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,, Ein Optimist ist ein Mensch, der ein Dutzend Austern bestellt, in der Hoffnung, sie mit

I3

der Perle, die er darin findet, bezahlen zu kénnen.

(Theodor Fontane, 1819 - 1898)
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1.1 Introduction

The driving force of many chemical reactions is an acid-base exchange.
Arrhenius!!! gave a definition in 1887 and described bases as OH™ donor materials as for
instance metal hydroxides. Only 46 years later Bronsted”! extended the definition of
Arrhenius and postulated that bases are materials which have the possibility to accept H'.
Due to the definition of Brensted a base can be anionic or neutral. In the same year
Lewis?! defined an aqueous independent acid base theory, wherein bases acts as electron
pair donor materials."!

Tanabe'™ reviewed industrial applications of solid acid-base catalysis and was
cited more than 300 times. In total 127 acid, base and acid-base bifunctional catalysts
used in chemical processes were found, however, only 10 of them were base solids. Thus
there is a strong demand on research of solid base materials also if the number of
publications was certainly increased over the last 10 years.

Iglesial® reviewed the importance of bifunctional acid-base catalysis and
described the need of acid-base pairs in stabilizing intermediates in many different
reactions. In general, a catalyst is denoted acidic when the first reaction step is initiated
by an acid site, in contrast a base catalyzed reaction is initiated by interaction of the
acidic site of the reactant with the basic site of the catalyst.”

One of the latest applications of solid base materials is the use for environmental

I reviewed the convenient

prevention and pollution by limiting noxious effects. Buscal*
advances in solid base catalysis for industrial and environmental chemistry of

commercial processes.
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Table 1-1. Catalytic systems used as solid base catalysts reported by Hattori.”!

Catalyst system Example

Single component metal oxides Alkaline Earth oxides
Alkali metal oxides
Rare earth oxides
Thorium oxide
Zirconia
Zinc oxide
Titania

Zeolites Alkali ion-exchanged zeolites
Alkali ion-added zeolites

Suported alkali metal ions on alumina
on silica
on alklaine earth oxide
Metals and hydroxides on alumina

Clay minerals Hydrotalcite
Chrystolite
Sepiolite
Non-oxides KF supported on alumina

Lanthanide imide and nitride on zeolite

Hattoril”™ reviewed the generation, characterization and catalytic behavior of
solid base catalysts and listed 5 different types of solid materials acting as basic catalysts
which are listed in Table 1-1. He explained the formation of basic sites for instance of
magnesia due to calcination and the dependence of basic site types on the pre-treatment
temperature. Water, CO, and in some cases oxygen will be removed from the surface by
heating. Depending on the type of reaction different calcination temperatures are
beneficial. For example, in the I-butene isomerization a calcination temperature of
already 530 °C leads to the most active catalyst, whereas the 1,3- butadiene
hydrogenation owes a MgO catalyst pre-treated at high 1050 °C as most active one.!

Many organic reactions in the fine chemical synthesis are base catalyzed.

Examples which use heterogeneous basic catalysts are given in Figure 1-1.*
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Reactions of organosilanes Double bond migraion Dehydration and
Ring transformation Dehydrogenation

Synthesis of a,B- unsaturated

compound by use of methanol Hydrogenation

The Wittig-Horner Reaction and

. Amination
Knoevenagel Condensation

Meerwein-Pondorf-Verley
Reduction

Michael Addition

The Tischenko Reaction Dehydrocylclodimerization of
Aldol Addition and Condensation Alkylation Conjugated Dienes

Figure 1-1. Overview of heterogeneous base catalyzed reactions given by Hattori."™

1.2 Conversion of propan-2-ol

1.2.1 Differentiation of acid and basic sites

The conversion of propan-2-ol is well known as test reaction to determine acidic
and basic properties of materials in heterogeneous catalysis.'” Characteristic main
products are acetone and propene. Nevertheless, the detailed reaction mechanism of
acetone and propene as well as di-iso-propylether formation is still under discussion. An
overview of reaction pathways was given by Gervasini et. al.l''! According to this,
propan-2-ol is converted to propene by dehydration. Dehydrogenation of propan-2-ol
generates acetone. By condensation of two alcohol molecules di-iso-propylether occurs.
Depending on constitution and strength of active sites, several elimination reactions are
discussed. For instance an E;-, E|o- or an E,- mechanism. The E;-mechanism is
described as a uni-molecular reaction.'"” A detailed discussion for the formation of
acetone, propene and di-iso-propylether over various active sites on oxidic surfaces is

given in the next section.
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1.2.2 Reaction mechanism

Depending on the kind and distribution of acid-base sites, there are different
reaction mechanisms described in literature by different authors, which will be explained
more detailed in the following part.

The formation of acetone described by Waugh!'*! (Figure 1-2) can be classified as
an E;-mechanism. The reaction is induced by very strong basic sites such as oxygen
atoms in the oxide or mixed metal oxide lattice. In the first reaction step a proton is
separated from the OH-group of the alcohol molecule and adsorbed on a surface oxygen
atom. In the second step, a-hydrogen elimination of the alkoxide intermediate follows

and leads to acetone and hydrogen.

Figure 1-2. Formation of acetone over strong basic sites via an E;,-mechanism.

Propene is formed on strong Lewis-acidic sites via an E;-mechanism. The oxygen
atom of the alcohol molecule adsorbs on the metal site of the mixed oxide catalyst
surface and a secondary carbeniumion is formed. Due to the B-hydrogen elimination of
the carbeniumion, propene and water are formed. This mechanism was established by

Noller'*! (Figure 1-3).

|
| | M

M
-0 T o "o ’
)70, _C-
H H,C
H

Figure 1-3. Formation of propene over Lewis-acidic sites via an E;-mechanism.

However, there are two other different reaction pathways which lead to propene. The first

one is dehydration of propan-2-ol via an E;-mechanism. The alcohol molecule adsorbs on
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two sites on the catalyst surface. The OH-group is adsorbed on the metal site. One of the
hydrogen atoms of the methyl-groups is adsorbed on an oxygen atom of the mixed oxide.
In a following step, water is split off, and simultaneously propene is formed over a

concerted process (Figure 1-4).

/M\ /M\ /M\ - /M\ /M\ /M\ - /\4- HZO

P
-

T

O%H

Figure 1-4. Formation of propene over acidic and basic sites via an E,-mechanism.

Via an E;-mechanism, a carbanion is formed as conjugated base on very strong
basic sites and a proton is split off from one of the methyl-groups. In the second step, the
OH-group of the carbanion adsorbs on metal sites of the mixed oxide with weak Lewis-

acid strength. Dehydration generates propene (Figure 1-5).

Figure 1-5. Formation of propene over basic sites and acidic sites via an E;,-mechanism.

Condensation of propan-2-ol opens a possible side reaction leading to di-iso-
propylether. The reaction mechanism can be classified as a E;-elemination. In the first
step, two propan-2-ol molecules are co-adsorbed on different sites of the metal oxide
catalyst surface. One of the molecules adsorbs at an oxygen atom, while the other one is
adsorbed at the metal site. In the second step, the condensation to di-iso-propylether takes
place due to formation of water (Figure 1-6). The di-iso-propylether formation via an E;-

mechanism is described in detail by Blaszkowski and van Santen."”]
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H,O
M /M\ /M\ / N -~ ~ e ~ 2
Mg T o o’A0” o o)
Oo—

ﬂ{{

Figure 1-6. Formation of di-iso-propylether over acidic and basic sites via an Ey-mechanism

In summary, there are four different types of reaction pathways depending on the

strength and constitution of active surface sites given in Table 1-2

Table 1-2. Product formation depending on strength and constitution of active surface sites

Active sites Mechanism Intermediate Product

Strong basic Eio Alkoxide Acetone

Strong acid E, Carbenium-ion Propene

Acidic/(basic) E, 1 adsorbed species Propene
Acidic/(basic) E, 2 adsorbed species di-iso -Propylether

Strong basic/ weak acidic Eiw Carbanion Propene

Further the formation of propene occurs involving redox reactions after a reverse
Mars van Krevelen mechanism wherein the first step includes the oxidation of the

catalyst (see Figure 1-7).") The last step is the reverse oxidation of the metal oxide by

water.
s i/o_, _ /” .

H H
N~
OH ©

MIH MIH IV MIV IV MIV MIII MHI

Figure 1-7. Redox model of propene formation after a reverse Mars van Krevelen mechanism

During the conversion of propan-2-ol, various secondary products can be formed

Possible reaction pathways are described by Haffad.!'” He explored the transformation of

propan-2-ol over simple metal oxides, e.g., titania, zirconia and ceria

The formation of Cs-alkenes occurs via different reaction pathways. They can be

formed either by a cationic dimerization of propene, requiring acidic sites or starting form
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the ether (di-iso-propylether) giving an oxonium-ion, then a carbene followed by a
Wittig-type rearrangement to an alkoxide and last the desorption of Cg-alkenes occurs

(Figure 1-8).

O LH 2
A
\Q
PION
M~ M M M
v IV 1\/ v vV

Figure 1-8. Dehydration of di-iso-propyether.!'

A third possibility is the reductive coupling of acetone, which requires strongly
reduced surface sites.

Cs-Dienes occur over metal surface reduction by propene. Two propene molecules
react with surface oxygen under the formation of water and C¢-diene. An oxygen vacancy
remains on the oxide surface. Thus, this kind of reaction requires high oxygen mobility,
which was observed for high surface area ceria.

Additionally, formation of Cs-dienes appear via reductive coupling of two acetone
molecules over acid sites.

Acetone condensation over basic sites leads to ketonic species. In the first reaction
step, an aldol is formed which is dehydrated to mesityl oxide. The latter product can be

hydrogenated to iso-butyl-methylketone (Figure 1-9).

oz O 9 ho O +H, 0
2 —_— —27 —2,

AN

Figure 1-9. Reductive coupling of acetone followed by the formation of ketones.

1.3 Kinetics of propan-2-ol conversion

1.3.1 Activity

In general the suitability of a catalyst for a chemical process depends on its

activity, selectivity and stability. The activity is determined by the reaction rate defined as
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r. The rate is calculated via the concentration of the substrate, the volume or mass of the

catalyst and time of reaction (Eq.1).

converted amount of substrate o
r= . (mol-g™ s (1)
volume or mass - time

The catalytic activity can be further expressed by the activation energy E,. The
Arrhenius equation describes the temperature dependence of the rate constant for a

reaction. Herein ky is defined as pre-exponential factor and R as gas constant (Eq. 2).

k = ke F D) (2)

The specific activity for a catalytic center, e.g. a metal in supported catalysts, in a
special reaction can be defined as turn over frequency (TOF). The TOF is determined by

the number of molecular reactions per unit time (Eq. 3).

volumetric rate of reaction =
TOF = (time™) 3)
number of centers/volume

The selectivity Sp (Eq. 4) of a reaction gives the ratio of the products related to the
starting material. The selectivity depends on the course and the stoichiometry of a
reaction. In case of heterogeneous catalysis the interplay of size and shape of pores and

products plays a crucial role, too.

P A
S

=——=——(mol/mol or %) 4)
(n40—n, )|UA|

1.3.2 Parallel reactions

Characteristic for parallel reaction is that the reactant A (propan-2-ol) can be

converted simultaneously to the products B (propene) and C (acetone) (Figure 1-10).
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Ks B
Propene
A ktotal
Propan2-ol
ke C
Acetone

Figure 1-10. Progress of parallel reaction

The rate constant ke (propan-2-ol) (Eq. 5) describes the sum of the single rate
constants kg (propene) and k¢ (acetone) related to the formation of the products B and C.

k.., =k, +k, (5)

total

For both parts of the parallel reaction scheme a first order reaction is proposed.
Therefore the total rate equation for the conversion of reactant A can be expressed as in
equation (Eq. 6). Due to transformation (Eq. 7) and after integration (Eq. 8), wherein Ag
is the start concentration of reactant A and t describes the residence time, equation (9)

gives the term for the total rate constant.

d[propa;lt_ = Ol] - _kprupan—Z—ol ’ [propan —2- Ol] (6)

d[propan—2—ol]__ _
[propan -2—-o0l ] T propan=2-ol

dt jdz =t (7)

t=0

ln[propan -2- ol]— ln[propan -2- 01]0 ==K popan-2-01 't (8)

In [propan -2- 01]
_ [propan -2 —ol],

propan—2—ol = ( propene acetune) - ¢

k 9)
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With term (10) it is possible to determine the rate constant ki, via the residence
time t and the concentration ratio of the reactant before [A] and after [A] the reaction.
The rates of the formation of the products B (10) and C (11) are described in the

following equations.

d|propene
% =k pyopene - [propan -2- Ol] (10)
W: deetOne ‘[P’”Opa” _2_01] (11)

The rate constants kg and k¢ will be calculated via the ratio y (Eq. 12).

k ropene S ropene
y: prop — prop (12)

acetone acetone

Therefore one will make use of the selectivity of the parallel reaction. The

selectivity is defined as (Eq. 13).

k k
propene and S — acetone ( 1 3)

propene k N acetone k
propene acetone propene acetone

Due to transpose of (Eq. 9) and combination of (Eq. 12) and (13) the rate
constants kg and k¢ are determined by equations (Eq. 14) and (Eq. 15).

k ropene k ropan—2-ol
kpr()pene = kpmpan—Z—ol - = kpropene = ”—1 (14)
Y (1+-)
Y
k
_ y __ " propan—2-ol
acetone kpropan—Z—ol - = acetone (1+—y) (15)

acetone
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1.4 Condensation of 1,2-epoxy-octane with hexanol

Reactions of epoxides occur under basic or acidic conditions. Ring opening
reactions of epoxides are useful tools in organic synthesis of allylic and aliphatic

[17

compounds.!'”) However, this type of reaction can also serve as probe for application in

the synthesis of ethoxylates. Ethoxylates are one of the most important nonionic

surfactants and are widely used in the manufacturing of a great variety of products.[lg]
The condensation of 1,2-epoxy-ocatne (1) is a nucleophilic substitution wherein

hexanol (2) acts as the nucleophil and attacks the epoxide which act as electrophil thus 1-

hexyloxy)decan-2-ol (3) is formed (see Figure 1-11).
o

/\/\/\
e~ 4 Ho
1 2
l Cat.,160°C

NN 0 T

OH

3

Figure 1-11. Reaction sheme of the nucleophilic ring-opening reaction of 1,2-epoxyoctane with hexanol.

The reaction mechanism adopted from Hama''” regarding the synthesis of
ethoxyltes over metal oxides shown in Figure 1-13 is suggested for the condensation of

epoxides with alcohols.

ar
Reg’ on oo

O M O M

Figure 1-12. Suggested reaction mechanism of ring opening epoxide condensation with alcohol over metal

oxide catalysts.

An undesired side reaction is the ring opening reaction of 1,2-epoxy-octane

forming 1,2-deacn-diol (4) by hydrolysis (4).
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OH

\/\/\/<(,) cal180C M

1 4 OH

Figure 1-13. Reaction scheme of the ring opening hydrolysis of 1,2-epoxy-octane.

1.5 Scope of the thesis

There is a great demand for developing solid base materials such as hydrotalcites
and their derived mixed metal oxides as economical and environmental friendly catalysts.
In this study, the influence of Mg/Al ratio on acid base properties of mixed metal oxides,
the influence of sodium content of Mg/Al oxides obtained by different synthesis methods
on catalytic performance as well as the optimal calcination temperature of Mg/Al
hydrotalcites have been investigated to optimize activity and selectivity.

Further, hydrotalcite and Mg/Al mixed oxide derived from layered double
hydroxide (LDH) precursors were modified with fluorine and zinc in order to enhance the
basic properties. Fluorine was induced into the hydrotalcite framework or the mixed
metal oxide via treatment with an aqueous NH4F solution. Zinc was incorporated during
the sol gel process. The structure of the precursors and the modified materials were
analyzed by XRD, *’Al- and "F-MAS NMR. The acid and base site properties of
hydrotalcite, the Mg/Al mixed oxide and the modified samples were determined via NH3-
and CO,-TPD. While the concentration of acidic sites was enhanced by the modification
with fluorine, the basic site concentration was less influenced. However, the strength of
basic sites was increased by the modification with fluorine. Conversion of propan-2-ol
was performed to monitor changes in acid-base site properties.

The applications of metal oxide supported Au materials in acid-base type
reactions are negligible due to the generally inert nature towards this type of reaction.
Thus, it would be of great interest to explore the role of nano-sized gold particles on the
support acid-base properties. Au supported on CeO, prepared by the method of
deposition-precipitation with urea leads to a novel basic catalyst. Two concurrent impacts
of this special preparation technique on the surface properties of ceria are observed. First,
urea acts as surface modifier within the thermal treatment process by its decomposition.

Several nitrogen containing surface intermediates and stable compounds are formed,
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adsorbed, and modify thereby the acid-base properties of the support which finally leads
to an enhanced base strength. Thermal treatment up to 500 °C does not remove these
newly formed compounds completely. Second, Au blocks the least accessible Bronsted
acid sites which are present on plain ceria, and thus completely eliminates the activity of
ceria to dehydrate propan-2-ol. Moreover, the new basic material catalyzes the

dehydrogenation to acetone with high efficiency and without notable deactivation.
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Chapter 2

Experimental
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2.1 Characterization techniques

MAS-NMR
Structure, IR, py-IR

coordination Active sites

= ' XPS
Particle size Surface structure

) \
distribution /\ [f

XRD
Structure,
Crystallinity
Porosity,

Surface area

Chemical _ _
composition Acid/base sites

Figure 2-1. Characterization methods of solid materials.

e AAS

The metal contents were analyzed by atomic absorption spectroscopy (AAS)
carried out with UNICAM 939 AA-Spectrometer. The solids (10-50 mg) were
dissolved in a boiling mixture of hydrofluoric acid (HF, 0.5 mL) and nitro-

hydrofluoric acid (0.1 mL) to ensure complete dissolution of the sample.

e Nj;-Adsorption

The measurement of the specific surface area is based on adsorption of an inert
gas as for instance N, In theory, at a certain temperature (77 K) one nitrogen
molecule occupies a certain space (0.162 nm?). Thus, for the monolayer, the specific
surface area can be derived directly. However, in practice multilayer adsorption and
capillary condensation hinder a direct calculation of surface area by the amount of
adsorbed molecules."! The BET- theory enables to determine the specific surface area

corresponding to the pressure.
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Specific surface areas and pore volumes were determined by physisorption of N,
at 77 K. Measurements were carried out in PMI automatic BET-Sorptometer.

Evaluation was done according to the BET theory.

e XRD
The crystalline structure of all materials was analyzed by XRD using a Philips
X'Pert Pro System (CuKgl-radiation, 0.154056nm) at 40kV /40 mA.
Measurements were carried out on a spinner performed with a 1/4™" slit from 0.3° to
0.6° 2 0 step size (0.03 ° min™") and with a 1/6™ slit in the range from 5° to 70° 2 0
(0.05 °/min). In-situ experiments were carried out in the Philips X Pert Pro System, as
described above, equipped with HTK 2000 oven. The samples were heated stepwise
(100 °C) from ambient to 700 °C in a flow of 5 mL min™' synthetic air.
The particle size was determined by the full-width-at-half-maximum (FWHM =
Hp) using the Scherrer-equation (Eq. 1). Sherrer was the fisrt one who considered a
correlation between the line width of XRD reflexes and the particle size.”

, AT 1)

Herein K is defined as a constant (shape factor), often determined as 1.0, D the
average prime particle size vertically to the reflecting lattice plane, € the diffraction
angle and A the x-ray wavelength.”! Generally, an increase of the Hg is caused by a
decrease of prime particle size. The particle sizes were determined by in the X 'Pert

High Score software program using the Scherrer calculation.

e TGA

Thermo gravimetric analysis (TGA) was used to determine the thermal stability of
materials. The experiments were carried out on a Setaram TG-DSC 111 (thermo-)
gravimetric instrument. A homebuilt high vacuum system equipped with a Pfeifer
Vacuum Mass Spectrum (MS) is coupled with the original microbalance system.
Conventionally 10 to 20 mg of the solid sample are pressed into wafers and broken
into small pieces and filled in a quartz crucible. The sample is placed in the heating

block. A non-adsorbing temperature stable reference is simultaneously measured. The
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mass loss of the sample is determined relative to the reference. The samples were

heated in vacuum from RT to 700 °C with a rate of 10 K-min™'.

e TPD

Temperature programmed desorption of ammonia (NH3-TPD) and carbon dioxide
(CO,-TPD) were used to determine acidic and basic properties. As standard materials
for referencing the NH3-TPD and CO,-TPD, a H-MFI 90 zeolite and NaHCO; were
used, respectively. Catalyst samples were activated at elevated temperatures in
vacuum for 1 h. Adsorption of ammonia at 0.1 mbar was performed at 100 °C for 1 h.
CO; (1 mbar) was adsorbed at 40 °C for 1 h. Desorption occurred during heating the
samples from corresponding temperature up to 700 °C with a rate of 10 K min™.

Analysis was done with Pfeifer Vacuum Mass Spectrum (MS).

e Solid state MAS-NMR

Solid state MAS-NMR was used to clarify the structural environment of
aluminum and fluorine in the mixed metal oxide lattice. The method complements the
XRD when the detection limit of the latter one is reached. In comparison to liquid
phase NMR, higher radio frequencies are necessary for solid state NMR. The main
difference between liquid and solid state NMR is the limited rotation of molecules in
solids, which leads to lower resolutions. The delay between the pulses is longer, as
the spin-lattice relaxation time is long, whereas the spin-spin relaxation is fast.

Two reasons for the line broadening in solid state NMR were recognized. One
reason is the dipole-dipole interaction. A local magnetic field is created in between

two nuclei in the distance of R which is described by the equation 2:

iy Hy 2
B  =—==—"""|1-3cos" ® 2
local 47ZR3 ( ) ( )

In contrast to liquids this field is not adjusted to zero in solids. The line width in

solids is for that reason in general in the order of 10° Hz.
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The second reason for the line broadening is the anisotropism of the chemical
shift. The chemical shift depends on the orientation of a molecule, which can be
averaged in fluids because of the mobility of molecules. However, in solids the
molecules are fixed and create therefore different resonance frequencies. The
anistropism depends by the term 1-3cos°0 on the angle between the main axis of the
molecule and the orientation of the field.

To reduce the phenomenon of line broadening due to the dipole-dipole coupling
and the anisotropism, the magic angle spinning (MAS) method was established (see
Figure 2-2). Due to the fact, that the term 1-3cos” 0, which describes the dipole-dipole
coupling and the anisotropism, gets at a angle of 6 = 54.74° zero. The rotation
frequency of the sample must be higher than the spectral width of the recorded

spectra. This can be achieved by gas-powered rotors.!

Figure 2-2. Magic angle of the rotor in the external magnetic field B,.

e TPO

Temperature programmed oxidation (TPO) was carried out on a homebuilt multi
reactor set-up equipped with six parallel reactors. The system is operated via HPVvee
software wherein temperature and mass flows can be controlled. Mass analysis was done
with Pfeifer Vacuum Mass Spectrum (MS). The samples were diluted with SiO, powder
and filled between quartz-wool. The catalysts used in the conversion of propan-2-ol were
heated in inert gas flow. Thereby physisorbed pollutions from air and rest of propan-2-ol
were eliminated. For oxidation an oxygen/helium flow with 5 % oxygen was steamed

over the catalyst sample during heating up from 100 to 900 °C.
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e IR

Next to nuclear magnetic resonance (NMR) spectroscopy, ultraviolet (UV)
spectroscopy and mass spectroscopy (MS) infrared (IR) spectroscopy is one of the
outstanding analytical methods in nowadays. The most important advantages of IR
spectroscopy are not only the high variety of applications, but also the high information
content resulting from one spectrum. The infrared spectral regions are classified by near
(12 800 - 4 000 cm™),- mid (4 000 — 400 cm™") and far (400 — 10 cm™) IR. All elementary
vibrations are represented in the mid-IR region. The conventional mid-IR spectrometers
are based on a Fourier transformed interferometic measurement. A schematic

construction is illustrated in Figure 2-3.

Detector

Jolliw paxid

Movable mirror

Figure 2-3. Schematic construction of a Fourier transformed spectrometer.

The main vibration modes of a linear tri-atomic active IR molecule, which is

changing its dipole moment by excitation, are demonstrated in Figure 2-4."

@—©—©® Symmetric strezching, v,

- -

@—©&—©® Anti-symmetric stretching, v,
— «— -«—

!

.—.—T. Deformation, &
|

e—6—@

Figure 2-4. Vibrational modes of a linear triatomic molecule.
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Infrared spectroscopy was carried out on a Perkin-Elmer 2000 spectrometer
coupled with a MCT detector, a Bruker IFS 88 spectrometer or a Nicolet spectrometer.
Samples were pressed into self-supporting wafers and activated in vacuum at elevated
temperatures for 2 h. The spectra were recorded in transmission mode at a resolution of
4 cm™ in the region from 4000 to 780 cm’.

Adsorption of probe molecules as for instance pyridine, carbon dioxide, propan-2-
ol and methanol was followed by IR. Sample preparation and instruments were used as

described above.

e TEM
To determine the particle size of metal atoms on the oxide surface transmission
electron microscopy was used. The measurements were put out with the JEOL JEM
100CX microscope equipped with a wolfram cathode. Inorganic materials, which are
often less with water, have to be transformed in a well transparent (gauge 5-500 nm for
100 kV)) and vacuum consistent sample. Therefore the metal supported oxides were
grinded and dispersed in ethanol. Afterwards the sample were applied on a Quantifoil

Multi A, Cu 200 mesh, double holey film grid and directly watched.

e XPS

Investigations of surface properties for ceria and modified ceria samples were
performed by X-ray photoelectron spectroscopy (XPS) at the Institute of Technical
Chemistry, University of Leipzig. XPS analysis was carried out using a hemispherical
energy analyzer Phoibos 150 (Specs GmbH, Berlin, Germany) equipped with an X-ray
source XR 50 (Specs GmbH). O 1s, Ce 3d, C 1s and Au 4f lines were monitored using the
Mg K, line at 1253.6 eV and excitation energy of 20 kV. Spectrum processing included
satellite and Shirley background subtraction. Due to the electrostatic charging, the
binding energies (BE) had to be corrected with respect to the C 1s = 284.5 eV taken as
the internal standard. All spectra were analyzed using the software package CasaXPS
Version 2.2.24. Samples have been placed in the transfer chamber for 6 h to remove
adsorbed surface components. Measurement time was 30 min. The C 1s carbon signal at

284.5 eV resulted mainly from omnipresent surface layers.
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2.2 Catalytic tests

2.2.1 Conversion of propan-2-ol

The catalytic activity of all materials was performed in the conversion of propan-2-
ol. The schematic construction of the reaction set-up is illustrated in Figure 2-5. The set-
up is equipped with a single down-stream reactor connected to a Hewlett Packard GC
outfitted with a flame ionization detector. The reactor comprises a quartz-tube with 4 mm
diameter and an oven. The catalyst with arbitrary particle size (0.02 g diluted in 0.13 g
SiC) was fixed with quartz wool in the quartz-tube. Four different mass flow controllers
save the gas-supply with helium, synthetic air or hydrogen. In general the catalyst was
heated in a flow of 20 mL-min™ of helium (MFC4) from ambient to elevated temperature
of activation for 2 h. After reaching the reaction temperature MFC4 was switched of and
helium was led by MFC2 through the saturator. The saturator was filled with propan-2-ol
and cooled permanently to 13 °C (partial pressure = 25 mbar). The helium/propan-2-ol
gas mixture was directed over the fixed bed reactor. Unreacted propan-2-ol and
dehydrogenation/dehydration products were analyzed by GC. Separation of various

®
components was done by a Supelco™ wax-column.

