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God not only plays dice, he throws them in the
corner where you can't see them.
- Stephen Hawking
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Abstract

Abstract

Reactions in condensed matter in nanoporous confines such as
in zeolites are controlled by the nature of the active species and
the organization of molecules in it. In aqueous phase,
hydronium ions catalyze the alkylation of arenes with ethanol.
The concentration of hydronium ions is determined by the
concentration of aluminum in the zeolite lattice. The rate
normalized to hydronium ions is constant for a particular pore
size, while also limits the degree of hydration of the hydronium
ion. The alkylation rate in aprotic solvents is higher than in
aqueous phase because of lower energies of activation on
Brgnsted acid sites.

Kurzfassung

Reaktionen in kondensierter Phase in Nanoporen von Zeolithen
werden von der Art der aktiven Spezies und der Sie
umgebenden Molekile kontrolliert. In waéssriger Phase
katalysieren Oxoniumionen die Alkylierung von Aromaten mit
Ethanol. Die Konzentration der Oxoniumionen wird von der
Menge an Aluminium im Zeolithgitter bestimmt. Die
Oxoniumionen normalisierte Rate ist konstant fur eine

v
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bestimmte Porengrofle, welche auch den Grad der
Solvatisierung  der ~ Oxoniumionen  bestimmt.  Die
Alkylierungsrate in aprotischen Lésungsmitteln ist héher als in
waéssriger Phase aufgrund einer niedrigeren

Aktivierungsbarriere tiber Brgnstedsaurezentren.
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Chapter 1

Introduction

1.1 Carbon dioxide and global warming

It has been more than a century since the Swedish scientist
Svante Arrhenius has discovered and quantified the
contribution of carbon dioxide on the greenhouse effect.! His
worries were concerning a possible drop in temperature leading
to an ice age, which could be caused for example by adsorption
of CO- by sea water and lime stone. However, Arrhenius also
recognizes that “by the influence of the increasing percentage
of carbonic acid in the atmosphere, we may hope to enjoy ages
with more equable and better climates, especially as regards the
colder regions of the earth, ages when the earth will bring forth
much more abundant crops than at the present, for the benefit
of rapidly propagating mankind”.? His believe in positive
effects of global warming might have been influenced by his
desire of a Mediterranean like climate in Sweden, but probably
also by his estimation of a slow increase in CO,, e.g. a doubling
of CO; partial pressure within 3000 years, based on the annual
coal production of 5000 tons/year. The hypothesis about the

1
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influence of carbon dioxide on the temperature has not changed
significantly ever since. A doubling of the CO; partial pressure
increases the temperature between 2 °C and 4 °C. What
Arrhenius could not predict was the rate of CO; emission by

mankind. It has changed dramatically since then (Figure 1.1).
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Figure 1.1: Past and future carbon dioxide atmospheric
concentrations®

While ice core data reveals a constant level of atmospheric
carbon dioxide of about 280 ppm, the concentration is raising
since the beginning of the industrial revolution in the mid of the
19" century and increases exponentially since the beginning of
the 20" century. This increase is partly related to natural
phenomena like volcano eruptions and forest fires. The larger

impact however seems to be human related. Between 1970 and

2
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2004, the emission of anthropogenic carbon dioxide has
increased by 80 % from 21 gigatons to 38 gigatons. According
to the report, more than 60 % of the emitted climate gases are
emitted by burning fossil resources. Next to energy supply,
industry, forestry and transportation are the largest contributors.
As already predicted by Arrhenius, global warming is
happening everywhere around the world, thus affecting all
human, animals and plants. The temperature increase is not

evenly distributed as depicted in Figure 1.2:
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Figure 1.2: Global and Continental temperature change over
the last century*
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While for instance the temperature increase in Australia is only
about 0.5 K over the last century, it has increased over 1 K in

Europe and North America.

Impact of climate change

According to the 2007 IPCC report, the change in climate hast
substantial consequences. At the outset, sensitive unique and
vulnerable systems such as high-mountain or polar ecosystems
are endangered by climate changes. Biodiversity hotspots such
as coral riffs are threatened. The melting of the polar caps and
glaciers not only lead to depletion of potable water but also
raises the sea level. This would result in a higher risk of floods.
Retreating permafrost has the potential to release huge
quantities of methane and other greenhouse gases promoting the
global warming. Following the hypothesis of the authors, the
risk of extreme weather events is more likely. They assume that
there will be more droughts, heat waves and floods. These
catastrophes can cause direct damage e.g. to infrastructure or
wild forest fires and is also able to affect food production.
Additionally, the increasing water temperature and acidification
of oceans can cause the extinction of certain marine wildlife
which would result in a depletion of fish stock which is a food
source for millions around the globe. On this scale, not only

4
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ecological but also economic consequences can be caused by

global warming.

1.2 Global energy demand

Attempts are made to limit the emission of greenhouse gases.
To limit fossil fuel consumption, two promising alternatives are
emerging. One approach is to use renewable energies such as
solar, wind, tide or hydro energy. Despite the different origin of
energy being exploited, the resulting source of energy is mostly
electric. To use the electric energy, alternative approaches to the
internal combustion engines (ICE) must be developed. While
electrical power trains are able to compete with conventional
ICEs, the power supply remains a challenging task. An average
gasoline tank can be refilled within minutes and allows a range
of more than 300 miles, which by an electric storage system
cannot possibly be reached at the moment. The only relevant
electric storage technology until now is the Li-ion battery
representing more than 63% of the world’s application in 2000.
Although electrification of mobility recently experienced an up-
rising development and importance, the transportation sector is
still dominated by the use of liquid fuels. Mainly owing their
high volumetric energy density, liquid fuels are ideal for mobile

applications such as ships, planes and the automotive sector.
5
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The established dominance of ICEs supported by its dense
infrastructure for supply and production of liquid fuels
contributes critically to the standing of such energy carriers.
Various sorts of fuels are available. They can be classified by
their origin. The most prominent fraction of the worldwide
consumed energy carrier are fossil fuels. They are produced by
industrial scale refining of crude oil. The composition of the
crude oil dictates the quantity of obtained fractions in the
refinery. A typical product distribution of refined crude oil
covers the entire range of hydrocarbons such as light alkanes
and olefins, paraffins, naphtha, aromatics, lube base oils and
heavier residues. Additional treating yields in high valuable
fuels such as kerosene, gasoline and diesel, which are amongst
the three most important fuels for mobile applications. On the
background of an increasing demand of high energy fuels, a
rising awareness of global warming and the depletion of
conventional energy sources, a variety of attempts have been
made to develop biofuels which are directly produced from
biomass thus implementing fuel production and emission in the

natural carbon dioxide cycle.
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1.3 State of the art and future perspectives of
biomass energy carriers

Although, progress has been made concerning the exploitation
of renewable resources and their utilization as bio fuel
production, there are still open concerns regarding ethical issues
and general acceptance. The most promising carbon-based
source for fuel production is biomass. Biomass includes mostly
waste from agriculture and lumber industry and other organic
containing waste.® Nowadays, two alternatives generating
liquid fuel are applied on an industrial scale: Bio-ethanol and
bio-diesel. Biodiesel is produced by transesterification of
vegetable oil (e.g. rape seed) with methanol resulting in methyl
esters of fatty acids.” One hectar rape yields an energy
equivalent of 1400 liter diesel.® Another alternative can be
found in bio-ethanol. Bio-ethanol is commonly used for
blending conventional gasoline with e.g. containing up to 10 %
in Germany (E10). Bio-ethanol is produced by fermentation of

cellulose and hemicellulose (Figure 1.3).
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Figure 1.3: Bio-ethanol production from hemicellulose and
cellulose feedstocks.

Along with lignin, which can only hardly be converted by
enzymes, they form the three most abundant polymers in
biomass. About 2500 L ethanol can be produced by one hectare
of cereal. This corresponds to an energy equivalent of about
1700 L of gasoline.® In 2015, the fossil fuel consumption in
Germany was 102 million tons, to which diesel and gasoline
contributed with about 37 and 18 million tons, respectively.® In
order to substitute the demand in only diesel and gasoline of
Germany in 2015 with conventional alternatives, an area as
large as Germany and Austria put together (44 - 10*km?) would
be required to be cultivated. This large demand in space rules
out those sources for fuels. The direct and indirect competition
of these resources with food and land which can be used

therefore, aggravate the problem.
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Lignocellulose biomass is often used as a term when wood and
other plant based materials are discussed.’® Biomass contains
three major polymer structures in varying fractions: Cellulose
(35— 50 %), hemi-cellulose (20 — 35 %) and lignin (5 — 30 %).%?
Cellulose is a biopolymer which consists mainly of B-D-
glucopyranose monomers which are inked via B—glycosidic
bonds.!! Hydrolytic deconstruction would result in glucose,
which is generally regarded as potential building unit for fine
chemicals.’>® Due to its lower degree of polymerization,
hemicellulose is more amorphous and can be depolymerized
under milder conditions than cellulose. The structure of
hemicellulose is not as homogeneous as that of cellulose
containing a variety of pentoses and hexoses which yield in a
hydrocarbon pool similar to conventional fuel by processing.
Lignin, the third major component of wood and straw derived
biomass is an amorphous polymer containing phenolic

monomers. 1415
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Figure 1.4: Structure of lignocellulose and the major
components it consists of. 16

Lignin is not edible thus does not compete with food and is a
cheap and abundant residue from lumber industry providing a
higher energy density compared to other biomass related
sources on a carbon base. Thus, lignocellulosic biomass is
considered as one of the most promising candidate blending and
substituting conventional fossil fuels which is the scope of the
following work and hence, more deeply analyzed in the

following sections.’

10



Chapter 1 - Introduction

1.4 Lignin

Lignin can be found in cell walls and is usually extracted from
wood. Lignin has 3 considerable roles: 1) providing a strong and
persisting structure to the plant, 2) conducting water due to its
lower hydrophilicity compared to cellulose and 3) sequestering
carbon dioxide from the atmosphere into the plant. The
composition of lignin varies and depends on its source. Lignin
derived from e.g. aspen consists of 63 % of carbon, 30 % of
oxygen, 6 % of hydrogen.*® Unlike cellulose and hemicellulose,
lignin can best be described as a highly branched aromatic
polymer consisting of 3 major monolignols: sinapyl alcohol,
coniferyl alcohol and p-coumaryl alcohol.’® Figure 4

schematically depicts a possible lignin structure.

11
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Figure 1.5: A representative structure of lignin is shown with
three monomer units: p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol.?°

Typically, the individual building units are linked by ethers and
furans. Some C-O-C patterns are typical for lignin. The most
common is the B-O-4 aryl ether linkage representing more than
50 % of all monomer couplings. Other prominent examples are
the B-5 phenylcoumarin which makes up nearly 10 % of all
ether bonds. Others, such as B-1 diphenylmethane, 4-O-5
diphenylether, a-O-4 and B- B’ pinoresinol are often reported.?
Lignin is primarily used for heat production by burning.
However, because of its high content in aromatic rings, it can
potentially be used as a source for fine chemicals. Most

importantly, it could be used to produce bio-fuel in the gasoline

12
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range by thermal decomposition and hydrodeoxygenation in the
near future. Although catalytic decomposition of lignin seems
promising, mass transfer to the catalytically active centers is
challenging.?? Therefore a multi-stage thermal decomposition
in the absence of oxygen would result in monomers and
oligomers which could be further processed catalytically with

existing catalysts.

1.5 Pyrolysis oil

One of the key challenges in substituting conventional fossil
fuels lies in the atom efficiency of biomass transformation
processes and a minimum of hydrogen input.?® Despite its
abundance, a major issue of lignocellulosic bio mass lies in its
complex chemical structure and the quality which depends
strongly on its origin. Additionally, the low energy density
compared to fossil resources makes transportation impractical.
One way to circumvent this issue is to concentrate the energy
density locally by thermal decomposition of lignin in order to
obtain pyrolysis oil. Pyrolysis oil is a complex mixture of
mainly water, sugars, phenols and small chain acids.?* This oily
emulsion is difficulty to characterize and stabilize.?® While
catalytic approaches proven to increase the carbon efficiency of

pyrolysis, the advantages are often counterbalanced by coke
13
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formation and catalyst decomposition due to the severe
conditions.? Pyrolysis of biomass yields in a large quantity of
water contaminated with small oxygenates such as small chain
acids, aldehydes and ketones.?"® Steam reforming could
potentially circumvent this issue, however, a lower carbon

efficiency of the overall process would be the result.?®

1.6. Catalytic conversion of lignin derived
phenols

Lignin contains only little amounts of nitrogen and sulfur,
however, due to its relatively high oxygen content,
hydrodeoxygenation (HDO) is required in the upgrading
process. A competitive reaction that goes along with HDO is
trans alkylation. Reaction conditions can control which of the
pathways dominates.®® HDO is an often preferred oxygen
removal reaction since the carbon number is retained in the final
product.®! A disadvantage however is high demand in hydrogen
in order to completely remove all hetero atoms (mostly oxygen)
to obtain pure saturated hydrocarbons.®? Typically, HDO is
conducted in a two stage process.® In a first step, highly
reactive oxygenates such as furfuryl alcohol which tend to
polymerize under more severe conditions are hydrogenated

under mild conditions, e.g. below 120 °C. In a second step,

14
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lignin derived phenols are converted. In the past, several
Molybdenum based oxygen removal catalyst were developed
for the HDO reactions.®*** However, sulfur incorporation into
products as well as low resistance towards water in the feed
identify molybdenum catalysts as unsuitable for such
application.®*3" Lercher et al. have extensively investigated
several combinations of acid and metal catalysts as well as
bifunctional catalysts thereof for the upgrading cascade of
lignin derived phenols in the agueous phase.®® While the metal
function provides hydrogenation activity, the acid sites are
active in dehydration of alcohols as well as in hydrolysis and
isomerization reactions. The overall kinetics and selectivities
are strongly dependent on the metal/acid site ratio. The
hydrogenation of phenol and its derivatives such as catechol,
guaiacol or eugenol typically yield primarily in cyclic Cs— Cq
ketones and in cyclic C¢— Cg alcohols as secondary products.
For these reactions metals such as Ni, Pd and Pt were used.3-4
The resulting alcohols can be dehydrated in an acid catalyzed
step which is at least two orders of magnitudes slower regarding
site normalized kinetics, e.g. turnover frequency (TOF).®
Mineral acids such as phosphoric acid or sulfuric acids yield in
olefins with high selectivities, however, the recovery of the
highly dilute acids is challenging and waste water treatment is

required making this approach unfavorable from an industrial

15
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point of view. This problem is often addressed by using solid
acids instead such as microporous zeolites. Besides dehydration
reactions, zeolites such as H-BEA catalyze alkylation reactions
of the resulting olefins resulting in bicyclic compounds. Besides
C-C coupling reactions, e.g. cyclohexene with phenol which
lead to 2- or 4-cyclohexylphenol, C-O coupling or ether
formation is promoted, for example cyclohexene reacting with
cyclohexanol yielding dicyclohexyl ether. However, ether
yields remain low since ether formation in aqueous solution is
reversible and C-C alkylation irreversible under these reaction
conditions.*?*® Possible acid catalyzed alkylation reactions of
phenol in the presence of a metal catalyst are schematically
depicted in Figure 1.6. In a final step of the cascade, olefins are
saturated yielding in fuel grade hydrocarbons. Owing their low
solubility in water, the HDO products form a separate organic
phase above the initial aqueous phase and can easily be

separated.

16
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1.7. Increasing hydrogen efficiency by C-C
coupling reactions

Apart from phenolic compounds, pyrolysis oil contains a large
fraction of small chain acids such as formic acid, acetic acid and
propionic acid which explains its average pH of 3. Depending
on the origin of the oil, the content of such acids is larger 10 %.
Processing these carboxylic acids in a conventional HDO
cascade would result primarily in small chain alcohols, which
will dehydrate yielding olefins and final saturation would result
in a light hydrocarbon fraction of C; — C4 such as methane,
ethane and propane. These molecules are less valuable than the

hydrogen which is required for reduction. An idea of
17
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circumventing this problem is to link such molecules upstream
prior to full reduction to molecules of the Cs— Co fraction which
would increase the carbon yield of the desired hydrocarbon
range and decrease the hydrogen consumption of the overall
process. One possibility would be the reduction of the
carboxylic acids to the corresponding alcohols, which could be
alkylated to the arenes of the lignin derived phenols. However,
conventional hydrogenation catalysts such as nickel, palladium
platinum and rhodium show several orders of magnitude higher
site normalized rates for ring hydrogenation than for carboxylic
acid hydrogenation. Recent reports have identified Cu alloy
metal catalysts as highly selective for carboxylic acid
hydrogenation even in the presence of aromatic molecules such
as guaiacol with high yields in the corresponding alcohols. In a
second stage, the alkylation of these small chain alcohols would
connect those molecules to the fraction of aromatic molecules
retaining the carbon number in the valuable gasoline fraction
and saving one hydrogen molecule equivalent, increasing the
efficiency of the whole process. A major focus of this thesis lies
in the alkylation of phenol with small chain alcohols such as
ethanol in condensed phase. The alkylation of arenes with
alcohols in general is a Bronsted acid catalyzed reaction.
Zeolites have been extensively studied for C-C coupling

reactions in the past. Especially the prevailing mechanism has

18
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been subject of many studies. Both kinetic investigations and
studies about the reactivity of ethanol confined in zeolite pores
have been initiated.>®® More specific, phenol alkylation
reactions with alcohols have been explored, however by far not
as detailed aiming at conversion rates and selectivies.5"" A
detailed summary of the alkylation mechanism and interactions
of alcohols with acidic zeolites is provided in the following
section. To begin with, the thermodynamic principles are

displayed.

1.8. Thermodynamic and kinetic principles

Generally, the rate of a chemical reaction depends on the
composition and temperature of a mixture.” In the following

section, these dependencies are discussed in more detail.

1.8.1. Reaction rate and rate laws

The reaction rate r is defined as the change in concentration of
a certain species in a defined time increment. Let’s assume the
reaction of molecules A to B with their stoichiometry factors a
and b:

aA->bB

19
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the time dependence of reactant A and product B can be

described as:

_1.diBl_ 1 dla)
T b dt  a dt (1.0)

Where [A] and [B] represent the concentrations of A and B.
The rate of reaction is always positive. A positive sign indicates
an increasing concentration over time, a negative symbolizes a
decrease in concentration over time. A mathematical solution of

the differential equation is often displayed as:
r=k-[A]" (1.2)

Where K is the rate constant and n the reaction order with respect
to compound A. The rate constant k is independent of
concentration but depends ion temperature. If more than one
reactant participates in a chemical reaction, the overall reaction
order is described as the sum of each individual reaction orders
with respect to each reactant. The unit of rate constants depends
on the global reaction order. For example, if concentrations are
measured in mol L™, an order of e.g. (n; + n;) would resultina
dimension of the rate constant of mol-(+m). |_(i+n)-1. g1 79 The

reaction order itself is unitless.

Both k and n can be measured for simple reactions using a set
of different experiments.” Equation 1.1 shows the dependence

of an observable, in this case the rate on the concentration. By
20
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taking the logarithmic form of 1.1, a linearization can be
obtained and the reaction order can be extracted as the slope

from a linear regression:
In(r) = In(k) + n In([A]) 1.3)

The rate of reaction can be obtained by two different methods.
The first one is the differential method or method of initial
kinetics.” Simplifications at low conversions allow to express

the rate equation as:
r =1/a'(d[A])/dt = —1/a-(A[A])/At (1.4)

The change in concentration of A is small and therefore the rate
is independent of reaction order. Usually, the method is
regarded as valid if the conversion is lower 10 — 15 %. At higher
conversions, the integral method can be applied in order to
extract the kinetic parameters k and n. With increasing reaction
time, the reactant concentration depletes and the consequence is
a significant drop in reaction rate for reactions with reaction
orders > 0. By plotting the concentration as a function of
reaction time, the reaction rate can be extracted from the slope.
Several rate equations including their integrated forms have
been reported.’®” Those equations can be used to fit the
experimental data. If neither of the methods can be applied to

the measured data, the observed rate might be only apparent and
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no order can directly be assigned. This is for example the case
for reactions of alcohols in aprotic solvents over solid acids.

This reaction will be discussed in more detail in Chapter 4.

1.8.2 Temperature dependence of rate constants

An increase in temperature accelerates reaction rates if no
external limitation such as mass transport applies.” In the late
19" century, Arrhenius explored the temperature dependence of
reaction rates and described it mathematically by a formula

which is nowadays known as Arrhenius equation:

k=Aert (1.5)
In(k) = In(4) — 22 (1.6)

Where A is the pre-exponential factor or frequency factor, E,is
the activation energy of the reaction, R is the ideal gas constant
(R =8.314 J K*mol?) and T the temperature in K. The pre-
exponential factor is a measure of collision frequency, i.e.
number of how often a molecule collides with an active site in
the right orientation to form a product per time unit, despite
reacting or not. A can be a function of temperature; however,

its temperature dependence is lower compared to the impact of
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the exponential term. Thus, the pre-exponential factor can be

regarded as temperature independent.”

The physical meaning of the activation energy lies in the
potential energy surface of one or more reactants towards one
or more products in a chemical reaction. After adsorption, the
reactant has to gain potential energy in order to overcome a
certain barrier. The point on the coordinate with the largest
energetic difference to the ground state is called transition state.
The required energy to overcome this transition state is called
activation energy. The x-axis symbolizes the reaction
coordinate, which represents all changes in movements,
distances or bond angles that take part in the reaction. The
reaction coordinate can also be considered as the pathway
between reactant and resulting product on a multidimensional
potential energy surface, which describes the potential energy
as a function of geometric configurations of all involved
species. In a cross section, the transition state is the global
maximum and the corresponding ground state the global
minimum. Having passed the transition state, the soon to be
formed molecules relax and lose potential energy until a final
stable state. To conclude, the activation energy describes the
minimum Kinetic energy of reactants required in order to react.
Usually, not all atoms or molecules in a reaction mixture
possess enough energy to reach transition state. The exponential
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“Ea
expression e Rt quantifies the fraction of collisions that have

enough energy to overcome the activation barrier.

