] arises from the micropore
volume, creating together with the BAS counts an enhanced charged and constrained
environment with a increasing ionic strength along the [BAS] coordinate. As cyclohexanol
is a neutral molecule in the ground state, while it is a positively charged cyclohexyl
carbenium ion in the transition state, we show that the uncharged species get unstabilzed
with increasing ionic strength, while charged species become stabilized in ionic
environment. The increasing function of TOF over ionic strength is also observed for
soluble acids, such as hydrochloric acid, in an artificial ionic environment created by LiCl
addition. Both types of ionic strength (“external” via LiCl addition and “internal” via
constrained BAS concentration) are comparable. We showed that partly exchanged H-
HMF with Na*® (up to 75% exchange degree), have higher TOFs than H-MFI with the

same BAS concentration, due to higher local ionic strength.
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However, we observed in contrast to HCI, that H-MFI plotted as a function of ionic
strength drops at higher ionic strength. We show that the decrease in rate is due to a
decrease in distance of hydronium ion boundaries. A critical distance is observed at
which the volume between two neighboring hydronium ions is equal to the van der Waal
volume of cyclohexanol. This causes a repulsion that increases the energy of the TS and
consequently decreases the TOF due to a higher activation barrier.

The alcohol dehydration reaction was further carried out using a series of
hydrothermally stable supported tungstate catalysts. In analogy to reaction on H-MFI we
demonstrate that hydronium ions constrained within the electrical double layer (EDL) of
mesoporous surfaces show a marked dependence of TOF on constrained proton
concentration. This site-specific activity increases with the density of (HzO")nyar. in the
layer above the solid surface. The maximum TOFs rival the most active zeolite catalysts
for the same reaction.

The ability of oxide-supported tungstates to delocalize hydronium ions in the EDL is
a function of the surface tungstate domains. We show that from isolated monotungstated
to two-dimensional polytungstates TOFs are a steep function of surface W density up to
monolayer coverage. Exceeding monolayer coverage the activity becomes independent
of the W-surface density and structural changes of tungstate. Moreover a substantial
support effect (Al.O; < ZrO, < TiO2 <C) on activity is reported. We show via KIE
measurements that these differences are not caused by changes in the reaction
mechanism or rate-determining step. We demonstrate that TOFs increase with the
estimated hydronium ion concentrations in the EDL (with increasing proximity of
hydronium ions localized in the EDL) over the negatively charged WOx-domain. Similar
to the above discussed ionic strength effect in zeolites our findings reflect the impact of
ionic strength, H-bonding and the associated variations in electrostatic forces on the
stability of the positively charged deprotonation transition state in the EDL.

In contrast to aqueous phase alcohol dehydration over tungstate zirconia catalyst,
the elimination reaction in aprotic solvents proceeds via a monomer- and dimer-mediated
pathway over Brgnsted acid sites (bridging OH-groups, not hydronium ions). In contrast
to literature we report three kinds of surface sites on WO,/ZrO- catalysts. We identify and
quantify active sites (BAS) that bind strong and weaker bases and contribute
predominantly to the catalytic activity. However, we also identified weak acid sites that
do not bind pyridine/DTBP, but bind piperidine (stronger base), and are inactive for
dehydration. In contrast to literature, we further recognize weak acid sites that bind none
of the investigated N-titrants, but which contribute to the catalytically activity. We show
that the latter sites are Lewis acidic and catalyze the reaction via a E2-pathway.
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