MEC 4 (He) _6 1
MEFC 3 (Syn. Air) ] ? Reactor
MEC 2 (He)
MFC 1 (H,)
4PV 1 4PV 2 " 4PV 3 4PV GC
Saturator v GC/FID

Figure 2-5. Schematic construction of catalytic set-up for propan-2-ol conversion.
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The system was automatically controlled by a computer equipped with HP-VEE
software. The analysis of gas chromatography was carried out by the CSW program. The
automated temperature profile is given in Figure 2-6. After activation the reaction was
carried out at four different temperatures and maximal three different carrier gas-flows.
After the third temperature step (T4) the catalyst is cooled down to the first temperature

(T,) discovering deactivation.

Activation i Reaction + End
Activation . .

temperature Flow
10K-min-1 : i

Figure 2-6. Schematic temperature/flow-profile of the automated catalytic set-up.

2.2.2 Hydrogenation of acetone

The hydrogenation of acetone serves as test reaction for the hydrogenation/

dehydrogenation ability of metallic catalysts as for instance Au supported on ceria.

o
T
o

N
E——

AN

O

N

Figure 2-7. Reaction scheme of propan-2-ol dehydrogenation and acetone hydrogenation.

The hydrogenation of acetone was studied in hydrogen atmosphere in the
temperature range from 150 to 225 °C with steps of 25 °C. The as-prepared samples
(0.2 g diluted in 0.35 g SiC) were fixed with quartz wool in a quartz-tube reactor of 4 mm
diameter. The as-prepared samples were first pretreated in a flow of helium of
20 mL'min” by heating from ambient to 500 °C (heating ramp 10 °C-min™") for 2 h in

order to activate the sample. Cooling to reaction temperature was reached under He flow
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of 20 mL'min"", too. During reaction, a flow of hydrogen with 20 mL-min™' was saturated
with acetone at -12 °C (partial pressure 49 mbar) and led over the fixed bed reactor. Un-
reacted acetone and hydration products were analyzed by gas chromatography using a

Shimadzu GC-2014 gas chromatograph.

2.2.3 Condensation of 1,2-epoxy-octane with hexanol

The condensation of 1,2-epoxy-octane with hexanol was carried out in a 100 mL
flask. Hexanol (2.555 g, 0.025 mol) was added to 1,2-epoxy-octane (4.038 g, 0.026 mol)
and heated in N, atmosphere to 160 °C under stirring. The catalyst (0.066 g, 1 wt.-%) was
added and samples were taken every hour. For analysis the catalyst was removed by
filtration. The filtrate (100 uL) was mixed with 2,2 ,4-tri-methylpentane (937 pL), which
serves as internal standard for GC-analysis. Un-reacted 1,2-epoxy-octane, hexanol and

reaction products were analyzed by gas chromatography using a Shimadzu GC-2010.
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Chapter 3

Magnesium/aluminum mixed oxides

Abstract
Mg/Al mixed oxides derived from layered double hydroxide (LDH) precursors

with various Mg/Al ratios and sodium contents were synthesized via a sol-gel
process. The structure of the resulting materials was analyzed by XRD and *’Al-
MAS NMR. The acid and base properties of the Mg/Zn/Al mixed oxides samples
were determined via NHj3- and CO,-TPD. The basicity was increased with
increasing Mg/Al ratios, whereas the acidity decreased. Infrared spectroscopy
with adsorbed CO, turned out that the Lewis acidity deceased with decreasing
Mg/Al ratio. The remaining sodium contents decreased the dehydration reaction

of propan-2-ol dramatically.
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3.1 Introduction

There is a great demand for developing solid base materials such as hydrotalcites

and their derived mixed metal oxides as economical and environmental friendly catalysts.

A large number of organic reactions make use of basic catalysts, e.g. condensation!™®

17141 {115-20] [21, 22]

reactions like aldo and Knoevenage , isomeriza-

[23-25]

reaction, alkylations

(221 and polymerization

tions reactions. But also the application of acid and base
bifunctional catalysts in the synthesis of nitriles was described.”*"!

The use of Mg/Al mixed oxides as effective solid base catalysts and many
different synthesis routes have been reported in literature. An intensive experimental

2

research was carried out on exploring the influence of synthesis routes,”*” each synthesis

29,300 a5 well

step and synthesis conditions.*® Tunable basicity occurring by ion exchange!
as targeted re-hydration''” of calcined hydrotalcites is one of the demanding features of
such materials. Mixed oxides derived from hydrotalcite precursor exhibit a well dispersed
structure of (M'M"0). Due to the intercalation of AI’" into the MgO framework strong
basic sites will be created due to the formation of unsaturated O* -sites.”'! Brensted basic
sites (surface OH-groups or OH™ ions in the interlayer), which are involved in the
Knoevenagel or Claisen-Schmidt condensation, are originated by calcination at
temperatures less than 450 °C or re-hydration.”"*) Among the large variety in tuning acid-
base properties, the metal ratio M* /M opens a further alternative to modify the
acidity/basicity of mixed metal oxides.’” Another option will be the insertion of alkali
metals exhibits efficiently basic solid catalysts for fine chemical synthesis.!** **

MgO is a well known solid base with high CO, adsorption capacity
(5.3 umol'm™) which is almost 4 times higher compared to ALO3.*®) However, due to the
reaction conditions and the Mg/Al ratio Fischel®® found higher selectivities to basic
products for the mixed oxide than for bare MgO. The differences in CO, adsorption
capacity and acetone selectivity in the experiments with temperature programmed
desorption of propan-2-ol can be explained by the inhomogeneous distribution of Al in

the MgO framework. The active sites of hydrotalcites are defects which expose metal-

oxygen pairs. The amount of such defects increased with increasing amount of aluminum.
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Calcined hydrotalcites are basic oxides, the surface properties depend on the synthesis
method."®!

In this study, the influence of Mg/Al ratio on acid base properties of mixed metal
oxides, the influence of sodium content of Mg/Al oxides obtained by different synthesis
methods on catalytic performance as well as the optimal calcination temperature of
Mg/Al hydrotalcites have been investigated to optimize activity and selectivity.

Catalyst synthesis of these type of metal oxides was carried out via sol-gel
process, which enables the formation of micro-engineered structures. Thus, it is possible
to form oxides with localized microstructures combined with defined pore sizes and

[37]

surface areas.”’”’ Hydrothermal synthesis was established as this method leads to

homogeneous mesoporous MgAlO structures with high surface areas.** >

3.2 Experimental

3.2.1 Preparation

The commercial hydrotalcite was kindly provided by Cognis and is labeled as
HT2. Parts of the sample were calcined for 8 h at 500, 700 and 900 °C (heating rate
5°C-min™) in a flow of 100 mL'min™' of synthetic air. The samples are denoted as HT2-
500, HT2-700 and HT2-900.

All chemicals used were obtained from Sigma-Aldrich and if not denoted utilized
without further purification.

The mixed metal oxides with Mg/Al ratio of 4:1 were obtained by heating the
precursors in air. Hydrotalcites were synthesized by a sol-gel process adopted from the
method described by Greenwell.[*"!

An acidic 1 M aqueous solution of metal nitrates was prepared by dissolving
Mg(NOs3),'6H,O (123.08 g, 0.48 mol) and AI(NO3);-9H,O (45.01 g, 0.12 mol) in 0.6 L
decarbonized bi-distilled water. A second aqueous alkaline solution (0.6 L) was prepared
form a 2M NaOH and 0.1 M NaHCOs;. Both solutions were heated to 75 °C. For
precipitation, the nitrate and alkaline solutions were added drop-wise to 400 mL water
giving a pH of 9 at 75 °C. The suspension was aged for 3 h at 85 °C under stirring. After

cooling to RT the gel was filtered and added into an autoclave. Hydro-thermal synthesis
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was carried out for 16 h at 80 °C. Afterwards the gel was washed with 150-350 mL bi-
distilled water until the pH of washing water was 7. The white precipitate was freeze-
dried and calcined for 8 h at 600 °C (heating rate 5 °C-min™") in flow of 100 mL-min" of
synthetic air. The as-prepared sample is labeled as HT4.

Soxhlet filter

Sample

Figure 3-1. Soxhlet extraction apparatus.

To remove the remaining sodium from the calcined sample, a Soxhlet extraction
was carried out with ethanol. Therefore, a flask was filled with 500 mL ethanol and 10 g
of the sample was added into the Soxhlet filter. The solvent was heated under reflux for 3
days. After cooling to ambient temperature the sample was removed from the filter, freez-
dried and calcined for 8 h at 600 °C (heating rate 5 °C'min™") in flow of 100 mL-min”" of
synthetic air. The as-prepared sample is labeled as HT4 I sox.

In order to create different sodium contaminated samples, the as-prepared gel was
either not washed or alternatively washed with 150 and 350 mL decarbonized bi-distilled
water. The samples were denoted as HT4 Na, HT4 Na-150 and HT4 Na-350.
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3.2.2 Characterization techniques

3.2.2.1 Textural analysis
The metal content of Mg/Al mixed oxides was analyzed by atomic absorption
spectroscopy (AAS) carried out with UNICAM 939 AA-Spectrometer.

Specific surface area and pore volume were determined by physisorption of N, at
77 K. Measurements were carried out in PMI automatic BET-Sorptometer. Evaluation
was done according to the BET theory.

The crystalline structure of the precursor and mixed metal oxides was analyzed by
XRD wusing a Philips X 'Pert Pro System (CuKyl-radiation, 0.154056 nm) at
40 kV /40 mA. Measurements were carried out on a spinner performed with a 1/4"" slit
from 0.3° to 0.6° 2 O step size (0.03 ° min™') and with a 1/6"" slit in the range from 5° or
20 °to 70° 2 6 (0.05 °/min).

" Al MAS-NMR experiments were performed on a Bruker AV500 spectrometer (B
= 14.1 T) with a spinning rate of 12 kHz. For temperature adjustment the bearing and
drive gas stream were passed through a heat exchanger. The samples were packed in
4 mm ZrO, rotors. For *’Al the resonance frequency was 130.3 MHz. The spectra were
recorded as sum of 2400 scans with a recycle time of 250 ms. A #/12 pulse (pulse
length = 1.0 ps) was applied for excitation. The chemical shifts were referenced against

an external standard of solid AI(NO3)s (6 = —0.54 ppm).

3.2.2.2 Infrared spectroscopy

Infrared spectroscopy was carried out on a Perkin-Elmer 2000 spectrometer
coupled with a MCT detector or a Bruker IFS 88 spectrometer. Samples were pressed
into self-supporting wafers and activated in vacuum at 450 °C for 2 h. The spectra were
recorded in transmission mode at a resolution of 4 cm™ in the region from 4000 to
780 cm™.

Adsorption of pyridine, CO, or propan-2-ol was followed by IR. Sample
preparation and instruments were used as described above. Pyridine was adsorbed at
0.1 mbar at 150 °C and out gassed with increasing temperatures from 150 to 250 °C for
2 h. CO;, was adsorbed at 40 °C and partial pressures from 0.01 to 0.1 mbar. CO, was
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degassed in by heating to 250 °C in vacuum. Propan-2-ol was adsorbed at 0.1 mbar at

50 °C. After 30 min equilibration the sample was heated under vacuum to 250 °C.

3.2.3 Catalytic tests

The dehydrogenation/dehydration reaction of propan-2-ol was studied in inert
atmosphere in the temperature range from 200 to 300 °C. The catalyst with arbitrary
particle size (0.02 g diluted in 0.13 g SiC) was fixed in between quartz wool in a quartz-
tube reactor of 4 mm diameter. The catalyst was heated in He flow of 20 mL-min™ from
ambient to 450°C for 2h, in order to activate the sample. Cooling to reaction
temperature was reached under He (20 mL'min™"). For reaction, a helium flow of
40 mL'min"' was saturated with propan-2-ol at 13 °C (partial pressure 25 mbar) and led
over the fixed bed reactor. Un-reacted propan-2-ol and dehydrogenation/dehydration
products were analyzed by gas chromatography using a Hewlett Packard GC equipped
with a flame ionization detector. Separation of various components was done by a

Supelco®™ wax-column.

3.3 Results

3.3.1 Textural analysis of Mg/Al mixed oxides

The results of textural analysis for Mg/Al mixed oxides are listed in Table 3-1.

The specific surface area of HT2 was 171 m>g"'. After calcination at 500 °C in
synthetic air the specific surface area increased to 219 m*g™' indicating the removal of
impurities, which stuck in the pores. Further increase of the calcination temperature to
700 and 900 °C resulted in decreasing surface areas through sintering. The metal ratio of
Mg/Al of HT2 was 2.1. The sodium content of HT2 was less than 0.002 wt.-%.

HT4 I had a surface area of 58 m*g"' the metal ratio of Mg/Al was 4.1, which is
slightly more than the nominal one. The sodium content of HT4 I was with 13 wt.-%
apparently higher than for HT2. HT4 I was treated via Soxhlet extraction with ethanol to
remove sodium. The sodium content of this sample (HT4 I sox.) was 8 wt.-%, and 1.7

times less than for the non-treated sample. In a further experiment the sodium content
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was varied by washing the gel obtained during synthesis with different amounts of water.
The specific surface area of the sample which was not washed with water during
synthesis (HT4 Na) was 29 m*g"'. The sodium content of HT4 Na was 14 wt.-%. By
washing with 150 and 350 mL water, the sodium content was decreased to 3 and 1 wt.-%,
respectively. The specific surface areas increased by more than 4 times with decreasing
sodium content indicating that sodium sticks in the pores. The reproducibility for the
catalyst synthesis was tested. Also the specific surface areas of the different HT4 charges
(II-IV) varied in-between 105 and 188 m*g"' the metal ratios of Mg/Al were 4.0 for
HT4 I and 3.8 for HT4 II and IV. Highest surface area was observed for the sample with
the lowest sodium content.

The sodium content of HT2 was not comparable to HT4 which indicates another

synthesis method used for HT2 most probably without sodium.

Table 3-1. Textural analysis of Mg/Al mixed oxides.

Sample Specific ~ Molar ratio Metal content (wt.-%)
Surface area

(m’g™) (Mg:Al) Mg Al Na

HT2 171 2.1 33 18 0
HT2-500 219 2.0 20 11 0
HT2-700 213 2.0 19 11 0
HT2-900 149 2.0 26 15 0
HT41 58 4.1 21 6 13
HT4 I sox. 33 3.9 34 9 8
HT4 Na 29 3.9 23 6 14
HT4 Na-150 128 3.8 40 12 3
HT4Na-350 182 3.9 41 12 1
HT4 I 188 3.8 42 12 0
HT4 11 120 4.0 21 6 3
HT4 1V 105 3.8 41 12 1
HT4 111-200 91 3.9 25 7 2
HT4 111-300 106 3.8 30 9 3
HT4 111-400 82 3.7 30 9 3

3.3.2 XRD analysis of Mg/Al mixed oxides

The structural analysis of HT2 and HT4 samples was carried out via XRD. The
results are illustrated in Figure 3-2. The reflexes of MgO were expected at 35.6, 43.0 and
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62.5 °. Both samples were dominated by the cubic MgO structure. Neither for HT2 nor
for HT4 separated alumina phases could be identified. Thus, Al is incorporated into the
MgO structure resulting in a MgxAlO phase!*!) or alumina exists as amorphous species.
As the reflex widths of both patterns were very broad, low crystallinity of the materials is

expected.

Intensity (a.u.)

HT411

HT2

10 20 30 40 50 60 70 80
2 Theta/®

Figure 3-2. XRD patterns of HT2 and HT4 II.
(e MgO cubic)

The XRD patterns of HT4 samples from different batches and the Soxhlet
extracted one are shown in Figure 3-3. Reflexes related to MgO and NaNOj; occurred for
all HT4 samples excepted for HT4 II. For HT4 II the peak width was expanded indicating
less crystallinity compared to the other HT4s. The XRD analysis confirms the results
from AAS analysis wherein for HT4 I, HT4 I sox., and HT4 III the sodium content was >
3 wt.-% and for HT4 II and HT4 IV < 1 wt.-%. However, in no case an alumina phase
was observed indicating, that aluminum was incorporated into the MgO structure or

exists as amorphous phase.
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HT4IV

Intensity (a.u.)

HT4 111
HT4 11
HT4 I sox.

HT41

10 20 30 40 50 60 70 80
2 Theta/®
Figure 3-3. XRD patterns of HT4 samples.
(e MgO cubic, ¢ NaNO3)

The structural transformation of HT4 from the LDH precursor to the mixed oxide
was followed in-situ via XRD analysis from RT to 600 °C in a flow of 5 mL'min™" of
synthetic air. The results are illustrated in Figure 3-4. At RT main reflexes were observed
at 11.4, 23.0, 34.7, 38.6 ,45.6, 60.4, 61,5 and 65.6 related to hydrotalcite structure
with the general molecular formula of MgeAl,CO3(OH)6-H2O. At 200 °C, the intensity
of the reflexes related to the hydrotalcite phase decreased and the reflex widths were
broadened indicating structure transformation from hydrotalcite to Mg)AlO. Further
temperature increase to 400 °C resulted in a complete transformation to Mg)AlO.

Between 400 and 600 °C no further changes could be observed via XRD.

600 °C
500 °C
450 °C
400 °C
200 °C
RT

Intensity (a.u.)

2 Theta/®

Figure 3-4. XRD patterns of non-calcined and calcined HT4 samples.
( #¢MgcALL,CO;3(0OH) 64H,0, @ MgO cubic, 0Al,O; of sample holder)
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3.3.3 A1 MAS-NMR spectroscopy of Mg/Al mixed oxides

*’Al MAS-NMR spectroscopy of the solid materials was used to identify the
alumina species in more detail. The results for HT2 and HT4 II are illustrated in Figure
3-5. For both samples signals related to octahedral and tetrahedral Al were observed. The
chemical shifts of octahedral Al'' and tetrahedral Al" are located at 10.88 and
75.35 ppm, respectively, in case of HT2. The ratio of Al'"Y/A1Y! was 0.62. For HT4 1I the
signal of Al"! was observed at 9.73 ppm and for Al'Y at 77.65 ppm. In comparison to the
octahedral Al"" the signal of tetrahedral Al"Y was very small. The ratio of Al'Y/AIY! was
0.09. With increasing aluminum content, the amount of tetrahedral Al increased. Thus the

incorporation of aluminum in tetrahedral vacancies is preferred.

AV

150 100 50 0 -50 -100
3, ppm

Figure 3-5. ”’A1 MAS-NMR of Mg/Al mixed oxides.

3.3.4 Infrared spectroscopy of adsorbed pyridine on Mg/Al mixed oxides

The acid site properties of Mg/Al mixed oxides HT2 and HT4 II were determined
by infrared spectroscopy of adsorbed pyridine. The samples were heated from ambient to
450 °C with 10 K-min™ for 2 h in vacuum for activation. Subsequently, the samples were
cooled to 150 °C and pyridine was adsorbed at 0.1 mbar for 0.5 h. Afterwards desorption

of pyridine was carried out by heating the samples to 250 °C in vacuum.
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After adsorption of pyridine on HT2 the difference spectrum exhibits a markedly
negative band at 3742 cm™!. At the same time, adsorption bands occurred at 1603, 1576,
1493 and 1445 cm™ assigned to physisorbed pyridine and pyridine interacting with Lewis
acidic sites.[*”) The characteristic band at ~1540 cm™ related to pyridine coordination to
Bronsted acid sites was not observed. After heating to 250 °C, the intensity of the
negative band decreased indicating weakly coordinated pyridine via H-bonding to
hydroxyl groups on the surface. However, bands related to pyridine coordinated to Lewis
acid sites remained after desorption of pyridine at 250 °C in vacuum.

In the difference spectrum of HT4 II adsorption bands similar to pyridine
adsorbed on HT2 appeared and disappeared after heating at 250 °C. The bands related to
pyridine coordinated to Lewis acid sites (1608 and 1447 cm™) in the spectra of HT4 were
slightly shifted to higher wavenumbers in comparison to HT2. Thus the interaction
between pyridine and HT4 is expected to be slightly stronger than for HT2. The ratios of
L-Pyd/H-Pyd were calculated after adsorption and desorption. For HT4 the ratio was
estimated as 5.8 and decreased to 3.6 after desorption. For HT2 the value of L-Pyd/H-Pyd
was found to be 6.3 and decreased to 5.2 after desorption. The ratio of Lewis coordinated
pyridine to H-bonded pyridine was for HT2 with 6.3 slightly higher than for HT4
indicating that HT2 exhibits higher acid site concentration than HT4. However, for HT2 a
stronger acid site strength was observed, as after desorption (L-/H-Pyd = 5.2) the

concentration of remaining pyridine was nearly twice the number of HT4.
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Figure 3-6. Difference spectra after pyridine adsorption on HT2 and HT4 1II.
(--Pyridine adsorbed at 0.1 mbar, 0.5 h; —After desorption at 250 °C)

3.3.5 Infrared spectroscopy of adsorbed CO, on Mg/Al mixed oxides

The analysis of basic site properties of Mg/Al mixed oxides was investigated via
infrared spectroscopy of adsorbed CO,. The samples were heated with a ramp of
10 K'min™ for 2 h in vacuum to 450 °C to remove pre-adsorbed CO, from air. After
activation, the samples were cooled to 40 °C, and CO, was adsorbed at different partial
pressures. The pressure of CO, was increased from 0 to 0.1:10% 5-107 and
10-10” mbar. In Figure 3-7 spectral changes caused by adsorption of CO, with different
partial pressures on HT2 are shown. Adsorption bands at 1226, 1413, 1529, 1658, 2343
and 2360 cm™ appeared. The bands at 1413 and 1529 cm™ have been observed already
before adsorption. Former bands were described by Tanabe!*! as unidentate carbonate
formed via adsorption of CO, on MgO. The bands at 1226 and 1658 cm™ can be assigned
to CO, coordinated to Al sites of the mixed oxides. Hamada'** found bands at 1235 and
1645 cm™ after adsorption of CO, on alumina and suggested the interaction of CO, with

basic surface OH groups and the formation of hydrogen carbonates. The adsorption band
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at 2360 cm™ is assigned to Lewis acid sites. Bands occurring at ~ 2350 cm™ can be
assigned to linear adsorbed CO; on coordinatively unsaturated cations. The upward shift
of free CO, (2345 cm™) depends on the strength of Lewis acid sites.*¥ The intensity of

the bands increased with increasing partial pressures.
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Figure 3-7. IR spectra of adsorbed CO, on HT2 (0, 0.1:107, 5:10?, 10-10” mbar).

The infrared spectra upon adsorption of CO, for HT4 II are illustrated in Figure
3-8. The spectra show evidence of bands related to unidentate carbonate species at 1559,
1410, and 1370 cm™ and bidentate carbonate species correlated to bands at 1787 and
1254 cm™. As for HT2, linearly adsorbed CO; on acidic sites was observed at 2429 and
2350 cm™'. The former band can be assigned to linearly adsorbed CO, on Mg*" as for AI’*
generally lower frequencies (2360-2345 cm™) were observed.'*”) While the spectra of
HT2 were dominated by the interaction of CO, with alumina species, adsorption bands
for HT4 II are more related to magnesium oxide. The upward shift of the band related to

CO,-AI*" from 2350 cm™ (HT4) to 2360 cm™ (HT2) indicates a stronger Lewis acidity
for HT2.
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Figure 3-8. IR spectra of adsorbed CO, on HT4 (0, 0.1-107, 5:10°%, 10-10~ mbar).

3.3.6 Infrared spectroscopy of adsorbed propan-2-ol on Mg/Al mixed oxides

The adsorption of propan-2-ol on mixed metal oxides was followed by in-situ IR
spectroscopy. The samples were heated with a ramp of 10 K'min™ for 2 h in vacuum to
450 °C. After cooling to 30 °C propan-2-ol was adsorbed at 0.1 mbar for 0.5 h.
Afterwards the samples were out-gassed in vacuum and re-heated to 250 °C.

The difference spectra of HT2 and HT4 II after adsorption of propna-2-ol are
shown in Figure 3-9 and expose various intense adsorption bands between 3000-
2800 cm™ in the C-H stretching region. Bands related to carboxylate species, symmetric
CH; and CH, deformation bands occurred between 1500-1300. In the low frequency
region between 1170-1130 cm™ characteristic bands for C-H and C-O were observed, too.
The bands at 1163 and 1128 cm™ are correlated to alcoholate species formed during

[46, 47] 1 ess intense bands were

dissociative adsorption of alcohols on oxidic surfaces.
observed at 2733 and 2628 cm™ as well as at 1709 cm™ and ~1630 cm™. The strong
negative band at 3735 cm™ indicates interaction of propan-2-ol with the surface OH-
groups of HT2 and HT4 II. The appearance of the band at 1709 cm™ (C=0) evidenced
the formation of acetone only in case of HT4 II as for HT2 this band was not observed.
However, formate species (2732 and 2627 cm™) created by decomposition of acetone
were observed for both samples. Also a small band appeared at 1631/1628 cm™ which is

related to propene. Formation of propene was observed for both Mg/Al mixed oxides.
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Due to dehydrogenation of propan-2-ol acetone is formed over dominating basic sites,
while the formation of propene occurs over mainly acidic sites. The absence of acetone in
case of HT2 indicates the lower basicity of that sample compared to HT4 II where

acetone was present.
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Figure 3-9. Difference spectra of Mg/Al mixed oxides after adsorption of propan-2-ol.
a) HT2 and b) HT4 11

For comparison the difference spectra of HT2 (a) and HT4 II (b) after adsorption
of propan-2-ol at 30 °C for 0.5 h at 0.1 mbar and after desorption at 250 °C for 0.5 h in
vacuum are illustrated in Figure 3-10. While for HT2 the adsorption bands of the CH
stretching vibrations (2965, 2931 and 2869 cm™) are markedly decreased, the intensity of
the broad band between 3700 and 3000 cm™ related to water is clearly increased after
out-gassing indicating further conversion of propan-2-ol to propene and water during
temperature increase. In case of HT4 11 spectral changes due to desorption at 250 °C were
marginal. The intensity of CH vibration bands were slightly decreased. Therefore a strong

interaction of propan-2-ol with HT4 II is expected.
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Figure 3-10. Difference spectra of Mg/Al mixed oxides after adsorption at 30 °C and desorption at 250 °C
of propan-2-ol. a) HT2 and b) HT4 II
(—propan-2-ol adsorbed at 0.1 mbar, 0.5 h; ---after desorption at 250 °C)

3.3.7 Kinetics of propan-2-ol conversion

The catalytic performance of Mg/Al mixed oxides derived from hydrotalcite
precursors was tested in the conversion of propan-2-ol. Generally, propene is formed via
dehydration over acid sites, while over dominating basic sites, acetone occurs as main
product via dehydrogenation. The selectivity of the reaction can be used as indicator for
acid base properties of the mixed oxides in addition to other characterization methods as
for instance of pyridine and CO, adsorption. The materials were heated from ambient
temperature to 450 °C with heating ramp of 10 K'min" for 2 h in inert atmosphere to
activate the samples. After cooling to reaction temperature, the catalysts were tested at

different carrier gas-flows (20-70 mL-min™) and temperatures (225-300 °C).