1.8.3 Transition state theory

The transition state theory is an attempt to describe chemical
reaction Kinetics by applying statistical thermodynamics.®-82 In
this approach, equilibrium between the reactant ground state A

and transition state C* is assumed which eventually forms B:

ield
+ 2% p (1.7)

equilibrium

A result of this equilibrium assumption is the so called Eyring

equation:™
kT
ke=="2=-Ki (1.8)

Where kgis the Botzmann constant, h is the Planck constant and
K} the equilibrium constant between A and C*. A schematic

representation is provided in Figure 1.7
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Transition state (TS)

Free enthalpy

Product

A -
y

Reaction coordinate

Figure 1.7: Potential energy profile of a typical reaction.

Since equilibrium constants are defined via Gibb’s as:

-AGO

K =e rRT (1.9)
(1.8) can be reformulated in (1.10) as:

_AG*
k=" ¢Rr (1.10)
Where AG* is the free activation energy. By applying AG =
AH — TAS, equation (1.10) can be reformulated and the
activation entropy AS* and activation enthalpy AH* can be

extracted:
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kgT _AHF-TASH

k= ——-e RT (1.11)

This form can be linearized applying natural logarithm
according to (1.12) and (1.13):

kh —AH¥+TAS*
In (kBT) S (1.12)
F
In (kBT) R =221 As (1.13)

Equation 2.13 shows a linearized form of the Eyring equation
as a function of temperature. Plotting ln( )R as ordinate as

a function of T, gives rise to the activation enthalpy as slope
and the activation entropy as the intercept. For a bimolecular
reaction in liquid phase, the activation energy according to
Arrhenius and the activation enthalpy is separated by RT as

indicated by equation (1.14):

E, = AH* + RT (1.14)

1.9 Fundamentals of heterogeneous catalysis

In this section, fundamental aspects of heterogeneous catalysis
and chemical processes on solid surfaces are introduced briefly.

Especially emphasizing a deeper understanding for the rate
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deviations in Chapter 4 (alkylation in aprotic solvent) are

provided.

1.9.1 Adsorption

A widely used measure for the adsorption of a compound onto
a solid surface is the so-called surface coverage 0:

0= Noccupied (115)

Ntotal

Where n,ccupiea and niorq; are the occupied and the total
available sites respectively. The surface coverage can be
considered as a concentration of an adsorbate on the surface. In
physical chemistry, adsorption is classified as physisorption or
chemisorption. Physisorption describes adsorption lacking
directed bonding between adsorbate and surface. Main driving
forces for physisorption are dispersion forces or van-der-Waal
interactions which are of long range but weak compared to
chemical bonds. Physisorption is generally low in enthalpy.
Chemisorption contains directed bonding of adsorbate to the
surface. It is an activated process which requires activation
energy and a chemical reaction between adsorptive and surface
forms a new bond. The released heat is therefore larger
compared to adsorption of physisorbed nature. Usually, the

distance between adsorbate and surface is smaller in case of
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chemisorption. Regardless of the type of adsorption, adsorption
is a spontaneous process, hence the Gibb’s free energy involves
is negative. Upon adsorption, molecules lose translational
(mostly) and rotational (partly) degrees of freedom leading to a
process of negative entropy. Therefore, most adsorption

processes are of exothermic nature.

1.9.2 Langmuir Adsorption

All adsorption processes can formally be derived as the
interaction of adsorbate A with the surface S forming the

adsorbate species AS

A+S e 5 AS (1.16)

equilibrium
The rate of adsorption and desorption can be expressed as:

Tads = Kadas Pa Nree sites = Kadas Pa(l — ) Ngires  (1.17)
Tdes = Kdes Mo = Kaes 04 Nsites (1.18)

Where k.4 and k4. are the rate constant of adsorption and
desorption, p, the partial pressure of compound A and 6, the
surface coverage in A. The equilibrium adsorption constant

K45 Can be expressed as:

ka S
Kaas = 720 (1.19)
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Solving all equations for 6, gives:

6, = —adsPA_ (1.20)

1+Kads Pa

1.9.3 Catalytic Surface reaction

Having derived the surface coverage and initial kinetics is
applied (conversion below 10 %), the overall conversion can be
expressed as:

do,

r= dt = Tads = Tdes — Treact (1-21)

Generally, adsorption and desorption steps are significantly
faster than surface reaction thus the overall reaction can be

simplified to the surface reaction rate. Reformulating results in:

r= kreact Ngites GA (1'22)
dly
r= a4 Treact (1.23)
r= NsiteskreactKads Pa (124)
1+Kgdas Pa
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1.10 Zeolites as versatile acidic Catalysts

Zeolites are inorganic structures best described as 3-
dimensional tectosilicates. It is made up of [SiO4] tetrahedrons
and alumina tetrahedrons [AlO4]" as building units.®® These
tetrahedrons are linked at the corners forming secondary
building units (SBUs). By connecting various SBUs in a
periodical manner, multidimensional and well-defined crystal
structures can be formed. The so formed cavities connect with
each other forming a channel system of molecular dimensions.
The channel system can be one, two or three dimensional,
depending on the zeolite framework. An isomorphic
substitution of Si against Al changes the charge of a tetrahedron
from neutral to -1. Charge compensation is accomplished by
introducing cations such as metals (M*), ammonia (NH4*) or
protons (H*). Usually, zeolites are synthesized hydrothermally
and obtained in e.g. a sodium form containing Na* as counter
ions which are exchanged in solution by ammonium nitrate
resulting in a ammonia form of the zeolite which can finally be
calcined at temperatures > 350 °C decomposing the ammonia
counterions leaving a proton on the surface. Such charge
compensation generates strong Bronsted acid sites (BAS). The
concentration of BAS is proportional to tetrahedrally

coordinated AI®* ions in the zeolite framework, however the
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acid strength decreases with increasing Al-content.®® Besides
tedrahedral aluminium, zeolites may contain aluminum (AI*)
with a coordination number higher than four (usually five or
eight). Such aluminum species is often referred to as extra
framework aluminum (EFAI). The chemical property of these
sides is best described as Lewis acid sites (LAS).
Coordinatively under saturated Si may also account to LAS.
Lewis acid sites can be generated by post modifications such as
dehydroxylation and dealumination of the zeolites.® Apart from
BAS (bridged hydroxyl, =Si-(OH)-Al=) and LAS, Silanols
(=Si-OH) terminating the zeolite crystal on the outer surface are
considered as functional groups and may act catalytically
active. Generally, zeolites provide active sites catalyzing
various reaction pathways. The unique pore structure and
cavities of molecular dimensions as well as the well adjustable
acid properties are beneficial to almost all Bronsted acid
catalyzed reactions. Besides the high activity, zeolites are
considered to show high selectivities towards certain products
due to spatial constraints. Generally, three types of shape
selectivity are differentiated: Size exclusion prevents larger
molecules to enter the pore allowing only smaller molecules to
diffuse into the pores where the active sites are located. This
type of selectivity is called reactant selectivity. Certain bulky

products might be formed in a cavity but the diffusion out of the
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zeolite can be slower or restricted and transport out of the pore
is only enabled after subsequent isomerization reaction. This is
called product or transport selectivity. Finally, certain transition
states can be stabilized by the curvature of the zeolite cavity
thus accelerating the reaction thus shifting the selectivity
towards a certain product. This is called shape selectivity.®
Table 1.1 summarizes general physico-chemical properties of
zeolites framework types used throughout this work, namely H-
MFI, H-BEA and H-MOR.

Table 1.1: Basic geometric properties of zeolite types used
throughout this work
Property H-MFI H-BEA H-MOR H-FAU
Ring system 10-MR 12-MR 8- & 12-MR 12-MR
Pore size [A] 5.1x55 6.6x6.7 7.0x6.6 8.3x79
53x56 56x56 57x26 7.8x7.2

Channel system | 3-dim 3-dim 1-dim 3-dim

Spheres that a: 4.70 a:5.95 a: 1.57 a: 7.89

diffuse along b: 4.46 b: 5.95 b: 2.95 b: 7.23
c:4.46 c:5.95 c: 6.45 c:7.23

BEA zeolite is a zeolite with a distorted structure existing in two
polymorphs. Polymorph A is depicted in Figure 1.8. It contains
interconnected 12 membered rings (12-MR). This structure

classifies BEA zeolites as large pore zeolites.®* The channels
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describe a 3-dimensional pore system, which allows large

molecules to diffuse in all directions.

3D

10-MR 10-MR 12-MR 8-MR

BEA  [010] MFI  [010]

Figure 1.8: Structures of zeolite types BEA, MFI and MOR.
Basic ring structures are highlighted in red.

MFI, which is often referred to as ZSM5 is one of the first lab
synthesized zeolites (Zeolite synthesis Mobile 5). The structural
motives of this zeolite are pentasil building units that form 10-
MR channel structures. One of these channels is aligned straight
and parallel to the [010] direction, the other is described as
sinusoidal or zigzag structure along the [100] direction. The
channels are interconnected forming a 3-dimensional structure,

as depicted in Figure 1.9.
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051X 054 nm

G(}=054 X 056 nm

Figure 1.9: Design of MFI channels in straight and zig-zag
shape.

Other than BEA and MFI, MOR possess not only one single
pore size but two. Its pore structure consists of 8 and 12
membered rings as well as side pockets, resulting in unique
catalytic properties.** The isolated 12-MR main channels are
perpendicular arranged to the 8-MR side pockets, allowing
molecule diffusion in only one dimension.®#* Large molecules
can easily diffuse to sites which are located at the entrance of
the 8-MR side pockets.
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1.10.1 Active sites of zeolites in the aqueous phase

While in most gas phase reactions, the active sites in zeolites
are often described as bridged hydroxyl group, in condensed
aqueous phase, the description of acid site is more complex. In
contact with water, localized BAS are converted into
hydronium ions. Typically, hydronium ions are simplified
depicted as a proton associated with one water molecule, e.g.:
HsO*. Consequently, the chemical reaction for the proton
transfer is described straightforward, e.g.: H3O%@q + Bag 2
H2O(q) + BH*ag), Where B is any given base. The actual state
and structure of the hydronium ion especially regarding its
solvation and interaction with surrounding molecules as well as
its consequence in reactions remain uncertain. This blur is
associated with the difficulty of probing sites in bulk aqueous
phase®®. The addition of the first few water molecules in gas
phase has been investigated by IR spectroscopy backed by DFT.
The interaction of a zeolite Brensted acid site with a single
water molecule is of hydrogen bonded nature. A second water
molecule addition however allows proton abstraction from the
lattice forming a protonated bi-water cluster (hydronium ion).84
By the addition of more water molecules, the question rises
whether a normal hydronium ion is a protonated bi-water cluster
or it involves more water molecules. This is particularly
important to understand the contribution of confined
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environment to the catalytic activity of hydronium ion in zeolite
since the confinement requires a match in size between zeolite
pore and the molecule (both hydronium ion and/or reactant)
which depends on the quantity of water molecules surrounding
a proton. In aqueous phase however, this is challenged by the
intrinsic strain in distinguishing the water molecules in the
hydronium ion from those molecules that are not associated.
This is one of the reasons why most investigations focused on
gas phase experiments in the past. The hydronium ion itself was
calculated to have two stable structures which are known as
Zundel and Eigenstructures.®*¢ In these structures, a distinction
is made between a proton associated with a single water
molecule (H3zO%)@q or a shared coordination involving two
water molecules (H,O—H*-OHy) (1. Studies of the water
cluster size revealed coordination numbers ranging from four
up to several hundred.* Amongst all quantities, the solvation
by 21 water molecules is the most discussed and predicted to be
the most stable in gas phase.?4#4 or Mordenite, a stoichiometry
of four molecules per BAS was found, in MFI a stoichiometry
of five to six.®! It may well be that both values are true since
they are regarding different zeolite frameworks under non-
identical conditions. In Chapter 3 of this thesis, an attempt is
made to reveal the hydronium ion cluster size not only from gas-

phase experiments but also from a condensed state.
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1.11 Concept of alkylation reactions

The alkylation of all aromatics and in particular for phenol, the
catalytic activity as well as the preferred reaction pathway
strongly depends first and foremost on the alkylation agent or
electrophile, the type and strength of the acid site as well as
reaction temperature. Additionally, if the alkylation reaction is
performed in condensed phase, the solvent (e.g. polar and non-
polar) is crucial to the understanding.®% In terms of selectivity
for instance, it was proven by Tanabe et al. and later also by
others, the Lewis acid sites preferably alkylate in the ortho
position on oxides due to the preferred adsorption geometry
induced by interactions of the phenol OH-group with the
surface.®**2 Weak acids sites seem to prefer O-alkylation over
C-alkylation.”® Additionally, ether selectivity can be improved
by performing reactions at lower temperatures.® The ortho/para
ratio is significantly altered by the type of nucleophile as well
as the catalyst.®® For the alkylation of phenol wit alkenes,
carbenium ion is suggested to be the electrophile driving the
reaction.’’-1% |n particular the ortho position is favored when a
secondary carbenium ion is the electrophile.®® Next to olefins,
alcohols can generate carbo cations as reactive intermediate for
alkylation reaction over solid acid catalysis in the gas phase.®

An alternative route is enabled by phenol ether
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rearrangement.®+9102103  Regarding the mechanism  of
alkylation, two possibilities have been suggested in the past, a
Langmuir-Hinshelwood mechanism and a Eley-Rideal
mechanism. The prevailing mechanism was found to be depend
on the zeolite pore size and the alkylation agent.!® An Eley
Rideal mechanism was found to be favored over a Langmuir-
Hinshelwood mechanism for the alkylation reaction of benzene
on large pore zeolites such as H-FAU, H-BEA and MCM-
22.104105 Eor the conversion of arenes with olefins over medium
pore sized H-MFI, both, Eley-Rideal and Langmuir-
Hinshelwood mechanism are proposed.’** Phenol interacting
with a BAS is considered to be less reactive since the electron
density is lowered, making an electrophilic attack more
difficult. Therefore, a Eley-Rideal type of mechanism in which
an adsorbed electrophile is attacked by an arene not associated
with that site is preferred. Many electrophiles have shown to be
active in phenol alkylation reaction as for example branched
and linear olefins and alcohols over solid acid catalysts in liquid
phase.®*19.197 Insights were gained investigating the alkylation
of phenol with electrophiles generated by bifunctional HDO of
itself, e.g. cyclohexanol derived from hydrogenating phenol and
cyclohexene derived by consecutive dehydration of
cyclohexanol. For alkylation in condensed phase, the solvent

can play an important role, especially considering the reaction
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mechanism when various electrophiles could dominate the
reaction. For alcohols as reactants for example, either a
alkoxonium ion or a carbenium ion can undergo an electrophilic
attack. Under the aspect of biomass conversion, water as a
solvent has drawn special attention. Recently, phenols and
substituted phenols were reported to be alkylated by
cyclohexanols in the aqueous phase using heterogeneous
catalysts.””1% This so called hydro alkylation over solid acids
was studied in the presence of a metal catalyst, e.g. palladium
on carbon.l® Amongst many tested solid acids such as
Amberlyst-15, Nafion (SAC-13), phosphor tungsten acid and
sulfated zirconia, only microporous acids such as H-BEA
showed activity in the alkylation reaction, while all others were
only able to catalyze the dehydration reaction. The inability of
non-zeolitic acids was found in the lack of concentrating
reactants (alcohols/phenols) on the surface, as evidenced by gas
phase IR-spectroscopy. It was concluded that BAS or in this
case confined hydronium ions are effective catalysts in phenol
alkylation in the aqueous phase. Throughout this work,
activated ethanol is used in order to generate electrophiles for
the alkylation reaction of phenol in condensed phase. Since this
reaction is a key step in the alkylation reaction, the activation of
alcohols over BAS are discussed in detail in the following

sections.
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1.12 Catalytic activation of Alcohols over
acidic sites

Zeolites are well known to be active in dehydration of various
alcohols,4447-5253:56:57.59.109-112 The interactions of alcohols with
BAS as well as the dehydration and alkylation reactions have
been extensively studied. In this section, important results
concerning reaction mechanism, transition states and energy

profiles will be displayed in more detail.

1.12.1 Surface alkyoxide formation on the zeolite BAS

Hydrocarbons physisorb on zeolite surfaces. In case of
saturated hydrocarbons, protonation of a carbon atom may
occur and result in the formation of a penta-coordinated
carbonium ion (carbocation), which can decompose into
hydrogen/alkane and a carbenium ion. On the contrary,
unsaturated hydrocarbons such as olefins show a higher affinity
to protons and form a carbenium ion upon protonation. The
protonation of olefins on zeolite surfaces was extensively
studied by Kazansky and Senchenya.!'*!® Supported by IR-
spectroscopy, they performed quantum mechanical calculations

to understand C=C double bond activation. Additionally,
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insights into ethylene adsorption on zeolite protons were
provided.!*® Ethylene, the simplest olefin, is able to interact
with a zeolite proton either forming a n-bonded (a) surface
complex or a o-bonded surface alkoxide (ethoxide, c) as
depicted in Figure 1.10. Both states are stable (minima on

energy surface) and are separated by a transition state (b).

H
HK\\} ; Hl‘, Hy\
82 H 14 . 7 H
!I\C/H A, i_i--lﬁ \@ﬁj\ /’I/H
& 5 \ H ¢
2 ¢ 4 ;
' \a\:._. i P ,‘ b4
4 -

a) b) c)

Figure 1.10: Possible structures of an ethylated BAS in a
zeolite. a) pi-bonded complex, b) transition state, ¢) sigma-
bonded.

The C-C bond distance elongates from 1.31 A (z-bonded, a) to
1.54 A (c-bonded surface alkoxide, b), clearly indicating a
reduced bond order from one to two. In contrast, the distance of
olefin carbon atom and surface oxygen decreases from 2.94 A

to 1.55 A, indicating the formation of a covalent carbon oxygen
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bond.** It was found that the alkyl fragment of the surface
ethoxide show a low net positive charge.!*3!1 Thus the authors
conclude, that neither of the stable intermediates exhibit any
similarity to a carbenium ion. More specifically, the excited
transition state connecting the two intermediates was identified
as carbenium ion.**> Besides the generating surface alkoxides
by protonation of olefins, covalent surface bond alkyl fragments
can form in the process of the Bronsted acid catalyzed
dehydration of the corresponding alcohols. The adsorption of a
single alcohol molecule on an acid site without breaking or
forming a new bond results in a so-called monomer species.
This adduct is ground state for all following intermediates in
gas phase reactions. Although, reactions of alcohols over acidic
zeolites have long been known, intermediates such as alkoxides
were quite difficult to detect. This issue is associated with the
highly reactive nature of surface alkoxides towards many
different reactants, including itself.>351.53 Besides hydride shifts,
rapid dimerization, oligomerization or even polymerization of
dehydrated alcohols are prone to happen at elevated
temperatures making it difficult to select conditions isolating
surface alkoxides.%® 117 118 First evidence for the existence of
surface alkoxides was provided by Wang et al.>® They studied
the adsorption of and decomposition of ethanol over FAU

zeolites by 'C-MAS NMR spectroscopy.®® Heating
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physisorbed ethanol (& = 60.5 ppm) from room temperature to
200 °C, a NMR signal appeared with a chemical shift of 6 =
72.6 ppm. This observation was attributed to the formation of
an alkoxide surface species, since the emerged signal vanished
and the original signal restored after quenching with water,
indicating the reversibility of the reaction forming the alcohol.
Kondo et al. could contribute to these findings by monitoring
the dehydration of ethanol over mordenite by IR-
spectroscopy.®® Having eliminated all Lewis acid sites
guantitatively, they introduced a quantity of ethanol
corresponding to less than 30 % of the Bronsted acid sites in
order to avoid dimer formation (discussed later). The sample
was loaded at 50 °C and heated to 180 °C. At low temperatures,
complex adsorption structures of hydrogen bonded nature were
obtained which was assigned to interactions of ethanol (and
water) with the zeolite. After 10 minutes at 180 °C, the O-H
stretching vibration features vanished, however, yet the C-H
stretching vibrations remained. The authors assign this
observation to the desorption of ethanol leaving surface
alkoxides on the surface. Additionally, the O-H stretching
vibration (3612 cm™) associated with BAS disappeared clearly
identifying the interaction with the surface acid sites. The
absence of typical OH-bending vibrations ruled out the

coverage of acid sites with water.
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1.12.2 Formation of Alcohol dimers on Zeolite BAS

While the adsorption of a single alcohol molecule does not lead
to a protonation and is of hydrogen bonded nature (at low
temperatures), the addition of a second alcohol molecule on the
same BAS results in a proton transfer from the zeolite BAS to
the alcohol (Figure 1.11). The so formed complex is called
alcohol dimer. Several evidences for the existence of dimer

species are reported. 4119

R
% @
9\’
R + R
f e
B W H H
R = CH3, C2Hs
(M (IT)

Figure 1.11: Schematic representation of alcohol adsorption in
a hydrogen bonded and a charged state.

By examining the adsorption of ethanol and methanol onto the
zeolites FAU, MFI and MOR via IR-spectroscopy, an alcohol
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dimer formation was proposed by Zecchina et al.'® At
alcohol/BAS ratios greater than 1, different changes in the IR-
spectrum were observed. The band at 2980 cm-1 decreased
while the band at 2450 cm broadened. These changes, according
to the authors, were due to the decrease of neutral species
(hydrogen bonded alcohol, Figure 1.11) and an increase in
charged species (Il). A decrease of OH-stretching vibration
intensity associated with BAS was also observed with
increasing alcohol coverage. A general increase of the IR
background signal was also observed. These findings were
recently confirmed by quantum mechanical calculations by
Alexopoulos et al.** Furthermore, Lee et al. studied the
adsorption of various alcohols including methanol, ethanol and
propanol on the proton form of MFI and a silicalite by thermal
gravimetric analysis (TGA) combined with differential
scanning calorimetry (DSC).1%° A constant release of heat was
observed until an alcohol/BAS of 2 was reached. The authors
conclude that specific adsorbate interactions involving the acid
function of the zeolite continuous even beyond a 1:1
stoichiometry of alcohol per BAS. Lee et al. point out that
alcohols can act as hydrogen-bond donors, as well as acceptors,
making them prone to “formation of clusters stabilized by

extended hydrogen-bond networks™.2%® This type of clustering
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is also known for water interaction with BAS forming

hydronium ions of Zundel- or Eigenstructure. 8-

1.13 Mechanistic and energetic considerations
of alcohol activation over zeolites

Alcohol molecules are able to either form monomer or dimer
ground states on a zeolite BAS, resulting in a variety of reaction
pathways for alcohol conversion which are discussed in the

following section.