3.3.7.1 Influence of Mg/Al ratio

First, the influence of magnesium content was tested. Therefore, two different
Mg/Al mixed oxides with a Mg/Al ratio of ~2 (HT2) and ~4 (HT4) were used (see
chapter 2.1).

The catalytic activity of HT2 and HT4 in dehydration/dehydrogenation of propan-

2-ol at a carrier-gas flow of 50 mL-min” is shown in Figure 3-11. The activity of propan-
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2-0l conversion increased with increasing temperatures for both catalysts. The rate of
acetone formation for HT2 was almost 4 times less than the rate of propene formation at
225 °C. At 250 °C, the rate of dehydrogenation increased from 4 to 12 umol-g'-s” and
for dehydration the rate was increased from 15 to 47 umol-g's™'. At 275 °C, the rate of
dehydration was 3 times higher and at 300 °C the rate of propene formation was 2 times
higher than the rate of dehydrogenation for HT2. For HT4, the rates of dehydrogenation
and dehydration were almost the same at all temperatures. While at temperatures less
than 300 °C the rate of acetone formation was slightly higher than for propene formation,
at 300 °C the difference was marginal as it turned out to be 351 umol-g™s™ for propene
and 357 umol-g"s™ for acetone. In comparison of HT2 and HT4, the latter catalyst was
more active. At 225 °C the rate of dehydrogenation was 22 pmol-g™s”" for HT4 and
therefore more than 5 times higher than for HT2. The rate of dehydration was with 15 and
17 pmol-g™s™ for HT2 and HT4, respectively, almost the same. Above 275 °C, the
activity of dehydration was higher for HT4 than for HT2. Except at 225 °C, the rate of

acetone formation was markedly higher for HT4 than for HT2 at all temperatures.

—@— HT4 Il Acetone - -G - HT4 Il Propene

500 —8— HT2 Acetone - -3 - HT2 Propene

200 225 250 275 300 325
Temperature (°C)

Figure 3-11. Activity of Mg/Al mixed oxides in dehydration/dehydrogenation of propan-2-ol (50 ml-min™).

The selectivities of acetone for HT2 and HT4 during conversion of propan-2-ol at
different reaction temperatures and for a He-flow of 50 mL-min™ are listed in Table 3-2.

Whereas for HT2 the selectivity of acetone was increased from 19 to 36 % with
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increasing temperature from 225 to 300 °C, for HT4 the inverse performance was

observed. The selectivity of acetone for HT4 was slightly decreased from 59 to 50 %.

Table 3-2. Selectivity of HT2 and HT4 II for formation acetone during the conversion of propan-2-ol.

Sample Selectivity (cetone) (%)
225 °C 250 °C 275 °C 300°C
HT2 19 20 27 36
HT4 10 59 54 53 50

3.3.7.2 Influence of calcination temperature

The influence of calcination temperature on the catalytic performance of HT2 and
HT4 was tested in the conversion of propan-2-ol. Therefore, the catalysts were calcined at
elevated temperatures and activated before reaction at 450 °C as described above. HT2
was calcined at 500, 700 and 900 °C and HT4 at 200, 300, 400 and 600 °C.

The activity of acetone formation for HT2 and calcined HT2 samples hardly
varied in the temperature range from 250 to 280 °C. The highest activity of
dehydrogenation was observed with 277 pmol-g's™" at 300 °C for HT2 calcined at
500 °C. Less activity was observed at higher calcination temperatures. Further increase of
calcination temperature decreased the activity in dehydrogenation. While the calcination
of HT2 at 500 and 700 °C was beneficial with respect to the activity of acetone formation
compared to the non-calcined sample, the calcination at 900 °C was followed by a
decrease of activity. The influence of calcination temperature for HT2 was more
pronounced for the dehydration than for the dehydrogenation as can be seen in Figure
3-12. The activity of dehydration for HT2 non-calcined and calcined at 700 °C was
almost the same. The highest activity was observed for HT2 calcined at 500 °C, which
was 505 umol-g’s? at 300°C. As for dehydrogenation, the lowest activity of
dehydration was observed for HT2-900.
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Figure 3-12. Activity of HT2 and calcined HT2 mixed oxides in the conversion of propan-2-ol.

a) Dehydrogenation and b) Dehydration.

The selectivities towards acetone for HT2 depending on all reaction and
calcination temperatures is listed in Table 3-3. At 225 °C, the selectivity towards acetone
for HT2 was decreased by calcination at 500 °C from 20 to 14 %. Calcining at 700 and
900 °C changed the selectivities towards acetone for HT2 to 40 and 50 %, respectively.
For HT2 and HT2 500, the selectivities towards acetone were increased with increasing
reaction temperatures. However, for the samples calcined at higher temperatures, a
decrease of selectivity of acetone was observed with increasing reaction temperatures.
The highest selectivity of acetone was found for HT2-900 at 225 °C. The selectivity
towards acetone decreased at 225 °C in the order HT2-900 > 700 > HT2 > HT2-500. At

300 °C the same order occurred, however, the differences were less significant.

Table 3-3. Selectivities towards acetone for HT2 and calcined HT2 during conversion of propan-2-ol.

Sample Selectivity coone) (%)
250°C 275°C 280°C 300°C
HT2 20 27 n.d. 36
HT2-500 14 n.d. 23 35
HT2-700 40 n.d. 39 39
HT2-900 50 n.d. 50 48

Calcination at different temperatures was also performed for HT4.The resulting
materials have been tested in the conversion of propan-2-ol finding an optimum in

activity and selectivity.
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At 225 °C, the activities in the dehydrogenation of propan-2-ol were low for all
samples independent of the calcination temperature. With increasing temperatures the
activity of acetone formation increased and the dependence of activity on the calcination
temperature was more pronounced. The lowest dehydrogenation activity was observed
for HT4 calcined at 300 °C, but the activity was generally increased with increasing
calcination temperatures.

The highest dehydration activity was observed for HT4 calcined at 600 °C. With
increasing reaction temperature, the dehydration rate increased for all samples. For
instance, the rate at 225 °C increased from 3 to 10 umol-g™s™ at 300 °C in case of HT4-
300 and HT4-400. The activity of HT4-200 in dehydration was slightly higher than for
HT4 calcined at 300 and 400 °C. After calcination of HT4 at 600 °C the activity of

propene formation markedly increased to 293 umol-g s at 300 °C.
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Figure 3-13. Activity of calcined HT4 IIlin the conversion of propan-2-ol.
a) Dehydrogenation and b) Dehydration.

The selectivities towards acetone depending on the reaction temperature for HT4
calcined at elevated temperatures are listed in Table 3-4. The highest selectivity was
observed for HT4 calcined at 400 °C (97 % at 275 °C). With increasing reaction
temperature the selectivity of HT4-400 was increased from 82 % at 225 °C to 96 % at
300 °C. For HT4-200 and 300, the selectivity of acetone increased with increasing

reaction temperature, too. The lowest selectivity of acetone occurred for HT4-calcined at
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600 °C (~50 %), in contrast to the samples calcined at temperatures less than 600 °C, for

HT4-600 the selectivity was almost independent from the reaction temperature.

Table 3-4. Selectivities towards acetone for calcined HT4 III during conversion of propan-2-ol.

Sample Selectivity cotone) (%)
225 °C 250 °C 275 °C 300°C
HT4 1I1-200 73 75 74 78
HT4 1I-300 57 56 83 90
HT4 11-400 82 83 97 96
HT4 1I-600 50 52 50 48

3.3.7.3 Influence of sodium content

During the synthesis of Mg/Al mixed oxides via the sol-gel method, sodium
hydroxide was used to adjust the pH of the reaction mixture. Depending on the washing
step, residues of sodium remained in the final catalyst. As the sodium content may have
an influence on the catalytic activity three samples of HT4 were synthesized, two of them
were washed with either 350 or 150 mL of deionized water, the third one was not washed.
After calcination, the samples were labeled as HT4 Na-350, HT4 Na-150 and HT4 Na,
respectively.

The activities of HT4 in the conversion of propan-2-ol depending on the sodium
content in the temperature range between 225 and 300 °C and for a carrier-gas flow of
50 mL-min" are shown in Figure 3-14. The activity of dehydrogenation increased with
increasing reaction temperatures. The highest activity of acetone formation was observed
for HT4 Na-150 exhibiting an optimum of sodium content as the catalysts with higher
(HT4 Na) and lower Na-content (HT4 Na-350) were less active in acetone formation. No
dehydration was observed for HT4 Na. The rate of dehydration increased with increasing
temperature and decreasing sodium content. Therefore, sodium might inhibit the active

sites for dehydration of propan-2-ol.
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Figure 3-14. Activity of HT4 in the conversion of propan-2-ol depending on the sodium content.

a) Dehydrogenation and b) Dehydration

Sodium was removed from the final material via Soxhlet extraction with ethanol.
The catalytic activities are shown in Figure 3-15. The rates of dehydration and
dehydrogenation were markedly increased by removal of sodium. The activity of the non-
treated sample was almost zero at all temperatures. Due to the removal of sodium the rate
of dehydration increased to 49 pmol-g™"s™ and for dehydrogenation to 157 umol-g™s™ at
300 °C. The temperature dependence of dehydrogenation on Na content was more
pronounced compared to dehydration. At 225 °C, dehydration was dominating at
temperatures higher than 275 °C dehydrogenation was higher and markedly increased at

300 °C.
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Figure 3-15. Activity of HT4 in dehydration/dehydrgenation of propan-2-ol depending on the sodium

content.

The dependency of the selectivity towards acetone formation on the sodium
content and temperature is listed in Table 3-5. In the series of HT4 Na, the selectivities
towards acetone increased with increasing sodium content as the formation of propene
was suppressed. In contrast, an additional extraction of sodium from HT4 I caused a

distinct increase of selectivity.

Table 3-5. Selectivities to acetone for HT4 depending on Na-content in the conversion of propan-2-ol.

Sample Selectivity ycetone) (%)
225 °C 250 °C 275 °C 300°C
HT4 Na n.d. 100 100 100
HT4 Na-150 100 74 82 81
HT4 Na-350 12 16 19 30
HT41 n.d 23 27 45
HT4 I sox. n.d. 25 58 76

3.3.7.4 Reproducibility

Different batches of HT4 were synthesized and tested in the conversion of
propan-2-ol to investigate the reproducibility of catalyst synthesis by sol-gel process. The
conversion of propan-2-ol for different HT4s is shown in Figure 3-16. The activity varied
for each catalyst. The higher the reaction temperature, the higher were the differences in

activity for dehydrogenation and dehydration. HT4 I sox. and HT4 IV had almost the
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same activity in conversion of propan-2-ol. The activity of HT II and HT4 III were higher
than for HT4l sox. and HT4 IV. The highest activity was observed for HT4 III. The
difference in activities of HT4 catalysts might be caused by disparate surface areas or

sodium contents. Latter ones were described in the previous section.
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Figure 3-16. Activity of HT4 in the conversion of propan-2-ol.
a) Dehydrogenation and b) Dehydration

The selectivities towards acetone for different HT4 charges and reaction
temperatures are listed in Table 3-6. For HT4 I sox., the selectivity increased with
increasing reaction temperatures from 34 % at 250 °C to 77 % at 300 °C. The changes in
selectivity depending on temperature were less pronounced for HT4 II, HT4 III and
HT4 IV compared to HT4 I sox.. The highest selectivity of acetone was observed for
HT4 1V at 225°C with 69 %, whereas, at 300 °C the most selective sample was
HT4 I sox. with 77 %.

Table 3-6. Selectivities to acetone for HT4 in the conversion of propan-2-ol.

Sample Selectivity ycotone) (%)
225 °C 250 °C 275 °C 300°C
HT4 I sox. 0 34 58 77
HT411 59 54 53 50
HT4 111 50 52 50 48
HT4 1V 69 73 75 64
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3.4 Discussion

Mg/Al mixed oxides with a Mg/Al ratio of 4 were derived from hydrotalcite
precursors by sol-gel process and a subsequent calcination in air at different temperatures.
A commercial catalyst with Mg/Al ratio of 2 was used to investigate the influence of the
Mg/Al ratio on the formation of acid base properties. The chemical composition of the
materials was determined by AAS and was close to the nominal ones. The crystalline
structure was analyzed by XRD. The structure of all materials was dominated by
Mg(Al) O phase, however, depending on the sodium content, traces of sodium nitrate
were identified. The samples exhibited low crystallinity with particle sizes of ~ 5 nm. The
structural changes during calcination were followed by in-situ XRD exemplarily for
HT4 III. Reflexes related to hydrotalcite phase were broadened and decreased in intensity
at 200 °C. Complete transformation to Mg AlO was achieved at 400 °C.

>’ Al MAS-NMR spectroscopy was carried out to clarify the structural constitution
of aluminum in the mixed metal oxides. Less octahedral alumina was observed with
higher Mg/Al ratio, indicating that alumina was incorporated into the tetrahedral
vacancies of MgO.

The acid sites were determined by infrared spectroscopy of adsorbed pyridine. No
remarkable differences regarding the kind of acid sites were found between HT2 and
HT4. The adsorption bands of both samples are similar to those of pyridine adsorbed on
v-alumina. Characteristic bands were observed at ~1445 and ~1605 cm™ which are
related to pyd-Al’".1> 4]

The acid site strength and concentration was higher for HT2 compared to HT4.
After desorption, the remaining concentration of pyridine was twice as much for HT2
compared to HT4. Brensted acidity was neither observed for Mg/Al mixed oxides with
Mg/Al ratio of 2 nor for Mg/Al ratio of 4.

The basic site properties were analyzed by infrared spectroscopy with adsorbed
CO;. However, CO, can as well be used as probe molecule for Lewis acid sites like
coordinatively unsaturated cations as for instance Al** or Mg*".** **] The different types
of resulting carbonates are shown in Figure 3-17. On HT2 bicarbonate like species
occurred after adsorption of CO; on basic OH groups. Also adsorption bands occurred,

which were similar to those observed on alumina. For HT2 in contrast to HT4 no
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bidentate adsorbed CO, was observed. With higher Mg content the adsorbed CO; species
were more likely related to MgO. Bicarbonate species were not found for HT4. The
strength of basic sites decreases in the order O* > M™-O* > OH. Thus, for HT4 a
stronger basicity as for HT2 is expected. Due to adsorption of CO, on AI’" a higher
acidity for HT2 was observed compared to HT4.

0 (0]
o X
\’4 oJ\o (0] OH
/O\ A |
M M M M
unidentate bidentate bicarbonate

Figure 3-17. Resulting carbonate species on metal oxide surfaces after adsorption of CO..

The acid-base properties of metal oxides and mixed metal oxides can also be

14834 In general, propene is formed by

determined by the conversion of propan-2-ol.
dehydration of propan-2-ol over acid centers. Dehydrogenation to acetone occurs over
base or redox sites. The catalytic activity of Mg/Al mixed oxides was performed in the
conversion of propan-2-ol. The influence of Mg/Al ratio, the calcination temperature and
the sodium content on the selectivity and activity was investigated. The conversion of
propan-2-ol at 250 °C and carrier gas-flow of 50 mL-min™" at a partial pressure of propan-
2-o0l of 25 mbar was less than 5 % for all catalysts, excepted for HT2 calcined at 500 °C.
For this sample a maximum of 11.6 % in conversion was reached.

First, the selectivity towards acetone depending on the Mg/Al ratio will be
discussed. Exemplarily, HT2 and HT4 II are compared. The selectivity increased
markedly for higher Mg/Al ratio. Less Lewis acid site strength and bidentate carbonate
species, determined by CO, IR measurements were observed for HT4. Infrared
spectroscopy with adsorbed propan-2-ol showed stronger interaction with the alcohol and
formation of acetone for HT4 indicating stronger basicity compared to HT2.

Second, the influence of calcination towards activity and selectivity was studied.
The rate of acetone formation increased slightly for HT2 after calcination. But the
selectivity towards acetone decreased after calcination at 500 °C from 20 to 14 %. As the
specific surface area was higher for HT2-500 compared to HT2, impurities for instance

water and carbon dioxide which blocks the active sites might be removed after
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calcination. Thus, activity was enhanced. Further increase of calcination temperature to
700 °C did markedly increase the selectivity towards acetone to 40 % indicating that
further carbonates were removed which had blocked basic sites before. After calcination
of HT2 at 900 °C further increase of selectivity was observed confirming the assumption
of carbonate removal. The decrease in activity can be explained by sintering effects
which is reflected in strong decrease of the specific surface area.

HT4 was calcined at 200, 300, 400 and 600 °C. No linear correlation between
calcination temperature and activity was observed. The highest selectivity of acetone with
83 % occurred for HT4 I11-400. A further increase of calcination temperature to 600 °C
influences the activity of the catalyst positively, as the rate of dehydrogenation was
increased from 13 to 84 pmol-g'-s”'. But, the selectivity of acetone was negatively
influenced with respect to 52 %.

HT4 was synthesized using sodium containing aqueous solution is used.
Depending on the amount of washing water, parts of sodium remained in the final
materials. The use of sodium seems to be a draw back. Huge amounts of waste water will
be produced during the washing step, big filter systems would be necessary to separate
the solid products and the washing step is quite time-intensive, too. From the economical
point of view, this is a big draw back of the sol-gel process. Therefore it was interesting
to which extend the remaining sodium influences the catalytic properties of a mixed
metal oxide. The sodium content of HT4 varied from 0 to 14 wt.-%. The results of
propan-2-ol conversion revealed that sodium suppressed the dehydration reaction. The
selectivity of acetone was 100 % for the highest sodium content. With decreasing amount
of sodium, the selectivity dropped down to 16 % for HT4 Na-350. The highest activity of
dehydrogenation was observed for the catalyst washed with 150 mL water, resulting in a
sodium content of 3.2 wt.-%.

These results have been also observed for samples prepared to test the
reproducibility of the synthesis. The highest activity of dehydrogenation for different
batches of HT4 II-IV occurred for the sample with a sodium content of 3.2 wt.-%. In
contrast when the sodium was removed after calcination by Soxhlet extraction with
ethanol, the selectivity decreased. While, after removing sodium via Soxhlet extraction

the activity was increased by factor of 5. The reproducibility of catalyst synthesis and the
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resulting catalytic properties of Mg/Al mixed oxides derived from hydrotalcite precursor
strongly depend on the sodium content. Sodium sticks in the pores and blocks active sites

responsible for dehydration. The kinetic results are listed in Table 3-7.

Table 3-7. Kinetic performance of Mg/Al mixed oxides in the conversion of propan-2-ol.

Sample Conversion Selectivity Selectivity Rate Metal content
(%) (%) (%) (umolg™s™) (wt.-%)

Propan-2-ol Acetone Propene Acetone Na

HT2 1.7 20 80 12 0.0
HT2-500 1.6 14 86 14 0.0
HT2-700 1.5 40 60 18 0.1
HT2-900 1.0 50 50 15 0.1
HT41 0.2 23 77 1 13.1
HT4 I sox. 0.4 34 66 5 7.8
HT4 Na 0.1 100 0 4 14.0
HT4 Na-150 0.7 74 26 17 32
HT4 Na-350 1.5 16 84 8 1.2
HT4 I 3.4 54 46 65 0.0
HT4 11 3.1 52 48 84 32
HT4 1V 1.3 72 28 33 1.2
HT4 11I-200 0.7 75 25 18 2.4
HT4 II-300 0.3 56 44 6 3.0
HT4 111-400 0.4 83 17 13 3.1

Reaction conditions: T, = 250 °C, Fy. =50 mL-min” and Pipr-on = 25 mbar.

3.5 Conclusions

The influence of the Mg/Al ratio in mixed metal oxides on the acid/base
properties was investigated by infrared spectroscopy with adsorbed probe molecules, as
pyridine, CO, and propan-2-ol. Further, the catalytic performance in the conversion of
propan-2-ol which provides an additional test for acid-base properties of oxide catalysts
was studied. Moreover, the influence on the catalytic properties by the calcination
temperature and the sodium content has been investigated in detail.

High Mg/Al ratio causes high basicities, whereas the acidity decreased. Further
on, sodium suppresses the dehydration reaction of propan-2-ol. However, a complete
removal of sodium influences the dehydrogenation, thus, an optimal sodium content of

HT4 was estimated to 1.2 wt.-%. Removing sodium during the synthesis procedure is
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more effective than the post synthesis via Soxhlet extraction. The optimal calcination
temperature for HT4 is determined to 400 °C. Calcination at 600 °C increases the activity
of the catalyst; however, the selectivity is decreased. Calcination of the commercial
catalyst HT2 benefits reactivity and selectivity, an optimal calcination temperature was
determined as 700 °C.

The sol-gel process is an effective synthesis method to obtain homogeneous
mixed metal oxides. Special attention has to be given to factors as pH, hydrothermal

treating, washing and calcination play an important role.
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Chapter 4

Zinc modified Magnesium/Aluminum

Mixed oxides

Abstract

The impact of zinc cations on Mg-Al mixed oxides is explored in the Zn*"
concentration range from 20 to 60 mol-%. The Mg/Zn/Al metal oxides are derived
by calcination of adequate layered double hydroxide precursors obtained via a
sol-gel process. Structural analysis by XRD and *’Al MAS-NMR show that Al*"is
incorporated into the MgO/ZnO lattice realizing close vicinity between the
different metal cations. The acid site concentration increases with increasing zinc
content, while the basic site density remains almost constant. Acetone is the
primary reaction product from propan-2-ol elimination with all zinc containing
oxides. Already low concentrations of Zn®" lead to highly active, selective and

stable catalysts.
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4.1 Introduction

Metal oxides derived from hydrotalcites and layered double hydroxides (LDH)
are versatile solid base catalysts, which have been thoroughly explored in the past two
decades.!") The substitution of cations into the LDH precursor materials provides a facile
and highly reproducible route to adjust the acid-base properties of the mixed oxides. Such
an effect could be associated with generating a higher specific surface area,'”! but mainly
induces an increase of the concentration of partially unsaturated metal cations equivalent
to higher Lewis acid site concentrations (see also ref.’)). It should be noted that the
intrinsic strength of acid and base sites tend to change in a more steady way between the
properties of the constituents of the materials.!*!

An especially interesting case is the incorporation of Zn cations in lattices of
aluminum mediated MgO-ZnO mixed oxides. Ghiotti and Boccuzzil!, for example,
described that new active sites were formed in Zn modified MgO solid solutions. Mg*"
acts as a hard acid with low ability to polarize soft bases such as hydride ions (H), while
Zn*" is a softer acid. Interestingly, it is claimed that in a solid mixture of MgO-ZnO, zinc
acts as softer acid compared to the pure ZnO.

The application of zinc oxide or mixed zinc oxide catalysts in the conversion of

6.7.8.9,10.1L12,13,141 "7, is an excellent alcohol

propan-2-ol has been described.!
dehydrogenation catalyst achieving selectivities above 90 %. As this reaction is also
frequently used as proof for acid-base properties of oxides, it has been our interest to
explore the impact of Zn cations on Mg/Al mixed oxides with the goal to customize acid-
base properties regarding a higher activity and selectivity with respect to alcohol
elimination reactions. TPD experiments by Bowker” suggest that alkoxides are the
critical intermediates in this catalytic conversion. The apparent inconsistency of acid-base
properties determined by probe molecules such as ammonia (corresponding more to
acidic than basic behavior) to the dominating dehydrogenation activity (observed in
catalytic reactions with alcohols) of ZnO was discussed by Vinek et al.!"! The
discrepancy of displaying quite acidic properties towards probe molecules and the

behavior as solid base in reactions with alcohols has been attributed to the partial

reduction of the zinc oxide surface in contact with alcohols. This has been reconfirmed by
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hydrogen adsorption experiments of Ghiotti and co-workers5 arguing that Zn®" is by far
easier reduced than Mg>". It is interesting to note, however, that the (low) dehydration
activity has been clearly associated with the presence of unsaturated zinc ions, i.e.,
oxygen vacancies and point defects.!14!

On the other hand the marked basic properties of the oxygen in ZnO are in good
agreement with the observed low Ols electron binding energies, i.e., 532-530 eV."”
Dimitrov!'® discussed the correlation between optical basicity and the Ols binding
energy of simple oxides noting that ZnO had a higher basicity than MgO. The optical
basicity is an indicator for the electron donating power of O to the M™" cation in MO,
oxides.!'” This value was also determined by UV/vis spectroscopy of molten Pb*" salts
mixed with ZnO or MgO. The position of the 6s — 6p UV absorption band was used as
indicator of the electron (pair) donating power.

Thus, the partly reducible mixed oxide acts via acid-base paired sites and it would
be interesting to explore, how the presence of a third (hard) cation influences the overall
acid base properties and in particular the catalytic activity towards dehydrogenation. In
this chapter, therefore, the influence of zinc on Mg/Al metal oxides is investigated using
Al MAS-NMR, as well as NH;- and CO,-TPD to characterize the acid-base properties.
Catalytic activity was studied in the gas phase elimination reaction of propan-2-ol,
frequently used as test reaction for acid and base properties of surface modified
oxides.”'#:1%-2%-21] The application of Mg/Zn/Al oxides as solid base catalyst in liquid
phase reactions was exlpored in the ring-opening reaction of 1,2-epoxy-octane with

hexanol.
4.2 Experimental

4.2.1 Zinc modified Mg/Al mixed oxides

Metal oxides containing magnesium, aluminum and zinc were obtained by heating
of adequate LDH precursors in air. LDHs were synthesized via a sol-gel process adopted
from a method described by Greenwell et al.[**) The M*/M** molar ratios were kept
constant to 4, while the Zn*"/Mg”" ratio was varied from 0.33 to 3 going from low to high

content of Zn in the materials.
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An acidic aqueous solution (1 M) of metal nitrates was prepared by dissolving
Mg(NOs3),'6H,0, Zn(NO3)-6H,O and Al(NO3)3-9H,0 in 0.6 L decarbonized bidistilled
water. A second alkaline solution was prepared form NaOH (2 M) and NaHCO; (0.1 M).
Both solutions were heated to 75 °C. For precipitation, the nitrate and alkaline solutions
were added drop-wise to 400 mL water giving a pH = 10 at 75 °C. The suspension was
aged for 3 h at 85 °C under vigorous stirring. After cooling to RT, the gel was filtered and
loaded into an autoclave. Hydrothermal synthesis was carried out for 16 h at 80 °C. The
gel was washed with 350 mL bi-distilled water until a pH of 7 of the washing water was
reached. The white precipitate was freeze-dried, grounded and heated to 600 °C (heating
rate 5 °C'min™') in a flow of 100 mL-min”' synthetic air for 8 h.

The used molar contents of metal nitrate precursors and the chemical

compositions in the resulting materials are depicted in Table 4-1.

Table 4-1. Molar contents of metals and amounts of nitrate precursors used for metal oxide synthesis.

Mg/Zn/Al Ox Molar ratios Amount of nitrate precursor (mol-L”)

Zn-content (mol-%) Mg Zn Al Mg Zn Al
0 4.0 0 1 0.8 - 0.2

20 3.0 1.0 1 0.6 0.2 0.2

26 2.7 1.3 1 0.53 0.27 0.2

40 2.0 2.0 1 0.4 0.4 0.2

54 1.3 2.7 1 0.27 0.53 0.2

60 1.0 3.0 1 0.2 0.6 0.2

4.2.2 Characterization

The metal concentrations of Mg/Zn/Al oxides were analyzed by atomic

absorption spectroscopy (AAS) using an UNICAM 939 AA-Spectrometer.
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Specific surface areas and pore volumes were determined by physisorption of N,
at 77 K. Measurements were carried out in a PMI automatic BET-Sorptometer.
Evaluation of the data was done according to the BET theory.

The crystalline structure was analyzed by XRD using a Philips X Pert Pro System
(Cu Ky, 0.154056 nm) at 40 kV /40 mA. The measurements were taken by using a
spinner and a 1/6"" slit in the range from 20 ° to 70° 2 6 (0.05 °/min).

*’Al MAS-NMR measurements were performed on a Bruker AV500 spectrometer
(Bo = 14.1 T) at a spinning rate of 12 kHz. The temperature was adjusted by passing the
bearing and drive gas stream through a heat exchanger. The samples were packed in
4 mm ZrO, rotors. As resonance frequency 130.3 MHz was used. The spectra were
recorded as the sum of 2400 scans with a recycle time of 250 ms. A 7/12 pulse (pulse
length = 1.0 ps) was applied for excitation. The chemical shift was referenced against an
external standard of solid AI(NOs3); (0 = —0.54 ppm).

Temperature programmed desorption of ammonia (NH3-TPD) and carbon dioxide
(CO,-TPD) were used to determine the acidic and basic properties. As standard materials
for referencing the NH3;-TPD and CO,-TPD, a H-MFI 90 zeolite and NaHCO; were used,
respectively. Catalyst samples were activated at 450 °C for 1 h in vacuum. Ammonia was
adsorbed at 1 mbar and 100 °C for 1 h and CO; (1 mbar) was adsorbed at 40 °C for 1 h.
For desorption, the samples were heated to the corresponding temperature (up to 500 °C
for CO,-TPD) with a rate of 10 K-min™'; desorbing gases were monitored with a Pfeifer
mass spectrometer.

Temperature programmed oxidation (TPO) of used catalysts was carried out on a
multi-reactor setup equipped with six parallel reactors and a mass spectrometer as
detector for desorbing gases. The samples (0.02 g) were diluted with SiO, powder
(0.13 g) and filled into the reactor using quartz-wool. The used catalysts were heated at
100 °C for 1 h in a flow of He (50 mL-min™") to remove physisorbed contaminations from
air and of propan-2-ol reaction. For oxidation an oxygen/helium flow (10 mL-min™") with
5 vol-% oxygen was passed over the catalyst sample during heating from 100 to 900 °C
(heating rate of 2°C-min™).
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4.2.3 Catalytic tests

The as-prepared samples (0.02 g diluted in 0.13 g SiC) were fixed with quartz wool
in a quartz-tube reactor of 4 mm diameter. The samples were activated by rising the
temperature from ambient to 450 °C for 2 h (10 °C'min™") in a flow of He (20 mL-min™).
Then, the catalysts were cooled to reaction temperature and a flow of helium (30, 50 and
70 mL-min™") saturated with propan-2-ol (Ppropan-2-o1 = 25 mbar at 13 °C) was passed
through the fixed bed reactor. The dehydrogenation/dehydration of propan-2-ol was
studied within the temperature range of 225 to 300 °C in temperature intervals of 25 °C.
At each temperature the catalyst was treated with propan-2-ol for 80 min. Un-reacted
propan-2-ol and dehydrogenation/dehydration products were analyzed by gas
chromatography using a Hewlett Packard 5890 (Series 1) GC equipped with a flame
ionization detector. The separation of the various components was done by a Q-column.

The condensation of 1,2-epoxy-octane with hexanol was performed in a 100 mL
flask. Hexanol (2.555 g, 0.025 mol) was added to 1,2-epoxy-octane (4.038 g, 0.026 mol)
and heated to 160 °C in a nitrogen atmosphere while stirring. The catalyst (0.066 g,
1 wt.-%) was added and samples were taken every hour. The catalyst was removed by
filtration. The filtrate (100 uL) was mixed with 2,2,4-tri-methylpentane (937 uL) as
internal standard for GC-analysis. The unreacted 1,2-epoxy-octane, hexanol and reaction

products were analyzed by gas chromatography using a Shimadzu GC-2010.
4.3 Results

4.3.1 Textural analysis

The metal contents, the specific surface areas as well as the concentrations of acid
and basic sites determined by CO,- and NH3-TPD (see also section 4.3.4) of all Mg/Al
and Mg/Zn/Al oxides are compiled in Table 4-2. The final molar metal concentrations
were close to the nominal ones. The specific surface areas of Mg/Al and zinc containing
oxides varied between a maximum value of 188 m*g" (0 mol-% Zn) and a minimum
value of 64 m*>g" (60 mol-% Zn), i.c., it decreased in general with increasing zinc

concentration. It should be noted, however, the sample with 40 mol-% Zn had a slightly
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higher specific surface area (111 m*g) than that of the sample with 26 mol-% Zn (100
g P g

mz-g'l).

Table 4-2. Textural analysis and acid-base properties (according to TPD of NH; and CO,) of Mg/Zn/Al
oxides.

Sample (Mg/Zn) g+ zny/Al SAger Acid sites Basic sites

(mol:mol:mol) (m’-g") (umol-m™) (umol-m™)
Mg/Zn/Al Ox-0 (1:0)35:1 188 0.15 0.098
Mg/Zn/Al Ox-20 (2.5:1)34:1 123 0.13 0.019
Mg/Zn/Al Ox -26 (1.7:1)35:1 100 0.18 0.022
Mg/Zn/Al Ox -40 (1:1.2)3:1 111 0.21 0.019
Mg/Zn/Al Ox -54 (1:2.4)35:1 75 0.24 0.031
Mg/Zn/Al Ox -60 (1:4);7:1 64 0.70 0.040

4.3.2 XRD analysis

The X-ray diffractogramsof the Mg/Zn/Al oxides and the mean particle size are
compiled in Figure 4-1. The particle sizes were determined using the half width of the
MgO reflection at 20 = 42.8° (0 mol-% Zn) or of the ZnO reflection located at 2 6 =
34.5° (= 20 mol-% Zn). The particle size increased with increasing zinc content from

6 nm (0 mol-% Zn) to 25 nm (54 mol-% Zn).
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Figure 4-1. XRD analysis of MgAl and Mg//Zn/Al metal oxides. (°~ZnO, ¢MgO).

For all zinc containing samples the ZnO reflex at 20 ~ 34° was observed,
however, with decreasing zinc content the shape of the reflex was more diffuse. The
reflex at 20 = 42.8° (MgO) decreased with lower magnesium contents. The main reflexes
of Al,O5 are generally observed at 20 = 37.0°, 45.6° and 67.1°. However, a separated
alumina phase was not identified. It is speculated that for Mg/Zn/Al oxides with 54 and
60 mol-% zinc one phase including all three metals was formed as no separated phases

for MgO and Al,O; were observed.

4.3.3 A MAS-NMR spectroscopy

Al MAS-NMR spectroscopy of the solid materials was used to identify changes
in the aluminum coordination by variation of the Mg/Zn ratio (see Fig. 4-2). All *’Al
MAS-NMR spectra exhibit two main signals at around 75 and 9 ppm characteristic for

#3241 With zinc contents higher than 26

tetrahedral Al" and octahedral Al"", respectively.!
mol-% a broadening of the signal at 75 ppm was observed indicating distortion of the
tetrahedral environment. A further increase of the zinc content (> 40 mol-%) led to the
formation of an additional signal at 65 ppm. The signal is attributed to a second type of

[25.26] The ratio of

tetrahedral aluminum species, most probably in the vicinity of zinc.
tetrahedral Al" to octahedral aluminum A1"" varied from 0.09 (0 mol-% Zn) to 0.89 (54

mol-% Zn).
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Figure 4-2. ”’Al-MAS NMR spectra of Mg/Al and Mg/Zn/Al oxides.

4.3.4 Acid and base properties determined by NH;- and CO,-TPD

The ammonia desorption profiles for Mg/Al and Mg/Zn/Al oxides (see Figure 4-
3a) displayed a maximum at approximately 215 °C for all samples. The intensity of the
desorption maximum of the material with a zinc content of 60 mol-% was two times
higher than for all other samples. The profiles of the materials with a zinc content below

60 mol-% hardly varied showing only a slight increase in intensity with higher Zn

contents.
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Figure 4-3. TPD-desorption profiles for Mg/Al and Mg/Al/Zn oxides. a) NH;-TPD and b) CO,-TPD.
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The desorption profiles of carbon dioxide for Mg/Zn/Al oxides hardly varied (see
Figure 4-3b). Broad peaks with maxima between 100 and 150 °C were observed for all
samples. In comparison to the sample without zinc, the intensity of the desorption peak
markedly decreased, while the position of the maximum was slightly shifted to higher

temperatures by modification with zinc indicating a slightly stronger interaction.

4.3.5 Kinetics of elimination reactions of propan-2-ol

The catalytic activities between 225 and 300 °C in dehydrogenation (a) and
dehydration (b) of propan-2-ol for the Mg/Al and Mg/Zn/Al catalysts are shown in

Figure 4-4 and summarized in Table 4-3.

a) )]

3 3

a0 mol-% A0 mol-%
5 {[e20mol-%| 5 J|220 mol-%

26 mol.-% ¢ 26 mol.-%

x40 mol.-% |40 mol.-%
1 7| a54 mol-% 211|254 mol-%

® 60 mol.-% 2 |leB0mol-%] & el
0 A S0 .

o
-1 1 81
2 A 24
3 ; . . ; ! N
16 17 18 19 20 2.1
16 17 18 19 20 2.1

: -3 -1
AR (6 1T 10% (K1)

Figure 4-4. log rate of product formation of propan-2-ol conversion vs. 1/T for Mg/Al and Mg/Zn/Al

oxides (carrier gas flow = 50 mL-min™). a) Acetone and b) Propene.

The elimination of hydrogen and water from propan-2-ol leading to acetone and
propene, respectively, was markedly increased by adding zinc to Mg/Al oxides, i.e., by a
factor of almost 200 in case of dehydrogenation and a factor of 11 for dehydration. In
general, the activity of propan-2-ol dehydrogenation was increased with increasing zinc
contents. Independent of the reaction temperature, the highest rate of acetone formation
was found for the catalyst with 54 mol-% zinc. Even though the rate of dehydrogenation
(see Fig. 4-4a) was increasing, a nearly constant apparent energy of activation

40+11 kJ-mol! was observed.
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Table 4-3. Selectivities towards acetone of Mg/Al and Mg/Zn/Al oxides between 225-300 °C for propan-2-
ol conversion.

Temperature Selectivity acetone) (%0)
(°C) Mg/Zn/AlOx -0 Mg/Zn/Al Ox -20 Mg/Zn/Al Ox -26 Mg/Zn/Al Ox -40 Mg/Zn/Al Ox -54 Mg/Zn/Al Ox -60
225 56 98 100 100 98 100
250 55 97 99 99 97 100
275 54 95 98 99 97 99
300 50 94 98 98 95 99

The rate of dehydration was significantly lower than that of dehydrogenation for
all zinc containing catalysts. With zinc contents higher than 20 mol-%, the rate of
propene formation hardly varied with the exception of the catalyst with 54 mol-% zinc,
which proved to be the most active one. The apparent energy of activation for
dehydration was 79+14 kJ'mol”’ for all catalysts except for Mg/Zn/Al O,-40
(103 kJ-mol™).

4.3.6 Application in the condensation of 1,2-epoxy-octane with hexanol

Ring opening reactions of epoxides are useful routes in organic synthesis of
allylic and aliphatic compounds catalyzed by acids and bases.”””-**?°! The reaction of 1,2-
epoxy-octane (1) with hexanol (2) is a nucleophilic substitution in which the alcohol acts
as the nucleophile and 1-(hexyloxy)octane-2-ol (3) is formed as the main product. The
reaction scheme of the nucleophilic ring-opening reaction of the epoxide is depicted in

Figure 4-5.

O

1 2
\Cat,'IBEI'C

NN 0T

OH

Figure 4-5. Reaction scheme of the nucleophilic ring-opening reaction of 1,2-epoxy-octane with hexanol.
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The catalytic performance of zinc modified Mg/Al oxides in the ring-opening
reaction of 1,2-epoxy-octane with hexanol at 160 °C is shown in Figure 4-6. The highest
yield of 1-(hexyloxy)octane-2-ol was observed for the catalyst with the lowest zinc
content, i.e., 20 mol-%. Increasing zinc contents led to a significant drop in the activities.

The yield decreased in the order Mg/Zn/Al Oy 20 > 26 > 40 > 54 > 60 mol-% zinc.

100

—&— D mol.-% --&- 20 mol-% —e— 26 mol-%
---- 40mol-%  --A- 54 mol-% —e—B60moal-%

o o w
o o (=)

Yield ¢Hydroxyaliodether) (% )

L]
o

3
Time (h)
Figure 4-6. Yield of 1-(hexyloxy)octane-2-ol with zinc modified Mg/Al oxides at 160 °C.

4.4 Discussion

Mg/Zn/Al oxides with different Mg/Zn ratios were synthesized via a sol-gel
process adopted from the method described by Greenwell et al..”) While the Mg/Zn ratio
was varied, the aluminum concentration was kept constant giving a total molar M*"/M>"
ratio of 4. The crystal structure of the sample without zinc was dominated by MgO. The
addition of zinc led to an additional phase attributed to ZnO indicating the coexistence of
two oxide phases. Apparently aluminum was incorporated into both lattices. For higher
zinc contents, i.e., 54 and 60 mol-%, the diffraction peaks related to MgO disappeared.
Thus, one can conclude that a mixed phase, containing all three metal cations, was
formed.

The results from *’Al MAS-NMR indicate the incorporation of aluminum into the
MgO or ZnO lattice at least partially in a tetrahedral coordination. This is in accordance
with conclusions by O’Dell.*°! Note that for the parent material only a signal attributed

to octahedral coordinated aluminum was observed indicating that A" is either
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exclusively incorporated into ZnO domains or that the presence of ZnO is needed to form
tetrahedrally coordinated Al in vicinity to MgO. These findings are in perfect agreement
with the fact that ZnO crystallizes in a wurzit structure and thus, forms tetrahedral
vacancies, whereas MgO as the classical cubic structure forms octahedral vacancies.

It is also important to notice that with variation of the zinc content different
tetrahedral aluminum species were observed. While with 20 mol-% zinc only one
tetrahedral species occurred at 75 ppm, an additional tetrahedral aluminum species
appeared at around 65 ppm for materials with higher zinc contents. The signal at 75 ppm
can be attributed to Al in the vicinity of MgO/ZnO whereas the signal at 65 ppm is
attributed to A" in ZnO vacancies. The upfield shift to 65 ppm can be explained by the
higher optical basicity (i.e., the higher electron donating power) of ZnO compared to
MgO. Thus, A" is more shielded when it is adjacent to ZnO and the NMR signal is
shifted to lower values. In line with their relative concentrations, the signal at 65 ppm
increased with higher Zn>" concentration, while the signal at 75 ppm decreased indicating
a higher concentration of A’ in the vicinity of ZnO. It is unclear at present, why the
highest concentration of tetrahedrally coordinated aluminum was found for the sample
with 54 mol-% Zn*". This indicates that the higher crystallinity of ZnO (deduced from the
X-ray diffractograms of Mg/Zn/AlO-60) caused the lower incorporation degree of Al in
the ZnO lattice.*"]

The acid site density of Mg/Zn/Al oxides increased concurrently with increasing
zinc contents. This is in line with the larger cation radius and the higher reducibility (the
propensity to generate oxygen vacancies) of ZnO compared to magnesia or alumina. In
contrast, the concentration of base sites decreased markedly upon addition of CO,. Given
the alleged higher base strength of ZnO, the stabilization of CO, is drastically lower.
Note, however, that this is in line with the lower thermal stability of ZnCOs; compared to
MgCOs. Thus, judged from the characterization with probe molecules one can conclude
that the addition of Zn*" to the magnesia-alumina mixed oxides leads to an increase of the
concentration of acid sites and a decrease of the concentration of base sites without
markedly changing the qualitative aspects of the interactions.

The rate for the elimination of hydrogen from propan-2-ol (see Table 4-4) was 1.2

times higher than for the elimination of water in case of Mg/Al mixed oxide without zinc.
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The selectivity towards acetone (base catalyzed product) increased markedly from
approximately 50 % for the catalyst without zinc to > 90 % for zinc containing catalysts.
In comparison to the Mg/Zn/AlOx-0, the rate of dehydrogenation was increased by a
factor of almost 200 after addition of zinc. This increase is paralleled by a drastic
decrease of the apparent energy of activation indicating that the higher rate is associated
with a lower barrier in the rate determining step. While being beyond the scope of the
present chapter, one can speculate that this is associated either with easier hydride
abstraction by Zn>" or easier recombination of the proton and the hydride in the Zn** rich

phase. The Mg/Zn/AlOx-54 is the most active material.

Table 4-4. Conversions of propan-2-o1, selectivities to acetone/propene and rates of formation, basic/acid
ratios of Mg/Al and Mg/Zn/Al metal oxides at 275 °C.

Sample Conversion  Selectivity Rate Rate Ratio Ea Ea
(%) (%) (umol's'm?) (umol's’-m?) Acid/basic sites (kJ-mol™) (kJ-mol™)

Mg/Zn/Al1 Ox Propan-2-ol  Acetone Acetone Propene Acetone  Propene

0 9 54 0.09 0.07 2 89 95

20 67 95 16 0.8 7 37 68

26 50 98 22 0.4 8 44 79

40 51 99 28 0.4 11 45 103

54 19 97 64 2.2 8 40 65

60 27 99 39 0.3 18 51 93

Y Carrier gas flow (He) = 50 mL-min™'

It is interesting to note that also the rate of dehydration increased through the
addition of Zn®". As this kind of reaction needs acid and base sites, the higher
concentration of Lewis acid sites is beneficial for the rate of reaction. The fact that the
strength and concentration of base sites did not increase in the series of mixed oxides
shows that the much more pronounced increase of the rate of dehydrogenation must be
related to the specific properties of the Zn*" cations.!**!

Let us then analyze the impact of the Zn>" cations on the ring opening reaction of

epoxides with alcohols described in the literature as an acid or base catalyzed

reaction.””*** In the Lewis acid catalyzed route, the epoxide C-O bond is polarized by
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the cation inducing a positive charge at the a C-atom that in turn is attacked by the
oxygen of the reacting alcohol. In the base catalyzed mechanism, the alcohol is activated
by the abstraction of a proton from the OH group and an alkoxide anion is formed. The
latter acts as nucleophile and preferentially attacks the epoxide at the a C-atom. Of
course, also in this case polarization of the epoxide bonds would facilitate the reaction.
The present results show that the yield of 1-(hexyloxy)octane-2-ol decreased with
increasing deprotonation ability (determined by the dehydrogenation of propan-2-ol) of
the Mg/Zn/Al oxides. This indicates that the polarization of the C-O bond in the epoxide
by Zn®" cations is weak and as the base strength also did not increase in this series of

mixed oxides the overall activity drops with increasing concentration of Zn*".

4.5 Conclusions

Mg/Zn/Al oxides with different Mg/Zn ratios were derived from LDH precursors in
order to study the impact of Zn>" on their basic properties. While the preparation led to
mixed oxides with MgO and ZnO phases, a mixed oxide phase including all three metals
was formed for Zn®" concentrations above 40 mol-%. The presence of Zn>" leads to a
higher concentration of Lewis acid sites, the strength of the base sites was not enhanced.
The high activity for dehydrogenation of alcohols has been identified to be related with
the specific ability of the Zn®" cations to facilitate hydrogen abstraction and/or the
recombination of H" and H and/or the desorption of hydrogen. In contrast to the
pronounced facilitation of these elementary steps, the polarization of the epoxide C-O
bond was found to be very weak, and the presence of Zn*" cations was not beneficial for
the epoxide ring opening reaction. As with other cases the present results indicate that the
use of alcohol elimination reactions to evaluate acid-base properties of mixed oxides is at
best problematic, because the specific chemistry in elementary steps dominates over

general acid-base properties.
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Chapter 5

Fluorine modified Magnesium/Aluminum

Mixed oxides

Abstract

Mg/Al mixed oxides derived from layered double hydroxide precursors were
modified with fluoride anions in order to probe their impact on acid-base
properties as well as their catalytic activity. Fluorine was incorporated via
treatment with an aqueous NH4F solution. The structure of the precursors and the
modified materials were analyzed by XRD, *’Al- NMR and '°F- MAS NMR. The
modification of Mg/Al mixed oxides with fluorine led to an incorporation of
fluoride anions in various configurations. Overall, the concentration of acid sites
was enhanced by this modification, while it rather decreased the concentration of
the basic sites. The rate of dehydrogenation of propan-2-ol drastically increased
on presence of F~ anions, while the rate of dehydration was hardly influenced.
This indicates that the fluoride anions improve the ability of the mixed oxides to
abstract protons from polar molecules without increasing the overall base strength

of the mixed oxide.
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5.1 Introduction

The use of hydrotalcites, layered double hydroxides (LDH) and their derived
mixed metal oxides as precursors for solid base catalysts is well established. '] Examples
for catalyzed reactions include aldol condensation, olefin isomerization, alkylation of
diketones, epoxidation of activated olefins with H,O,, Claisen-Schmidt condensation or
the H-transfer from alcohols to ketones and aldehydes. These experiments have spurred
the interest in solid base catalysis in the last 20 years. Recently, new motivation to
develop base catalysts has emerged from the interest in converting biomass and in
particular to catalyze the transesterification of (glyceride) esters, but also other catalytic
transformations of oxofunctionalized feedstocks.?! Note achieving an adequate CO,
capture it will also require tailored solid bases.!” Subtle tailoring of the base properties is,
therefore, important for the development of solid base catalysts and sorbents.

The basic properties of hydrotalcites are related to the substitution of lattice
anions by OH" forming Brensted base sites. Calcination of the hydrotalcites transforms

[

them reversibly to a solid Lewis base.!! One of the exceptional advantages of

hydrotalcites and their related mixed metal oxides is the subtly tunable basicity, which
depends foremost on the chemical composition."’

The fact that hydrotalcites are anion exchangers enables a wide range of variations in
their chemical compositions. Chloride exchange for example has been shown to
drastically decrease the basic properties of hydrotalcites.') On the other, hand Wei and

Sun !

") reported recently that the modification of Mg/Al mixed oxides with fluorine is a
surprisingly effective method to increase their efficiency in reactions claimed to be
catalyzed by solid bases. This is on the first sight surprising given the high
electronegativity of fluorine, but the modification of layered double hydroxides (LDH)
with fluorine led to highly active solid base catalysts for C-C bond formation. However,
also supported fluoride salts such as KF (KF/alumina) possess high basicity, which was
explained by the highly polarized F™ anion in the LDH.

Choudary et al. ¥ observed poor performance in the catalytic Knoevenagel

reaction and Michael addition for LDH derived materials calcined at temperatures even

as low as 250 °C. Since many reactions are operated at higher temperatures (e.g.,
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purification of H, from CO (200-300 °C) wherein CO is converted to methane over a
calcined Ni-hydrotalcites catalyst or synthesis of y-butyrolactone (275 °C)), it is
necessary to develop catalysts, which are active and stable at reaction temperatures
higher than 250 °C.""!

In this chapter, the influence of fluorine on different Mg/Al mixed metal
precursors of the solid base catalyst has been investigated using *’Al-, '’F- MAS NMR,
NH;- and CO,-TPD. The catalytic performance with respect to the dehydration and
dehydrogenation of propan-2-ol were also used to test the acid and base properties of the
solid base catalysts.['%!""'#1>14] The viability of the Mg/Al mixed oxides and their
fluorine modified derivatives as solid base catalysts was also tested in the condensation

of 1,2-epoxy-octane and hexanol.

5.2 Experimental

5.2.1 Materials

5.2.1.1 Mg/Al mixed oxide precursors

The Mg-Al mixed oxide precursor with an Mg/Al ratio of 2 was provided by
Cognis and is denoted as HT2. It was calcined at 600 °C. The magnesium-aluminum
mixed oxide with a Mg/Al ratio of 4 (HT4) was prepared using a hydrotalcite precursor

obtained by a sol-gel process !

and subsequent calcination in synthetic air. An acidic
aqueous solution of metal nitrates was prepared by dissolving Mg(NOs),-6H,0O (123.08 g,
0.48 mol) and AI(NO3);-9H,0 (45.01 g, 0.12 mol) in 0.6 L decarbonized bidistilled water.
A second, alkaline solution was prepared form NaOH (48.00 g, 1.2 mol) and NaHCOs3
(5.04 g, 0.06 mol) in 0.6 L decarbonized bidistilled water. Both solutions were heated to
75 °C. For precipitation, the nitrate and alkaline solutions were added drop-wise to
400 mL water at 75 °C giving a pH = 10. The suspension was aged for 3 h at 85 °C under
vigorous stirring. After cooling to RT the gel was filtered and loaded into an autoclave.
Hydrothermal synthesis was carried out for 16 h at 80 °C. The gel was washed with
350 mL bi-distilled water until a pH of 7 of the washing water was reached. The white

precipitate was freeze-dried, ground and heated to 600 °C (heating rate 10 °C'min™) in a

flow of 100 mL-min™" synthetic air for 8 h.
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5.2.1.2 Fluorinated Mg/Al mixed oxides

An aqueous ammonium-fluoride solution was prepared with deionized water. The
water was heated to 90 °C for 2 h in order to remove dissolved carbonates. The NH4F-
solution was added to 8 g of the calcined Mg/Al precursor in a 2 L Schlenk flask. The pH
was adjusted to 8 using an ammonia solution (25 %) as the buffer. The mixture was
stirred in inert atmosphere for 48 h at ambient temperature. The resulting solid was
filtered and washed with deionized water until the pH was 7. The solvent was removed
by freeze-drying under reduced pressure. The solid was ground and heated to 500 °C
(heating rate 10 °C'min™") in a flow of 100 mL-min™" synthetic air for 8 h.