1.13.1 Direct alcohol to olefin dehydration

Alexopoulos et al. designed a detailed reaction network for
ethanol dehydration over MFI zeolite using density functional
theory calculations.*® They proposed 5 different mechanisms
for the direct ethanol dehydration to ethylene (pathway A). Four
of those include alcohol adsorption and protonation on BAS as
a first step, one of which assumes a subsequent dimer formation.
One of the proposed pathways include a water monomer on
BAS as ground state. A brief description of the individual steps

of each mechanism is provided:*®
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Adsorption and protonation of ethanol, elimination and
desorption of ethylene.

Adsorption and protonation of ethanol, rearrangement
of protonated ethanol monomer, formation of surface
bound ethoxide, de-protonation of ethoxide and
formation of physisorbed ethylene and subsequent
desorption.

Adsorption and protonation of ethanol, rearrangement
of protonated ethanol monomer, elimination of water
forming  ethylene, desorption of ethylene,
deprotonation and desorption of water.

Ethanol adsorption on protonated water monomer,
elimination and desorption of ethylene, water
desorption from protonated water

Adsorption and protonation of ethanol, adsorption of a
second ethanol, rearrangement of the protonated
ethanol dimer, elimination and desorption of ethylene,
desorption of water from the protonated ethanol-water

complex.

Alexopoulos et al considered ethanol adsorption and
protonation, as well as rearrangement reactions and desorption
as non-activated steps, whereas the cleavage of each chemical
bond involves an activated step. DFT calculations of standard

Gibb’s free energy revealed mechanism 2 to be energetically

47



Chapter 1 - Introduction

most favorable for direct ethylene formation in the ethanol
dehydration reaction.*® The energy profile of mechanism 2 is
discussed later. Zhi et al. examined the dehydration of 1-
propanol over MFI in the absence and presence of co-fed
water.>* Besides gas phase experiments over a wide range of
alcohol partial pressures, they calculated energies and
optimized configurations of intermediates and transition states
for both monomolecular and bimolecular dehydration reactions
based on DFT calculations. They further distinguished between
a concerted (E2) and a sequential mechanism (E1). It was
shown that an E1- like mechanism (similar to the one proposed
by Alexopoulos et al.) is slightly favored over the E2
mechanism. The calculated activation barriers were found to be
135 kJ-mol*tand 145 kJ-mol™ for the E1 like mechanism and the
E2 mechanism respectively. An energy diagram for ethanol

dehydration is depicted in Figure 1.12.

48



Chapter 1 - Introduction

ethene + H,O

Figure 1.12: Energy profile of the dehydration of ethyl alcohol
over a BAS, including dimer and monomeric pathways.

1.13.2 Alcohol dehydration to dialkyl- or aryl ether

The reaction network of ethanol activation over acidic zeolites
of Alexopoulos et al. suggests a second reaction pathway B,
which leads to the formation of diethyl ether (DEE) or C-O
alkylation.* Two different routes are distinguished:

(6) Adsorption and protonation of ethanol, rearrangement
of protonated ethanol monomer, formation of a surface
bound ethoxide, nucleophilic attack of ethanol onto
ethoxide forming a protonated ether, deprotonation and
desorption of diethyl ether.

(7) Monomolecular  adsorption and subsequent

bimolecular adsorption of ethanol, rearrangement of
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protonated dimer, nucleophilic substitution and
formation of protonated ether, de-protonation and

desorption of diethyl ether.

Mechanism (7) (Ea = 92 kJ-mol*) was found to be energetically
more favorable than mechanism (6) (Ea = 118 kJ-mol™). Bhan
and Chiang investigated ethanol dehydration to ethylene and
diethyl ether over MFI, FER, and MOR zeolites.** By co-
feeding ethylene over MFI (ethanol pressure 1.4 kPa, ethylene
pressure 0 kPa — 1.5 kPa, T = 110 °C) and MOR (ethanol
pressure 1.0 kPa, ethylene pressure 0 kPa — 0.57 kPa, 130 °C),
the authors tested the necessity of surface bound ethoxide in the
DEE formation. As proposed by mechanism (6), the formation
rate of ether should increase with increasing ethoxide surface
coverage, which can be achieved by increasing the ethylene
pressure.’> However, DEE rates did not increase significantly
with increasing ethylene pressure, implying no involvement of
surface bound ethoxide in the mechanism of diethyl ether
formation in case of MFI and MOR. These findings identify
mechanism (7) to be more prominent than mechanism (6). Yet
ether formation over FER was enhanced by co-feeding
ethylene, proving the feasibility of mechanism (6) under certain
conditions. It remains unclear, whether diethyl ether is formed
by direct activation of co-adsorbed ethylene and ethanol (direct
pathway) or by a nucleophilic substitution reaction of surface
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bound ethoxide with ethanol (indirect pathway) over FER
zeolite.** Zhi et al. also reported the formation of dipropyl ether
upon dehydration reaction over MFI zeolite.>* They proposed a
1-propanol dimer E1 elimination mechanism for DPE synthesis,

comparable to mechanism (7).

1.13.3 Barriers for ethanol activation over acidic zeolites

A schematic energy diagram for ethanol dehydration forming
carbenium ion is depicted in Figure 1.12. It provides the
energetically most favored routes for dehydration forming
ethylene and diethyl ether. Attention must be payed to the
different routes via monomer and dimer adduct. The according
barriers and energy levels have been reported in literature and
are compiled in Table 1.2,4%5152109.115 |njtjally, ethanol adsorbs
and is calculated to be subsequently protonated. The heat of
adsorption for the ethanol monomer is calculated to be between
-122 to0 -130 kJ-mol?, which is substantially higher than the heat
of adsorption of water on MFI (AHags = -80 - -90 kJ-mol?).
Protonated ethanol can either co-adsorb a second alcohol
molecule (6) or undergo a non-activated rearrangement step (2).
The second alcohol addition is slightly lower in terms of
released heat than the first alcohol adsorption with an

adsorption heat of -99 kJ-mol?, but higher than water co-
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adsorption on an adsorbed ethanol (-59 kJ-mol™). The formation
of dimers is thus more significant at low temperatures. The
rearranged monomer is less stable than the ground state by 14
kJ-mol™. It can decompose via TS1 to surface bound ethoxide
with a barrier of 118 kJ-mol™* for MFL% In TS1, the primary
carbon atom C, was calculated to be equidistant from the basic
oxygen of the zeolite Ozolie and the oxygen of the hydroxyl
group of the alcohol Oaiconol, assuming a trigonal bipyramidal
transition state typical for Sn2 substitutions. With respect to
ethanol dehydration, step [3] resembles of an El-like
mechanism. The surface bound ethoxide can further decompose
to ethylene regenerating the BAS by proton abstraction (step
[4]). For step [4], various barriers are reported in literature
ranging from 84 — 181 kJ/mol. The lowest value was found by
theoretical calculations using a simple HO(H)AI(OH)s cluster
as BAS in a high silica zeolite (see Figure 1.10).}°
Confinement might however influence energy levels of ground
and transition state which has not been considered in the model.
The activation energy for the decomposition of the surface
ethoxide was measured to be 181 kJ/mol and 161 kJ/mol in an
MFI and a MOR respectively.5! In a more recent publication, a
barrier of 122 kJ/mol was reported.>? Possible reasons for this
discrepancy are not discussed. Kinetic isotope effect of
CH3;CD,0OH and CDsCD,OD were investigated and compared
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to normal ethanol in order to distinguish which proton is
abstracted in the process and whether or not the proton
abstraction is rate determining in dehydration reactions. A
mechanism involving a stable carbenium ion [CH;CD,]* would
result in an equal probability of all deuterium or hydrogen atoms
to be abstracted leading to either CD,CH; or CHDCHy,, If the
mechanism proceeds via a surface bound ethoxide Ozelite-
CD,CHgs, CD2CH; would be the only possible product assuming
no hydride shifts. By analyzing the gaseous products via gas
chromatography coupled with mass spectrometry, the authors
were able to provide evidence for an exclusive involvement of
the methyl protons (C-H cleavage) in restoring the BAS,
excluding the formation of stable carbenium ions. Furthermore,
the kinetic isotope effect KIE was found to be substantially
lower than expected for a full cleavage of C-H or C-D bond in
the rate determining step. A calculated barrier of 106 kJ-mol™
for ethoxide decomposition confirm these findings, leaving step
[3] as rate determining for the overall reaction.*® This is crucial
for the following discussions about alkylation sharing ethoxide

formation as a step in the reaction sequence.

Step (7) describes an endothermic rearrangement of the
protonated alcohol dimer to an alkoxonium ion and a co-
adsorbed alcohol. Diethyl ether is formed from this adduct by
nucleophilic attack of the alpha carbon C, by the oxygen of the
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adsorbed alcohol hydroxyl group (Qaicohor) in an Sn2 like
reaction (Step [9]). An activation energy of 92 kJ-mol* was
found for this step. Diethyl ether can either desorb [11] or
decompose forming ethylene and adsorbed ethanol via TS4.
Desorption enthalpy was determined to be 135 — 139 kJ-mol™.
The barrier of TS4 was determined to be 145 kJ/mol involving
a late transition sate, resembling of adsorbed ethylene.
Desorption of ethanol, step (10) showed a desorption enthalpy
of 59 kJ-mol™.
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Table 1.2: Calculated and experimentally determined barriers
and energy differences in activated and non-activated
elementary steps of ethanol dehydration. Steps according to

Figure 1.12.
Step Description AHR® / Ea Source
[kJ-mol?]

(1)-m Ethanol -122/-130 [46]/[109]
adsorption on
BAS

(2)-m Monomer 14 [46]
rearrangement

[3]-TS1 | Monomer to 118 [46]
ethoxide

[4]-TS2 | Ethoxide to  181/122/106/84  [51]/[52]/[46]/[115]
ethylene + BAS

(5)-m Ethylene 48/54/29 [46]/[109]/[115]
desorption

(6)-d Dimer formation -99 [46]

(7)-d Ethanol dimer 44 [46]
rearrangement

[8]-TS3 | Dimer to DEE 92 [46]

[9]-TS4 | DEE to Ethylene + 145 [46]
BAS

(10)-d Ethanol 59 [46]
desorption

(11)d Diethyl ether 139/135 [46]/[109]
desorption

55



Chapter 1 - Introduction

This thesis reveals elementary steps and a quantitative
energetically description of phenol alkylation with alcohols in
the aqueous phase (Chapter 2), the adsorption of alcohols in
aqueous phase (Chapter 3) and the alkylation of phenol with

ethanol in aprotic condensed phase (Chapter 4).
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Chapter 2

Elementary steps and reaction
pathways in the aqueous phase
alkylation of phenol with ethanol

The hydronium ion normalized reaction rate in aqueous phase
alkylation of phenol with ethanol on H-MFI zeolites increases
with decreasing concentration of acid sites. Higher rates are
caused by higher concentrations of phenol in the zeolite pores,
as the concentration of hydronium ions generated by zeolite
Bronsted acid sites decreases. Considering the different
concentrations of reacting species, it is shown that the intrinsic
rate constant for alkylation is independent of the concentration
of hydronium ions in the zeolite pores. Alkylation at the

aromatic ring of phenol and of toluene as well as O-alkylation
70



Chapter 2 — Aqueous phase alkylation

of phenol have the same activation energy, 104 + 5 kJ-mol™.
This is the energetic barrier to form the ethyl carbenium ion
from ethanol associated to the hydronium ion. Thus, in both the
reaction pathways the catalyst involves a carbenium ion, which
forms a bond to a nucleophilic oxygen (ether formation) or

carbon (alkylation).
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2.1 Introduction

Alkylation is one of the key reactions in organic synthesis to
form new carbon-carbon bonds [1-5]. The wide availability of
bio-derived feedstocks and the quest for less demanding
synthesis conditions require to conduct such reactions in
presence of water under conditions under which classic Friedel-
Crafts alkylation is not possible [6-8]. Alkylation also enables
to convert small functionalized (e.g., alcohols) or non-
functionalized (e.g., alkenes) organic molecules to fuel range
products, drastically increasing the carbon efficiency for both
conventional petroleum as well as biorefinery conversion
pathways [9-11].

In presence of water, hydronium ions act as catalysts for
alkylation, largely preventing the formation of (surface) esters
as stable intermediates [6,12]. For both, molecular as well as
solid acids, the low reaction rates in presence of water holds a
formidable challenge [12]. In aqueous solutions of mineral
acids, the rate of alkylation of, e.g., functionalized aromatic
molecules were hardly measurable, and by far slower than

competing acid catalyzed reactions, such as dehydration [12].

Acidic zeolites, in contrast, have been reported to catalyze
alkylation of phenol with short chain alcohols such as ethanol

and propanol [13-15]. Products of these reactions are ortho and
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para substituted phenols and/or phenol ethers (see Scheme 2.1).
The ether formation proceeds both via consecutive carbenium
ion formation and nucleophilic attack by phenol (Sn1) and
bimolecular substitution reaction with simultaneous ether
formation and water abstraction (Sn2) [16-21]. On the other
hand, C-alkylation can only proceed via a carbenium ion route
in an electrophilic aromatic substitution formalism [22,23].
Because of the strong electron donating effect of the OH group,
the ortho- and para-C in phenol are more electron rich than
meta-C, thus the alkylation is preferred kinetically at ortho- and

para- positions.

Preliminary experiments showed that both alkylation reactions,
as well as multiple- and trans-alkylation are catalyzed by
hydronium ions in aqueous phase, but that the constraints of
zeolite pores are required to achieve reasonably high rates.
Zeolite BEA showed, for example, promising results for C-C
coupling of in situ generated cyclohexanol with phenol [6,12],
while mesoporous and macroporous acids were not active.
Zeolite BEA and USY were identified as promising candidates
for the alkylation of phenol with tert-butanol in the condensed
phase, and particularly zeolites with high Si/Al ratio showed
higher activities, which was attributed to a higher

hydrophobicity enhancing nonpolar reactant adsorption [24].
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Here, we report a qualitative and quantitative study on reaction
pathways and reaction kinetics of the alkylation of phenol with
ethanol on zeolites with MFI structure with varying
concentrations of Al, leading in aqueous phase to varying
concentrations of hydronium ions. Using information from
adsorption measurements and calorimetry together with
detailed kinetics, we will show, how hydronium ions in confines

are able to efficiently catalyze alkylation, in aqueous phase.
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Scheme 2.1. Reaction pathways of ethanol on a Brensted acid
site via carbenium ion. A: Dehydration to ethylene; B:
Diethylether formation; C: Phenol ether formation; D: C-
Alkylation forming ortho- or para-ethylphenol.

2.2 Experimental

Chemicals. The following chemicals were used: phenol (99%
Sigma-Aldrich), toluene (99% Sigma-Aldrich), phenol-ds,
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(99% Sigma-Aldrich), ethanol (99% Sigma-Aldrich) sodium
sulfate (ACS reagent, >99%, Sigma-Aldrich), ethyl acetate
(Chromasolv, 99.9%, Sigma-Aldrich). Hydrogen gas was
obtained from Westfalen (> 99.999%). Deionized water was
treated with an Easypure-II system from WERNER to obtain
ultrapure water (18.2 MQ - cm).

Zeolite catalysts. All zeolites are referred to as MFIX, where
“X” stand for the modulus Si/Al as determined by atomic
absorption spectroscopy. Zeolite MFI45 (Si/Al ratio = 45) was
obtained from CLARIANT AG in H-form. The MFI-zeolites
CBV3024E (referred to MFI15) and CBV2314 (referred to as
MFT12) were obtained from ZEOLYST in H-form. MFI32 is an
AHFS treated MFI15 parent zeolite according to the method
given below. All zeolites were treated at 823 K (rate: 10 K/min)
for 6 hours in 100 mL/min synthetic air (80% nitrogen, 20%
oxygen; > 99%) before they were tested.

AHFS treatment procedure. Approximately 2 g of zeolite was
added to a solution of (NH,4),SiF¢ (ca. 80 mL) and stirred in a
polypropylene-bottle for 5 h. The solution contained a 4-fold
excess of AHFS with respect to the Al content of the zeolite. In
this case (CBV3024E; 2.76 wt.% Al corresponding to 2.1
mmol) 1.50 g (8.4 mmol) AHFS. After the treatment, the sample

was washed six times in hot deionized water (543 K) and
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calcined for 5 h in synthetic air (100 mL-min™!, heating rate: 10

K-min') at 823 K-min™!

Reaction procedure. All reactions were performed with the
same molar amount of reactant, catalyst and solvent. In 100 mL
ultrapure water 0.85 g of phenol (9 mmol), 9.5 g of ethanol (0.2
mol) and 500 mg of MFI were dissolved and suspended,

respectively.

Catalytic reactions. The 300 mL-autoclave was loaded with 0.5
g zeolite catalyst (see above) and 0.85 g of phenol, 12 ml of
ethanol and balanced with water to a total volume of 100 ml.
The reactor was purged two times with hydrogen and
pressurized with 50 bar of hydrogen. The reactor was heated to
the desired temperature with a heating rate of approximately 10
K per minute without stirring. As the reaction temperature was
reached the stirring rate was set to 700 rpm. After the reaction
time, the reactor was cooled down from reaction temperature to
room temperature within two minutes using an ice bath. The
pressure within the reactor was released at a temperature of 278
K to prevent the loss of volatile products. The reaction mixture
was extracted with 3 X 20 mL ethyl acetate. To improve the
phase separation of the organic and the aqueous phases, sodium
chloride was added to the reaction mixture. After extraction, the
organic phase was dried over sodium sulfate. The carbon-

balance was monitored by an internal standard (cyclohexanol).
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Equipment

Reactor. All reactions were performed in a 300-mL-autoclave
from Parr Instruments Co. (type: PST FS, material:
HASTELLOY C) with a temperature and stirring controlling

device (Parr Instruments Co. 4848 Reactor Controller).

GC-MS. Quantification and qualification of the alkylation
reactions was analyzed by GC/MS (Agilent Technologies 7890
B GC, column: Agilent 19091S-433UI INV02 (30 m X 250 pm
X 0.25 pm), heating program: 10 K/min from 353K to 553 K).
Gaseous products were analyzed by GC (Agilent Technologies,
3440 B GC, column: Agilent HP-Innowax 30 m X 250 um X
0.25 um), heating program: 10 K/min from 333K to 533 K.

AAS. The Si and Al content of the zeolite samples was measured
by atomic absorption spectroscopy (AAS) on a UNICAM 939
AA—Spectrometer.

N> Physisorption. The BET specific surface area and pore
volume of the zeolite were determined by nitrogen
physisorption. The isotherms were measured at liquid nitrogen
temperature (77 K) using a PMI Automatic Sorptometer. The
catalyst was activated in vacuum at 473 K for 2 h before

measurement. Apparent surface area was calculated by applying
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the Brunauer-Emmett-Teller (BET) theory, and the t-plot

method was used to determine the pore volumes.

MAS ?’Al-NMR. Magic angle spinning spectra were recorded on
a Bruker Advance AMX-500 spectrometer. Samples were
packed after hydration at 42 mbar H»O into ZrO»-rotos, which
were spun at 10 kHz. AI(NO3)-9H,0O was used as reference. For
measuring the 1D spectrum, an excitation pulse with power
level of 7 dB and a length of 0.7 us was applied. Relaxation
time was set to 2.0 s and 2000 scans were recorded. The data
was processed and after Fourier transformation using Bruker’s

software Topspin.

IR. Infrared (IR) spectroscopy of adsorbed pyridine was
performed with a Nicolet 5700 IR-spectrometer (Thermo-
Fischer) spectrometer at a resolution of 4 cm'. The
concentrations of acid sites were determined by IR
spectroscopy of adsorbed pyridine at 423 K (Lewis and
Bronsted acidity at 1540 and 1450 c¢cm respectively). The
catalyst sample was prepared as wafer and activated in vacuum
(~ 10® mbar) at 723 K for 1 h (heating rate = 10 K-min'). After
cooling to 423 K, the sample was equilibrated with 0.1 mbar of
pyridine for 30 min followed by outgassing for 1 h. A spectrum
with the chemisorbed pyridine was recorded thereafter.
Adsorbed pyridine was desorbed finally by heating up to 723 K

with 10 K-min™' for half an hour. Again, the spectra were
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recorded at equilibrium. For quantification, molar integral
extinction coefficients of 0.73 ¢cm-pumol™ and 0.96 ¢cm-umol™!

were used for Bronsted and Lewis acid sites respectively.

NH; TPD. Temperature-programmed desorption (TPD) of
ammonia was performed in a 6-fold parallel reactor system. The
catalysts were activated under reduced pressure at 723 K
(heating rate: 5 K-min™') for one hour. NH3 was adsorbed for
one hour with partial pressures of 1 mbar at 373 K, respectively.
Subsequently, the samples were evacuated for two hours in
order to remove physisorbed probe molecules. For the
temperature-programmed desorption experiments, six samples
were sequentially heated from 373 to 770 K with a heating rate
of 10 °K'min to desorb ammonia. The rates of desorbing
species were monitored by mass spectrometry (Balzers QME
200). For the quantification of the amount of acidity, a standard
MFI-zeolite with known acid site concentration was used to
calibrate the signal. Acid site titration by ammonia is in good
agreement with the site concentration determined by IR

spectroscopy of adsorbed pyridine.