The used precursor solids and their chemical compositions are compiled in
Table 5-1. The nomenclature of the fluorinated Mg/Al mixed oxides indicates the

concentration of the NH4F,q-solution used for the material synthesis.

Table 5-1. Amounts of Mg/Al mixed oxide precursors (calcined at 600 °C) and and concentrations of

NH,F solution used for the synthesis of fluorinated Mg/Al mixed oxides.

m

Sample Precursor (precursor) m(NH,F) VINHF) 4q C¢(NHF) o N(NHF)qq
(2 (& (mL) (mol-L™) (mmol)
HT2-F 0.1 HT2 8 2.96 800 0.1 80
HT2-F 0.2 HT2 8 5.93 800 0.2 160
HT4-F 0.1 HT4 8 2.96 800 0.1 80
HT4-F 0.2 HT4 8 5.93 800 0.2 160

5.2.2 Characterization

The metal contents of Mg/Al mixed oxides and fluorinated Mg/Al mixed metal
oxides as well as the fluoride contents were analyzed by atomic absorption spectroscopy
(AAS) using an UNICAM 939 AA-Spectrometer.

Specific surface areas and pore volumes were determined by physisorption of N,
at 77 K. The Measurements were carried out in a PMI automatic BET-Sorptometer and
the evaluation was done according to the BET theory.

The crystalline structure of the precursors and the fluorinated mixed metal oxides

were analyzed by XRD using a Philips X Pert Pro System (Cu K, 1-radiation, 0.154 nm)
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at 40 kV /40 mA. The measurements were taken by using a spinner and a 1/6™" slit in the
range from 5° or 20 ° to 70° 2 6 (0.05 °/min).

*’Al- and ""F- MAS NMR measurements were performed on a Bruker AV500
spectrometer (Bp = 14.1 T) at a spinning rate of 12 kHz. The temperature was adjusted by
passing the bearing and drive gas stream through a heat exchanger. The samples were
packed in 4 mm ZrO, rotors. The resonance frequency of 130.3 MHz was used for the
measurements of >’Al- MAS NMR. The spectra were recorded as the sum of 2400 scans
with a recycle time of 250 ms. A 7/12 pulse (pulse length = 1.0 us) was applied for
excitation. The chemical shift was referenced against an external standard of solid
AI(NO3); (0 =-0.54 ppm). For '’F- MAS NMR the resonance frequency of 470.3 MHz
was used. The spectra were recorded as the sum of 100 scans with a recycle time of
5.2 ms. A 7/12 pulse (pulse length = 2.3 us) was applied for excitation. The chemical shift
was referenced against an external standard of solid CFCl; (6 = 0 ppm).

Temperature programmed desorption of ammonia (NH3-TPD) and carbon dioxide
(CO,-TPD) was used to determine the acidic and basic properties of the solid base
catalysts. As standard materials for referencing the NH;-TPD and CO,-TPD, a H-MFI 90
zeolite and NaHCO; were used, respectively. Catalyst samples were activated at 450 °C
for 1 h in vacuum. Ammonia was adsorbed at 1 mbar and 100 °C for 1 h and CO,
(1 mbar) was adsorbed at 40 °C for 1 h. For desorption, the samples were heated to the
corresponding temperature (up to 700 °C for CO,-TPD) with a rate of 10 K'min™;
desorbing gases were monitored with a Pfeifer mass spectrometer. Note that the

concentration of sites is calibrated to a standard material.

5.2.3 Catalytic experiments

The as-prepared samples (0.02 g diluted in 0.13 g SiC) were fixed with quartz wool
in a quartz-tube reactor with a diameter of 4 mm. The samples were activated by rising
the temperature from ambient to 450 °C for 2h (10 °C-min") in a flow of He
(20 mL-min™"). The samples were cooled down to reaction temperature and a flow of
helium (30, 50 and 70 mL-min'l) saturated with propan-2-ol (ppropan-2-ol = 25 mbar at
13 °C) was passed over the fixed bed reactor. The dehydrogenation/dehydration of
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propan-2-ol was studied within the temperature range of 225 to 300 °C using steps of
25 °C. At each reaction temperature the catalytic reaction was performed for 80 min.
Unreacted propan-2-ol and dehydrogenation/dehydration products were analyzed by gas
chromatography using a Hewlett Packard 5890 (Series 1I) GC equipped with a flame

ionization detector. The separation of the various components was done by a Q-column.

The condensation of 1,2-epoxy-octane with hexanol was performed in a 100 mL
flask. Hexanol (2.555 g, 0.025 mol) was added to 1,2-epoxy-octane (4.038 g, 0.026 mol)
and heated to 160 °C in a N, atmosphere while stirring. The catalyst (0.066 g, 1 wt.-%)
was added and samples were taken every hour. The catalyst was removed by filtration.
The filtrate (100 uL) was mixed with 2,2 4-tri-methylpentane (937 pul) as internal
standard for GC-analysis. The un-reacted 1,2-epoxy-octane, hexanol and reaction

products were analyzed by gas chromatography using a Shimadzu GC-2010.
5.3 Results

5.3.1 Textural analysis

The metal content, the specific surface areas of the precursors and the fluorinated
Mg/Al mixed oxides are compiled in Table 5-2. It also includes the concentrations of acid
and basic sites determined by CO»- and NH3-TPD (Figure 5-1 and Figure 5-2, see also
section 5.3.5). The specific surface area of the solid base catalyst was hardly influenced
when HT2 (Mg/Al = 2.0) was fluorinated with a 0.1 molar ammonium-fluoride solution
(HT2 = 171 m*g"'/ HT2-F 0.1 = 167 m*g™"). When the sample was treated with a higher
concentration of ammonium-fluoride, the specific surface area of HT2 increased to
186 m*g"'. The Mg/Al ratio of HT2 (approximately 2) increased slightly after
fluorination. For HT4 (Mg/Al = 4.0), the specific surface area decreased from 188 to
162 m*g ™! and to 145 m*g" for HT4-F 0.1 and HT4-F 0.2, respectively. For both oxides
the fluorine content was also doubled by treatment with the 0.2 M NHyF,q-solution
compared to the 0.1 M solution. Overall, the fluorine content of fluorinated HT4 was,

however, higher compared to fluorinated HT2.
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Table 5-2. Textural analysis and acid-base properties of precursors (calcined at 600 °C) and fluorinated
Mg/Al mixed oxides (calcined at 500 °C). The concentration of acid and basic sites has been calibrated to a

standard material.

Sample Mg/Al F content SAger Acid sites Basic sites
(mol:mol) (wt.-%) (m’g?) (umol-m™) (umol-m™)
W s Total
HT2 2.1 - 171 0.51 0.060 0.040 0.10
HT2-F 0.1 2.3 9 167 0.46 0.006 0.384 0.39
HT2-F 0.2 2.2 18 186 0.68 0.013 0.377 0.39
HT4 3.8 - 188 0.15 0.098 0.002 0.10
HT4-F 0.1 3.7 14 162 0.58 0.047 0.003 0.05
HT4-F 0.2 4.0 26 145 0.90 0.009 0.001 0.01
"W = weak

°S = strong sites

T1o07 —HT2 —HT4
s —---HT2-F 01 = HT4-F0.A
—--HT2-F0.2 - HT4-F 0.2

MS-Signal (m/e = 16), NHz release (a.u.)

100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 5-1. NH;-TPD of plain and anion exchanged Mg/Al mixed oxides.
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Figure 5-2. CO,-TPD of plain and anion exchanged Mg/Al mixed oxides.

5.3.2 XRD analysis

The XRD patterns of the Mg/Al mixed oxides (HT2 and HT4) and the F°
exchanged samples are depicted in Figure 5-3. The diffraction peaks of MgO were
observed at 20 = 35.6, 43.0 and 62.5 °, those of hydrotalcite occurred at 20 = 11.7, 23.4,
35.0,39.7,47.0,53.9 and 61.5 °.
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Figure 5-3. XRD patterns of plain and anion exchanged Mg/Al mixed oxide samples. [a) HT2 series. b)
HT4 series] ( with @ MgO (cubic), ¢ MgsAl,CO3(OH);44H,0).

The pattern of HT2 was dominated by cubic MgO, while after fluorination the
initial hydrotalcite structure was stabilized. The reconstruction of the LDH structure
(hydrotalcite in our case) due to the so called memory effect of the calcined precursor
was described by Tichit et al.®, who obtained a meixnerite (LDH structure) from calcined
Mg(Al)O spinel. The reconstruction ability provides a lower calcination temperature than
used for the formation of the oxides. As the widths of the peaks in all diffractograms were
very broad, the samples possess a low crystallinity. The primary particle size was

estimated from the Scherrer equation to be 6 to 7 nm.
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Figure 5-4. Structural transformation of HT4 from the LDH precursor to the mixed oxide was followed by
in situ XRD
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The reflexes of HT4 and fluorinated HT4 samples corresponded to cubic type
MgO. In the fluoride exchanged samples, a broadening of the reflex at 43.0 ° was
observed indicating a distortion of the MgO-phase.

The structural transformation of HT4 from the LDH precursor to the mixed oxide
was followed by in situ XRD analysis from RT to 600 °C in a flow of 5 mL-min"' of
synthetic air. The results are illustrated in Figure 5-4. At RT main diffraction peaks were
observed at 2 6 = 11.4, 23.0, 34.7, 38.6 , 45.6, 60.4, 61,5 and 65.6° related to the
hydrotalcite structure with the general molecular formula of MgeAl,CO3(OH);6-H2O. At
200 °C, the intensity of the diffraction peaks decreased and their widths increased. This
indicates a structural transformation of the compound from hydrotalcite to Mg AlO,.
Further temperature increase to 400 °C resulted in a complete transformation to
Mg, AlOy. Between 400 and 600 °C further changes of the structure were not observed by
XRD.

5.3.3*Al- MAS NMR spectroscopy

b)

HT4F 0.2‘/*\J o
“T"'FW‘J\J

HT4

200 200 100 0 00 200 -E00 300 200 100 u] 100 -200  -200
&, ppm 6, ppm

Figure 5-5. ”’Al- MAS NMR of plain and anion exchanged Mg/Al mixed oxide samples. [a) HT2 series b)
HT4 series] (X satellites).
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MAS NMR spectroscopy of the solid materials was used to identify changes in
the crystal structure after fluorination of the Mg/Al mixed oxides. The *’Al- MAS NMR
spectra of HT2, fluorinated HT2 (a), HT4 and fluorinated HT4 (b) are compiled in Figure
5-5. The chemical shifts of octahedral and tetrahedral coordinated Al are located at
approximately 11 and 75 ppm, respectively.!'®!”] In the case of HT2, tetrahedral and
octahedral coordinated aluminum species were found, while the fluorinated HT2 samples
showed a clear increase of the signal related to tetrahedral aluminum.

In comparison to the signal of HT2, the HT4 signal of tetrahedral aluminum was
very small compared to the octahedral aluminum species. But similar to the results of
fluorinated HT2, an increase of the signal at 75 ppm after fluorination was observed for
HT4. Thus, the ratio between tetrahedral and octahedral alumina species was increased
from 0.62 (HT2) to 1.85 for HT2-F 0.2. The conversion of octahedral to tetrahedral
alumina was even more pronounced for HT4 indicated by the distinctive increase of the
ratio from 0.09 to 1.82 for HT4-F0.2. It is interestingly to note that the
tetrahedral/octahedral ratios for HT2-F and HT4-F were almost identical (1.82 and 1.85,

respectively).

5.3.4 ’F- MAS NMR spectroscopy of fluorine modified Mg/Al mixed oxides

All F- MAS NMR spectra of fluorinated Mg/Al mixed oxides are dominated by
one main signal at approximately -184 ppm (see Figure 5-6). The signal is related to a

(18] Furthermore, in case of HT2-F0.1 a

MgF,-type species adjacent to oxygen atoms.
broad shoulder at -147 ppm was observed. With increasing degree of fluorination of HT2-
F this shoulder shifted to -151.3 ppm. It is attributed to F~ coordinating to aluminum
cations. This high field shift was also observed by Zhang et al. "'*! for higher fluorine
contents. They described this type of fluoride as a bridging type between two Al atoms
(S2). Fluoride species coordinating to one Al (S1) at -161 ppm or to three Al (S3) at

-132 ppm (see Figure 5-7) were not observed.
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Figure 5-6. "F- MAS NMR of plain and anion exchanged Mg/Al mixed oxide samples. [a) HT2 series b)
HT4 series].

Two further small shoulders at -199.9 and -229.4 ppm were distinguished for
HT2-F0.2. According to Prescott'® terminal F~ coordinated to Mg is expected at -200 ppm
and bridging fluoride with a Mg-F distance of 1.7 A should be observed at -218 ppm.

Terminal fluorine Bridging flourine Triple bonded fluarine
05
I 1
R ~N ) AT ] I
| | | ’/A
AT AT
| AN
-161 ppm (S1) -145 ppm (S2) -132 ppm (53)

Figure 5-7. Possible surface structures of fluorinated y-alumina.19’

For Mg/Al mixed oxides with higher magnesium concentrations (HT4) the signals
attributed to bridging Al-F structures were observed at -145.4 (HT4-F0.1) and 149.9 ppm
(HT4-F0.2). Note, compared to HT2 the Al-F signals were shifted to lower field. The
Mg-F signals were observed at -184.5 (HT4-F0.1) and -185.8 ppm (HT4-F0.2). In case of

lower fluoride content an additional signal was observed at -180 ppm. This resonance is
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attributed to a second, highly diluted Mg-F species as described by Reinholdt.”*! The
high field signal at < -200 ppm occurred at -212.4 ppm for HT4-F0.1 and was shifted to
-224.8 ppm with increasing fluorine content. In both cases a fluoride anion is suggested

to assume a bridging position between two Mg®" cations.

5.3.5 Base properties determined by TPD of CO,
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Figure 5-8. CO,-TPD of plain and anion exchanged Mg/Al mixed oxides.

The desorption profile of HT2 (Figure 5-8) shows a broad structured peak with a
maximum at temperatures below 350 °C as well as a more narrow desorption peak at

550 °C. According to the two desorption maxima in the CO,-TPD, the basic sites are
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classified as weak (W) and strong sites (S) (see Table 5-2). After modification with
fluoride anions, the more intense low temperature maximum disappeared and the high
temperature desorption peak broadened and markedly grew in intensity for HT2-F0.1 and
HT2-F0.2. Note that the desorption maximum of the high temperatures peak was at
higher temperatures for HT2-F 0.1 compared to HT2-F0.2.

With HT4, fluorination hardly changed the overall appearance of the desorption
profile. While fluoride modification, overall, led to the appearance of a further desorption
maximum at around 550 °C, the concentration of CO, desorbing from such sites did not

show a correlation with the fluoride concentration in the sample.

5.3.6 Kinetics of elimination reactions of propan-2-ol
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Figure 5-9. Turnover frequency of product formation from propan-2-ol conversion as function of the
inverse temperature for various Mg/Al and F-modified Mg/Al mixed oxide samples. [HT2 and fluorinated
HT2: a) formation of acetone and b) formation of propene; HT4 and fluorinated HT4: c) formation of

acetone and d) formation of propene].
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The catalytic properties of the Mg/Al mixed oxides and their fluoride modified
derivatives were explored with respect to the elimination reactions of propan-2-ol.
Generally, propene is formed via dehydration on catalysts with dominating acid sites,
while acetone is formed as the main dehydrogenation product when basic sites are
dominating. The selectivity to propene and acetone has been, therefore, used as an
indicator of the acidic or basic properties of mixed oxides in addition to TPD of NH; and
COs.

The TOF of acetone formation (see Figure 5-9.) increased for both series of
materials with increasing fluoride content. In contrast, the TOF for the dehydration
decreased slightly (HT2 series) or hardly changed (HT4 series). The increase in the TOF
for dehydrogenation was accompanied by a nearly constant apparent energy of activation
of 107 + 12 kJ/mol. The apparent energies of activation for dehydration hardly changed
(83 kJ/mol). With HT4 the apparent energy of activation for propan-2-ol dehydrogenation
was slightly lower (97£8 kJ/mol), while the apparent energy of activation for dehydration

again was 85 £ 8 kJ/mol.

Table 5-3. Conversions of propan-2-ol, selectivities to acetone/propene and TOFs® of acetone formation,

basic/acid ratios of Mg/Al and anion exchanged mixed metal oxides.

Sample Conversion Selectivity TOF TOF Ea Ea
(%) (%) ) ) (kJ-mol™) (kJ-mol™)
Propan-2-ol Acetone Acetone Propene Acetone Propene
HT2 4 27 39 1.3 118 91
HT2-F 0.1 1 60 36.7 0.3 115 83
HT2-F 0.2 5 82 81.3 0.3 95 91
HT4 9 54 0.9 0.5 89 95
HT4-F 0.1 9 90 55.5 0.5 91 95
HT4-F 0.2 6 75 167.2 0.7 105 77

* TOF was determined by using the weak basic site density for acetone and the acid site density for

propene.

The yield-conversion plots for Mg/Al mixed oxides and fluorinated samples at

275 °C are shown in Figure 5-10. The selectivity towards dehydrogenation for HT2 was
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27 % and increased with increasing content of fluorine to 60 % (HT2-F 0.1) and 82 %

(HT2-F 0.2). For HT4 the selectivity to acetone increased with fluorination from 54 to

90 % (HT4-F 0.1). The straight lines show that none of the products undergoes secondary

reactions to a significant extent.
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Figure 5-10. Yield conversion plots of propan-2-ol dehydrogenation and dehydration under variation of the

He/propan-2-ol-flow (30, 50 and 70 mL/min) for precursors (calcined at 600 °C) and fluorinated Mg/Al
mixed oxides (calcined at 500 °C) at 275 °C. [HT2 and fluorinated HT?2: yield of a) acetone and b)

propene; HT4 and fluorinated HT4: yield of ¢) acetone and d) propene].
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5.3.7 Catalytic condensation of 1,2-epoxy-octane with hexanol

]

W\/{J + HO™ T
1 "/ 2
\Cat.JBD’C

NVY\DW

OH

Figure 5-11. Reaction scheme of the nucleophilic ring-opening reaction of 1,2-epoxy-octane with hexanol.

Ring opening reactions of epoxides are useful routes in organic synthesis of
allylic and aliphatic compounds catalyzed by acids and bases.!*'***** The reaction of 1,2-
epoxy-octane (1) with hexanol (2) is a nucleophilic substitution in which the alcohol acts
as the nucleophile and 1-(hexyloxy)octane-2-ol (3) is formed as the main product. The
reaction scheme of the nucleophilic ring-opening reaction of the epoxide is depicted in
Figure 5-11.

The catalytic performance of Mg/Al mixed oxides and fluorine modified Mg/Al
oxides during the ring-opening reaction of 1,2-epoxy-octane with hexanol at 160 °C is
shown in Figure 5-12. In the series of fluoride modified catalysts, the yield of 1-
(hexyloxy)octane-2-ol decreased with increasing concentration of fluorine. The decrease
in activity due to fluorination was significantly higher in case of HT2 compared to HT4.
While the yield of 1-(hexyloxy)octane-2-ol was 63 % for HT2, it dropped to less than
10 % for fluorinated HT2. In comparison, for HT4 only a slight decrease in activity from
76 to 67 % was observed for HT4-F0.1. A further decrease to 51% was observed for
HT4-F0.2. The high selectivity (> 75 %) to the target reaction was maintained in both

cascs.
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Figure 5-12. Yield of 1-(hexyloxy)octane-2-ol with F-modified and Mg/Al mixed oxides (T = 160°C).

5.4 Discussion

Fluorinated Mg/Al mixed oxides were prepared in order to adjust the basicity of
the Mg/Al mixed oxides. While both, the parent and the fluorinated samples, show the
expected mutual impact of the acidic (alumina) and the basic (MgO) component ***],
the subtle effects were seen to depend on the local structures induced by the different
precursor structure and chemical composition (HT2 had Mg/Al ratio of 2.1 and HT4 of
3.8). With the differing concentration of the two main chemical constituents in the
corresponding precursors one notes that with the higher Mg content, MgO became the
dominating phase. This indicates that the higher MgO content led either to the formation
of very small X-ray amorphous domains of hydrotalcite or it suppressed its formation
entirely. With fluorine modified mixed oxides, the fluorination of the HT2 stabilized the
hydrotalcite structure, which is speculated to related to the memory effect'®
(reconstruction of LDHs by treatment in aqueous solutions and calcination at lower
temperatures), while HT4 and fluorinated HT4 samples crystallized only in the MgO or a
MgO dominated Mg,AlO, mixed phase similar to the material reported also by Wu et
al..l”

There was no trend observable for changes of the specific surface areas of HT2
with increasing degree of fluorination, while the specific surface area of HT4 decreased
with increasing amount of fluorine. Using ’Al- MAS NMR, octahedral and tetrahedral
alumina species were identified in both materials (HT2 and HT4). A significant increase

of tetrahedral alumina is observed after fluorination. For HT4, the conversion of Al
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species was more pronounced than for HT2, because HT4 had a lower percentage of
tetrahedral Al in its starting material than HT2.

The fluoride species were identified via '’F- MAS NMR using the five differently
coordinated fluorine types potentially be present in the solid catalyst."®!*?%?®) The main
signal in the NMR spectrum of HT2-F0.1 is attributed to a MgF, species and the sharp
shoulder at -147 ppm to a bridging Al-F structure. For HT2-F0.2, two further signals of
fluorine coordinated to magnesium, characteristic for terminal and bridging Mg-F
structures, are present. In comparison to HT2-F0.1, the intensity of the Al-F related signal
is smaller, but shifted to higher field (-151 ppm). The shift of the signal of HT2-F0.2
related to Al-F indicates a higher polarization of the Al-F bond towards the fluorine atom.
Thus, the electron density is redistributed towards fluorine atom in HT2-F0.2, which
should lead to a higher positive charge at the metal cations.

Similarly to the spectrum of fluorinated HT2, the NMR spectrum of fluorinated
HT4 was dominated by MgF,. However, in the spectrum of HT4-F0.1 an additional Mg-F
species related to a fluoride ion bridging among three MgO octahedra was observed. This
additional Mg-F species resembles more a terminal than a bridging Mg-F structure. The
Mg-F species observed in HT4-F0.2 resembles in contrast more a bridging Mg-F. The
same trend with respect to the polarization of the Al-F bond as for fluorinated HT2 was
observed. With increasing fluorine content, the signal of Al bound F was shifted from -
145 to -150 ppm indicating high polarity for HT4-F0.2.

Two different kinds of basic sites with different strength (weak and strong) were
observed for the Mg/Al mixed oxides and the fluorine modified samples by CO,-TPD.
The concentration of weak basic sites was markedly decreased by the modification of
HT?2 with fluorine, while the concentration of strong basic sites was distinctly increased.
However, one should note, that the 10-fold increase of desorbing CO, in case of
fluorinated HT2 samples, at temperatures higher than the activation temperature, has (at
least partially) to be attributed to carbonate anions, which are apparently stabilized in the
partly anion exchanged hydrotalcite structure.

In comparison to the calcined precursor, the density of basic sites decreased for
HT4 with the fluoride modification. While this decrease is moderate for HT4-F0.1, 1.e., a

factor of two, it was very pronounced for HT4-F0.2. The decreased basicity due to
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fluorination has been explained by the distortion of the minor phase (MgF,) in the main
lattice (MgO).!"¥! While this is a reasonable explanation, it is more likely that this strong
decrease is related to the selective exchange of the most undercoordinated oxygen cations
and hydroxyl groups for fluorine.

This is in line with the increase in the concentration of moderately strong acid
sites (i.e., accessible Mg®" cations), as discussed below. Their higher electronegativity
and smaller ionic radius compared to O* of the cations allow for a better accessibility and
a higher acid strength of the cations. Note that in contrast to MgO, aluminum cations are
preferentially tetrahedrally coordinated after fluorine modification in both materials and
in that way better shielded than in the starting material. The concentration of acid sites, as
determined by desorption of ammonia, shows an almost identical surface averaged
density of sites for materials with the concentration of fluoride anions. This suggests not
only very similar surface structures (considering the overall difference in chemical
composition between Mg and Al cations) it also shows that the modification was
dominating the surface structure. In both cases the increase in acid site concentration is
attributed to the increase in coordinatively unsaturated Mg*".

Thus, judging from the sorption/desorption of probe molecules the modification
of the MgO-Al,0; mixed oxide with fluorine leads to heterogeneous samples in which
the concentration of strong basic sites (attributed to a stabilization of carbonate ions via
thermal stabilization of the hydrotalcite structure) is increased, while the concentration of
weak base sites (attributed to coordinatively unsaturated surface oxygen and hydroxyl
groups) is decreased. In parallel, the concentration of weak acid sites increases, which is
concluded to be caused by a better accessibility of the Mg*" cations, caused by the partial
substitution of the oxygen and hydroxide anions.

Given that overall picture of the modification of the acid-base properties let us
analyze the conversion of propan-2-ol is an indicator for the acid and base properties of
the mixed oxide/fluoride catalysts. The TOF for the formation of acetone increased with
F-content (see Figure 5-13a), while the formation of propene was unaffected (see Figure
5-13b). Thus, fluorinating the samples had the apparent effect that the entire Mg/Al

mixed oxide catalyst became more basic (accelerated TOF for dehydrogenation).
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Figure 5-13. TOFs of product formation of propan-2-ol conversion depending on the fluorine content at

275°C for various Mg/A mixed oxide samples [a) Formation of acetone and b) Formation of propene].