Liquid phase calorimetry. Adsorption isotherms were obtained
by immersing 20 mg of zeolite in a phenol solution at a given
concentration for 24 h. The liquid was separated from the
zeolite by filtration and the residual concentration of phenol in

the solution was determined by UV-VIS photometry (Hitachi
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Spectrophotometer U-3000 series, Amax = 264 nm, externally
calibrated). The uptake was determined by the change in the
bulk concentration, volume of the solution and mass of the solid
sample. Heat of phenol adsorption from aqueous solutions into
MFI zeolites was determined by aqueous phase calorimetry
using a Setaram Calvet C80 calorimeter with reversal mixing
cells. The lower compartment was loaded with 0.05 g zeolite
dispersed in 0.8 mL water, while the upper compartment was
loaded with 0.2 mL of the phenol solution. The reference cell
was loaded with liquids with identical compositions but without

zeolite.

2.3 Results and discussion

2.3.1 Physicochemical properties of catalysts

Four MFI zeolites with varying Si/Al ratio from 12 to 45 were
studied (Table 2.1) The BAS concentrations, the micropore
volumes, and the octahedrally coordinated aluminum (see Table
S-1 and Figure S-1) decreased with increasing Si/Al ratio. The
quantification of acid sites by IR spectroscopy of adsorbed
pyridine agrees with the results determined by TPD of ammonia

(see Table S-2.1).
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Table 2.2. Physicochemical properties of MFI zeolites

Si/Al BET surface BAS Micropore
Sample ratio @ area® concentration ¢ volume ¢
[ [m*-g] [mmol-g*] [em?-g7]
MFI12 12 389 1.15 0.18
MFI15 15 364 0.86 0.17
MFI32 32 372 0.52 0.14
MFI145 45 365 0.36 0.12

a) Determined by AAS. b) Determined by nitrogen adsorption using BET
method. c) Determined by IR spectroscopy of adsorbed pyridine at 423 K. d)
Determined by N2 adsorption.

2.3.2 Active site and surrounding environment

Adsorption isotherms of phenol from bulk aqueous phase into
MFI zeolite were measured at temperatures between 298 K and
353 K. Figure 2.2a shows the isotherms at room temperature
on the four MFI zeolites varying in Si/Al ratios. All phenol
adsorption isotherms are of Langmuir type. The higher
concentration of hydronium ions in MFI led to a lower uptake
of phenol. By fitting the isotherm of phenol uptake in MFI (q)
with aqueous phenol concentration ([Ph]s) by Langmuir type
equation

Kads,Ph i [Ph]aq
1+ Kgepn - [Ph]aq (2.1)

q = qIﬂElX :
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the saturated uptake capacity (gmax) and the adsorption
equilibrium constants (Kagsph) at between 298 and 333 K were
obtained. Additionally, adsorption enthalpies were directly
measured by liquid phase microcalorimetry. All four MFI
samples had the same adsorption enthalpy (10 — 12 kJ-mol™),
independently of their chemical composition. By applying the
Gibbs-Helmholtz equation, the adsorption constant was
extrapolated to 523K, the temperature at which the alkylation

reaction was carried out (see Figure S-2.2).

Besides the equilibrium constant, also the maximum uptake
decreased slightly with increasing temperature. This was
attributed to lower volume densities because of thermal
expansion of the adsorbed phase. In order to account for this,
the temperature dependence of saturated uptake was measured
between 280 K and 353 K (Table S-2.2, Figure S-2.3), and the
value at 523 K was obtained as well by extrapolation

(Supporting Information S-2.2) [29].
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Figure 2.2 a) Adsorption Isotherms of phenol on MFI zeolites
from aqueous solution at room temperature. Symbols are
measured data, lines correspond to fitting. b) Extrapolated data
to 523 K for MFI145 (e), MFI32 (®), MFI15 (®) and MFI12 (e).
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Table 2.2 Adsorption constants of phenol on MFI with varying
Si/Al ratio.

Sample 298 K 313K 333K 523 K
MFI112 160 142 109 29
MFI15 439 362 263 65
MF132 643 526 404 93
MF145 829 680 502 116

On the basis of these data, phenol adsorption isotherms at 523
K were derived (Figure 2.2b). Phenol adsorption was
surprisingly unaffected by the presence of ethanol. Adsorption
of ethanol on MFI15 at room temperature showed a saturated
uptake of 2.1 mmol-g! at aqueous concentrations above 1.0 mol
L' (Figure S-2.4a). In presence of 2.1 mol L ethanol, the
condition under which ethanol adsorption was saturated on
MFI15, the phenol adsorption showed only a 5% decrease of
saturation capacity (Figure S-2.4b), and the normalized
isotherm was nearly identical with that in absence of ethanol
(Figure S-2.4¢). These results indicate that the ethanol adsorbs
noncompetitively with phenol, which we attribute to different
sites or modes of adsorption; ethanol associates with hydrated
hydronium ions substituting water in the hydration shell, phenol

is physisorbed in the MFI pores.
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The concentrations of phenol adsorbed in MFI at alkylation
reaction conditions, i.e., 523 K, 0.09 mol L"! phenol and 2.1 mol
L' ethanol in bulk aqueous phase were determined from these
isotherms (see Table 2.2). The higher the concentration of
hydronium ions in the pores, the lower the concentration of
adsorbed phenol was, leading to both a lower adsorption
equilibrium constant as well as lower saturation capacity. The
saturation capacities were as high as 0.27 mmol-g"! for MFI45
and as low as 0.12 mmol-g' for MFI12 at 523 K. The
equilibrium adsorption constant varies by a factor of almost 4
(e.g., 29 compared with 116 for MFI12 and MFI45,
respectively, Table 2.3). The lower apparent affinity of the
organic substrate to zeolites with higher Brensted acid site
concentration is commonly regarded as
hydrophilic/hydrophobic interactions of the zeolite with water
(polar) and organic molecules (less polar).?¢ Despite these
differences, all zeolites enhanced the concentration of phenol in
the pores compared to the aqueous solution (e.g., Cpore/Chuik = 26

for MFI45 at 523 K).
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Table 2.3. Adsorption properties of various zeolites for the
adsorption of phenol from aqueous solution at alkylation
reaction Temperature (523 K) under phenol concentration of
0.09 mol L.

Sample AHags? Saturation Kagspn®  Saturated pore
capacity® concentration
[kJ-mol™] [mmol-g] [ [mol L]
MFI12 -10 0.12 29 0.67
MFI15 -12 0.14 65 0.82
MFI32 -12 0.24 93 1.50
MFI145 -12 0.27 116 2.25

a) Measured by liquid phase calorimetry at 298 K. Error is + 2 kJ-mol™ b) Extrapolated from
experimental data. Erroris+ 5 %

Besides phenol, the pore void volume is filled with water (main
component) and ethanol (minority component). The remaining
water in the pores is estimated to be in the range of 3 — 10
mmol-gver! (for MFI45 and MFI12, respectively). The quantity
of ethanol was measured to be around 0.5 — 1.8 mol-gvrr'. Since
water is the species with the highest basicity (pK, 14 compared
to pKy 17 of phenol at 298 K [30,31]) and exists in highest
concentration, all zeolite protons are transferred to water
forming hydrated hydronium ions [32-36]. Hydronium ions
(e.g. (H20)a'H30") are, thus, the catalytically active species

confined in the zeolite pores [34].
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2.3.3 Catalytic consequences of BAS concentration on
alkylation rates

The product distributions at different conversions are shown as
the yields of ethyl phenol and ethoxybenzene in Figure 2.3. All
products show a non-zero slope at initial conversion identifying
both ether formation as well as C-alkylation as primary reaction
routes. As a note in passing, Ma et al. proposed ether
rearrangement C-alkylates as potential secondary products; the
current results do not show evidence for this reaction pathway

under the chosen reaction conditions [22].

The ratio between the ortho and para products was independent
of the Bronsted and Lewis acid site concentration as well as of
the concentration of extra framework aluminum. Product yields
using different MFI zeolites overlay each other, indicating the
absence of influence of the site concentration on the selectivity
of the zeolites. A linear fit indicates a constant ratio of
ethoxybenzene / ortho-ethylphenol / para-ethylphenol of 1 /0.7
/ 0.4. This differs from the results of gas phase reactions,
suggesting preference for ortho selectivity in the alkylation of
phenol by LAS-rich materials [37]. The product ratio was found
to be not only independent of BAS concentration but also of
temperature. All three alkylation products showed comparable
apparent activation barriers of (93 + 5) kJ-mol’!, indicating a
shared rate determining step, which is hypothesized to be the
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conversion of ethanol into ethyl carbenium ion (see Figure S-
2.5a). At higher conversions, the reversibly formed
ethoxybenzene levels out at 3-4 %, while C-alkylation
selectivity increases, indicating the thermodynamic limitation
of the reversible ether formation and highlighting the
irreversibility of the C-alkylation under the chosen reaction

conditions (see Figure S-2.5b) [38].
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Figure 2.3. Evolution of product yield with the conversion of
phenol on different MFI zeolites. Black symbols: O-alkylates
(ethoxybenzene), dark blue symbols: ortho-ethylphenol, light
blue para-ethylphenol. MFI45 (m, m and m), MFI32 (¢, ¢ and
¢), MFI15 (A, A and A) and MFI12 (e,e and o).

At low ethanol concentrations, the reaction rates showed a first

order dependence in ethanol, which turned into a regime of 0™
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order at bulk concentrations larger than 1 M, pointing to a high
degree of hydronium ions associated with ethanol under the
chosen reaction conditions (Figure S-2.7d). The reaction order
in phenol was determined to be one (Figure S-2.6), suggesting
that the association degree of phenol with hydronium ion was
low and that phenol was physisorbed in the MFI pores. Thus,

the corresponding rate formalism can be written as:

oo = Koy * Nns - [EOHL, - [P, 2.2)

in which, 74, and kg, are the apparent reaction rate and the
corresponding rate constant on each active site which is BAS in
this reaction. [E tOH]?aq) and [Ph]%aq) representing the bulk
concentrations of ethanol and phenol. The quantity of Brensted

acid sites is ng 4. Thus, the apparent rate constant is:

_ rﬁpp

K =—__ @
b Ngas [Ph]aq (23)

As depicted in Figure 2.4, the apparent rate constant differed
markedly with the Si/Al ratios, while the selectivities towards

C- and O-alkylation remained constant.

89



Chapter 2 — Aqueous phase alkylation

— 14 1
=
: - 100
1.2 A
=

- - 80 —
5 ! X
(=]
£ 087 —eo‘g
2 06 1 8
8 - 40 3
2 04 -
s
a 02 20
o
<L

0 - Lo

360 520 860 1150
BAS concentration [umol g]

Figure 2.4. Apparent rate constant (m) and product selectivities
of C-alkylation (=) and O-alkylation (m) at approximately 4 %
phenol conversion as function of BAS concentration.

The apparent rate constant (kapp) increased with decreasing
Brensted acid site or hydronium ion concentration. Such effect
of aluminum concentration in zeolites on the catalytic activity
is discussed contradictory in the literature. For a series of BEA
zeolites with Si/Al ratios of 15-75 it was demonstrated that
TOFs are almost independent of the specific site concentration
for aqueous-phase dehydration of cyclohexanol [39]. In
contrast, it was observed that in case of fructose dehydration on
MFI zeolites that elimination rates increased with increasing
aluminum concentration [25]. A rate enhancing effect of higher

BAS concentrations was also found in the condensed phase
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alkylation of benzene with light olefins on BEA zeolites [40].
However, since conceptually the acid strength of hydronium
ions in different H-MFI samples should be equal [41], it is
hypothesized that the rate constant in Equation 2 does not reflect

the intrinsic activities of the BAS.

2.3.4 Establishing the intrinsic rate constant

To determine the intrinsic alkylation rate constants, a kinetic
model was used, based on the reaction pathway shown in
Scheme 2.1. The reaction rate sy of alkylation is proportional
to the frequency of encounters of phenol with an activated
ethanol molecule on BAS, which is hypothesized to depend on
the equilibrium carbenium ion concentration as well as the local

concentration of phenol close to the active site.
ralky = k . I:EtJr:Ipore . [Ph]pore
2.4)

In this equation, [Et"]pore and [Ph]pore represent the concentration
of ethyl carbenium ions and phenol in the zeolite micropores,

respectively; k is the corresponding reaction rate constant.

Ethyl carbenium ions are formed via the association of ethanol
with hydronium ion (Eq. 2.5) with subsequent dehydration (Eq.
2.6):
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K1

EtOH (aq) + H*(H,0),, (pore) EtOH -~ H*(H,0),, (pore) (2.5)

K2

EtOH-H*(H,0), (pore) Et*(H,0),, (pore) + H,0 (pore) (2 6)

Equation 2.5 is the association of ethanol with hydronium ion,
which the associated species [EtOH:**H'(H20)m]pore Can be

expressed using a Langmuir type adsorption equation [27].

Nars - K, - [EtOH],,

1 aq

2.7)

In the expression of Equation 2.6, carbenium ion is not a bare
cation but surrounded and stabilized by water, like the
hydronium ion. Therefore [Et'(H2O)m]pore Will be used in the
following test representing ethyl carbenium ion concentration.
Equilibrated, the ethyl carbenium ion concentration

[Et"(H20)m]pore is given as:

[EtOH---H" (H,0),,]
|:H2():|pore (28)

pore

[Et*"(H,0),, ] e =K,

pore
in which [H2O]lpore is the concentration of water in the MFI
micropores. Equations 2.6 and 2.8 show that water in the pores
reduces the concentration of ethyl carbenium ions via
rehydration into ethanol. The presence of large amount of water
in this reaction limits the ethyl carbenium ion concentration to

a very low level, inducing its appearance as transient species
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with very short lifetime. Combining Equations 4 and 8, the
alkylation rate is expressed as a function of hydronium ion
associated ethanol concentration and the concentration ratio

between phenol and water in the pores.

(Ph] .

pore [HzO:IDOI’e (29)

y = K- K, -[EtOH---H* (H,0),,]

The term [EtOH:*-H"(H20)m]pore is given in Equation 7, the ratio
of [Ph]pere and [H2OJpore can be derived from Equation 1.
Considering the total volume of phenol and water in the zeolite
is a constant, (pore volume), the unoccupied space by phenol in
the pores, shown by the difference between the phenol uptake
and its saturation capacity in Equation 1, is the volume/space

filled with water (Eq. 2.10).
qHzO 'Vm,HZO = (qmax - q) 'Vm,Ph (210)

in which, gmo is the uptake of water in the MFI micropores,
Vo and Vmpn are the molar volumes of water and phenol,
respectively. The concentration ratio of water and phenol is

equal to their uptake ratio, thus, can be expressed as:

[HZO]pore — qHZO — [qmax _ 1} . \/mi'Ph

[Ph] q Vinh,0 2.11)

pore q
The term of gmax/q is given by a reformulated Equation 2.1:
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&_l+ Kadsph-[PhJ 1 1
q Kags,pn - [Pl Kaas,pn [Pl (2.12)

Thus, Equation 2.11 is derived as:

[Ph]po H,O
re _ Ph m 7}
I:H O] adS Ph |: :I Vm’Ph

pore

(2.13)

Equation 2.13 shows the concentration ratio of phenol to water
in the pores is proportional to the aqueous phenol concentration.
Taking the expression of [EtOH:**H*(H20)m]pore in Equation 2.7
and that of [H2O]pore/[ Ph]pore in Equation 2.13 into Equation 2.9,

the alkylation rate is expressed as:

K, - [EtOH],, Vinro

Taty = Mass - koK, 1+K, - [EtOH] Kocspn [Pmaq Ve (2 14)

It is seen in Equation 2.14 that the alkylation rate consists of
four grouped terms: (i) the total number of active site (#gas),
which equals the number of hydronium ions; (ii), the rate
constant times the equilibrium constant of carbenium ion
formation, kK>, (iii) the association degree of hydronium ion
with ethanol, Ki[EtOH].¢/(1+ Ki[EtOH]J.), expressed in a
Langmuir type term; (iv) the concentration ratio term,
Kads ph[Ph]aqVim 20/ Vimpn, Tepresenting the competition between
alkylation reaction and rehydration of carbenium ion with
water. Noteworthy, the term, kK>, is the rate constant for the

alkylation starting from a ground state of a hydronium ion
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associated ethanol and an adsorbed phenol in the MFI pores.

Rearranging the terms, Equation 14 turns into Equation 2.15.

K, - [EtOH],, Voo
1+K, - [EtOH],, Vo (2.15)

Faiy = Ngas * k- Kz 'Kads,Ph .

Equation 2.15 predicts a reaction order of 1 for the aqueous
phenol, and it is supported by the kinetic measurements (Figure
S-2.6). Regarding the reaction order of aqueous ethanol, a zero
order was observed under our alkylation reaction conditions,

thus, K; - [EtOH],q >>1 (see Figure S-2.7d). Accordingly, the

rate equation simplifies to:

My = Noas KKy Ko o .\\//""“20 -[EtOH° - [PhIY,
m,Ph (2.16)

This expression differs from the originally proposed apparent
rate formalism (Eq. 2.2) by the use of the phenol adsorption
equilibrium constant Kagspn, equilibrium constant K> of the
reversible formation of ethyl carbenium from hydronium ion
associated ethanol (Eq. 2.6) and alkylation rate constant £ (Eq.
2.4) replacing apparent rate constant kapp, showing a correlation

between them as:

Vm, ,0
kapp =k- K2 : Kads,Ph ViH
mPn 2.17)
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Under isothermal conditions, the molar volumes of water and
phenol are constants. Therefore, the term kK, was calculated
from experimentally measured kap, and Kagsph. The results are
shown in Figure 2.5. Both the apparent rate constant kap,p and
the phenol adsorption constant Kagpn depends strongly on the
BAS concentrations. However, it is noteworthy that K> is the
same among all the tested H-MFI (e.g. (0.06 + 0.01) h!" at 523
K), despite differences in the concentration of hydronium ions.
Since the ethyl carbenium ion formation from hydronium ion
associated ethanol (Eq. 2.6) and alkylation of phenol with the
ethyl carbenium ion (Eq. 2.4) are reactions involving the
reactant and product in the local environment and directly
related to the catalytic property of hydronium ions, it is
reasonable to have equal K> and & values for all hydronium ion
concentration and consequently the same kK, value among all

tested H-MFL
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Figure 2.5. Apparent (4) and intrinsic (m) rate constants of
phenol conversion and equilibrium constant (A) against
Brensted acid site concentration for MFI zeolites with varying
Si/Al ratio.

The identical rate constants on H-MFI with different hydronium
ion concentrations are consistent with the observations for
alcohol dehydration on zeolite BEA [39]. The apparent
dependence of kspp on the hydronium ion concentration is due
to the changes of Kagspn Which alters the concentration ratio
between phenol and water in the H-MFI micropores. A higher
phenol to water ratio in the pores, induced by larger Kagsp,
enhances the reaction of ethyl carbenium ion with phenol to
alkylates (Eq. 2.4) and reduces rehydration of the carbenium

ion with water back to ethanol (Eq. 2.6) [33,40,41].
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This effect contrasts observations for acid catalyzed reactions
with gas phase reactants, since many conditions, adsorption of
the reactant mainly takes place at the acid sites and
physisorption on non-acid sites is very weak and thus negligible
in the overall reaction kinetics. Adsorption of phenol in the
pores of MFI is strong even at temperatures beyond 500 K, and
enriches substantially phenol as well as reduces water in the

pores.

Thus, we conclude that the intrinsic rate constants are similar
amongst all examined MFI zeolites independent of Brensted
acid site concentration. However, the equilibrium constant of
phenol adsorption is a function of the Si/Al ratio and must, thus,
be considered when describing rates in a non-zero order rate
regime, since bulk and pore concentration can be substantially

different.

2.3.5 Reaction barrier of alkylation reactions

The activation energies for the formation of ortho-/para-
ethylphenol and ethylbenzene (Figure 2.6, Figure S-2.8a-c) are
listed in Table 2.4. Both, C-alkylation and ether formation rates
show similar activation barriers (approximately (104 + 5)

kJ-mol). Their difference in rate constants is caused by the
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different values of the pre-exponential factors. This suggests
that the alkylation reaction pathways follow a similar route, i.e.,
the dehydration of ethanol to the ethyl carbenium ion that reacts
subsequently with phenol in the pore. The frequencies of
reactive encounters and the efficiencies from different atoms in
phenol, i.e. ortho-C, para-C and O, to ethyl carbenium ion
determined the pre-exponential factor for the ortho-, para- and
for ether formation rates. The activation energy was concluded
to be determined solely by the formation of ethyl carbenium ion
from hydronium ion associated ethanol. This was further
supported by a reaction using toluene instead of phenol as the
nucleophile, which showed the same activation energy (104
kJ-mol!) as phenol. Ethene was also observed in the reaction
but with a higher activation energy of (126 + 9) kJ-mol
(Figure S-2.9). The higher activation energy is attributed to the
additional higher barrier for the deprotonation of carbenium ion

to the alkene, which is not required for alkylation [28].

99



Chapter 2 — Aqueous phase alkylation

0.5
_1 -
...
®. e ..‘..
— -1.5 e
o) L&
@ @ . 2
3 5 . ..... °
g
2.5 4
_3 T T T T
1.8 1.84 1.88 1.92 1.96 2
T1-103[KY

Figure 2.6. Arrhenius plot of ethoxybenzene (e), ortho
ethylphenol (®) and para ethylphenol (e) formation over
MFI45. Temperature range is 503 K — 553 K with 10 K
increments.

The independence of activation barrier on the type nucleophile
(O- or C-nucleophile) or the substitution in the aromatic ring
(phenol or toluene, Table 2.4) point to the fact that the ethyl
carbenium ion is enthalpically the most difficult step in the
overall process. The reaction with the nucleophile solely
influences the pre-exponential factor. Perdeuterated phenol
showed similar alkylation rates as (normal) phenol (i.e., 0.41 h’

"' vs 0.43 h! for perdeuterated and normal phenol alkylation
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respectively, see supplementary Table S-2.4), showing no
kinetic isotope effect. This implies that the reaction steps after
the nucleophilic collision of phenol with ethyl carbenium ion,

i.e., the C-H activation in phenol, do not affect the reaction rate.

Table 2.4. Activation parameters and kinetic constants of
ortho, para and O-alkylation.

Preexponential factor Intrinsic activation
[108 s energy [ kJ-mol]
Alkylation
Sample Ortho  Para  ether ky
C- O-
MFI112 2.8 1.8 43 102 108
MFI15 3.0 1.6 4.0 103 106
Phenol
MFI132 3.0 1.7 4.4 103 102
MFI145 3.1 1.7 4.5 100 99
MFI45  Toluene 0.8 35 - 103 -

The selectivity ratio of ~2/1 to ortho- and para-ethylphenol is
caused by a formation rate of ortho-alkylate that was twice as
high as that of para-alkylate. This indicates absence of a
preference between the two possible alkylation sites, i.e., the
ratio is statistical. It reflects the non-directed phenol encounter
with the ethyl carbenium ion, causing all the three carbons at

ortho- and para- position to have equal reaction probabilities.
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The higher initial selectivity towards the ether is speculated to
be caused by a higher insensitivity of the phenol oxygen

towards reactive encounters than ring carbons.

2.4 Conclusion

The present results show that medium pore zeolites such as H-
MFI are promising catalysts for (phenol) alkylation with
ethanol in aqueous phase. Lower concentrations of hydronium
ions (lower AI** concentration in zeolite) induce both a higher
adsorption constant of phenol into zeolite pores and a higher
apparent reaction rate normalized to BAS concentration. The
detailed analysis showed, however, the intrinsic rates per
hydronium ion to be identical for all investigated H-MFIL,
regardless of the concentration of hydronium ions in the pores.
The selectivities to ethoxybenzene and to ortho- and para-
ethylphenol are unaffected by a change in hydronium ion
concentrations. The intrinsic activation energy barriers for all
the three products are the identical, while the preexponential
factors differ. The results demonstrate that the ethyl carbenium
ion formation from ethanol constitutes the rate determining
step, and its subsequent reaction probabilities and efficiencies
with O, ortho- or para-C in phenol determine the different rates

along the different alkylation pathways.
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2.7 Appendix

S2.1 Characterization of zeolite samples

S2.1.1 Physicochemical properties of the zeolite

samples

The four examined zeolite samples used in this study were
obtained by ZEOLYST (MFI12 and MFI15) and Clariant
(MFI45). MFI32 is an AHFS treated MFI15 parent sample.
Extensive characterizations of MFI15 were reported
previously.'** The physicochemical properties are compiled in
Supplementary Table S-1. The micro volume of the samples
were obtained by the T-plot method from BET data. The
micropore volumes were further used in order to analyze the

concentration of adsorbed organics in the pores of the zeolite.

108



Chapter 2 — Aqueous phase alkylation

Table S-2.1 The textural and acid properties of the studied

zeolite samples.

Sample Pore Micro TASP BAS® LAS®
volume concentratio  concentratio  concentratio
2 pores® n [mmol/g] n [mmol/g] n [mmol/g]
(cm3¥g)  (cm%g)
MFI112 0.19 0.18 14 1.15 0.20
MFI15 0.17 0.17 1.0 0.85 0.16
MFI132 0.18 0.14 0.6 0.52 0.06
MF145 0.15 0.12 04 0.36 0.04

a) Determined by nitrogen adsorption using BET method.

b) Determined by TPD of adsorbed ammonia.

c) Acid sites are defined as those that retain pyridine after
outgassing at 423 K for 1 h following saturation of the surface
by pyridine.
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S2.1.2 ? AI-NMR of the zeolite samples
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Figure S-2.3: # AI-NMR MAS NMR spectra of MFI145,
MFI32, MFI15 and MFI12. Chemical shift for octahedral
coordinated Aluminum (A ) is O ppm and 55 ppm for
tedrahedrally coordinated Aluminum (m).
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S2.2 Estimation of adsorption capacity under reaction
conditions

The adsorption isotherms of phenol from aqueous solutions
onto zeolites MFI12, MFI15, MFI32 and MFI45 have been
measured at various temperatures (280-353 K). Langmuir-type
adsorption model, as discussed in the main text, has been
applied to fit these measured isotherms to obtain adsorption
constant (Kags) and saturation uptake (qmax) at each temperature.
Detailed results will be reported in a subsequent publication.
For all zeolites, the saturation uptake of phenol from aqueous
solutions was lower than that measured from gas-phase
adsorption (e.g. 1.1 mmol/g for MFI45). This appears to reflect
a significant amount of water adsorbed on these zeolites in
contact with aqueous solutions. Next, we show how we
determined adsorption capacity under reaction conditions. It
was found that the saturation uptake decreased as adsorption
temperature increased (Table 2.2). This decrease in the
saturation uptake with increasing adsorption temperature stems
from the decrease in density of the adsorbate phase in the
micropore (like thermal expansion of a liquid) as a function of

temperature. The temperature dependence takes the form:
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ln(%) =8(T =T,) (SE-2.1)

Where T, is the reference temperature (280 K), qr, is the
saturation uptake at the reference temperature, qr is the
saturation capacity at a certain temperature (T) and 6 is the
temperature coefficient of expansion.>® Plotting measured
saturation adsorption capacity at different temperatures as a
function of temperature yielded a slope (-5) of —0.0032, for
HMFI  zeolite samples. Having extrapolated these
experimentally determined saturation uptakes between 280 and
353 K, we found that the saturation uptake of phenol would
decrease from 0.51 to 0.27 and 0.19 to 0.12 mmol g™ for MFI45
and MFI112, respectively, with the temperature increasing from
298 to 523 K (Table S-2.2).
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Figure S-2.2: Gibbs-Helmholtz plot extrapolating phenol
equilibrium adsorption constant to reaction conditions for
MF145 (o), MFI32 (e), MFI15 (®) and MFI12 (e).
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Table S-2.2: Saturation capacity of phenol adsorption at

various temperatures on MFI with varying Si/Al ratio in mmol
1

g’

Sample 280K 298K 313K 333K 353K 523K

MFI12 0.19 0.18 0.18 0.17 0.16 0.12
MFI115 0.26 0.25 - 0.23 0.21 0.14
MF132 0.45 0.44 0.41 0.40 - 0.24
MF145 0.53 0.51 0.48 0.46 0.43 0.27

.0.1  MFI45 * MFI32

A MFI15 ® MFI12

0.2

0.3

Ln(areqr?)

0.4

-0.5

-0.6

-0.7
0 50 100 150 200 250

T-To [K]

Figure S-2.3: Temperature dependence of saturation uptake for
MFI145, MF132, MFI15 and MFI12
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Figure S-2.4: a) Adsorption isotherm of ethanol on MFI15 from
aqueous solution at room temperature. b) and c) Adsorption
isotherm of phenol on MFI15 from aqueous solution in absence
and presence of 12 vol% ethanol (2.1 M), presented as b)
absolute phenol uptake and ¢) normalized phenol uptake to its
saturated uptake.
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S2.3 Alkylation of phenol with ethanol
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Figure S-2.5: Yield versus phenol conversion for MFI45 (m),
MFI32 (¢), MFI15 (A) and MFI12 (e). Full symbols represent
C-alkylation data (para- and ortho-ethylphenol combined),
empty symbols O-alkylation (ethoxybenzene). Reactions were
carried out in aqueous solutions containing 0.5 g catalyst, 0.09
M of Phenol, 2.1 M of ethanol and 100 mL of water at 523 K.

S2.3.2 Measurement of the reaction order with respect
to phenol
Aqueous phenol solutions of 0.05-0.15 M of phenol were used,

while the total ethanol concentration was fixed for these
measurements. Under all measured conditions, the alkylation
rate was observed to be first order with respect to the ¢

concentration of phenol.

117



Chapter 2 — Aqueous phase alkylation

-14

MF112 ’

14,4 A
£ a8 =
o
o

-15,2 4 y =1,009%- 12,305

-
-15,6 T T T
3,5 3 2,5 2

log (phenol concentration)

1,5

log (rate)

-14

-14,4 4

-14,8 4

-15,2 A

-15,6

MFI45 -~

y=1,0111x-12,28

35

-3 -2,5 -2
log (phenol concentration)

15

Figure S-2.6. Phenol consumption rates as a function of phenol
concentration in aqueous solutions containing 0.5 g catalyst and
2.1 M of ethanol. MFI12 (left), MFI45 (right) and various
concentrations of phenol (0.05-0.15 M at room temperature).
Reaction were carried out at 523 K.
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S2.3.3 Measurement of the reaction order with respect
to ethanol
Agueous ethanol solutions of 0.17-3.4 M were used, while the

catalyst loading was fixed for these measurements (0.5 g
MFI45). At low concentrations, the alkylation rate was
observed to be first order with respect to the concentration of
ethanol, at higher concentrations (¢ > 1 M, operating conditions
in this work) the rate dependence is of 0" order (Figure S-6d).
This observation holds true for Phenol consumption (Figure S-
6a), the formation rates of ethoxybenzene (Figure S-6b), the
formation rates of ethylphenol (Figure S-6¢, data for ortho
formation is shown).
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Figure S-2.7a and S-2.7b. Phenol conversion (left) and
ethoxybenzene formation (right) as a function of time.
Reactions were carried out in aqueous solutions containing 0.5
g MFI45 and 0.09 M of Phenol, and various concentrations of
ethanol. Ethanol concentrations were 0.17 M (m), 0.52 M (),
0.86 M (A), 2.1 M (X) and 3.4 M (e) at room temperature.
Reaction temperature was 523 K.
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Figure S-2.7c and S-2.7d. Ortho-ethylphenol formation over
time (left) and apparent rates as a function of ethanol
concentration (right). Reactions were carried out in aqueous
solutions containing 0.5 g MFI45, 0.09 M of Phenol, and
various concentrations of ethanol. Ethanol concentrations were
0.17 M (m), 0.52 M (¢+),0.86 M (A), 2.1 M (X) and 3.4 M (e)
at room temperature. Reaction temperature was 523 K. The
formation rates of para-ethylphenol (o), ortho-ethylphenol (O)
and ethoxybenzene (A) are depicted on the right. The frame
highlights the standard operating conditions throughout this
work.
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S2.3.4 Activation energies of phenol alkylation over
various MFI zeolites
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Figure S2.8. Temperature dependence of kK, of ethoxybenzene
(), ortho-ethylphenol (e) and para-ethylphenol (e) formation
over MFI32 (a), MFI15 (b) and MFI12 (c).
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S2.3.5 Activation energies of ethylene formation
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Figure S-2.9. Temperature dependence of ethylene formation
rate over MFI45 (o), MFI15 (®) and MFI12 (e). Conditions
comparable to standard experiment.
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S2.3.6 Reaction rates of toluene alkylation

Table S-2.3. Apparent rate constant of toluene alkylation over
MFI45 at various temperatures. Reaction conditions: 0.5 g
MFI45, 0.09 M Toluene, 12 mL ethanol, balanced with water to
100 mL total volume.

Temperature [K] Apparent rate constant [h™]

Ortho Para
ethyltoluene ethyltoluene
503 0.11 0.52
523 0.32 131
553 0.73 3.32
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S2.3.7 Reaction rates comparing perdeuterated and
normal phenol

Table S2.4. Rate constants of perdeuterated phenol and normal
phenol over MFI45 at wvarious temperatures. Reaction
conditions: 0.5 g MFI45, 0.09 M phenol (or perdeuterated
phenol), 12 mL ethanol, balanced with water to 100 mL total
volume. Reaction temperature was 523 K.

Apparent rate constant Kapp [h]

Ortho Para
ethylphenol ethylphenol Ethoxybenzene

Normal phenol 0.43 0.20 0.69
Perdeuterated
phenol 0.41 0.20 0.77
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Chapter 3

Hydronium ion cluster size in MFI
zeolite and its consequence in liquid
phase adsorption

Adsorption of cyclohexanol from aqueous solution was studied
over proton forms of MFI-type zeolites with increasing
aluminum content. The Si/Al ratio determines the concentration
of Brgnsted acid sites, which in turn dictates the quantity of
water in the zeolite. This leads to a negative correlation of
cyclohexanol adsorption with increasing aluminum content.
Liquid adsorption studies were done in order to determine the
adsorption saturation capacity and equilibrium constants of
cyclohexanol adsorption from aqueous solution. To the best of
our knowledge, for the first time, a clear description of a gas
and liquid phase system has been made to understand the

transfer from gas phase adsorption to condensed phase.
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3.1 Introduction

In order to draw a complete picture of heterogeneously
catalyzed reactions, it is imperative that we understand not just
the chemical transformation but also the elementary steps of
adsorption and desorption. Recent developments have shown
that hydronium ions confined in zeolite nano-pores can be used
as effective catalyst in aqueous condensed phase reactions, such
as the dehydration and alkylation in aqueous solution.*®
Hydronium ions generate from the hydration of protons in
zeolite upon contact with water. The formulation of a
hydronium ion is usually simplified as one proton associated
with one water (HsO") and consequently, the chemical equation
for the proton transfer, which is required in most hydronium ion
catalyzed reaction, is straightforward, e.g.: H3O"@g) + Bag =
H:O@q + BH*ag. The accurate state and structure of the
hydronium ion and its consequence in chemical reactions
however remain unclear. It has been demonstrated that
protonation of water in zeolite requires at least two water
molecules per proton in stoichiometry. IR spectroscopy backed
by DFT describes the interaction of a zeolite Brgnsted acid site
with a single water molecule as of hydrogen bonded nature. The
addition of a second water molecule allows proton abstraction

from the lattice forming a protonated bi-water cluster.” Then the
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guestion is whether a normal hydronium ion is a protonated bi-
water cluster or it involves more water molecules. This is
particularly important for understanding the contribution of
confined environment to the catalytic activity of hydronium ion
in zeolite because the confinement requires a match in size
between zeolite pore and the molecule (hydronium ion and or
reactant) inside which depends on the number of water
molecules in a hydronium ion. However, in aqueous phase, this
is challenged by the experimental difficulty in distinguishing
the water molecules in the hydronium ion from those not in.
Therefore, most effort has been made on gas phase experiments
and theoretical calculations in the past. The hydronium ion itself
was found and calculated to have two possible structures which
are formerly known as Zundel and Eigenstructures.®? In these
structures, a distinction is made between a proton associated
with a single water molecule (HzO")q) Or a shared coordination
involving two water molecules (H:O—H*-OHy>) (ag). Studies of
the water cluster size reveals coordination numbers ranging
from four up to several hundred.®** Amongst all quantities, the
solvation by 21 water molecules is the most discussed and
predicted to be the most stable in gas phase.*1® For Mordenite,
a stoichiometry of four molecules per BAS was found, in MFI

a stoichiometry of five to six.1”8 It may well be that both values
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are true since they are regarding different zeolite frameworks
under non-identical conditions.
Amongst heterogeneous catalysts, zeolites possess exceptional
adsorption/catalytic properties. The catalytically active centers
are located in cavities and pockets of micropores of molecular
dimensions which oftentimes allow favorable transition state
enthalpies and entropies. This beneficial confinement effect
was first understood and described by Derouane et al.'%2! They
found that rather than the directional chemical interaction, e.g.,
of the proton (a Brensted acid site) with a polarizable portion of
an adsorbed molecule, van der Waals interactions (dispersive
forces) contribute largely to the strength of adsorption. This
phenomenon was attributed to the curvature of the surrounding
environment of an adsorption site. The extent of this interaction
depends on the channel size of the zeolite which is determined
by the framework type.???" The observed effects become more
significant as the pore size approaches molecular dimensions.?
While very detailed structure — adsorption properties have
been developed for alkanes, only little information has been
collected for oxygenates. Gravimetric and spectroscopic studies
on methanol have shown that both van der Waals interaction
with the pore walls and electrostatic interaction with acid sites
exist. The latter determines the location within the zeolite.?-3!

By comparing C1 — C3 alcohol adsorption on silicalite-1 and
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HZSM-5, it was shown that the Brgnsted acid site interaction
with the hydroxyl group contributes 50 — 60 kJ mol? to
adsorption enthalpy. The non-directed dispersion forces are
independent of the acidity and amount to approximately 15 — 20
kJ mol™ per carbon atom.®? Some of these features that were
discovered in gas phase experiments could be identified to exist
in liquid phase as well. It was demonstrated that an exponential
increase in adsorption constant goes along with an increase in
carbon number of diols and triols from agueous solution on
MWW, MFI and BEA framework type of zeolites.>*** A linear
correlation between the adsorption constant and the octanol-
water partition coefficient was established.

Differentiate adsorption constants in heat and change in
entropy of adsorption is of high interest and has not been studied
so far. Rationalizing this concept is a key to rational catalyst
design and will unquestionably help enhancing rates and
selectivities of catalyzed reactions.?23%

In this study, two experimental strategies will be utilized to
obtain the number of water molecules in a hydronium ion in
zeolite pores and its steric size. One is approaching the lower
boundary of hydronium ion size by adsorbing water molecules
from gas phase onto a clean and empty zeolite and the other is
approaching the upper boundary of the size by using organic

molecules to quantitatively displace water molecules from a
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water-immersed zeolite. By careful comparison of the evolution
pattern of thermodynamic parameters, i.e. enthalpy and entropy,
with the change of water amounts in the zeolite micropores, the
water molecules in hydronium ions can be distinguished from
those which are not in it. The asymptotical number of the upper
and lower boundaries tells the size and water number of a

hydronium ion confined in zeolite.

3.2 Methods

Deionized water was used after a further purification by a
Millipore system to a resistivity of 18.2 MQ-cm. Cyclohexanol
(99.7 %), Ethanol (99.7) and Phenol (99.9 %) were used as
received (Sigma Aldrich). H-MFI (Si/Al 45, 60 and 110) were
obtained in the protonated form from Clariant. H-MFI (Si/Al 12
and 15) were obtained from Zeolyst (CBV2314, CBV3024E).
MFI23 and MFI32 were obtained removing extra framework
aluminum of the parent samples (MFI12 and MFI15
respectively) using ammonium hexafluorosilicate (AHFS), and
the resulted two zeolites were almost free of extra-framework
aluminum (EFAI). Silicalite is prepared via fluorine method.%

The zeolite samples were activated at 723 K under 100

mL/min air flow for 4h prior to experiment.
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Atomic Absorption Spectroscopy (AAS). The Si and Al
contents of the zeolite samples were measured by AAS on a
UNICAM 939 AA-Spectrometer.

N, adsorption. The surface area and pore volume of the
zeolite were determined by nitrogen physisorption. The N
adsorption isotherms were measured at liquid nitrogen
temperature (77 K) using a PMI automatic Sorptometer. The
catalyst was activated in vacuum at 473 K for 2 h before
measurement. Surface area was calculated by applying the
Brunauer-Emmett-Teller (BET) theory, and the t-plot method
was used to determine the pore volumes.

IR spectroscopy of adsorbed pyridine (Pyridine IR). Infrared
(IR) spectroscopy of adsorbed pyridine on zeolite was
performed with a Perkin—-Elmer 2000 spectrometer at a
resolution of 4 cm™. The catalyst sample was shaped into a self-
supporting wafer and activated in vacuum (~ 10 mbar) at 723
K for 1 h (heating rate 10 K/min). After cooling to 423 K, the
sample was exposed and equilibrated with 0.1 mbar of pyridine
vapor for 30 min followed by outgassing for 1 h. A spectrum
with the chemisorbed pyridine was recorded thereafter.
Pyridine adsorbed on weak acid sites was removed finally by
heating to 723 K at 10 K/min and kept for half an hour. Again
the spectra were recorded after cooling to 423 K. For

quantification of acid site concentration, molar integral
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extinction coefficients of 0.73 cm-pumol* and 0.96 ¢cm-umol™

were used for the band of pyridine on Brgnsted acid site (1560

- 1520 cm™) and that on Lewis acid sites (1470 - 1435 cm™)
respectively.

Gas phase adsorption. The adsorption of cyclohexanol and
water from gas phase onto the zeolite samples was performed
using a Seteram microbalance connected to a vacuum system
and a pressure controlled liquid vaporizing system. In a typical
experiment, 20 mg of zeolite was loaded on the microbalance
and activated under vacuum (< 10* mbar) at 723 K for 4 h. The
adsorbate vapor was introduced onto zeolite through a dosing
valve stepwise under a delicate control of its pressure. After
equilibration under a certain pressure and a certain temperature,
the adsorbed amount was quantified via the increase in mass
and the released heat was observed via DSC signal. The system
allows a minimal pressure below 10* mbar and a maximum
pressure of adsorbate as its saturated vapor pressure at room
temperature. (e.g. 1.2 mbar for cyclohexanol, 25 mbar for
water).

Liquid phase adsorption. Adsorption of cyclohexanol from
aqueous phase onto zeolite was determined by a combination of
adsorption heat measurement using a liquid calorimeter
(Setaram Calvet C80) and an uptake measurement using the

aqueous phase cyclohexanol concentration change before and
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after adsorption. For the uptake (gq) measurement, concentration
of cyclohexanol was determined using liquid NMR,
guantification was accomplished adding an internal standard
(1,3,5-trioxane) to the solution in equilibrium (ce), assuming
q=V(co—c,)m™t, with ¢, being the pristine bulk
concentration. Adsorption isotherms were obtained immersing
100, 50 or 20 mg of zeolite in a cyclohexanol solution of a
defined concentration for at least 24 hours at the desired
temperature. The solution was separated from the zeolite and
concentration was determined via liquid NMR using water gate
suppression at a frequency of 46.2 MHz and 1,3,5-trioxane
(sharp singlet at 5.2 ppm) as internal standard. For the liquid
calorimetry, two-compartment reversal mixing cells were used.
The lower compartment was loaded e.g. with 0.1 g zeolite
immersed in 0.8 ml water. The upper compartment with 0.2 ml
of the desired cyclohexanol solution resulting in a total volume
(V) of 1 ml with a concentration co. Reference cell is similar
without zeolite in order to exclude heat signals caused e.g. by
heat of dissolution. A rocking mechanism ensures simultaneous
and complete mixing of zeolite and solute. The released heat is
measured, integrated over time until equilibration and
normalized to the adsorbed quantity determined by liquid

proton NMR using internal standard for quantification.
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3.3 Results and discussion

3.3.1 Physicochemical properties of the zeolite samples

MFI zeolites of different Brensted acid site (BAS)
concentrations were tested in the work. Table 1 shows their
physicochemical properties including Si/Al ratio, BET surface
area, BAS concentration and extra framework-Al fraction. The
number in the name refers to the SiO2/Al;Os3 ratio.