This apparent discrepancy between the variation of the measured acid-base
properties and the catalytic performance can be understood and explained by the three
elementary steps of dehydrogenation (and dehydration) of propan-2-ol. In the first step,
the alcohol adsorbs dissociatively on an acid base pair, i.e., the alcohol O-H bond cleaves
forming an OH group with a basic oxygen, while the alkoxide is stabilized by the cation.
In the second step, a hydride is abstracted from the intermediate by another accessible
acid site. The third step includes the recombination of two H atoms to form hydrogen and
the desorption of products into the gas phase. It should be noted that this sequence can
occur simultaneous (concerted mechanism) or in steps (ionic mechanism). In this
sequence the fluorine anion plays the critical role in enhancing the concentration of the
alkoxy groups at the surface through the more facile abstraction of the hydrogen of the
alcohol hydroxy group by the fluoride anion. The transiently formed HF is speculated to
be rapidly hydrolyzed by OH groups (forming water and F") or helps in forming H, at a
coordinatively unsaturated Mg”" site that has adsorbed H. While the stable catalyst
behavior points to the fact that the former reaction is limited in extent, the current data do
not allow speculations with respect to the rates at which such reactions occur. The quite
constant apparent energies of activation point to the fact that the increase of the rate
rather enhances one of the reaction steps in quasi equilibrium (by stabilizing a higher

equilibrium concentration of an intermediate) and not the rate determining step.
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In contrast to dehydrogenation, the fluorine coordination surprisingly does not
accelerate the dehydration of propan-2-ol. The higher concentration of acid sites
(accessible Mg®" cations) did not lead to an enhanced rate of cleavage of the C-O bond.
Because the overall concentration of the acid sites is increased in the modified samples,
the higher concentration of fluoride anions must negatively influence the stabilization of
the propyl carbenium ion. As the formation of fluoro alkanes has not been observed, the
interaction between the propyl carbenium ion and the fluoride anion must be very weak.
The interaction of the carbenium ion with the more compact F~ anion is much weaker
than with the more polarizable O* anion.

Similarly, the ring opening reaction of an epoxide with an alcohol, in specific the
reaction of 1,2-epoxy-octane with hexanol to 1-(hexyloxy)octane-2-ol, is catalyzed by
moderately strong bases. Also in this case, the modification with fluoride anions had a
negative impact on the catalytic activity. While the higher concentration of Mg*" in the
mixed oxide was positive for the rate (HT4 was more active than HT2), the substitution
of F~ in the surface reduced the rate. Thus, the reaction requires specifically the presence
of basic oxygen and also in this case the enhanced concentration of weak Lewis acid sites
did not positively affect the rate of formation or the concentration of reactive

intermediates.

5.5 Conclusions

Mg/Al mixed oxides derived from LDH precursors were modified with fluorine in
order to study the much-claimed positive impact on their basic properties. The fluoride
modification led to a substitution of surface oxygen atoms and hydroxyl groups as well as
to an increase of the concentration of unsaturated Mg cations (Lewis acid sites). With
some of the materials the presence of fluorine in the materials led to a surprising
stabilization of the hydrotalcite structure, without changing, however, the impact of the
fluorine substitution. It led, overall, to a somewhat higher polarity of the surface, but not
to a better stabilization of the reversibly adsorbed CO; indicating a lower density of
accessible basic sites. The higher concentration of unsaturated cations is concluded to be

related to the substitution of O* (and OH") by the smaller and more compact F".
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The differences in the catalytic performance reflect the influence of the particular
properties of the fluoride anions. While they seem to enhance the proton accepting
properties, probably by generating a transiently stable HF species and lead so to the
stabilization of secondary propoxy groups by accessible Mg®" cations, the stabilization of
the more polarizable sec. propyl carbenium ions is not improved. This leads to an
increase in the dehydrogenation, which is, in this case, not an indication of a higher base
strength. Similarly, the formation of the ring opening of an epoxide by reacting it with an
alcohol is not favored.

Thus, overall, the introduction of F- anions into alumina - magnesia mixed oxides
improves their ability to abstract protons from polar molecules in catalyzed reactions,
while the base properties are not enhanced and the concentration of moderately strong

Bronsted acid sites is enhanced.
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Chapter 6

Au supported on Ceria

Abstract

Au supported on CeO, prepared by the method of deposition-precipitation with
urea leads to a basic catalyst. Au acts in two ways as surface modifier. First, Au
selectively interacts with Ce*" cations by either blocking the access or reducing
Ce*" to Ce*". Secondly, the resulting Au” cations act as soft weak Lewis acid sites
stabilizing carbanion intermediates and enhancing the hydride abstraction in the
dehydrogenation of alcohols. In consequence, the so synthesized basic catalyst
catalyzes the dehydrogenation to acetone with high efficiency and without notable
deactivation. As Au also quantitatively blocks the access to strongly acidic Ce*"
cations or reduces them to Ce’’, the dehydration of propanol pathway is

eliminated.
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6.1 Introduction

Ceria was first time published in 1882 by Hartley!"! when he analyzed rare earth
minerals in British minerals. In 1930, more than 40 years later, ceria was first mentioned
as catalyst material. Kodama'® reported the influence of titania, zirconia and ceria on the
catalytic reduction of CO, under normal pressure. Since that time, ceria was recognized
as interesting and challenging catalyst material as can be seen by the increasing number
of publications related to that field. From 1981 to 2000 about 1566 citations were found
related to the subject catalysis. Nowadays, roughly 3000 publications are correlated to the
topic ceria in catalysis. Hereunder the most common application of ceria as catalyst or
catalyst additive is the three-way-catalyst for automotive exhaust purification.’) High
oxygen mobility accompanied by good redox properties, due to the highly active Ce*" <>
Ce’" redox-couple, promotes ceria in comparison to other oxide supports. Oxygen
vacancies are assumed to be the most active sites on the surface. The activity of ceria
depends among others on nature, number, distribution and diffusion of the oxygen
vacancies across the surface.”! They can be formed, for example, by low and high
temperature reduction, respectively, on the surface or in the bulk of ceria.

Ceria crystallizes in the fluorite type structure wherein each O ion is surrounded
by a tetrahedron of Ce*" cations."”! The fluorite lattice exhibits a quite open structure and
facilitates oxygen diffusion from the bulk to the surface. This is accompanied by
reduction of the bulk, which is called chemical pump effect.””! The reducibility of ceria
can be related to its textural and morphological properties. The more perfect the
crystallinity of the oxide, the more difficult it is to reduce.

Reduction of ceria takes place under CO or hydrogen atmosphere. While during
treatment in hydrogen surface OH-groups are formed which depends on the reduction
temperature, reduction with CO leads to formation of CO, and oxygen vacancies on the
surface. Therefore, CO is regarded as a more appropriate reducing agent than hydrogen.

The ability as oxygen storage and releasing material as well as the promoter effect
for noble metal catalysts are obviously two key characteristics of ceria and determines it’s

use.
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Ceria is widely used as support in transition metal or noble metal catalysis
because of its outstanding properties.™ Ceria facilitates the increase of the metal
dispersion and thermal stability, stabilizes small metal particles and shows special
features regarding metal-support interactions.!

Metal oxide catalysts have attracted wide interest because of their outstanding
performance for reactions including the removal of CO in the presence of H, via PROX
( = preferential oxidation of CO)!"”), oxidation of unsaturated ketones!'"), hydrogenation
of nitro compounds!'*! and WGS.!"’!

Among the variety of metals, metal oxide-supported Au has been recognized as
interesting catalytic material. The potential of Au/ceria materials is reflected in the
expanding number of publications. 1967, the opportunity of gold on ceria thin films as

efficient energy solar absorber was described as one of the first applications.'¥ The

unique properties of ceria-supported Au catalysts depend on a variety of features, i.e., the

[15-17] [18, 19]

dispersion of the nano-scaled particles, the oxidation state of the Au particles,

29-23] There is an ongoing discussion about the nature of the

and the type of ceria used.!
active gold species. In combination with the catalytic activity being related to several
above mentioned factors like the nature of the support, the influence of the calcination
temperature, the oxidation state of the metal and of the cerium support atoms some
ambiguity remains about the governing factors for the activity of those catalysts.

Not only the catalytic oxidation over oxide supported gold metal nanoparticles

% 24261 pbut also the benefits as hydrogenation catalyst were

has been widely explored,!
analyzed.m] Furthermore, the use of ceria supported gold catalysts in the low temperature
water-gas shift reaction was investigated.”® ** One example for the importance of
oxygen vacancies of ceria in the activation of Au was investigated by synchrotron-based
high-resolution photoemission in the reaction of SO, with Au/ceria (111) surfaces.”*"

Up to now applications of metal oxide supported Au materials in acid-base type
reactions are negligible due to the generally inert nature towards this type of reaction.
Thus, it would be of great interest to explore the role of nano-sized gold particles on the
support acid-base properties.

Conceptually, solid bases act either as bifunctional (acid-base) catalysts via

polarization of bonds or as proton abstracting agents inducing the catalytic cycle.’'! The
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characterization of basic materials by probe molecules is not straightforward, since their
application is limited to a certain range of base strength.*?) Use of characteristic probe
reactions may thus be one way out. Therefore, the well-established probe reaction of
conversion of propan-2-ol was used as test reaction. Depending on the nature and
strength of active sites, propan-2-ol is either dehydrated to propene as well as condensed
to di-iso-propylether on acidic sites, or dehydrogenated to acetone on predominantly
basic sites.>?% According to the literature, propan-2-ol is converted to acetone and
propene over ceria.’” ** Ceria does not only exhibit acid and base sites occurring on
metal oxides, but also shows redox properties due to its high oxygen mobility. These
redox sites give an additional reaction pathway depending on the reaction atmosphere
(oxidizing or reducing) either to propene or acetone.*”! So, it would be of special interest
to explore the influence of metal particles on the selectivity of the dehydration/dehydro-
genation of propan-2-ol over modified ceria catalysts.

Generally, supported Au particles might on the one hand block sites, but may also
lead to the generation of new sites at the interface between the particle and the support.
Potential hydrogenating/dehydrogenating as well as further hydride transfer properties
might open additional reaction pathways. As the role of positively charged gold may play
a role in the conversion also the oxidation state of the gold species will be investigated,
due to the ability of additional Lewis acid sites in case of unreduced Au' and Au™".

The preparation of Au/ceria materials can be achieved by different approaches.!*"”
I Deposition-precipitation (DP) with urea is one of the most frequently used methods.**
he DP method has the advantage of (i) yielding narrower particle size distributions and
(ii) localizing Au exclusively on the surface.'”! Urea as deposition agent facilitates the
deposition of Au from the solution onto the support.[*”} However, the as-prepared samples
are treated subsequently in different atmospheres to activate the materials. Besides the
influence of the conditioning atmospheres on the ceria support it has to be considered that
upon urea decomposition'*” during the activation an in situ formation of carbon dioxide
and ammonia lead to the appearance of several intermediates which may change the
surface properties. The extent of the catalyst modification by using a co-precipitant may
not be easily predictable and will (i) influence the final material and vice versa will (ii)

also be influenced by the interaction between Au and the support. It is known, that
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removal of carbon dioxide from a ceria surface needs temperatures above 500 °C.1*"
Thus, if an as-prepared sample based on urea deposition is treated below 500 °C, surface
species (mainly carbonates but also intermediates of urea decomposition) may remain./**!
Thus the influence of urea on the evolution of surface properties of gold supported ceria

with respect to its acid-base properties was studied, too.

6.2 Experimental

6.2.1 Preparation

All chemicals were obtained from Sigma-Aldrich and if not denoted utilized with

no further purification.

6.2.1.1 Ceria

a) Commercial ceria was obtained from Merck and pre-treated in synthetic air at
100 mL-min™ by increasing the temperature from ambient to 600 °C with 10 K-min™
for 8 h. Ceria prepared by this method is labeled as CeQ..

b) The self made ceria was synthesized by different preparation methods. First,
Ce(CO3)2xHO (99.9 % purity) was calcined in a flow of synthetic air at
100 mL-min™ by increasing the temperature from ambient to 600 °C at 10 K-min™ for
6 h. Ceria prepared by this method is labeled as CeO, (C600).

C) Second, cerium nitrate was precipitated as described previously elsewhere.[*”
1.15 L of a 2 M Ce(NOs3)3-:6H,0 aqueous precursor solution was mixed with 575 mL
of a 3 M ammonia solution and stirred at RT for 24 h. The precipitate was centrifuged
and washed with 1.1 L of a water/ethanol (1:1) mixture until the pH was 7. The
resulting precipitate was purple. The precipitate was dried at 60 °C for 8 h and
calcined in a flow of synthetic air at 100 mL-min' by increasing the temperature from
ambient to 600 °C at 10 K-min™' for 8 h. Ceria prepared by this method is labeled as
CeO; (N600).

d) A further synthesis was used as leaned on a method described by Corma et al.
elsewhere.”” An aqueous solution of 0.8 M Ce(NOs3);3-6H,0 (25.18 g, 0.058 mol) was

mixed with 218 mL of a 0.8 M ammonia solution under vigorous stirring at ambient
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temperature. Afterwards the dispersion was heated under reflux at 100 °C for 24 h.
After cooling to RT, the as prepared precipitate was filtered and dried in vacuum.

Ceria prepared by this method is labeled as CeO, (N100).

6.2.1.2 Ceria-urea

A series of urea modified ceria catalysts with different amounts of urea was
prepared. For that purpose, the pre-treated ceria (3 g) was suspended in 300 mL deionized
water, heated to 80 °C and mixed with urea (0.9 g, 0.015 mol). The suspensions were
stirred at 80 °C for 16 h. Afterwards the materials were dried in vacuum at ambient
temperature for 16 h. The catalyst modified with urea is labeled as CeO;-urea.

A further urea modified ceria sample was prepared by adding HCI as precipitation
agent. The materials were washed with 150 mL deionized water and centrifugated.

Further reconditioning was done as described above.

6.2.1.3 Au/Ceria

Au/ceria catalysts were prepared from commercial ceria as well as from self made
ceria. For preparation of gold supported ceria catalysts, the deposition-precipitation
method with urea (DP urea) as described previously by Delannoy et al.** was used. The
Au precursor was prepared by dissolving HAuCls-:3H,0 (1 g, 2.54 mmol) in 100 mL of
deionized water (0.0254 mol'L™"). The pre-treated ceria (3 g) was suspended in 300 mL
deionized water and heated at 80 °C. Various Au loadings were generated by adding an
appropriate amount of the precursor solution followed by adding urea immediately (see
Table 6-1). Several materials with different nominal wt.-% Au loadings were prepared.
The suspensions were stirred at 80 °C for 16 h. Afterwards the materials were washed
with deionized water. Washing was repeated with 350 mL (with centrifugation after each
washing step) until the pH of the solution was 7 and neither Au" nor Cl” were verified by
testing with NaBHj (in case of gold) and AgNOs (in case of chloride). The samples were

dried in vacuum at ambient temperature for 16 h.
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Table 6-1. Amount of Au-precursor solution and urea used for synthesis of modified ceria samples.

HAuCl
Sample (s0 lutiot:) Urea
[Au-loading wt.-%] [mL] lg]

CeO,-urea - 0.90
Au/Ce0, (0.1) 0.60 0.09
Au/Ce0, (0.4) 2.40 0.36
Au/Ce0, (0.8) 4.80 0.72
Au/Ce0, (1.0) 6.00 0.90

Deposition precipitation of Au with NaOH was carried out as described

11 An 0.2 M aqueous solution of NaOH was added to 6 mL of an aqueous

elsewhere.
solution of HAuCly (1 g, 2.54 mmol) so that the pH was 10. The Au solution was than
added to 3 g of the filtered ceria dispersion obtained as described under 6.2.1.1 d). Again,
the pH was adjusted to 10 by adding 0.2 M NaOH,q. The mixture was stirred at ambient
temperature for 18 h. Afterwards the precipitate was filtered and washed with 1.2 L
deionized water until the pH of the solution was 7 and no CI” was verified by testing with
AgNOs. The precipitate was dried in vacuum at RT for 48 h. Afterwards the solid was
suspended in 20 g 1-phenylethanol and heated to 160 °C. The suspension was stirred
under reflux at 160 °C for 20 min. The suspension was cooled to ambient temperature

and filtered. The solid was washed with 200 mL acetone and 400 mL deionized water,

and dried in vacuum. The as prepared catalyst is labeled as Au/CeO,-NaOH (1.0, N100).

6.2.2 Characterization Techniques

6.2.2.1 Bulk techniques

Analysis of elemental composition was performed by inductive coupled plasma
emission spectroscopy at the LRS Laboratories de Réactivité et Surface (Université
Pierre et Marie Curie, France).

Specific surface areas and pore volumes were determined by physisorption of N at
77 K. Measurements were carried out in PMI automatic BET-Sorptometer. Evaluation
was done according to the BET theory.

The crystalline structure of the synthesized and modified materials was analyzed by

XRD wusing a Philips X'Pert Pro System (CuK,l-radiation, 0.154056 nm) at
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40 kV /40 mA. Measurements were carried out on a spinner performed with a 1/4™" slit
20 step size (0.03°min™") and with a 1/6" slit in the range from 20 = 20°-70°
(0.05 ° min™). In-situ experiments were carried out in the Philips X Pert Pro System, as
described above, equipped with a HTK 2000 oven. The samples were heated stepwise
(100 °C) from ambient to 700 °C in a flow of 5 mL-min"' synthetic air.

Temperature programmed desorption of ammonia (NH3-TPD) and carbon dioxide
(CO,-TPD) were used to determine acidic and basic properties. As standard materials for
referencing the NH3-TPD and CO,-TPD, a H-MFI 90 zeolite and NaHCO; were used,
respectively. Catalyst samples were activated at 500 °C in vacuum for 1 h. Adsorption of
ammonia at (1 mbar) was performed at 100 °C for 1 h. CO, (1 mbar) was adsorbed at
40 °C for 1h. Desorption occurred during sample heating from corresponding
temperature up to 700 °C with a rate of 10 K'min"'. Analysis was done with Pfeifer
Vacuum Mass Spectrum (MS).

6.2.2.2 Surface techniques

For transmission electron microscopy (TEM) images the samples were grinded,
suspended in ethanol and ultrasonically dispersed. An appropriate amount of the as-
prepared dispersion was dropped on a copper-grid supported carbon film. Micrographs
were recorded on a JEM-2010 Jeol transmission microscope operating at 120 kV.

Investigations of surface properties for ceria and modified ceria samples were
performed by X-ray photoelectron spectroscopy (XPS) at the Institute of Technical
Chemistry, University of Leipzig. XPS analysis was carried out using a hemispherical
energy analyzer Phoibos 150 (Specs GmbH, Berlin, Germany) equipped with an X-ray
source XR 50 (Specs GmbH). O 1s, Ce 3d, C 1s and Au 4f lines were monitored using the
Mg K, line at 1253.6 eV and excitation energy of 20 kV.

6.2.2.3 Infrared spectroscopy
Infrared spectroscopy was carried out on a Perkin-Elmer 2000 spectrometer
coupled with a MCT detector or a Bruker IFS 88 spectrometer. Samples were pressed

into self-supporting wafers and activated in vacuum at 500 °C for 2 h. The spectra were
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recorded in transmission mode at a resolution of 4 cm™ in the region from 4000 to
780 cm™.

Adsorption of pyridine, methanol or propan-2-ol was followed by IR. Sample
preparation and instruments were used as described above. Pyridine was adsorbed at
0.1 mbar at 50 °C and out gassed with increasing temperatures from 150 to 250 °C for
2 h.

Methanol or propan-2-ol was adsorbed at 50 °C and a partial pressure of 0.1 mbar.
The sample was equilibrated at this temperature for 0.5 h, afterwards, the adsorbate was

removed by heating to 300 °C in vacuum.

6.2.3 Catalytic tests

6.2.3.1 Conversion of propan-2-ol

The dehydrogenation/dehydration reaction of propan-2-ol was studied in inert
atmosphere in the temperature range from 150 to 225 °C with steps of 25 °C. The catalyst
with arbitrary particle size (0.02 g diluted in 0.13 g SiC) was fixed with quartz wool in a
quartz-tube reactor of 4 mm diameter. The catalyst was heated in H, or He flow of
20 cm’min” from ambient to 300 or 500 °C for 2 h, in order to activate the sample.
Cooling to reaction temperature was reached under He (20 mL-min™"). For reaction, a
helium flow of 40 mL-min"' was saturated with propan-2-ol at 13 °C (partial pressure
25mbar) and led over the fixed bed reactor. Un-reacted propan-2-ol and
dehydrogenation/dehydration products were analyzed by gas chromatography using a
Hewlett Packard GC equipped with a flame ionization detector. Separation of various

components was done by a Supelco® wax-column.

6.2.3.2 Hydrogenation of acetone

The hydrogenation of acetone was studied in hydrogen atmosphere in the
temperature range from 150 to 225 °C with steps of 25 °C. The as-prepared samples
(0.2 g diluted in 0.35 g SiC) were fixed with quartz wool in a quartz-tube reactor of 4 mm
diameter. The as-prepared samples were first pretreated in a flow of helium of

20 mL'min” by heating from ambient to 500 °C (heating ramp 10 °C-min™") for 2 h in
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order to activate the sample. Cooling to reaction temperature was reached under He flow
of 20 mL-min”, too. During reaction, a flow of hydrogen with 20 mL-min" was saturated
with acetone at -12 °C (partial pressure 49 mbar) and led over the fixed bed reactor. Un-
reacted acetone and hydration products were analyzed by gas chromatography using a

Shimadzu GC-2014 gas chromatograph.

6.3 Results

6.3.1 Characterization

The results of textural analysis of ceria, ceria-urea and Au loaded ceria samples
are summarized in Table 3-1. The specific surface areas of commercial ceria supported
samples were found to be less than 7 m*g™'. The modification of ceria did not influence
the specific surface area of the final material. The final gold loadings were 8 (0.16 wt.-%
Au), 18 (0.37 wt.-%), 36 (0.7 wt.-%), 43 (0.84 wt.-%) and 98 (1.94 wt.-%)umol-g"'. The

Au particle size was increased with higher Au loadings.

Table 6-2. Textural analysis of ceria, modified urea and Au/ceria samples.

Sample Sp ecifai:::rface Au-content  Au-Particle Size  Acid sites ” Basic sites”
[m*g"] [wt.-%] [nm] [umol-g”'] [umol-g”]
CeO, 6 - - 16 0.5
CeO, - urea 5 - - 9 1.4
Au/CeO, (0.1) 5 0.16 - -
Aw/CeO, (0.4) 5 0.37 ; 1 1.1
Aw/Ce0, (0.8) 6 0.71 ; 13 1.6
Au/CeO, (1.0) 5 0.84 1.35 13 0.9
Aw/Ce0, (2.0) 6 1.94 2.05 - -

! Determined by NH3-TPD (100-500 °C)
? Determined by CO,-TPD (40-500 °C)

The results of the textural analysis for self-prepared ceria derived from the nitrate
and carbonate precursor as-well as for the Au/urea modified samples are listed in Table
6-3. The specific surface areas were in the range between 44 and 49 m*g”. Due to the

deposition of Au the specific surface areas of CeO, (N600) and (C600) were slightly
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decreased. The Au-loadings were close to the nominal ones. However, the particle sizes
differ markedly. The mean Au particle size of Au/CeO, (N600) was more than 4 times
less compared to Au/CeO, (C600). The acid and base site density of CeO, (N600) and
(C600) hardly varied.

Table 6-3. Textural analysis of ceria (N600, C600) and loaded (N600, C600) samples.

Specific surface

Sample ared Au-content  Au-Particle Size  Acid sites” Basic sites”
[m*g] [Wt.-%] [nm] [pmol-g'] [pmol-g’]
CeO, N600 45 - - 30 3.0
Au/CeO, N600 (1.0) 44 0.95 1.57 19 32
CeO, C600 49 - - 22 2.2
Au/CeO, C600 (1.0) 44 1.00 6.85 19 33

The specific surface areas and final Au loadings of self prepared ceria (N100), by
precipitation with ammonia, and Au loaded ceria samples, prepared via DPu and NaOH
method are given in Table 6-4. The specific surface area was found to be ~ 40 m*g™.
There was no linear correlation between the specific surface area and precipitation with
Au. The final Au-loading was less in case of Au/Ce0,-NaOH (N100, 1.0) than for Au
precipitated on ceria with urea as precipitation agent. The acid site concentration was
decreased by adding Au to ceria. A more detailed study on Au particles is given in the

next part, by TEM analysis.

Table 6-4. Textural analysis of ceria (N100) and Au loaded ceria (N100) samples.

Specific surface

Sample area Au-content  Au-Particle Size  Acid sites” Basic sites”
[m*g] [wt.-%] [nm] [umol-g™] [umol-g”]
CeO,N100 41 - - 24 0.1
Au/CeO,N100-urea 44 0.89 1.73 16 0.8
Au/CeO,N100-NaOH 37 0.40 - 13 2.0

! Determined by NH3-TPD (100-500 °C)
? Determined by CO,-TPD (40-500 °C)

The size and dispersion of the gold particles were analyzed by TEM. Four

samples were investigated in detail as Au particles could be identified only for higher Au



CHAPTER 6 Au supported on ceria 112

loadings above 1 wt.-% (see Figure 6-1 and Figure 6-2). The nano-sized particles are well
dispersed on the ceria surface. The particle size distributions were determined based on
150 particles (Figure 6-1). The mean particle size in case of Au/CeO, (1.0) was 1.35 nm,
while with increasing amount of gold (2 wt.-%) the mean particle size was increased to
2.05 nm.
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Figure 6-1. TEM pictures and particle size distribution of Au/ceria samples with higher Au-loadings. TEM
pictures of Au/ceria: a) 1 wt.-% and b) 2 wt.-%
Particle size distribution of Au/ceria: ¢) 1 wt.-% and d) 2 wt.-%.

The Au particles on self prepared ceria (N600) were well dispersed. In contrast for
Au loaded on ceria (N100) by the DPu method the particles were less well dispersed, as

in the other cases. Au loaded on ceria (N100) via deposition precipitation with NaOH, not
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shown here, was also followed by inhomogeneous dispersion of the metal particles. The
particle size distributions of 1 wt.-%. Au supported on ceria N600 and N100, determined
as described above, by 150 particles are shown in Figure 6-2 c) and d), respectively. The
mean particle size of Au was determined as 1.57 nm in case of Au/CeO, (N600, 1.0) and

1.73 nm for Au/CeO; (N100, 1.0).
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Figure 6-2. TEM pictures and particle size distribution of Au loaded on self prepared ceria supports. TEM
pictures of: a) Au/CeO, (N600) 1 wt.-% and b) Au/CeO, (N100) 1 wt.-%.
Particle size distribution of: ¢) Au/CeO, (N600, 1.0) and d) Au/CeO, (N100, 1.0).

XRD patterns of ceria supports are shown in Figure 6-3. Reflexes corresponding
to cubic fluorite type ceria were observed at 2 theta = 28.6°, 33.1°, 47.5°, 56.4°, 59.1°
and 69.5°. The intensity of ceria reflexes decreased with increasing surface area, which

indicates a decrease in crystallinity. Also broadening of reflexes was registered,
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indicating smaller particles in case of ceria obtained by precipitation of nitrate and
calcination of carbonate. The average prime particle size was determined by the Scherrer

equation as described in Chapter 2, results are given in Table 6-5.