Table 1: Physico chemical properties of MFI zeolite samples
Sample Si/Al BET Brgnsted acid Fraction of
ratio®  surface site EFAl
areaP concentration®

[l [%0]

[m?/g] [mmol/g]
MFI115 15 364 0.86 12
MFI123 23 401 0.65 3
MF132 32 372 0.52 2
MF145 45 365 0.36 1
MFI1110 110 364 0.11 n.d.
Silicalite - 378 -

aDetermined by AAS.
Determined by the adsorption of nitrogen.
‘Determined by IR-spectroscopy of adsorbed pyridine at 423 K.

dDetermined by MAS-NMR of 27All.

All the MFI zeolites have similar BET surface areas. The BAS

concentration varies from 0.86 mmol g* to 0.11 mmol g* (for
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MFI15 and MFI110 respectively). While tetrahedral
coordinated aluminum is considered to create Brgnsted acid
sites, octahedrally coordinated aluminum is associated with
extra framework aluminum which is of Lewis acidic nature.
MFI15 contains a large fraction of octahedrally coordinated
aluminum as revealed by MAS-NMR of 2’Al nuclei. In order to
examine the effect, the sample was treated with AHFS to
remove the EFAIL All other zeolites contain negligible
guantities of EFAI (< 3%).

3.3.2 Assessment of the affinity of water from gas
phase to the BAS of MFI
The interaction of water with the zeolite was firstly studied via

gas phase adsorption of water on zeolites at increasing water
partial pressure and thermo-gravimetric analysis with coupled
differential scanning calorimetry. The isotherms at 313 K are
depicted in Figure 3.1a. The more aluminum rich the sample,
the higher the final saturation uptake of water. For example,
silicalite, containing no detectable Al and no BAS, adsorbed
hardly any water that only 0.18 mmol g* were detected at the
saturated vapor pressure of water (28 mbar), while MFI15
adsorbed the 30-fold amount (5.21 mmol g*!) at the same
pressure. The water adsorption can best be described by a
Freundlich isotherm, which reflects the tendency of cluster
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formation rather than high dispersion of water over the zeolite
surface.” Water adsorption in MFI zeolite samples only takes
place on defect sites (minor part) and Brgnsted acid sites (major
part),®” a normalization of water uptake to the amount of
Brensted acid sites would tell the coverage of water molecules
on each BAS, which reflects the size of water cluster in a
hydronium ion. (Figure 3.1Db).
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Figure 3.1: a) Adsorption isotherm of water from gas phase on
MFI zeolites with varying Si/Al ratio. MFI15 (e), MFI23 (e)
MFI32 (e), MFI45 (o), MFI110 (o) and silicalite (e) b)
Isotherm normalized to site density of the samples.
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When normalized to BAS concentration, the adsorption
isotherms of all tested MFI zeolite samples overlap each other
and show a saturation capacity of 7 water molecules per
Brensted acid site (Figure 3.1b). Water, which is associated
with a BAS, abstracts the proton from the zeolite bridging OH,
forming a hydronium ion cluster containing water solvating the
positive charge (HzO"(H20),) counter balanced by a negative
charged Al T-site in close proximity.®40 In literature,
hydronium ion cluster size as well as solvation modes are
discussed controversially. In aqueous phase, hydronium ions
are described as e.g. Eigen-type structures with 4 coordinating
water molecules,®® or as Zundel-type or other structures
containing 6 water molecules in the cluster.’12 Even larger
agglomerates with predictions up to several hundreds of water
molecules surrounding the hydronium ion were measured and
supported by theory.** Among these, a cluster size of 21 water
molecules was found to be energetically more favored than
others and is often referred to as the magic number. The found
stoichiometry in this work points to a sharp cluster size of not
more than 7 water molecules per Bregnsted acid site. (The
occupied volume of the formed clusters is estimated to be far

from a complete filling of the micropores (30 — 60 % pore
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filling). In the absence of BAS, the backbone of MFI is not able
to show attractive interactions with water and no further pore
condensation takes place, as proven by the low water uptake on
silicalite sample. Chen*" measured a stoichiometry of 4 water
molecules per tetrahedral coordinated aluminum in MOR
zeolite. This observation might be different since BAS can be
located in 8 membered ring side pockets and 12 membered ring

channels.

3.3.3 Cyclohexanol adsorption from the aqueous phase

An alternative attempt of examining the water cluster size of
hydronium ions in aqueous solutions was made by replacing
water from MFI through adsorbing organic substrates (e.g.
cyclohexanol or phenol) from agqueous solution on the zeolites.
The result is first shown as an adsorption isotherm of the

substrate (cyclohexanol) on MFI zeolite (Figure 3.2 a):
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Figure 3.2: a) Adsorption Isotherm of cyclohexanol from
aqueous phase onto MFI zeolites with varying Si/Al ratio at 298
K and b) corresponding remaining water per Brgnsted acid site
in MFI zeolites. MFI15 (o), MFI23 (o), MFI32 (e), MFI145 (e)
and MFI110 (e). The remaining water per BAS is calculated
assuming no change in density of the adsorbed phase and the
void volume determined by nitrogen adsorption is occupied by
water.
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As shown in Figure 3.2a, all cyclohexanol isotherms show a
linear part in the low concentration regime and a saturation
uptake at concentrations larger than 0.02 mol/l. The isotherms
are best described with a Langmuir adsorption model and the
adsorption constant is shown in Table 3.2. Decreasing the Al
content of zeolites leads to an increase of both the adsorption

constant Kags and the saturation uptake (gmax) of cyclohexanol.
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Table 3.2: Adsorption properties of cyclohexanol on MFI
zeolites with decreasing Al content

BAS Kads (max

Sample concentration®
(mmol/g) (298 K) (mmol/g)

MFI15 0.86 234 0.40
MFI123 0.65 327 0.51
MF132 0.52 383 0.52
MF145 0.36 364 0.66
MFI1110 0.11 590 0.70

The MFI zeolite with the lowest aluminum content (MFI 110)
shows an adsorption constant which is higher by a factor of 2.5
compared to that with the highest aluminum content (MFI 30)
(590 and 234), respectively). The increasing adsorption
constant is accompanied by an increase in saturation uptake
(0.40 and 0.70 mmol g for MFI115 and MFI1110 respectively).
In contrast to water, cyclohexanol is not attracted by the zeolite
with more Brgnsted acid sites but with the zeolite with the lower
BAS concentration. This observation is in line with formerly
found dependence that a decreasing Si/Al ratio results in lower

substrate adsorption from aqueous phase using propylene
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glycol.®* Mallon et al. proposed a preferential adsorption of the
alcohols at channel intersections which would result in a
decreased availability of sites (and pore volume) with
decreasing Si/Al ratio and a simultaneous decrease in Kags.>*
However, since liquid phase adsorption involves comparatively
low adsorption enthalpies (e.g. 30 kJ mol* for cyclohexanol
from aqueous solution onto MFI zeolite), blocking of
pores/sites is unlikely, reversibility of the adsorption should be
considered and equilibrium is approached.** Since comparable
effects are independently observed in frameworks with larger
pore openings (e.g. BEA), pore blocking should be excluded at
this point.

Considering cyclohexanol adsorption from aqueous phase on to
MFI is a process displacing water from MFI, the remaining
water amount is calculated. It is assumed that adsorption mainly
takes place in the micropores of the zeolite and the densities of
cyclohexanol and water in the zeolite are not different from their
counterparts in the bulk phase. The difference between the
micropore volume and the volume the organic substrate
occupied is the volume of water remaining inside the pores. The
result is depicted as remaining water per BAS in Figure 3.2b.
While the saturation capacity of cyclohexanol appeared to show

a strong dependence on the Si/Al ratio, the remaining water at
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cyclohexanol saturation is constant at 8 — 9 water molecules per
Brgnsted acid site. It is interesting to note that this value of
water per BAS is independent of Si/Al ratio in MFI and type of
substrates. Figure 3.5 summarizes the minimum water per BAS
in the adsorption of cyclohexanol, ethanol and phenol on MFI
with different Si/Al ratios. All numbers fall in the range of (8 £
1) water molecules per BAS. These results indicate that this
number is related not to the property of adsorbate, but to

intrinsic properties of hydronium ions in zeolite.

The coincidence, in the number of maximum water per BAS
reached by accumulating water onto MFI and the number of
minimum water per BAS reached by replacing water from MFI,
indicates the most stable water cluster formed on BAS in MFI
is made up of about 8 £ 1 water molecules. Therefore, the
hydronium ions formed in MFI, when it is immersed in water,
is cluster of 1 proton stabilized by 8 water molecules or one
hydronium ion solvated by 7 water molecules. Using the density
of bulk water and assuming the hydronium ion cluster to be
spherical, its radius was calculated to be 3.6 A which is in good
agreement to the radius of a sphere that can be included in an
MFI structure (3.2 A).*> Therefore, we suggest that the
restriction of the pore in MFI zeolites hinders a growth of the

water cluster.
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Figure 3.3: Energy of adsorption of water on MFI zeolites with
varying Si/Al ratio over water / BAS stoichiometry for zeolite
samples MFI30 (e), MFI46 (e), MFI64 (e), MFI90 (e) and
MFI1220 (e)

Analyzing the data in terms of adsorption energy reveals
fundamental insights into the ion cluster formation (see Figure
3.3). For the adsorption of gas phase water onto MFI, all tested
zeolites overlap in terms of released heat. The initial heat of
adsorption is found to be 60 kJ-mol™ (= 10 kJ-mol™). It increases
until a maximum is reached at stoichiometry of 1 — 1.5
water/BAS to about 85 kJ-mol™. The addition of further water
molecules steadily decreases the heat of adsorption to about 45

kJ-mol? (+ 5 kJ-mol™) until the maximum loading of 7 water
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molecules per BAS is reached. These findings are in line with
calculated heat of adsorptions of water on MFI-zeolite by
density functional theory.”® The addition of the first water
molecule is found to be lower in adsorption heat since it can
only form one hydrogen bond while the addition of a second
water molecule to the BAS allows forming not only a hydrogen
bond to the BAS but also among the two adsorbed water
molecules, hydrogen bonding is possible since they can act as
hydrogen bond donors and acceptors at the same time. The
addition of a third water molecule leads to the deprotonation of
the BAS and the addition of all consecutive water molecules
form the hydration shells of the hydronium ion. The addition of
an 8™ water molecule to the cluster is not possible since the
attractive forces to the cluster are too low to compensate for the
loss in entropy of adsorption. The low enthalpy of adsorption
that is found for water molecules at the boundary of the cluster,
suggest that water which is not associated with the zeolite
proton can easily be removed by any organic molecule entering
the pore until the remaining water / BAS stoichiometry of 8
molecules / BAS is reached. This result is underlined by liquid
phase calorimetry (Figure 3.4)
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of water /BAS for zeolite samples MFI15 (o), MFI23 (e),
MFI132 (e), MFI145 (e) and MFI110 (e).
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The concentration of pure water at 298 K is 55.5 mol L and
9.6 mol L™ for cyclohexanol. Assuming no change in density,
one cyclohexanol molecule would thus displace between 5 and
6 water molecules upon entering the zeolite pores. The water in
the zeolite abstracts the protons from the zeolite forming a
hydroxonium ion which is surrounded by several water
molecules are forming a cluster. The cluster size is measured by
gas phase adsorption to be in the order of about 7 water
molecules in case of H-MFI zeolite. Water which is not
associated with the water cluster solvating the zeolite proton is
of much lower energy and a displacement of this fraction
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requires less energy than to displace water which is in close
proximity to the proton. A constant enthalpy of adsorption of
approximately -32 kJ mol™* (z 2 kJ mol) for a cluster of 12 and
more water molecules per proton can be observed,
independently of the Si/Al ratio. If there is more water available
than this, the energy to displace water is comparatively small
and is suggested to be constant. This value is remarkably close
to the difference between the heat of condensation of
cyclohexanol (- 60 kJ mol)?” and the heat of adsorption of
cyclohexanol from gas phase (-90 kJ mol?) which would result
in a heat of adsorption from pure condensed phase cyclohexanol
of -30 kJ/mol. These findings are in line with the fact that the
adsorption of gas phase water onto a siliceous zeolite (42 - 45
kJ mol')2°30 js close to the heat of condensation of water (44 kJ
mol?). Thus, the removal of water from the pore is almost
neutral in terms of enthalpy and the released heat is caused by
the dispersion forces of cyclohexanol with the pore walls. The
lower limit is determined to be at 8 water molecules / BAS. The
decrease in heat of adsorption points to the fact that besides the
water in a cluster (which consists of 7 water molecules in an
MFI framework) which cannot be replaced by the organic
substrate and the non-associated water which is removed almost
thermo neutral, a water species should be defined which is

associated with the water cluster and which forms a surrounding
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layer that can be removed by cyclohexanol entering the pore.
This water cannot be identified by gas phase experiments since
the loss in entropy which is associated with adsorption cannot
be compensated by the (low) gain in enthalpy. However,
condensed phase water has already lost entropy of condensation
and thus a positive interaction in terms of Gibb’s free energy
can be observed. The saturation capacity is thus not directly
determined by the Si/Al ratio but by the remaining quantity of
water which is in the order of 8 water molecules /BAS. The

found ratio is in good agreement with gas phase adsorption data.

Table 3.5: Thermodynamic values of cyclohexanol adsorption
on MFI zeolite

Enthalpy of adsorption AHY,, | Entropy of adsorption

[kJ/mol] ASY,;¢ [J/Kmol]

Liquid Gas Gas - Liquid Liquid Gas Gas - liquid
MFI145 | -32 90 | -58 -60 201 | -141

The difference between gas phase and condensed phase can
be mostly assigned to the heat of condensation and to a minor
extend to the displacement of water from the adsorbed to bulk
phase. The same holds true for entropy. The difference of
approximately 60 kJ mol™* and 140 J K-* mol* for the difference
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gas phase to aqueous phase correspond to the condensation heat
and loss in entropy of the alcohol wen changing state.

3.3.4 Variation of Adsorbate
To further assess the water cluster size, not only cyclohexanol
but also phenol and ethanol were used as adsorbates. The

maximum uptake was determined and is depicted in Figure 3.5:

152



Chapter 3 — Hydronium ion cluster and liquid phase

adsorption

’E 25 s

£ 2
S - 12 £
9]

€ 20 é‘
E- L10 B

(=] v ik
% ® v . A g
Kol v 1S
S 15 - 8 =
> ) ©
g ® v — —3
u— ® -6 7
o 1.0 - ° (Si/A1110) o
e - . s 5
© - L4 2
a 4 (si/A1200) o 4 g
=] - Si/Al 45)
P Si/Al 45|

g 954 o 23)/./ /(Si/Al 32) ¢ ) Si/a132) !//v g
£ sifainn) @7 o (si/a111) 7" 2 £
£~ &7 (si/ais) 2 (si/al11) e
© (Si/Al15) n =
= 00 0

H-MFI of different Si/Al ratio
Figure 3.5: Maximum uptake and residual water of
cyclohexanol, phenol and ethanol in various MFI zeolite
samples.

As with cyclohexanol, phenol and ethanol maximum uptake
from aqueous solution increased with increasing zeolite
module. The adsorbed amount depends on the residual water
which is constant at 8 £ 1 water molecules per BAS. The
adsorbed number of organic molecules remains a function of its
density with this respect. E.g. due to its higher molar density,
the uptake of phenol is approximately 20 % lower than
cyclohexanol uptake. It can be concluded that all examined

alcohols fully displace water which is non-associated with a
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hydronium ion due to larger van-der-Waals interactions with
the silica backbone of the zeolite.

3.4. Conclusion

Adsorption of water from gas phase is function of BAS and
restricted to seven water molecules, e.g. six water molecules
surrounding one hydronium ion. Adsorption of alcohols from
aqueous phase is restricted by the hydronium ion cluster. The
saturation uptake is determined by the micropore volume and
the volume of the hydronium ion cluster. Heat of adsorption
from agueous solution is equal to heat of adsorption form gas
phase minus the heat of condensation. Displacing water has no
enthalpic consequences in the adsorption of alcohols from the
aqueous phase, indicating that the zeolite pore water which is
not associated with a hydronium ion is enthalpically equivalent

to a water molecule in condensed phase.
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Chapter 4

Alkylation of phenol with ethanol
over zeolites in aprotic condensed
phase — monomer versus dimer
formation in zeolite constraints

4.1. Introduction

Unsaturated hydrocarbons interact with zeolite Brensted acid
sites (BAS) forming either a pi-complex or a sigma bonded
alkoxonium ion.!* Figure 4.1 depicts the calculated structures
of the olefin-zeolite interaction. Both surface species are
thermodynamically stable and separated by a carbenium ion
like transition state. The transition from olefin to alkoxide
results in an elongation of the C=C double bond from 1.31 A to

1.54 A, indicating a reduction of the bond order from two to
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one. While the C-C bond length increases, the distance from
surface oxygen to olefin carbon decreases from 2.94 A to 1.55
A, forming a covalent carbon-oxygen bond. Calculations have
shown a rather low net positive charge of the alkyl fragments of
surface alkoxides indicating that both stable intermediates are

connected via a carbenium ion as excited transition state.

* \-145
c K(‘
U > \ \# C /H
"\}‘! i \ ',"
! ‘& ‘ w !
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?
%Alé \ / N /
a) b) c)

Figure 4.1: Different calculated structures in the formation of
surface alkoxides: a) pi-interactions; b) transition state; c)
covalent bound surface ethoxide.*

Covalently bound alkyl fragments can also be formed by an acid
catalyzed dehydration of a corresponding alcohol, which can be
considered as a hydrated olefin. A single alcohol molecule
adsorbed on a BAS via hydrogen bonding is called a monomer
species. It is ground state for all further intermediates until

formation of the corresponding olefin (or alkylate). Although
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alcohol dehydration over acidic zeolites is known for long time,
intermediates, such as alkoxide or carbenium ions were difficult
to detect. This is due to the high reactivity of surface alkoxide
species towards many reactants, including itself.>” Rapid
dimerization, oligomerization and even polymerization of
dehydrated alcohols are prone to appear at elevated
temperatures,®!® which makes it difficult to select suitable
experimental conditions. First evidence of surface alkoxide
formation was given by Wang et al,” who studied the adsorption
and decomposition of ethanol on H-FAU by in-situ *C- MAS-
NMR. Furthermore, alkoxide was detected by IR-spectroscopy
of ethanol on H-MOR.!"" The addition of a second alcohol
molecule to an adsorbed alcohol forms the dimer species. The
formation of dimers was studied by adsorption of methanol on
BAS via IR-spectroscopy. It was concluded that the formerly
hydrogen bonded alcohol abstracts the proton from the lattice
forming a charged adsorption complex. These findings agree
with recent quantum chemical calculations.!? Differential
calorimetry revealed a constant heat of adsorption until an
alcohol to BAS ratio of 2 was reached."® It was pointed out, that
alcohols can act as hydrogen bond donors as well as acceptors,
making them prone to formation of clusters stabilized by
extended hydrogen-bond networks. This behavior is also known

for Zundel and Eigen-type structures. Alcohols can either
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dehydrate forming an olefin or with a second alcohol forming
an ether. A detailed mechanism was described by Alexopoulos
et al.'? It was predicted that a formation of a surface bound
alkoxide is followed by adsorption of an alcohol monomer. This
alkoxide can either abstract a beta-hydrogen forming the
corresponding alkene or react with a second alcohol in order to
form an ether. Zhi et al.' studied the gas phase dehydration over
H-MFI zeolites. DFT calculations concluded that a
monomolecular elimination (E1) is preferred over a bimolecular
elimination (E2) showing barriers of 135 kJ mol! and 145 kJ
mol! respectively. A schematic energy diagram of ethanol
dehydration via monomer and dimer mediated pathway is

depicted in Figure 4.2.:

ethene + H,O

[t t6 o I

4] % . (5) A 2sKma I
o B DEE + H,0
AL

Figure 4.2: Illustrative energy diagram for ethanol monomer-
and dimer- mediated dehydration reported by various literature
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Step (1) is shared by both monomer and dimer path and
comprises single ethanol adsorption. The ethanol can either be
protonated in an activated step (2) forming a protonated alcohol
or a second alcohol adsorbes abstracting the zeolite proton in a
non-activated step (6). The heat of adsorption for the ethanol
monomer is calculated to be between -122 to -130 kJ-mol™,
which is substantially higher than the heat of adsorption of
water on MFI (AHags = -80 - -90 kJ-mol™"). The second alcohol
addition is slightly lower in terms of released heat than the first
alcohol adsorption with an adsorption heat of - 99 kJ-mol™!, but
higher than water co-adsorption on an adsorbed ethanol (-59
kJ-mol™"). The formation of dimers is thus more significant at
low temperatures. The protonated, monomeric alcohol can
rearrange and subsequently decompose via TS1 forming a
surface bound ethoxide. This activation process is reported to
be the rate determining step with a barrier of 118 kJ-mol™! for
MFL." Elimination of a beta-hydrogen atom forms a pi-bonded
alkene which desorbs subsequently. The activation energy for
the decomposition of the surface ethoxide was measured to be
between 84 kJ-mol™! - 181 kJ-mol! 3111617 Kinetic isotope effect
of CH3;CD,OH and CDs;CD,OD were investigated and
compared to normal ethanol in order to distinguish which

proton is abstracted in the process and whether or not the proton

165



Chapter 4 — Aprotic phase alkylation

abstraction is rate determining in dehydration reactions. A
mechanism involving a stable carbenium ion [CH3CD»]" would
result in an equal probability of all deuterium or hydrogen atoms
to be abstracted leading to either CD,CH, or CHDCH,. If the
mechanism proceeds via a surface bound ethoxide Oeolite-
CD,CH3, CD>CH; would be the only possible product assuming
no hydride shifts. By analyzing the gaseous products via gas
chromatography coupled with mass spectrometry, the authors
were able to provide evidence for an exclusive involvement of
the methyl protons (C-H cleavage) in restoring the BAS,
excluding the formation of stable carbenium ions. Furthermore,
the kinetic isotope effect KIE was found to be substantially
lower than expected for a full cleavage of C-H or C-D bond in
the rate determining step. A calculated barrier of 106 kJ-mol’!
for ethoxide decomposition confirm these findings, leaving step
[3] as rate determining for the overall reaction.*® This is crucial
for the following discussions about alkylation sharing ethoxide

formation as a step in the reaction sequence.

Step (7) describes an endothermic rearrangement of the
protonated alcohol dimer to an alkoxonium ion and a co-
adsorbed alcohol. Diethyl ether is formed from this adduct by
nucleophilic attack of the alpha carbon C, by the oxygen of the
adsorbed alcohol hydroxyl group (Qaicono) in an Sn2 like

reaction (Step [9]). An activation energy of 92 kJ-mol? was
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found for this step. Diethyl ether can either desorb [11] or
decompose forming ethylene and adsorbed ethanol via TS4.
Desorption enthalpy was determined to be 135 — 139 kJ-mol™.
The barrier of TS4 was determined to be 145 kJ mol involving
a late transition sate, resembling of adsorbed ethylene.
Desorption of ethanol, step (10) showed a desorption enthalpy
of 59 kJmoll® These considerations, accounting for
monomers and dimers at the active sites are crucial for the
understanding of the kinetic model which is established in the
following section in order to account for the decreasing

alkylation rates at increasing alcohol concentration.

4.1.2 Kinetic model for the reactions of ethanol over

BAS in aprotic phase

The activation of ethanol results in either an ether formation, a
C-alkylation or an ethylene formation. These reactions are

parallel (Scheme 4.0).
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Scheme 4.0: All possible reactions associated with surface
ethoxide

Since also sequential interconversion and back reaction are
possible, the model is restricted to differential conditions e.g.
conversion below 10 %. Prior to all reactions, a non-activated
physisorption process is proposed (Scheme 4.1). The site is

initially associated with a heptane molecule (solvent).

AN CzHs

A O

' . u

BN o 1 @ \
AOgrOR O+ (CHsOH)ys ——= O-grOF-O- 4 ((n-heptanelpn,e)

SN sN SUNON

Scheme 4.1: Ethanol, which is physisorbed in the zeolite pore
displaces a solvent molecule associated with BAS forming a so-
called monomer.
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This process can be divided into: a) ethanol enters zeolite pore
and b) ethanol interacts with BAS, displacing heptane in both
cases. The overall reaction step can be considered as
equilibrated and represented by a single equilibrium constant
K. Like ethanol, phenol can enter the zeolite pore displacing
solvent molecules via equilibrium constant K3. The surface
concentrations can be expressed in a Langmuir type model (eq.
4.1 and 4.2) which is completed by the description of empty
sites (eq. 4.3).

_ Kq[H*]o[EtOH]
Ome = 1+K4 [EtOH]+K, K, [EtOH]2+K3[PhOH] (4.1)

K3[H*]o[PhOH]

Opnenol = 14K, [EtOH]+K1 K4 [EtOH]?+K3[PhOH] *2)
_ [H*1o
Oempty = 1+K1[EtOH]+K1 K4 [EtOH]?K3[PhOH] *3

Where [PhOH] and [EtOH] are the concentrations of phenol and
ethanol, [H"]o the initial concentration of acid sites (BAS).
Om,E) Ophenot And Oempty Tepresent the coverage of ethanol
monomer, phenol and empty sites in equilibrium. Dimer
formation is can be described by a subsequent equilibration of

ethanol monomer with physisorbed ethanol (see Scheme 4.3):
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Scheme 4.3: Equilibrium between monomer and dimer.

This equilibrium can be expressed as in equation 4.4:

K1K4[HY]o[EtOH]?
1+K; [EtOH]+K K, [EtOH]2+K3[PhOH]

QD,E = (44)

The BAS coverage of phenol can be neglected since the bulk
concentration of phenol is more than one magnitude lower than
ethanol concentration and additionally, the pKy value of phenol
was found to be significantly higher than the pK; value of
ethanol (pKy (phenol) = 21, pK, (ethanol) = 16.4).

Accordingly, eq.4.1 - 4.4 can be simplified:

K1 [H*]o[EtOH]
1+K;[EtOH]+K,K,[EtOH)?

QM,E = (45)

K3[H*]o[PhOH]

Opnenor = 1+K, [ECOH|+K K4 [ECOH]>+K5[PhOH] 0 (4.6)

_ [H*]o
Oempty = 1+K, [EtOH|+K, K4 [EtOH]? (4.7)
+ 2
GD,E — K1 K4[H™ ]o[EtOH] 4.8)

14K, [EtOH]+K K4 [EtOH]?
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Alcohol monomers and dimers are assumed to be the most
abundant species on the zeolite surface, thus, all sites are
covered and no empty sites remain.!'* The total coverage can be

condensed in equation 4.9 & 5.0.

_ [H*]o
Omp = 1+K,[EtOH] 4.9)

K4[HT]o[EtOH]
1+K,[EtOH]

OmEe = (4.10)

Monomerically adsorbed ethanol can be converted into a
chemisorbed ethoxide species via asynchronous mechanism
(El-type), which is assumed to be rate limiting for all
consecutive reactions (E1- Sny2- and SxAr-type), as depicted in

Scheme 4.4.

CoHs
0Ny
|'_| H } csz
b M,E(ch
0866 0 aEchkm 0. FO A|’O“~ + HO
Sii Al = SN S
AN N

Scheme 4.4: Formation of ethoxid from ethanol monomer
adsorbed on BAS

Ethoxide species is intermediate for all three parallel reactions:
Deprotonation resulting in ethylene as well as the nucleophilic
attack resulting in a substitution, as depicted in Scheme 4.5 —

4.6.
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Scheme 4.5: Ethoxide decomposition in ethylene and recovered
catalytic site.
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Scheme 4.6: FEthylene formation via synchronous E2
mechanism

The formation rate of ethylene resulting from monomer species
can be expressed as a function of monomer surface

concentration (eq. 4.11):

"™m,coH, = ke OmE (Eq. 4.11)
Where kwmpg is the intrinsic rate constant of monomer
elimination. Other than elimination, a reaction with any
nucleophile is possible. A reaction of ethoxide with phenol
results in ortho-, para- ethylphenol or ethoxybenzene, which
can be formulated as aromatic substitution or O-nucleophilic
substitution. Both steps regenerate the acid site (Scheme 4.7
and Scheme 4.8):
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OH
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Scheme 4.7: Nucleophilic attack of phenol resulting in ortho or
para substituted ethylphenol

o™
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Scheme 4.8: Nucleophilic attack of phenol resulting in
ethoxybenzene

The rate of alkylation can be expressed as a function of the
monomer concentration and the concentration of phenol. More
particular, the concentration of phenol in close proximity to the
monomer, expressed by the concentration of physisorbed
phenol cphonphys Which is equilibrated with bulk phenol via
equilibrium constant Ks (Eq. 4.12)

"M, Alkylate = kvepes OmE - CPhoH,phys (4.12)

Kwepes is the intrinsic rate constant of ethylphenol and
ethoxybenzene formation. Substitution of difficult to measure
surface concentrations produce the final reaction rate laws for
monomeric formation of ethylene and alkylates in Equation

4.13 and 4.14:
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. — e H o (4.13)

M,C2Hy ME  11k,[EtoH] :
H*]oKs[PhOH

"M Alkylate = kM,EP/EB - loKsIPROMH] (4.14)

1+K,4[EtOH]
Equation 4.13 as well as Eq. 4.14 are used throughout this

chapter to fit experimenatal data.

Besides monomer route, also dehydration reaction and
alkylation reactions from ethanol dimer ground state is possible

(Scheme 4.9):

CHs CoHs o

0- 5.9 Fooht o™

H H kp,es H

| |+ (PhOHpnys ——m Oh o+ + H,0
015050 ~Ogi QA O~

Pl SN

Scheme 4.9: Formation of ethoxybenzene from dimer ground
state and physisorbed phenol.

A dimer reaction rate is a function of the concentration of
dimeric ethanol adducts and can be expressed via Equation

4.15 for the formation of ethylene and Equation 4.16 for

alkylation:
p,c,H, = kpg-0pE (4.15)
D Alkylate = kpepes - OpE - CphoH,phys (4.16)
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Where kpr and kpgprs are the intrinsic rate constants of
ethylene formation and alkylation. Substituting surface

concentration results in Equation 4.17 and 4.18:

_K4[EtOH][H™]o

Tp,c,H, = Kp,E 14K, [ELOH] 4.17)

K4[EtOH]|[H*]oKs[PhOH]
1+K,[EtOH]

D, alkcylate = Kp,Ep/EB * (4.18)

Combining the individual monomer and dimer rates give rise to
an overall rate expression which is experimentally determined

and fitted with Equations 4.19 and 4.20:

kmetkp pK4[EtOH

_ _rp+ 1
TeH, = TpcoH, T TMcor, = [H o 14K, [ELOH] (4.19)
T Alkylate = 7D Alkylate T "M Alkylate =

km eEp/EBTED EP/EBK. [EtOH]Ks[PhOH
[H+], 22 / EP/EBK4 5[ ] (4.20)

1+K,[EtOH]
As C-alkylation was proofen to proceed only via surface
monomers, C-alkylation rate can be simplified according to

equation 4.21:

kM’Esz[PhOH]

1+K,[EtOH] (4.21)

— — +
rM,C—Alkylate - rM,Alkylate - [H ]0

Finally, the quantitative description of diethylether formation is
beyond the scope of this thesis because the formation rates are
orders of magnitudes higher than all other explored reactions in

this context.
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4.1.3 Reactions with H-MFI zeolites

Besides benzene alkylation with ethanol,'®!” H-MFI has been
successfully employed as alkylation catalyst using various
alcohol substrates.?*? Selective para-alkylation was achieved
over H-ZSMS5 zeolite catalyst at 523 K under ambient pressure
(gas phase).”> The selectivity towards the para product was
rationalized by the shape selectivity of the 10-membered ring
pore structure of MFI. Not only ortho alkylation, but also the
formation of poly alkylated products was found to be
suppressed in the confines of the zeolite. Not only BAS have
been found to be active in the alkylation reaction but also LAS,
which has been shown with a Titania exchanged MFI zeolite.*!
In terms of alcohol substrates, small chain primary alcohols
such as methanol and ethanol were found to dominantly form
O-alkylates, while branched and secondary or tertiary alcohols
were examined to be more selective towards C-alkylation
products.?* Apart from alkylation reactions, dehydration of the
alcohols producing alkenes and ethers have been repoeted.'*!526
However, to the best of our knowledge, no alkylation of phenol
with ethanol in condensed phase reaction over zeolites in
aprotic solvents have been reported so far in literature. The
consecutive sections will discuss the alkylation reaction of

phenol with ethanol over MFI zeolite catalyst in heptane
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followed by a comparison with a larger pore zeolite H-BEA and

MOR, a zeolite containing BAS in side pockets.

4.2 Experimental

Chemicals: All used chemicals are specified in Table 4.2. Due
to its deliquescent property, phenol was purified by
recrystallization. For this purpose, 260 g phenol was melted in
an oil batch at 353 K and decanted in a round bottom flask.,
containing 100 ml of n-heptane and subsequently boiled at 393
K for 1h at reflux. The mixture is miscible at temperatures
above 314 K, i.e. phenol can crystalize before the mixture
separates at lower temperatures. Recrystallized phenol yielded
as a white, needle-like crystals that were stored in a desiccator

under vacuum.
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Table 4.2 — Synopsis of all used chemicals, their manufacturers,
grades and purities.

Chemical/ gas Chemical Manufacturer Purity Comment
formula

Phenol CgHsOH  Sigma Aldrich >99.0% purified

Phenol-dg CgDsOD  Sigma Aldrich 99.0atom%D

Ethanol C,HsOH  Sigma Aldrich >99.8%

n-Heptane CyH g Sigma Aldrich > 99%

Acctone CyHgO IMV tech. purity

Hydrogen H, Westfalen 5.0

Nitrogen N, Westfalen 5.0

Helium He Westfalen 5.0

Ethene CyHy Westfalen 35

Syn. Air Westfalen 20.5%0,,79.5%N,

H-BEATS Siid-Chemie AG calcined

H-MFI90 Siid-Chemie AG calcined

H-MOR90 Siid-Chemie AG calcined
Zeolites

All zeolites are referred to their official abbreviations (three
capital letters), for example H-MOR for mordenite zeolite. In
this work, three different framework types were investigated,
namely H-BEA (Si/Al = 75) H-MFI (Si/Al = 45) and H-MOR
(Si/Al = 45).

Determination of BAS
Determination of BAS concentration was performed by using
IR spectroscopy of adsorbed pyridine and temperature

programmed desorption of Ammonia.
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Pyr-IR

IR spectroscopy of pyridine was performed with a Perkin-Elmer
2000 spectrometer at a resolution of 4 cm™!. The zeolite sample
was prepared as a wafer and activated in vacuum at 723 K for
one hour (heating rate: 10 K min~"). The sample was cooled to
423 K and equilibrated with 0.1 mbar of pyridine for 30 min.
The excess pyridine was allowed to outgas. IR spectra of the
samples were recorded. For quantification, molar integral
extinction coefficients of 0.73 ¢cm umol™! and 0.96 cm pmol!
were used for Bronsted and Lewis acid sites, respectively. The
BAS concentrations of the zeolite samples H-BEA, H-MFI and
H-MOR were determined to be 0.12, 0.36 and 0.38 mmol g

respectively.
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Ammonia TPD

Since H-MOR zeolite contains two different ring systems (12-
and 8 membered rings), BAS can be located in either of those.
Due to its size (kinetic diameter of 5.4 A), pyridine was reported
to be not able to enter the 8 MR side pocket, which allows to
differentiate between BAS located in 8 MR side pockets and 12
MR main channels. Ammonia on the other hand does not
discriminate between the two. Therefore, the catalyst was
activated at 723 K for one hour. Ammonia was adsorbed for one
hour with a partial pressure of one bar at 373 K. Subsequently,
the samples were evacuated to remove excess ammonia. The
samples were heated to 770 K to desorb the adsorbed ammonia
quantitatively. Desorption rates were monitors by mass
spectrometry (Balzers WME 200). For quantification, a
reference sample with a defined amount of acid sites was used
for calibration. BAS concentration of H-MOR was determined
to be 0.38 mmol g, indicating that all BAS were accessible to

both pyridine and ammonia.

Reaction procedure
For the alkylation reaction of phenol with ethanol, a 300 mL
autoclave was used (mini bench top reactor 4560 with fixed

head design, Parr Instrument Company, material: Hastelloy C,

180



Chapter 4 — Aprotic phase alkylation

see figure 4.2). The reactor was loaded with phenol, ethanol and
catalyst. Typically, 0.85 g phenol and 200 mg of catalyst were
used and the concentration of ethanol were altered. The mixture

was balanced with heptane to a total volume of 100 mL.

External temperature
and steering speed
controler

Figure 4.3: Technical drawing of the autoclave reactor: 1 —
pressure gage, 2 — gas inlet, 3- sampling valve, 4 —
thermocouple, 5 — steerer, 6 — fixed head, 7 — reaction vessel, 8
— heating jacket.

Prior to each reaction, the reactor was pressurized with 50 bar

hydrogen followed by 3 x 10 Bar of hydrogen purge. Before
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heating, the reactor was pressurized again to 50 bar hydrogen.
Heating rate to the desired reaction temperature was ensured by
a heat jacket with a ramp of approximately 10 K min'.
Rotational speed was kept at 50 rpm during heat up. 10 K below
the reaction temperature was reached, the stirrer was set to 700
rpm. To control the temperature of the reaction vessel, the
heating jacket was removed and attached several times in the
first 10 minutes of reaction. Liquid was sampled throughout the
reaction. After 30 minutes, the reaction mixture was quenched
by ice. Having reached 283 K, the ice bath was removed and the
pressure was released to 30 bar. After purging the GC-feed line,
a volume of 10 micro liter was sampled and the spent catalyst
was recovered and washed with hot di water for spent catalyst

analysis.

4.3 Results and Discussion
4.3.1 Alkylation over H-MFI

In order to obtain a deeper understanding into quantification of
alkylation reaction in aprotic phase, the reaction order in
ethanol and phenol were tested for all zeolite frameworks (MFI,
MOR and BEA). The reaction order in phenol is close to but
slightly above 1 (see Figure 4.4).
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Figure 4.4: Rate dependence of phenol consumption on phenol
concentration, logarithmic depiction.

The reaction rate slightly higher than one could be rationalized
by a slight decrease in dimer surface concentration or the
increased concentration of phenol associated with surface
monomer.
The concentration dependence of ethanol is not as
straightforward and completely different to experiments in
aqueous phase. While alkylation kinetics in aqueous phase have
proven to be first order at low concentrations and 0™ order at
saturation level?’ in aprotic phase, an increasing concentration
in ethanol results in lower kinetics for all observed reactions
which can be expressed in a negative reaction order of non-
linear dependence. The measured formation rates of ethoxy
183



Chapter 4 — Aprotic phase alkylation

benzene, ortho-ethylphenol and para-ethylphenol for ethanol
concentrations of 0.09 mol L' at 463 K - 493 K in 10 K
increments are depicted in Figure 4.5. Theoretically, three
possible C-alkylation positions are available: ortho, meta and
para. However, due to the large +M-effect caused by the
hydroxylic substitution, aromatic substitution with a
nucleophile is preferred at ortho and para position. Since
formation of para ethyl phenol is partly overwhelmed by a
secondary reaction pathway (trans alkylation) it is left out for
the kinetic consideration of barrier calculations. The negative
correlation of reaction rate and ethanol concentration is a
consequence of the lower reactivity of alcohol dimer. The dimer
concentration on the surface is increasing with higher
concentration of ethanol in the bulk phase. The lower activity
of alcohol dimers compared to monomers has been rationalized
in the gas phase elimination reaction of ethanol and 1-propanol
over MOR and MFI zeolites by Zhi et al. and Bhan et al.
According to their findings, the lower reactivity goes along with
a ground state significantly lower than monomer, resulting in
increased reaction bariers.!**® While for the dehydration
reaction, both a dimeric and a monomeric pathway exists, C-
alkylation products can only be formed via surface monomers.
A This is concluded from experimenting with concentrations

higher 2.0 mol L', where C-alkylates were not identified as
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primary products. Applying the kinetic model derived in the
introduction, the reaction kinetics can be quantified and barriers

can be calculated (Table 4.3).
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Figure 4.5: Formation rates of O- and C-alkylation as a function
of ethanol concentration at Temperatures between 463 K — 493
K. a) Ethoxybenzene formation, b) ortho-ethylphenol and c)
para-ethylphenol. Dots are experimental data, lines are fitted.
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Table 4.3: Intrinsic rate constants for the formation of O- and C
alkylates as well as equilibrium constant of dimer formation in
the reaction of ethanol with phenol over MFI zeolite.

Temperature ket oep kat pep kg kp g Ky
K] [104s 11 (1o4s ] [(10%s 1] (10 %s 1] [Lmol 1]
463 5.2 32 7.2 0.5 72.9
473 8.5 48 10.8 12 38.0
483 13.5 7.4 16.7 1.9 20.8
493 17.9 10.1 24.4 3.0 12.2

The equilibrium constants for dimer formation are as expected
to decrease with increasing temperature, indicating an
exothermic process of second alcohol addition. The reported
values can be compared with the work of Bhan et al. conducted
in gas phase. At 368 K, a dimer formation equilibrium constant
of 1859 was observed. Since the constants are well above 1, the
equilibrium is shifted far to the dimer side. The calculated dimer
formation rate of ethoxybenzene is two orders of magnitude
lower than the monomeric rate constant, emphasizing the lower
reactivity of alcohol dimer. The overall selectivities ether / ortho
/ para at low ethanol concentration are comparable to the
selectivities obtained in the aqueous phase alkylation of phenol
with ethanol over MFI, indicating the minor role of dimer

kinetics in this process.
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Ethanol consumption

Besides product formation of alkylates, the overall ethanol
consumption was monitored. By this approach not only the
alkylation products are included in the kinetics but also ethylene
formation and diethyl ether formation. The ethanol
consumption rate as a function of ethanol concentration in a

temperature window between 463 K and 493 K is depicted in

Figure 4.6:
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Figure 4.6: Measured (symbols) and calculated (lines) rates of
ethanol consumption for H-MFI as a function of ethanol
concentration.

Assuming that all alkylation and dehydration products share

surface ethoxide as a common intermediate as a rate
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determining step, dimer and monomer ethanol consumption
kinetic constants can be determined (Table 4.2). Similar to the
observation made for alkylation product formation, both, high
temperature and low ethanol concentration are beneficial for
high overall kinetics. While the dimer kinetic constant contains
a large error, the monomer ethoxide formation kinetic constant
confirms literature value. DFT calculations on an optimized
MFTI unit cell with a T12 BAS resulted in a rate constant of 19
sh at 500 K. this is in good agreement with the rate constant

found in this thesis (77 s!, Table 4.4).

Table 4.4: Intrinsic rate constants of ethanol consumption for
monomer and dimer routes. Accordingly, equilibrium constant
of dimer formation was calculated (K4)

Temperature &y gon kp Eion K,
K] [s—1] [s~1] [Lmol~']
463 33.5 8.6x10°° 729
473 34.0 26x1072  38.0
483 52.0 19x 1074 208
493 77.4 6.1 x 107! 12.2
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Activation parameters of monomer route
Having extracted monomer alkylation rates and ethanol
consumption rates, the activation bariers can be determined in

an Arrhenius type of plot (Figure 4.7):

2
®  kypoFEP
- y=-80E3x +23.8 ke EP
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“\\. [ ]
3
2 y=-78E3x + 13.0
£ 64 e y=-T9E3x+13.1
- —_ :" =
-7 4 — _
— e
e
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Figure 4.7: Arrhenius plot for intrinsic monomer rate constants
of o-Ethylphenol, p-Ethylphenol, ethoxybenzene formation as
well as ethanol consumption.