Table 6-5. Average prime particle size of ceria and self prepared ceria samples.

Sample CeO, CeO ,(N100) CeO ,(N600) Ce0,(C600)

Particle size, [nm] 456 31 22 18

)\ i 1 CeO,

. CeO, (N100)

A
A ~ CeO, (N600)

20 30 40 50 60 70
2 Theta/°

Intensity, a.u
——)
o o e

Figure 6-3. XRD patterns of ceria used as support for Au/ceria samples.

The crystal transformation by calcination from cerium carbonate to ceria was
followed by in-situ XRD (see Figure 6-4). Cerium carbonate was heated from ambient
temperature to 700 °C with rate of 10 K'min™ in a flow of synthetic air at 5 mL-min™".
XRDs were recorded at each temperature step of 100 °C. Transformation from cerium
carbonate to ceria was observed at 100 °C. Further temperature increase resulted in an
increase of crystallinity. Narrowing of ceria reflexes indicated an increase of the particle
sizes. The particle size was increased from 7.5 nm at 100 °C to 18 nm at 600 °C. After

calcination at 700 °C the particle size increased to 50 nm.
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Figure 6-4. XRD patterns of Ce(CO3);-H,O during heating from ambient to 700 C.

XRD patterns of ceria, urea modified ceria and Au/ceria samples are depicted in
Figure 6-5 for comparison. The reflexes correspond to cubic fluorite type ceria. The
characteristic reflex for crystalline Au at 38 © did not appear, even not in the case with
highest gold loading (2 wt.-%)."! Changes of the ceria crystal phase were not detected by

the modification with urea and loading with gold.
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Figure 6-5. XRD patterns of ceria, Au/ceria (1.0) and Au/ceria (2.0).

Structure analysis via XRD of CeO, (N100) obtained from nitrate precursor in

aqueous ammonia solution and Au modified samples are shown in Figure 6-6. The
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deposition of Au neither with urea nor with NaOH caused noticeable changes in the

structure of ceria. Calculation of particle sizes with the Scherrer method gave sizes of 31

(support) and 29 nm (Au/ceria).
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Figure 6-6. XRD patterns of CeO, (N100) and Au loaded CeO, (N100) samples by DPu and NaOH
method.

XPS studies were carried out analyzing the surface structure of plain ceria and
after modification with urea and precipitation of gold. The Ce 3d XP spectra obtained
from the samples labeled ceria-urea, Au/CeO, (1.0) and for comparison of ceria are
plotted in Figure 6-5. The Ce 3d spectra were dominated by a doublet at binding energies
of 882.5/889 eV in all cases. An additional peak at 885.5 eV appears in case of urea and
Au-ceria samples. The doublet corresponds to Ce*" in CeO,, while the latter energy is

related to Ce>" as it exists in Ce,0s3 or in CeO, with oxygen vacancies.”!!
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Figure 6-7. Ce 3d XPS of (modified) ceria.
a) Ce0,, b) CeO,-urea and c) Au/CeO,; (1.0)
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Two different carbon peaks were observed in the Cls XP spectra for all samples
(see Figure 6-8). The main peak located at 284 eV is assigned to adventitious carbon. The
spectra were calibrated to this signal. The second carbon species was observed at binding
energy of 288.5eV for ceria and correlated to surface carbonates.”” Due to the
modification of ceria with urea the intensity of the carbonate signal decreased. The
intensity of carbon in the spectra of Au/CeO, decreased for both signals, indicating less

carbonate formation on this sample.
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Figure 6-8. Cls XPS of (modified) ceria.
a) CeO,, b) CeO,-urea and c) Au/CeO, (1.0)

Surface hydroxyl- and carbonate-groups occurred with a broad signal located at
532 eV and a second signal related to lattice oxygen atoms at 529 eV was identified by
Ols XP spectra for all samples (see Figure 6-9). The intensity of the signal related to OH-
and CO;”-groups was decreased by adding urea and almost completely removed by

adding Au. Meanwhile, a third species developed after adding Au at 526.5 eV, which can
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be assigned to basic oxygen. The shift of the O* peak to lower binding energies for
CeO;-urea and Au/CeQ, indicates increasing basicity, as the effective negative charge of

oxygen is higher.”” Thus, the basicity increased in the following order: CeO, < CeO,-
urea and Au/CeO,.
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Figure 6-9. Ols XPS of (modified) ceria.
a) CeO,, b) CeO,-urea and c) Au/CeO, (1.0)

The Au 4f spectrum of Au/CeO, (1.0) indicated the presence of two different Au
species. The dominating doublet corresponding to Au’ occured at 83.75/87.5 eV.P* >
The small peak with a binding energy of 85.05 eV (14 at-%) can be related to Au’

ions.P4
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Figure 6-10. Audf XPS of Au/CeO, (1.0).
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6.3.2 Thermal stability of urea modified and Au supported ceria

The thermal stability of selected samples was studied for conditions similar to the
activation procedure via mass spectrometry and IR.

Figure 6-11 shows desorption profiles during heat treatment in vacuum from
ambient to 500 °C. Two profiles for ceria, urea modified ceria and Au/CeO, were
analyzed in detail, namely, for ammonia (m/e = 16) and carbon dioxide (m/e = 44). The
desorption profiles of ammonia and carbon dioxide are strongly related to each other. The
desorption maxima of NH; and CO; occur between 100 and 300 °C. The amount of
desorbing NH3/CO, decreased with the concentration of precipitated urea in the order

Aw/CeO; (1.0) > (0.8) > urea > (0.4) > CeO».

a)
b) —x— - Au/Ce0; (1.0)
© A g .. AuCeO;, (0.8)
g | © ,1 —- — Au/CeO, (0.4)
= , 1 £ | i —x - CeO,-urea
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Figure 6-11. Desorption profiles for ceria, urea modified ceria and Au/ceria samples during heating from
RT to 500 °C.
a) Ammonia (m/e 16) and b) Carbon dioxide (m/e 44).

No further ammonia desorption was detected after increasing temperature above
500 °C. However, in case of ceria a peak was registered at 600 °C with a maximum at

675 °C ( Figure 6-12). This peak is related to oxygen desorbing from the surface.
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Figure 6-12. Desorption profiles of ammonia (m/e 16) for ceria, urea modified ceria and Au/ceria samples

between 500 and 750 °C.

Surface modifications caused by decomposition of urea, as observed by MS

during TPD, were also investigated by in-situ IR. Therefore a sample of ceria modified

with urea (CeO;-urea) was heated in vacuum from 50 to 500 °C with a ramp of

10 K'min™. Spectra were recorded stepwise every 100 °C and are illustrated in Figure

6-13. The characteristic bands are given in Table 6-6 and were attributed in accordance

with the literature.

Table 6-6. Characterization of IR bands during thermal decomposition of CeO,-urea.

(46, 56-60]

Frequency (cm )

Species
100°C 200°C 300°C 400°C 500°C
v(OH) Type I 3700 3714 3718 3717 3715
v(OH) Type II 3646 3648 3640 3631 3624
v(OH) Type III - - - 3485 3482
v(CO,) 2339 2339 2339 2338 2338
v(C=N) - - 2258 2248 -
v(0-C=N) 2169 2170 2169 2168 2167
v(NO") - 1973 1971 1972 1971
v(CO32') 1657-1584 1654-1578 1620-1500 1597-1506 -
v(C-NH) 1470 1467 - - -
v(N-C-N) - - 1457 1456 1453
v(NH-C=0) 1316 1324 1334 1335 1336
v(NHj;) 1258 1260 1264 1263 -
v(C=0) 1154 1152 - - -




CHAPTER 6 Au supported on ceria 121

Overall three groups of IR bands are observed between 3800 and 2800 cm™ (OH-
stretching vibrations), 2400-1900 cm™ (triple and double carbon bands) and below
1800 cm™ (region of deformation and combination vibrations)

After outgassing at 100 °C a band at 3700 cm™ assigned to terminal (type I)
hydroxyl groups was observed. A second band appeared at 3646 cm™ which is attributed
to bridging (type II) hydroxyl groups of ceria.!®"!

The broad band allocated between 3600 and 3000 cm™ is assigned to water
adsorbed on the surface via hydrogen bonds. As the temperature increased all hydroxyl
bands decreased significantly in intensity, an additional band at 3485 cm'appeared above
400 °C. This band seemed to be covered by adsorbed water before. It is assigned as
hydroxyls (type III) located in the pores, correlating to cerium oxyhydroxide phase.!®”

Residual urea presence form the preparation procedure and decomposition
products (occurring already at low temperatures from 60 °C)!*®! caused bands at 2339 and
2169 cm™. These are assigned to CO, and iso-cyanates, respectively, although the
intensities of these bands were low compared to the bands representing carbonates (1660-
1580 cm™). In additing a band at 1470 cm™ was observed at 100 °C. This band is
assigned to the asymmetric N-C-N stretching vibration of urea.”” Bands with low
intensity related to biuret and ammonia were observed at 1316 and 1258 cm’,
respectively.

A All bands were varied in intensity and shape during the further heating process.
This is attributed to the decomposition of urea and the formation of intermediate stable
compounds. Three regions of bands were mostly affected by the thermal treatment (see
Figure 4a). (i) The band for iso-cyanate at 2169 cm™ reached a maximum in intensity at
300 °C. (ii) Between 100 and 300 °C an additional band developed at 1973 cm™ (related
to nitrosyl-ions NO")!® showing a higher intensity than the band at 2339 cm™. The
formation of dinitrosyl complexes with a band around 1910 cm™ was also described in
literature after reduction of ceria surfaces and exposition to NO.IJ The intensity of this
band had a maximum at 400 °C but was still clearly visible at 500 °C. (iii) The band at
1316 was shifted to 1334 cm™ after heating to 300 °C and increased in intensity by
further heating and was stable at 500 °C. This band was as intensive at 400 °C as the

bands at 2167 and 1973 cm™ and remained with appreciable intensity at 500 °C. It is
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assigned to biuret (H,N-CO),NH) formed by condensation of two urea molecules upon
heating and removal of ammonia from urea, which indicates a high surface density of
urea. All these bands decreased in intensity at higher temperature, and nearly disappeared
at 500 °C.

The CO-bands in the region between 1700 and 1400 cm™ were almost removed at

500 °C.
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Figure 6-13. Infrared spectra of ceria-urea during heating under vacuum from 100 to 500 °C.

a) 100 °C, b) 200 °C, ¢) 300 °C, d) 400 °C and ¢) 500 °C.

The presence of remaining vibration bands at 500 °C attests that several

decomposition products of urea, which contain carbon and nitrogen, were not removed by
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heating to 500 °C and remain most probably on the ceria surface. Mitoraj and Kisch!*® *
studied the decomposition of urea over titania for photocatalysis applications and found
new surface species correlating to poly-s-triazine containing melamine fragments.

In a similar series of experiments the thermal stability of the Au/CeO, (1.0)
sample was tested (see Figure 6-14). Main differences to CeO,-urea were found
preferably in the OH region and in the relative intensity of the signals around 2000 cm™.
After activation at 500 °C bands were observed at 3721 and 3642 cm™ indicating type I
and type II hydroxyls.® he bands are slightly shifted to higher wavenumbers. A
pronounced shoulder at 3481 cm™ was not observed in this case indicating a loss of the
type III species. The band at 2339 cm™ was not observed after evacuation at 500 °C and
had only a low intensity at 100 °C. An upward shift of the cyanate band to 2173 cm™ was
observed. The band at 1975 cm™ was more intense than the band at 2173 cm™. The band
at 1340 cm™ on the other hand side decreased in intensity compared to the bands at 1975
and 2173 cm™ indicating less formation of biuret. Carbonate bands were still visible after
activation at 500 °C as in the case of ceria with urea. The different dependencies of band
positions and intensities indicate different decomposition kinetics and routes of CeO,-

urea and Au/CeO,.
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Figure 6-14. Infrared spectra of Au/ ceria (1.0) at 50 C and after heating at 500 °C under vacuum.
a) 50 °C and b) 500 °C)



CHAPTER 6 Au supported on ceria 124

6.3.3 Infrared spectroscopy of adsorbed methanol

To identify the active surface species of ceria, urea modified ceria and Au
supported ceria methanol was adsorbed. The method of adsorbing methanol as probe for
basicity is discussed by Sanchez-Sanchez and Blascol®! for zeolites and references
herein. Moreover, Binet and Daturi'®’ suggest the use of methanol as an IR probe to
study the reduction process in ceria containing components. In purpose of activation the
samples were heated with a ramp of 10 K'min™ from RT to 500 °C for 2 h under reduced
pressure. Methanol was adsorbed at 0.1 mbar for 0.5 h after cooling to 50 °C. After
adsorption of methanol, again, the samples were heated with 10 K-min™ to 250 or 300 °C

for 0.5 h under reduced pressure and cooled to 50 °C.

6.3.3.1 Ceria — influence of modification with urea and gold

Upon methanol adsorption three characteristic bands located at 2915, 2846 and
2810 cm™ were observed in the v (CHs) region and at 1104 cm™ in the v (OC) spectral
range for ceria (see Figure 9, curve a). The bands are characteristic for methoxy species
formed by dissociative adsorption of methanol. The bands in the v (CH3) region can be
assigned to different types of methoxy species. The bands located at 2915 and 2810 cm™
were attributed to on-top type I methoxy species coordinated to Ce*", while the band at
2846 cm™ was assigned to bridiging type II methoxy species typical for reduced ceria
samples.”) A negative band was observed around 1378 cm™ due to the interaction of
methanol with hydroxyl carbonate species.

A slight downward shift of the adsorption bands in the v (CH3) region was observed
by adding urea to ceria. The band located at 2846 cm™ related to Ce’" was altered,
however an additional band at 2838 cm™ characteristic for oxidized ceria was obtained in
the spectrum of CeO,-urea (Figure 6-15, curve b). The v (CO) band of methoxy species
was shifted upward to 1109 cm™ and of distinct intensity compared to CeO,. Whereas the
negative band at 1340 cm™ occurred with less intensity. But, the most important
difference between the spectra of CeO, and CeO;-urea is the strong negative band at
~1965 cm™ observed due to the interaction of methanol with the new surface groups
which were formed by the decomposition of urea during the activation process (described

in the previous section).
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The spectrum of Au/CeO, (Figure 6-15, curve c) observed after adsorption of
methanol completely differed. The intensity of the v (CHs;) bands was markedly
decreased and the v (CO) band of the methoxy species was almost not visible. However,
the negative band at 1965 cm™ occurred with strong intensity and new bands arose at
1558, 1372 and 1357 cm™, indicating the alteration of methanol. The bands can be
assigned to formate which was formed during the oxidation of the methoxy species.!®> *”]

After thermo-evacuation at 200 °C the intensity of the v (CHj3) bands related to
methoxy I and II types were markedly decreased for all samples. Carbonates were formed
involving surface hydroxyl carbonates (negative bands near 1340 and 1100 cm™) over
Ce0O, and CeOs-urea. In contrast carbonate formation was not observed for Au/CeQs.

The dehydrogenation of methanol is also followed by the formation of
formaldehyde or CO."" "l The formation of CO (2170 cm™") was only observed for urea
and Au modified ceria. By heating to 200 °C formaldehyde is decomposed into CO which

: . . 4+ +[72
interacts with surface metal cations as Ce*" or Au™.'> 7]
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Figure 6-15. Infrared spectra after adsorbtion of MeOH.
A. At 0.1 mbar at 50 °C and B. After thermo-evacuation at 200 °C.
a) CeO,, b) CeO,-urea and c¢) Au/CeO,.
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6.3.3.2 Ceria - influence of Au deposition method

The adsorption of methanol on ceria (N100) obtained by precipitation of cerium
nitrate in aqueous ammonia solution was carried out as described above. For comparison
methanol was adsorbed on Au loaded ceria (N100) samples prepared with DPu method
and NaOH precipitation method, too.

After adsorption of methanol on ceria (N100) and Au loaded ceria samples a
strong negative band was observed at ~3740 cm™ indicating that methanol interacts via
H-bonding with surface OH-groups. Between 2950-2750 cm™ adsorption bands in the C-
H region were observed. Those bands are related to methoxy and formate species
adsorbed on Ce*".[°® ™ Former species are formed via deprotonation of methanol on
surface basic sites. In the low frequency region bands were observed at ~ 1470, 1370-
1330, 1196-1150 and 1111 cm™. The adsorption band at 1571 cm™ occurred only in case
of urea deposited Au/ceria sample with strong intensity. The band was observed at
1582 cm™ with less intensity in case of Au deposited on ceria with NaOH. This band is

assigned to formate, which was formed via dehydrogenation of methanol.[’"
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Figure 6-16. Difference spectra of adsorbed MeOH at 0.1 mbar and 50°C.
a) CeO, (N100), b) Au/CeO,-urea (1.0, N100) and ¢) Au/CeO,-NaOH (1.0, N100)
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Figure 6-17 shows the difference spectra during desorption of methanol at 200 °C
in vacuum for CeO, (N100), Au/CeO,-urea and -NaOH (1.0, N100). The negative band
at ~3740 cm” remained with less intensity compared to the spectra at 50 °C for all
samples. The adsorption bands in the CH-region (2950-2790 cm™) related to methoxy
and formate species were slightly shifted to higher wave numbers. While the band at
2810 cm™ was decreased a new band at 2976 cm™ occurred for Au/CeO,-urea (N100,
1.0), indicating that the suface methoxy groups were changed after heating to 200 °C.
The band at 2792 cm™ which was observed for Au/CeO,-NaOH (1.0, N100) indicates the
interaction of adsorbed OHCO-species with Ce*".1¢!

Methanol was decomposed over Au modified CeO, (N100) samples, as in the low

frequency region a strong adsorption band at 1571 cm™ related to formate-species

occured. This band was not observed for ceria, indicating less activity of the support.

O, O,
Methanol Methoxy Formate Adsorbed carbonate

Equation 6-1. Decomposition of methanol involving surface oxygen atoms.

Further intense peaks were observed at 1466 cm™ (-CH3), 1371 and ~1330cm™
(formate), 1360-1350 cm™ and ~1320 cm™ (carbonates), 1218-1200 cm™ (carbonates)
and at ~1144 and 1102 cm™” (methoxy). The formation of carbonates was more
pronounced over ceria than on the Au modified samples. An intense negative band near
1100 ecm™ occurred for ceria (N100) indicating the loose of surface oxygen atoms due to

the formation of carbonates.[*®
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Figure 6-17. Difference spectra during desorption of methanol at 200 °C in vacuum.

a) CeO, (N100), b) Au/CeO,-urea (1.0, N100) and c) Au/CeO,-NaOH (1.0, N100)

Table 6-7. Characteristic adsorption bands occurred during degassing of MeOH at 200 °C for CeO, and

Au/Ce0:..
Frequency (cm N )
Specie: - N
pectes ce0, CeO ,-urea Au/Ce0, ce0, (N1og ~—~ AWCe0 -urea Auw/Ce0,-NaOH
(N100, 1.0) (N100, 1.0)
v(-OCHj) 2926, 1451 2925, 1426 2921, 1478 1466 1462
v(-OCHO) 1542 1577, 1369 1580, 1370 1578, 1370 1576, 1371
v(Me"-CO) - 2172 2168
v(-CO3) 1352, 1329, 1291- 1355, 1229, 1121 1334 1362-1342, 1210- 1329, 1203-1126 1336, 1290-1190
1142 1120
v(-C-0) 1101 1102 1113

Table 6-7 gives and overview of the characteristic adsorption bands of methanol
during degassing at 200 °C in vacuum for ceria and Au modified ceria samples. While the
formation of carbonates dominated for plain ceria, the formation of formaldehyde was
more likely over Au/ceria. The adsorption of CO, which was formed during
dehydrogenation of methanol and decomposition of formate, occurred for urea and

urea/Au modified ceria with low surface area, only.

In general dehydrogenation of methanol is accelerated by adding Au to ceria.
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6.3.4 Infrared spectroscopy of adsorbed propan-2-ol

For better understanding of mechanistic aspects the adsorption of propan-2-ol on
ceria and Au modified ceria samples was followed by in-situ IR spectroscopy.’” In
purpose of activation the samples were heated with a ramp of 10 K'min™ from ambient to
500 °C for 2 h under reduced pressure. Propan-2-ol was adsorbed at 0.1 mbar for 0.5 h
after cooling to 50 °C. After adsorption of propan-2-ol, again, the samples were heated

with 10 °C'min™ to 300 °C for 0.5 h under reduced pressure and cooled to 50 °C.

6.3.4.1 Adsorption of propan-2-ol on commercial ceria and modified ceria

After adsorption of propan-2-ol and heating to 200 °C (= reaction temperature)
clearly resolved bands in the v (CH) region located at 2971, 2936 and 2867 cm™ were
observed for ceria. Together with the band at 1113cm™ this bands are assigned to iso-
propoxide spieces which are strongly adsorbed on the metal cations of ceria. The band
located at 1677 cm™ can be attributed to C=0 of acetone coordinated to Lewis acid sites

of ceria.l

75761 Acetone was irreversibly adsorbed on strong Lewis acidic sites. A strong
negative band occurred near 1370 cm™ indicating the interaction of propan-2-ol with
hydroxyl carbonates as it was observed during IR experiments with adsorbed methanol.
The interaction of propan-2-ol with surface hydroxyl carbonates was asscociated with the
formation of bicarbonates (1325 cm™).

The intensities of the v(CH) bands of adsorbed iso-propoxide are markedly
decreased for CeO,-urea. The remaining adsorption bands located near 2964, 1382 and

1771 The negative band located at

1124 cm™ can be assigned to un-reacted propan-2-o
1965 cm™ indicates the interaction of propan-2-ol with the new surface groups developed
during the decomposition of urea.

Bands in the v (CH) region were not observed for Au/CeO; indicating that the
adsorbed propan-2-ol was either completely removed or converted to acetone and further
products. The band at 2008 cm™ was also observed by Singh!”™ during the partial
oxidation of propylene over Rh/Al,O3; wherein acetone is formed as intermediate and was
further oxidized to CO and hydrocarbons. He assigned the band at 2008 cm™ to linearly

adsorbed CO on metal sites. As for CeO,-urea a negative band at 1964 cm’! was

observed. New bands arose at 1533 and 1430 cm™ related to carboxylates.
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In contrast to plain ceria the band at 1677 cm™ did not appear for CeO»-urea and
Au/Ce0O; indicating that the strength of surface Lewis acid sites was decreased by the
deposition of Au with urea. The results suggest that the acetone precursor is formed over
ceria, however, as it is irreversibly adsorbed on strong Lewis acid sites, thus
dehydrogenation products would not occur during the conversion of propan-2-ol. Over
Au/CeO; acetone was formed and oxidized to CO, which was linearly adsorbed on the
surface. In contrast to CeO, and CeO;-urea adsorbed propan-2-ol-ol was not observed for
Au/CeO;, at 200 °C. These results suggest that the modification of ceria with Au

accelerates the dehydrogenation of propan-2-ol conversion.
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Figure 6-18. IR spectra after propan-2-ol adsorption at 200 °C.
a) CeO, and b) CeO,-urea and c) Au/CeO; (1.0).
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6.3.4.2 Adsorption of propan-2-ol on ceria (N100) and Au/ceria (N100)

The adsorption of propan-2-ol was also carried out for self prepared ceria and Au
modified ceria samples, obtained by precipitation in aqueous solution with ammonia
(CeO; (N100)). Au was deposited either via urea or NaOH. The samples were in purpose
of activation, heated from ambient to 500 °C with a ramp of 10 K'min™ for 2 h under
vacuum. Propan-2-ol was adsorbed at 0.1 mbar for 0.5 h after cooling to 50 °C. It was
degassed at temperature steps of 100 °C from 100-300 °C.

The difference spectra of ceria (N100), Au/CeO,-urea (1.0, N100) and Au/CeO;-
NaOH (1.0, N100) after adsorption of propan-2-ol at 50 °C are shown in Figure 6-19 (A).
The adsorption bands in the C-H region had very low intensities compared to the sharp
bands of the two different OH-groups (not shown here). In contrast, for Au deposited on
ceria (N100) with NaOH the OH-groups occurred with very low intensities compared to
the CH- adsorption bands of propan-2-ol. In case of Au loaded ceria (N100) a small band

[37] at

at 2118 cm™ and at 1468 cm™” were observed. The band related to acetone
~1690 cm™ and iso-propoxide at ~ 1130 cmappeared for all samples, however with
different intensities. Lowest intensity of the former band occurred for Au/CeO,-NaOH
(1.0, N100) indicating less dehydrogenation activity compared to the sample with Au
deposited by urea.

Characteristic bands of carboxylates occurred between 1600 and1350 cm™ for Au
modified ceria during heating to 200 °C (see Figure 6-19 (B)). Methane was formed
during the reaction of carboxylates with surface OH-groups over Au/CeO,-NaOH (1.0,
N100). In contrast, on plain ceria carbonate formation involving surface oxygen atoms
occurred instead of carboxylation. The band at 1135 cm™ related to iso-propoxide altered
by heating to 200 °C. However, it remained with remarkable intensity on Au/CeO,-NaOH
(1.0, N100). No propan-2-ol was left on the ceria (N100) and Au/CeO,-urea (1.0, N100)

surface (not shown here), as the adsorption bands in the C-H stretching region markedly

decreased after degassing at temperatures higher than 200 °C.
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Figure 6-19. Difference spectra of adsorbed propan-2-ol.
A. 0.1 mbar for 0.5 h (50 °C) and B. after heating at 200°C in vacuum for
a) CeO, (N100), b) Au/CeO,-urea (1.0, N100) and c) Au/CeO,-NaOH (1.0, N100).

The experiments with adsorbed propan-2-ol and after degassing at 300 °C showed
that acetone was formed over all samples. However, propan-2-ol was stronger adsorbed
and less converted to acetone on Au/CeO,-NaOH than on the supporting material and
Au/CeOs-urea (N100, 1.0). The results indicate that the modification with Au protects the

ceria surface from carbonate formation.

6.3.5 Infrared spectroscopy of adsorbed pyridine

Pyridine was adsorbed on activated ceria samples to probe acid site properties.
Pyridine acts as strong Lewis base, due to the lone pair located on the N-atom in the ring.
The typical gas phase ring vibration CCN modes (8a, 8b, 19a and 19b) of pyridine are
perturbated due to adsorption on the surface. The 8a mode (1587 cm™) is shifted to higher
wavenumbers when pyridine interacts with the surface.l”! In Table 6-8 the ring vibration
modes of adsorbed pyridine on ceria and Au supported ceria are listed. Pyridine was

adsorbed either via OH-groups or the interaction with surface metal cations.
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Table 6-8. Ring vibration modes of adsorbed pyridine on CeO,, urea and Au modified CeO..