The formation of surface ethoxide was found to be rate
determining for the activation of alcohol in gas phase. The
averaged extracted value of ethoxide formation is thus
calculated to be at 78 kJ mol! (+/- 5 kJ mol™). This value is
significantly lower than previously reported values. The
ethoxide formation barrier was calculated to be 118 kJ mol™! for

ethanol and 142 kJ mol™! for 1-propanol (both gas phase).'** A
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possible explanation might be the overestimation of dimer
formation by the current model. By using Eyring equation,

activation enthalpy and entropy can be determined (Figure 4.8)

210
®  kyEOH
T y=-76E3x-50.1
2 2154
=
= .
= 220
=
=
E
225 ‘ . ; .
0.00200 0.00204 0.00208 0.00212 0.00216

T [K]

Figure 4.8: Determination of transition state enthalpy and
entropy according to Eyring theory

Since ethoxide formation is assumed to be rate limiting in all
reactions occurring in this system, the ethanol consumption rate
reflects all formation rates, including alkylation, ether
formation and dehydration. The activation enthalpy is
determined to be 76 kJ mol™! and a transition state entropy loss
of 59 J K''mol! compared to ground state was determined. The
numbers determined will be set in contrast to values determined
to the ones determined in MOR and BEA frameworks.
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Activation parameters of dimer route
The determination of the activation barrier was calculated
from intrinsic rate constants, e.g. for the product formation of

ethoxybenzene (Figure 4.9):
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Figure 4.9: Arrhenius plot of intrinsic dimer rate constants of
ethoxybenzene formation over HMFI.

The accuracy of the data points is comparatively low; thus, it
can be semi quantitatively concluded that the barrier of
ethoxybenzene formation is higher than the formation from the
corresponding monomer. Theoretically, the difference between
monomeric and dimeric rout should be reflected in the heat of

adsorption of second alcohol addition. This value can be
192



Chapter 4 — Aprotic phase alkylation

calculated from the temperature dependence of the equilibrium

constant K4 (Figure 4.10):
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Figure 4.10: Temperature dependence of ethanol dimer
formation in H-MFI zeolite.

The equilibrium constant is decreasing with increasing
temperature, reflecting an exothermic process. The adsorption
enthalpy was determined to be 113 kJ mol!. This value is
remarkably close to literature value of 99 kJ mol'.!"s
Contradicting, a much lower value of 64 kJ mol™! was found for
1-propanol dimer formation in H-MFL'* It has to be considered
though, that both values are referring to gas phase, thus, the
expected value for ethanol dimer adsorption should be well

below the reported values found in gas phase. With the enthalpy
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gain, a concomitant entropy loss of 209 J K mol! was
calculated, which reflects the loss of mostly translational,
rotational and to a minor extend also vibrational degrees of

freedom.

H-MOR & H-BEA

H-MOR and HBEA have been reported to be active in the
alkylation of phenol with various alcohols such as methanol,
iso-propanol, tert-butanol or cyclohexanol.?!**° While HBEA
contains only 12-member ring pores, MOR contains 12-
member ring main channels as well as 8 member ring side
pockets. This unique feature allows high selectivities towards
various kinds of products. Almost all reported alkylation
reactions over H-MOR and H-BEA were conducted in gas
phase. Phenol methylation was examined at 523 — 723 K, using
methanol as electrophile over H-MOR and H-BEA. Under those
reaction conditions, mostly cresols and anisoles were detected
in the product stream. Polyalkylation and coke formation was
observed as well. Propofol (2,6-di(iso-propyl)phenol)
formation in the alkylation reaction of phenol with iso-propanol
has been investigated over H-MOR and H-BEA. A higher
selectivity towards propofol was observed in H-BEA which was
rationalized by the larger pore size of H-BEA allowing larger

transition states.”® Alkylation in condensed phase experiments
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have also been investigated using H-MOR and H-BEA and tert-
butanol as alkylation agent at 374 K. tert-butoxy phenol was
identified as primary product. H-MOR showed a larger activity
towards C-alkylates, while H-BEA was more active in the
formation of phenol ethers.” In this study, similar to the
experiments over H-MFI, H-BEA and H-MOR have been used
to study the effect of pore constraints on the alkylation of
ethanol with phenol. While for both H-MFI and H-BEA, the
quantification of BAS is straight forward, for H-MOR, the
analysis is more complex due to the possibility of BAS siting in

12-MR, 8-MR and at the pore mouth of 8-MR (Figure 4.11):

BAS at pore mouth region of BAS within 8-MR
8-MR/12-MR intersection side pockets

Figure 4.11: Possible BAS location in H-MOR zeolites and
the corresponding accessibility of sites by probe molecules
ammonia or pyridine.
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Pyridine was reported to be incapable of probing BAS in 8-
MR side pockets, ammonia however can access all BAS sites
inside the pore structure of H-MOR.*"* In this study, all protons
could interact with pyridine, indicating that most BAS were
located either in 12-MR or pore mouth of 8-MR side pockets.
The product formation rates and ethanol consumption rates over
H-BEA and H-MOR can be found din the Appendix of this
chapter in Figures S4.1 — S4.4. The Arrhenius plots and Eyring
plots as well as the determination of the enthalpy of second
ethanol addition are depicted in the appendix accordingly

(Figure S4.5-S4.9). The results are summarized in Table 4.5:

Table 4.5: Activation parameters over H-BEA, H-MFI and H-
MOR respectively.

Parameter H—-BEA H-MFI H-MOR
Eam [kImol™!] 12145 7843 5443
AH* [kJmol 1] 116 +5 76+ 1 50+3
AS* UK 'mol™']  20+7 —59+1 —136+6
AG? [kImol 1] 106 +2 105+ 1 117+6
Eap [kJmol 1] 187 +5 84 +3 104 +7
AH? [kJmol '] —40+1 —113+2 ~73+1
ASY UK 'mol™!] —57+2 —209+5 —145+1
AGY [kImol '] 1242 10£4 241

The activation energies for the formation of ethoxide from

monomers were determined in this work and followed the order:
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H-BEA > H-MFI > H-MOR. Similar to this, the benefit in
activation enthalpy is compensated by a higher loss in activation
entropy in smaller pores. While H-MOR showed the highest
loss of entropy in transition state, H-BEA catalyzed ethoxide
formation is accompanied with a lower loss in entropy in the
transition state indicating a more loosely bound transition state.
Globally, Gibb’s free energy of the transition state is lower for
H-MOR than for H-MFI and H-BEA, indicating slower kinetics

and unfavorable transition state TS-2 (Figure 4.12).
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Figure 4.12: Illustrative energy profile of C-alkylation of
phenol with ethanol.

The adsorption heat of second alcohol addition revealed an
unusually high value for H-MFIL. In order to ensure a fair

comparison, Gibb’s free energy of adsorption is discussed
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instead of adsorption enthalpies. It was found that Gibb’s free
energy adsorption decreases in the order H-BEA > H-MFI > H-
MOR. This can be rationalized by the fact that larger pores favor
dimer formation due to lower steric constraints. In H-MOR,
Gibb’s free energy is almost 0 for dimer formation, reflecting
the low chance of dimer formation in 8-MR side pockets. The
low degree of dimer formation is also reflected in only moderate
decrease of reaction rates at higher ethanol concentrations. The

overall kinetics are best described by a two-site model, as

depicted in Figure 4.13:
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Figure 4.13: Hypothetical differentiation of total rate in a 12-
MR and an 8-MR contribution.
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In this model, a fast decrease of reaction rate with increasing
ethanol concentration is predicted (in analogy to H-BEA) and a
rate which is independent of ethanol concentration due to the

inability of forming such dimers.

4.3.2 Coke formation

Low alcohol concentration and high temperatures favor high
rates of alkylation. Despite the high initial activities, a long-
term use under the given reaction conditions was not possible.
Due to fast deactivation, the catalyst activity decreases over
time until almost no activity is left. The formation of coke was
reported to cause deactivation of catalyst at elevated

temperatures. 5>

a)  0.09 mol L' 0.86 mol L! 1.54 mol L 6.85 mol L!
b) 0.18 mol L' 1.03 mol L' 3.43 mol L 6.85 mol L-1
; G -

ey

€) 0.18 mol L' 0.86 mol L™ a) H-BEA zeolite

S + R (Tp =493 K; 0.5, 5,9, 40 mL EtOH)
P | a) H-MFI zeolite

ey | (Tw=493K; 1, 6,20, 40 mL EtOH)
7 ) H-MOR zeolite

(T =493 K; 1,5 mL EtOH)

Figure 4.14: Images of spent catalyst. a) H-BEA, b) H-MFI and
c) H-MOR
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The carbonaceous materials alter the catalytic performance of
the catalysts by poisoning active sites or blocking their access.*
Due to the pore structure which is in the order of a few
Angstroms, formed coke can often be trapped in zeolites,
making it less accessible for reactants. Hence the zeolite
framework (3D/2D-channels, ring diameter etc.) has a major
influence on both the coke formation rate, the type of coke as
well as its effect on activity.® The temperature plays a crucial
role in coke formation. At low temperatures, almost no coke
formation was observed, while at higher temperatures, the coke
formation was more pronounced. For alkane conversion over
acidic zeolites, it was reported that the initiation of
isomerization, trans alkylation and cracking is gaining activity
at elevated temperatures, which is interconnected with coke
formation.® This effect is especially pronounced in the presence
of olefins.* In order to characterize the coke formation in the
alkylation reaction of phenol with ethanol, the spent catalyst
was recovered after reaction and washed thoroughly with hot
water and dried to remove physisorbed solvents and reactants.
Images of the such prepared catalyst are provided in Figure
4.14.

An obvious change in color can be observed when regarding for
example the H-BEA catalyst samples (first row). The With

increasing ethanol concentration, the color fades and changes
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form brown over grey to a beige color. The color change in
MOR catalyst samples is not as pronounced as for the other two
catalysts. In order to analyze the coke. Attenuated total
reflection infrared (AT-IR) and diffusive reflectance UV-Vis

spectroscopy was applied.

4.3.3 Diffuse reflectance spectroscopy

Diffuse reflectance UV-Vis spectroscopy is a powerful tool for
the investigation of solid colorful substances, such as coke.
Assuming a small loading on a non-absorbing matrix, i.e.
dilution of an absorbing material on a mnon-absorbing
underground, the intensity of the measured Kubelka-Munk F(R)
indicates the amount of absorbing material, allowing next to
qualitative, also semi-quantitative conclusions. Figure 4.15

depicts UV-Vis spectra of spent H-MFI samples.
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Figure 4.15: UV-Vis spectra of spent H-MFI catalyst, exposed
to different concentrations of ethanol at 493 K (solid lines) and
473 K (dashed lines).

Apparently, higher temperatures promote coke formation which
is indicates by the higher intensity of the samples with higher
reaction temperatures. All spectra can be separated into two
segments: Region I, absorption in the UV (180 — 450 nm) and
region I, in the visible light region (500 — 700 nm). Generally,
region I is more pronounced than region II. A clear trend
between concentration and intensity is not trivial. Region I
show four distinct absorption maxima at 213, 222, 275 and 354
nm. In addition, a broad shoulder between 430 and 450 nm was
detected. The maxima at 213, 222 and 275 nm is shared with
H-BEA zeolite, as depicted in Figure S4.10. The maxima at

213, 271, 325 and 433 nm can be assigned to polyaromatic,
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poly-alkylaromatic and unsaturated carbenium ions, such as
dienylic and trienylic carbocations, as well as alkyl benzonium
ions.>**37 The less pronounced adsorption maxima at 222 nm
can be assigned to alkylated dienes, as suggested based on
empirical rules by Woodward, Fieser and Scott.®® The
adsorption maxima of all three used zeolite framework types in

this study are compiled in Table 4.6

Table 4.6: Adsorption maxima and associated coke type for
spent H-MFI, H-BEA and H-MOR zeolite.

H-BEA H-MFI H-MOR Ref. Type of coke

212 213 213 213%2 poly aromatic
224 222 225 227°%  e.g. alkyl substituted diene
240 23893 e.g. cyclopentadiene
271 275 273 265”0 e.g. alkyl subst. cyclohexadiene
neutral aromatics
325 3307 poly-alkyl aromatics
354 348 350-370°!  alkyl aromatics
433 420%! poly-alkyl aromatics
478 475% linear and cyclic trienyl
carbenium ions
510 508 501 50071 poly-alkyl aromatics
517
532 532 539
564 563 563
591,597,604 589 598 600°!  poly-alkyl aromatics
627 626 610°2  poly aromatics

All of the analyzed spent catalysts have in common, that
regardless of temperature and ethanol concentration, almost the
same coke, concerning its chemical composition was formed

during phenol alkylation reaction with ethanol. Ethanol is
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suggested to be the main cause for coking on acidic zeolites.
The formation of surface bound ethoxide and the subsequent
decomposition to ethylene enables oligomerization and
polymerization reactions at elevated temperatures. The coke
formed on the zeolites consists mainly of poly-alkylaromats and
probably dienes, stabilized carbocations, as shown by UV-Vis

spectra (and later IR spectra).%’

4.3.4 AT-IR spectroscopy of spent H-BEA catalyst

As a supplementary method for investigation of coke formation,
attenuated total reflectance IR (ATR-IR) spectroscopy was
performed. The advantage of this technique is a straightforward
assignment of vibrational bands to organic fragments typically
found in organic substances or carbonaceous materials.
Additionally, O-H stretching vibration of BAS can be
monitored with this technique. The measure spectra of H-BEA
zeolite, as depicted in Figure 4.16 is referred to a pristine
catalyst sample. Hence, bands with a lower transmission
compared to the background can be assigned to compounds or
chemical bonds, that are not present in the fresh catalyst sample.
Bands with an increase in transmission compared to the
background indicate a loss in such vibrational modes compared

to the pristine zeolite sample.
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Figure 4.16: AT-IR spectrum of spent H-BEA zeolite (0.09 mol
L', T, =493 K), 30 min.

The measured spectrum of coked zeolite demonstrates
numerous new bands not present in pristine zeolite. These bands
can be assigned to two different regions, namely 2800-3000 cm
! (C-H stretching modes of aliphatic groups) and 1300 — 1600
cm! (C-H deformation and C-C stretching vibrations). In
addition, a positive change in adsorption is observed between
360 — 3800 cm! indicating of a coverage of BAS on the spent
catalyst sample. The bands at 2957 and 2876 cm™ were
attributed to the symmetric and asymmetric stretching
vibrations of a CH3 group. Whereas bands at 2927 and 2858 cm
! can be assigned to the asymmetric and symmetric CH»

stretching vibrations. A band for CH stretching vibration
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expected at 2890 cm™! was not observable. Several bands in the
fingerprint region were obtained. At 1457 and 1380 cm’!
vibrations characteristic for asymmetry and symmetric CHj3
deformation vibrations were observed. Bands at 1457 and 1590
cm! can be attributed to C=C stretching modes. They are
characteristic for ply aromatic and alkylaromatic compounds.
All observed bands have been reported in ethanol conversion
over H-BEA at 623 K.** Main components of inner-pore coke
have been identified, namely alkyl benzenes (particular
hexamethyl benzene) and alkyl-pyrenes. On the zeolite outer
surface, the formation of polyaromatic molecules with up to 8
aromatic rings were reported. A filling of large parts of the
zeolite pore system with coke was found to occur with ethanol
transformation over H-BEA at elevated temperatures. However,
no bands in the region between 3100 and 3200 cm’,
characteristic for aromatic C-H stretching were observable,

indicating a complete alkyl-substitution degree of the coke.

4.3.5 Coke formation mechanism

Based on the findings, a coke formation mechanism can be
assumed which has been reported previously. The lack of
aromatic C-H vibration modes and the strong intensity of
paraffinic CH groups underlines the assumption, that a highly

aromatic coke with alkyl side chains is formed (Figure 4.17).
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Figure 4.17: Proposed mechanism for coke formation over
acidic zeolites in the alkylation of phenol with ethanol.

Ethanol monomer on BAS can form an ethoxide in a
dehydration step. This intermediate can further decompose to
e.g. BAS and ethylene, which is prone to oligomerize to higher
olefins in the presence of acid sites. The reaction of these
oligomeric olefins with carbenium ions, i.e. surface bound
ethoxide, results in the formation of heavier carbenium ion (Cs ")
and smaller alkane (ethane). Cyclization and further hydrogen
transfer reactions onto smaller olefins such as ethylene, build
up alkylated aromatic structures and lead to the formation of
ethane, which is detected by GC. Subsequent alkylation,
rearrangements and isomerization and hydrogen transfer are

finally leading to carbonaceous (poly-)alkyl aromatic deposits.
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4.3.5 Influence of water on the alkylation Kinetics of
HBEA and HMFI

The state of the active site is one of the key factors in
heterogeneous catalysis and lacking the possibility of degassing
and activating in-situ, especially condensed phase reactions
deliver an uncertainty about the state of the active site. Water in
particular is able to interact with BAS and alter the structure
from a surface formally neutral BAS to a charged, solvated
hydronium ion. The activity is largely influenced by this as
shown in gas phase dehydration of 1-propanol. To test the
influence of water on the alkylation kinetics, water was
purposely added to the reaction mixture and alkylation kinetics
were monitored (Figure 4.18)
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2 3 3

0 1 2
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Lax10° H-BEA
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Figure 4.18: Conversion rate of phenol and yield of
ethoxybenzene, o-ethylphenol and p-ethylphenol as a function
of water addition for H-BEA (left) and H-MFT (right). (tr =45
and 20 min for H-BEA and H-MFT respectively, Tr = 493 K).
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Both catalysts show lower rates with increasing water content.
The initial water free rate (confirmed by experiments with dried
solvents and reactants) was decreased by 50 % after addition of
only 1 mL of water. At higher concentrations of water, the
activity is almost neglectable, proofing the high sensitivity of
this system towards the presence of water. It is expected, that
firstly, water adsorbed on BAS forms water alcohol dimers with
water which is less reactive than monomer (linear decrease after
first water addition) and finally deprotonation causes the active
site to change its nature to a hydronium ion solvated by water

molecules (exponential decrease).

4.4 Conclusion

Phenol alkylation with ethanol, catalyzed by the acidic zeolites
H-MFI, H-BEA and H-MOR were investigated to understand
the influence of zeolite framework on carbenium ion reactivity
in upgrading (alkylating) phenolic compounds with alcohols.
This reaction was chosen as a representative in the upgrading
process of lignin derived biomass feedstocks.

The main focus of this work was put on ethanol dehydration
and subsequent reaction with phenol. Ethanol dehydration over
acidic zeolites proceeds via various steps. Adsorption of an
ethanol molecule on BAS results in a monomeric species, which

is ground state to the formation of alkylated products in phenol
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conversion with ethanol. The rate limiting step was proven to
be the dehydration of monomer to surface bound ethoxide, as
experiments with isotope labeled phenol had no influence on
the alkylation kinetics. Besides the monomer route, ethanol
dimers can decompose to ethylene or form diethyl ether.
Consumption of ethanol and formation of alkylation products
by in-situ sampling gave rise to a negative order in ethanol
concentration which is assigned to the formation of alcohol
dimers. The formed alcohol dimers at higher ethanol
concentration are less reactive due to a lower ground state. This
effect is more pronounced in larger pore zeolites such as H-BEA
and decreases gradually going to smaller pore zeolites such as
H-MFI. In H-MOR zeolite, BAS which are located in 8-MR
prevent dimer formation and reveal superior alkylation kinetics
at high alcohol concentrations. A carefully conducted analysis
of the data including kinetic modeling revealed the highest
barriers of ethoxide or carbenium ion formation over larger pore
zeolites (HBEA) and lower barriers over H-MOR. The
formation of dimers is preferred in larger pores, as shown by
higher Gibb’s free energy of dimer equilibrium constants in
case of H-BEA and H-MFI compared to H-MOR. Coke analysis
revealed that ethanol monomer is responsible for the coke

formation and the coke is of poly-alkylated aromatic nature.
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Figure S.4.1: Product formation rates as a function of ethanol
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ethoxybenzene formation; b) ortho-ethylphenol; c¢) para-
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Chapter 5

5.1 Summary and conclusions

Phenol alkylation with ethanol as a model reaction system for
pyrolysis oil upgrading was investigated throughout this thesis
over zeolite catalysts. By alkylating small oxygenates to the
aromatic fraction of the pyrolysis oil, hydrogen consumption
can be reduced in the consecutive upgrading step and the liquid
carbon yield can be increased. The alkylation reaction was
studied in both aqueous and aprotic phase. Complementary to
the aqueous phase investigations, the adsorption properties of
alcohols in aqueous solution on zeolites was systematically
studied and the influence of hydronium ions was identified. In
aqueous phase, zeolite Bronsted acid sites are converted to
hydronium ions which are solvated by water molecules. The
size of the so formed water cluster is determined by the pore
that surrounds the hydronium ion. For MFI zeolites, a cluster
size of 8 +/- 1 water molecules was determined. The cluster size
determines the adsorption properties towards organics such as
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alcohols. Due to higher van der Waal interactions with the
zeolite backbone, water which is not associated with the
hydronium ion can be fully displaced by alcohol molecules. The
adsorption enthalpy was found to correspond to the adsorption
enthalpy determined in gas phase subtracted by the off set of

condensation heat.

The influence of BAS concentration in the aqueous phase
alkylation reaction of phenol with ethanol was studied over H-
MFI catalyst. While the intrinsic kinetics remained independent
of BAS concentration, the apparent rates are largely affected by
the higher concentration of nucleophiles in zeolites with lower
BAS concentration. While for aqueous phase alkylation, the
reaction order in ethanol was found to be first order in low
concentration regime and 0™ order at saturation conditions, in
aprotic phase, ethanol concentration was identified to have

negative order for the alkylation reaction.

A kinetic model was established considering all contributions,
allowing to extract reaction parameters such as intrinsic rate
constants, transition enthalpy and entropy. The decrease in rate
with increasing reactant concentration is rationalized by a dimer
formation of ethanol which converts the surface species to a low
ground state. A comparison between BEA, MFI and MOR

zeolites revealed that while dimer formation benefits from
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larger pores, the transition state enthalpy is significantly lower
in small pore zeolites. This effect however is partly

compensated by the transition entropy.
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