Ring vibration Frequency (cm - )
v(CCN) Ce0, Ce0 ,-urea Au/Ce0 , Ce0 , (N600) Au/Ce0 , (N600)
L-Pyd 1612, 1573, 1483 1627, 1573, 1486 1573, 1483 1621, 1573, 1481 1622, 1573, 1481
H-Pyd 1445 1598, 1441 1597, 1441 1594, 1440 1595, 1440
B-Pyd 1548

Pyridine adsorption on oxidized and reduced ceria surfaces was carried out to
identify the kind of acid sites. While for oxidized ceria mainly Ce*" is expected, for
reduced ceria Ce®” was expected to be the dominating species. Before pyridine was
adsorbed at 0.1 mbar at 50 °C the samples were activated in situ in vacuum at 300 °C to
remove carbonates and water. Well resolved bands were obtained after background
(spectrum of the activated sample) subtraction for all samples. The relevant part of the
spectra between 1650 and 1400 cm™ is shown in Figure 3-20.

For oxidized ceria bands of pyridine vibration appeared at 1444 (v19b), 1489
(v19a), 1575 (v8b) and 1600/1628 (v8a) cm™. The occurrence of the v8a band at two
different wavenumbers was ascribed by Zaki'™ proposing Lewis acid sites with different
strength. The large width at half height of the band at 1443 cm™ suggests that indeed the
bands is composed of two contributions (see arrow in the Spectrum B(a) in Figure 3-20).
The band at 1557 cm™ is tentatively attributed to pyridinium ions though the band is
usually observed at somewhat lower wavenumbers.””’

On reduced ceria, the formation of bands characteristic of pyridinium ions was not
observed. Only bands of pyridine coordinatively adsorbed on Lewis acid sites were
noted. In comparison to oxidized ceria the v19b- and v8a-bands were shifted to lower
wavenumbers indicating lower acid site strength. The shoulder at the v8a-band
(1601 cm™) was not observed. One can conclude that after reduction of ceria in hydrogen
the largest fraction of accessible Ce*" cations was reduced to Ce’", so that the remaining
bands after pyridine adsorption at 1630, 1601, 1490 and 1442 cm™ can be assigned to
Ce*" in different coordination states. It should be noted, however, that the width at half
height of the band at 1442 cm™ was much smaller in this sample

After evacuation at 200 °C, weakly bound and physisorbed pyridine was removed.
While the intensity of the vl19a-band at 1490 cm™ decreased drastically for reduced ceria,

it remained with distinct intensity in case of oxidized ceria. Thus, the rather strong acidity
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for the latter sample is confirmed. The downshift of the v8a-band from 1612 cm™ for
oxidized ceria to 1602 cm™ for reduced ceria suggests clearly the different Lewis acid

strength of Ce*" and Ce®” induced by the reduction in Ha.

1444

() (]
(&) (&)
c c o)
® ® Q
o] o) 3
— oy Lb) |
o S o
0 < 0}
e - o]
< 3 <
o 2
= [T)
< X i
2 || & 3 g 3
2 1 s
02] |o) /] \ 0.2] |c) T

1650 1600 1550 1500 1450 1400 1650 1600 1550 1500 1450 1400
Wavenumber, cm-! Wavenumber, cm-!

Figure 6-20. IR difference spectra obtained after pyridine adsorption at 50 °C (A) and after evacuation at
200 °C for one hour (B)
a) Oxidized Ceria, b) reduced ceria and c¢) Au/CeO2.

Samples were previously activated in vacuum at 300 °C.

For Au/CeO, similar IR spectra as for reduced ceria were obtained after pyridine
adsorption. Bands of adsorbed pyridine were found at 1441, 1486, 1573, 1598 and
1625 cm™. All bands are attributed to pyridine coordinated to Lewis acid sites. Subtle

shifts in the wavenumbers, such as from 1442 to 1441 cm™ for the v19b-band and from
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1601 to 1598 cm™ for the v8a-band indicate weakly bound, i.e., mainly physisorbed
pyridine.®™ After heating to 200 °C under reduced pressure the same bands as for

reduced ceria remained indicating the dominance of Ce*" for this sample.

6.3.6 Acid-base properties determined by NH;- and CO,-TPD

The acid and base site concentrations of ceria and modified ceria samples were
determined via NH3;- and CO,-TPD, respectively. Table 6-9 gives an overview of the
resulting acid-base properties. The acid and base site concentration, correlated to the
mass, of self-prepared ceria samples was higher than for low surface area ceria. However,
is the acid/ base site density correlated to the specific surface area, highest concentration
of active sites was observed for commercial ceria the. The basicity of bare ceria samples
was slightly increased from 7 to 9 % for self-prepared samples. The modification of low
surface ceria with Au via DPu was followed by an increase of active sites; however the
basicity was slightly decreased. In contrast, fewer amount active sites occurred for higher
surface area ceria (N600), obtained from nitrate precursor, after modification with Au.
But the basicity was clearly increased from 9 to 14 %. An increase of basicity after
modification with Au was also observed for ceria (C600) and ceria (N100). The more

detailed analysis is described in the following sections.

Table 6-9. Acid/base properties of ceria and Au modified ceria samples determined by NH;- and CO,-TPD.

Sample Sp ecifiﬁ::rface Acid sites Basic sites Basicity Active sites
[m’-g"] [pmol-g"] [pmol-g] [%] [pmol-m™]
CeO, 6 16 0.5 3 1.25
CeO, N600 45 30 3.0 9 0.73
Ce0O, C600 49 22 22 9 0.49
CeO,N100 41 24 0.3 1 0.59
Au/CeO, (1.0) 6 13 0.9 6 2.32
Au/CeO, N600 (1.0) 44 19 3.20 14 0.50
Au/Ce0, C600 (1.0) 44 19 3.30 15 0.51
Au/CeO,N100-urea 44 16 0.80 5 0.36

Au/CeO,N100-NaOH 37 13 2.00 13 0.35
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6.3.6.1 Ceria and Au/ceria samples obtained by commercial ceria

The desorption profiles of ammonia for various ceria catalysts hardly vary. A
maximum occurred at approximately 200 °C. A second maximum was observed at
temperatures higher than 550 °C for all samples except Au/ceria (1.0). Ceria showed a
second strong desorption peak with maximum at 670 °C. The amount of desorbing
ammonia was determined by the peak area between 100 and 500 °C (= activation
temperature). The acid site concentration was slightly increased in the order ceria
(16 umol-g™") < ceria-urea (9 umol-g™) < Au/ceria (0.4) (11 pmol-g") < Au/ceria (0.8) =
Au/ceria (1.0) (11 pmol-g™).

The second desorption peak is related to water and oxygen in case of ceria,
desorbing from the bulk or surface, respectively. The amount of desorbing ammonia at
temperatures less than 500 °C was increased with loading of urea/Au. Thus, a slight

increase in acidity due to Au species acting as weak Lewis acid sites is expected.
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Figure 6-21. Acid site concentration of various ceria samples determine by NH;-TPD.
a) Desorption profiles of ceria, ceria-urea and Au loaded ceria samples and b) Concentration of desorbing

ammonia for ceria, ceria-urea and Au loaded ceria samples.

Desorption profiles of CO, for ceria and urea modified ceria samples show two
main peaks. The first peak was observed at low temperatures between 40 and 250 °C, a
second broader peak occurred at temperatures above 450 °C. The shapes of the second
peak are quite different, compared to the first one. The low temperature peak of ceria is

very small, whereas the peak maxima of the modified samples are more intense but do
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not differ in shape. The high temperature peak is correlated to CO, formed by strongly
adsorbed carbonates, those as from the bulk. In case of urea treated samples the second
peak is more intense than for ceria. Indicating re-adsorption of CO,, this was formed
during the decomposition of urea. The basic site concentration of ceria (0.6 umol-g™") was
increased by modification with urea (2.1 pmol-g™). The concentration of basic sites
determined by the peak area from 40 to 500 °C (= activation temperature) gives for ceria
(0.5 umol-g™") and was increased by modification with urea (1.4 umol-g"). No linear
correlation between basic sites and amount of Au was observed, as the concentration of

desorbed CO; (< 3.6 pmol-g™") was very low for all cases.
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Figure 6-22. Basic site properties of ceria and modified ceria samples determine by CO,-TPD.
a) CO,-Desorption profiles of ceria, ceria-urea and Au loaded ceria samples and b) Concentration of

desorbing carbon dioxide for ceria, ceria-urea and Au loaded ceria samples.

6.3.6.2 Ceria and Au/ceria samples obtained by self-prepared ceria

The acid site properties of ceria (N600) and Au loaded ceria (N600) are shown in
Figure 6-23. The desorption profiles of ammonia for ceria (N600) and Au/ceria (N600)
were of similar shape, however the maximum was shifted to lower temperatures, after
modification with urea/Au from 254 to 219 °C. The concentration of desorbing ammonia

was decreased from 30 to 19 umol-g™ with Au modification.



CHAPTER 6 Au supported on ceria 138

b)

QO
-~

35 -

+eeCeO, (N60O) 30 1

—— Au/CeO, (N600. 1.0) 25 |
20 A
15

10 +

MS-Signal (m/e = 15)

5

Concentration(NHs) (Hmol-g'1)

0

Ceria (N60O) Aulceria (N60O, 1.0)
[mTPD 30 19

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6-23. Acid site properties of CeO, (N600) and Au/CeO, (N600) determined by NH;-TPD.
a) NH;-Desorption profiles of CeO, (N600) and Au/CeO, (N600, 1.0) and b) Concentration of desorbing
ammonia for CeO, (N600) and Au/CeO, (N600, 1.0).

The desorption profiles and acid site concentration for ceria (C600) and Au/ceria

(C600) are shown in Figure 6-24.
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Figure 6-24. Acid site properties of CeO, (C600) and Au/CeO, (C600) determined by NH;-TPD.
a) NH;-Desorption profiles of CeO, (C600) and Au/CeO, (C600, 1.0). b) Concentration of desorbing
ammonia for CeO, (C600) and Au/CeO, (C600, 1.0).

For both samples only one peak was observed. The peak maximum of ceria
(C600) occurred at 225 °C, deposition of Au was followed by a decrease of the
desorption maximum to 205 °C. Not only the desorption maximum was shifted to lower
temperatures, but also the density of acid sites was decreased due to the deposition of Au.

Compared to ceria (N600), ceria obtained from carbonate precursor (C600), had less acid
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sites. While after modification with Au, the acid site concentration was the same in both
cases.

The CO,-desorption profiles of self-prepared ceria samples CeO, (N600), CeO,
(C600) and Au modified ceria samples show one main peak at 120 °C. A second
desorption maximum occurred at 370 °C in case of CeO, (C600) and Au/CeO, (C600,
1.0) and at 440 °C for CeO, (N600) and Au/CeO; (N600, 1.0). In both cases was the
density of basic sites increased after modification with Au via the DPu method. The Au
modified ceria samples showed a third small desorption maximum at temperatures higher
than 600 °C. The concentration of desorbing CO, was calculated between 40 and 500 °C
(= activation temperature) and for the whole temperature range between 40 and 770 °C.
The amount of desorbing CO, was clearly increased between 500 and 770 °C. The
influence of CO; desorbing in the high temperature range was more drastically for ceria
(N600) samples than for ceria (C600) samples. In the temperature range between 40 and
500 °C the difference between support and Au modified sample was 0.2 pmol-g” for
ceria (N600) and 1.1 ;,tmol-g'1 for ceria (C600). However, the basic site concentration of
Au/ceria samples hardly varied, whereas ceria (N600) was slightly more basic than ceria
(C600). Due to modification with Au, the basic site concentration of ceria was increased

for both samples.
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Figure 6-25. Basic site properties of CeO, (N600, C600) and Au/CeO, (N600, C600) determined by CO,-
TPD.
a) CO,-Desorption profiles of CeO, (N600, C600)) and Au/CeO, (N600, C600, 1.0).
b) Concentration of desorbing carbon dioxide for CeO, (N600, C600) and Au/CeO, (N600, C600, 1.0).
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6.3.6.3 Ceria and Au modified ceria via DPu and NaOH method

The NHs-desorption profiles of various ceria (N100) samples shown in Figure
6-26 a) show one maxima between 200 and 250 °C, the shape of the desorption peaks
hardly vary at temperatures less than 500 °C. The peak maxima decreased in the order
Ce0; (230 °C) > Au/Ce0,-NaOH (225 °C) > Au/CeOs-urea (210 °C). At temperatures
higher than 500 °C, which is equal to the activation temperature, a strong peak, with
maximum at 635 °C, occurred in case of Au/CeO,-NaOH. This peak was not observed for
ceria and Au/ceria-urea. The acid site density decreased after deposition of Au. Between
100 and 500 °C the concentration of desorbing ammonia decreased from 24 umol-g”

(Ce0,), to 16 (Au/CeOs-urea) and 13 pmol-g” (Au/CeO,-NaOH).

a) b)
25
_s _ CeO, (N100) o
~ Au/CeO ,-urea (N100, 1.0) g 20 |
A — % Au/Ce0 ,-NaOH (N100,1.0) =
E g 15
= =3
®
5 s 10
[ ©
1 —
n - 5
= ®
o
A < 0
8 Au/ceria-urea  Aul/ceria-NaOH
A A e e T Ceria(N100) 1.0) 1.0)
100 200 300 400 500 600 700 800 ’ ’
Temperature (°C) ‘. TPD 24 16 13

Figure 6-26. Acid site concentration of CeO, (N100) and Au/CeO, (N100) via DPu and deposition
precipitation with NaOH determined by NH;-TPD.
a) NH;-Desorption profiles of CeO, (N100), Au/CeO,-urea and Au/CeO,-NaOH.
b) Concentration of desorbing ammonia for CeO, (N100), Au/CeO,-urea and Au/CeO,-NaOH.

The CO,-desorption profiles of self-prepared ceria (N100) derived by the
precipitation of the nitrate with ammonia and Au modified samples are shown in Figure
6-27. One main peak occurred between 100 and 400 °C and second one between 520 and
600 °C for CeO, (N100) and Au/CeOs-urea (1.0, N100). The shape of the desorption
profile related to Au/CeO,-NaOH (1.0, N100) differed completely in the higher
temperature range compared to the other two samples. A strong intensive peak with a

maximum at 660 °C was observed for Au/CeO,-NaOH (1.0, N100), whereas, for ceria
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and Au/ceria-urea the desorption peaks in this temperature range were broad and occurred
with low intensities.

The basic site density of CeO, (N100) was increased by the deposition of Au. At
which the deposition with NaOH had a stronger effect on the increase than the deposition

with urea.
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Figure 6-27. Basic site properties of CeO, (N100) and Au /CeO, (N100) via DPu and deposition
precipitation with NaOH determined by CO,-TPD.
a) CO,-Desorption profiles of CeO, (N100) and Au/CeO, (N100, 1.0).
b) Concentration of desorbing carbon dioxide for CeO, (N100) and Au/CeO, (N600, 1.0).

6.3.7 Conversion of propan-2-ol as catalytic test for acid-base centers

The conversion of propan-2-ol was used to test the catalytic activity and probe
acid-base properties of ceria samples. The detailed mechanism of propan-2-ol conversion
is described in Chapter 1. In short, over acid sites propene is formed via dehydration and

over dominating basic sites acetone is formed via dehydrogenation of propan-2-ol.

6.3.7.1 Influence of Au

The influence of Au incorporation onto ceria was investigated by variation of (i)
the amount of Au-loading and (ii) by changing the activation conditions (6.3.7.2). Two
set-ups for experiments were established.

(i) First the samples were reduced at 300 °C in flow of 20 mL-min"' hydrogen as
described above. After activation, the reaction was carried out under He-atmosphere at

150-225 °C and a constant stream of propan-2-ol. The reaction progress over time for
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ceria is illustrated in Figure 6-28 a). At temperatures less than 200 °C no conversion of
propan-2-ol was observed for ceria. At 200 °C propene is formed at conversion less than
0.3 %, however ceria is slightly deactivating. When temperature was increased to 225 °C
propene is still formed with 100 % selectivity at low conversion. Within 80 min the
activity of ceria decreased with 25 %. The conversion of propna-2-ol dropped from 0.8 to
0.6 %.

Figure 6-28 (b) illustrates the reaction progress for Au supported on ceria (1 wt.-
%). Conversion of propan-2-ol occurred already at 150 °C. At all temperatures acetone
was formed as main product with 100 % selectivity. Conversion increased at each
temperature step from 0.9 % at lowest temperature (150 °C) to 29 % at highest
temperature (225 °C). In contrast to ceria, the Au/CeO; (1.0) did not deactivate even not

during reaction at 225 °C.
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Figure 6-28. Reaction progress during conversion of propan-2-ol between 150 and 225 °C after activation
of catalysts in H, at 300 °C.
a) Ceria and b) Au/ceria (1.0).

The rates of dehydrogenation and dehydration for ceria, urea modified and
Au/ceria catalysts are illustrated in Figure 6-29. For ceria no activity in dehydrogenation
was observed, while, due to deposition of urea acetone was formed with a rate of
248 pmol-(g-s)”. Further increase of activity in dehydrogenation occurred for Au/CeO,.
The rate of acetone formation was enhanced with increasing amount of deposited Au. The

highest rate of dehydrogenation (846 pmol-(g-s)") was observed for 1 wt.-% Au/CeOs.
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The rate of dehydration was 19 umol-(g-s)” for ceria. Deposition of urea without
Au slightly accelerates the formation of propene to 24 umol-(g-s)”. The comparison of
the rates of acetone and propene formation for ceria-urea showed, that the dehydration
was 2 orders of magnitude lower than dehydrogenation. Addition of Au to ceria
suppressed the formation of propene. Only 0.1 wt.-% Au supported on ceria eliminated

the dehydration of propan-2-ol.
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Figure 6-29. Rate of propan-2-ol conversion for ceria, urea modified ceria and Au/ceria catalysts at 225 °C
and carrier-gas flow of 40 mL-min™".

a) Rate of acetone formation and b) rate of propene formation.

6.3.7.2 Influence of activation conditions

(i1) The activation conditions were changed testing the redox properties of ceria
and the state of Au, whereas, the reaction conditions remain the same for all catalysts.
Figure 6-30 shows reaction rates of dehydrogenation of Au/CeO, for temperature range
from 150 to 225 °C. The rate of acetone and propene formation increased with increasing
temperatures for both Au/CeQO, catalysts and all activation conditions. The treatment in
inert He-atmosphere was followed by higher activity in dehydrogenation compared to
more reducing Hz-atmosphere at 300 °C. If the activation temperature in Hp-atmosphere
was increased from 300 to 500 °C the activity of dehydrogenation decreased dramatically
(Au/CeO; (0.8)). The substitution of hydrogen by helium caused a significantly increase
in acetone formation at 300 °C as well as at 500 °C. These observations appear

particularly at reaction temperatures higher than 175 °C.

1
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Figure 6-30. Rate of propan-2-ol conversion at 150 to 225 °C for various pre-treated Au/ceria catalysts.
a) Au/CeO, (1.0) pre-treated at 300 °C in H, or He and
b) Au/CeO, (0.8) pre-treated at 300 or 500 °C in H, or He.

6.3.7.3 Influence of ceria support

To clarify the effect of ceria on the conversion of propan-2-ol, various ceria and
Au/ceria materials were tested. Therefore a series of three different ceria supports
obtained either from Merck or by synthesis from nitrate and carbonate precursors and
supported catalysts with 1 wt.-% Au accordingly were used. The catalysts were activated
in He flow of 20 mL-min™ at 500 °C.

The rate for acetone and propene formation in the conversion of propan-2-ol for
various ceria catalysts at temperatures between 175 and 250 °C are shown in Figure 6-31.
The highest activity was observed for CeO, obtained by Merck. The self prepared
samples CeO; (N600) and (C600) showed almost the same activity. However, selectivity
of ceria varies. While CeO, (N600) and (C600) exhibited similar activities in
dehydrogenation and dehydration, ceria obtained from Merck was almost inactive for
acetone formation at temperatures less than 225 °C. The acetone formation rate for CeO,
(Merck) was less than 0.5 pmol-(g-s)”". With increasing temperatures the rate of acetone
formation for CeO, (Merck) was doubled. In comparison, the rate for dehydration in case
of CeO, (Merck) was 19 times higher than for N600 and C600 at a reaction temperature
of 225 °C. At lower temperatures between 175 and 200 °C the selectivity for acetone is 0
for CeO; (Merck) and 100 % for N600 and C600. The selectivity of acetone decreased at
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200 °C to 75 %, while for CeO, (Merck) the selectivity for acetone at 250 °C still was

zero and at 275 °C increased to 2 %.
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Figure 6-31. Rate of propan-2-ol conversion at 175 to 250 °C for various ceria catalysts.

a) Rate of acetone formation and b) rate of propene formation.

By adding Au to ceria the activity of propan-2-ol conversion was strongly
enhanced. For all Au-catalysts acetone was the main product.

Formation of acetone was induced by deposition of Au for CeO, (Merck) as the
rate of acetone formation was increased from 0.5 to 171 pmol-g” at 225°C. The
formation of acetone was enhanced by a factor of 57 due to deposition of Au for CeO,
(N600) at 225 °C. Highest rate of acetone formation (340 umol-g") was observed for
Au/CeO; (C600) at 250 °C.

Dehydration did not occur at lower temperatures for Au/CeO, (Merck) and
(N600). At 225 °C propene formation took place with low activity (< 5 umol-g™). The
rate of dehydration was increased from 2 to 18 pmol-g™' with increasing temperature from
175 to 250 °C, respectively, for Au/CeO, (C600)

Between 150 and 200 °C exclusively dehydrogenation was observed with 100 %
selectivity for Au/CeO, (Merck) and (N600). At higher temperatures selectivity slightly
decreased. The selectivity of acetone was almost 95 % for Au/CeO, (C600) at all

temperatures.
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Figure 6-32. Rate of propan-2-ol conversion at 150 to 250 °C for various Au supported ceria catalysts.

a) Rate of acetone formation and b) rate of propene formation.

6.3.7.4 Influence of deposition-precipitation agent

A series of ceria and Au/ceria catalysts was prepared to test the influence of the
deposition-precipitation agent on the development of acid and base properties. Ceria
prepared from a nitrate precursor (N100) was incorporated with Au by using urea or
NaOH. The catalysts were pre-treated in a He flow of 20 mL-min™ at 500 °C. The
catalytic activity in the conversion of propan-2-ol was tested in the temperature range
from 175 to 250 °C.

The yields of acetone during the conversion of propan-2-ol at 175 to 250 °C for
Ce0O; (N100) and Au supported CeO, (N100) catalysts are shown in Figure 6-33 a). The
yield of acetone was less than 0.5 % for CeO2 (N100) at all temperatures. For Au/CeO,-
NaOH (1.0, N100) the yield of acetone was less than 1% at 175 °C. However, with
increasing temperature the yield of acetone was increased to 1.8 % at 250 °C. Below
250 °C the catalyst Au/CeO,-NaOH (1.0, N100) was deactivating with time on stream.
However, at 250 °C no deactivation was observed. Compared to CeO, (N100) the yield
of acetone was slightly increased by precipitating Au with NaOH. The yield of acetone
was 3.5 % for Au/CeOs-urea (1.0, N100) at 175 °C. With increasing temperatures the
yield of acetone increased up to 50 % at 250 °C. Below 250 °C no deactivation was
observed. At 250 °C a slight decrease of acetone yield from 50 to 48 % occurred with

time on stream.
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Adding Au to ceria accelerates the formation of acetone only slightly in case of
using NaOH as precipitation agent, whereas, the precipitation of Au on ceria with urea
exhibits an apparent increase in the formation of acetone from less than 1 % to 50 % at
250 °C. But even at low temperatures (150 °C) the yield of acetone was increased with by
one order of magnitude for Au/ceria-urea.

Figure 6-33 b) shows the formation of propene. At temperatures less than 200 °C,
the activity in propene formation for CeO, (N100) and Au/CeO;-urea (1.0, N100)
appeared to be similar having yields of 0.15 to 0.6 % at 150 and 175 °C, respectively. At
200 °C the yield of propene was increased from 0.6 to 2.8 % for CeO, (N100) and to 2 %
for Au/CeO,-urea (1.0, N100). No propene formation occurred for Au/CeO,-NaOH (1.0,
N100) below 225 °C. A small amount (< 0.2 %) of propene was observed for Au/CeO,-
NaOH (1.0, N100) at 225 °C, however after 40 min no further propene formation could
be detected.

At 250 °C yield of propene was 9 % for CeO, (N100) and 4.7 % for Au/CeO;-
urea (1.0, N100). Both catalysts deactivated with time on stream. The yield of propene
was 0.4 % Au/Ce0O,-NaOH (1.0, N100) at 250 °C. In contrast to CeO, (N100) and
Au/CeO;-urea (1.0, N100) Au/CeO,-NaOH (1.0, N100) did not deactivate at 250 °C. The
yield of propene decreased with almost 71 % for CeO, (N100) and Au/CeO,-urea (1.0,
N100) after 70 min.
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Figure 6-33. Yield of acetone and propene during propan-2-ol conversion at 175 to 250 °C for ceria
(N100), Au/ceria-urea (1.0, N100) and Au/ceria-NaOH (1.0, N100).

a) acetone and b) propene.



CHAPTER 6 Au supported on ceria 148

Figure 6-34 a) shows the rates of acetone formation during the conversion of
propan-2-ol at temperature range form 175 to 250 °C for CeO, (N100), Au/CeO,-urea
(1.0, N100) and Au/CeO,-NaOH (1.0, N100). The rates were increased unequally with
form lowest (175 °C) to highest temperature (250 °C) for all catalysts. The rate was
doubled from 1 to 2 pmol-(g's)”’ in case of ceria. While, the activity was slightly
increased from 4 to 11 pmol-(g-s)” for Au/CeO,-NaOH (1.0, N100). an markedly increase
from 22 to 293 umol-(g-s)” was observed for Au/CeO,-urea (1.0, N100).

The rate for dehydration (Figure 6-34 b) was similar for CeO, (N100) and
Au/CeOs-urea (1.0, N100) but no dehydration occurred for Au/CeO,-NaOH (1.0, N100)
at temperatures less than 225 °C. However, at 250 °C the rate of dehydration was
46 pmol-(g-s)™! for CeO, (N100), thus it was almost twice the number of dehydration rate
for Au/CeO,-urea (1.0, N100) and 23 times higher than the one of Au/CeO,-NaOH (1.0.
N100).

The selectivity of acetone decreased from 59 % (175 °C) to 5 % (250 °C, after
350 min) with time on stream and increasing temperature for CeO, (N100). Similar
observations occurred for Au/CeO,-urea (1.0, N100). The selectivity of acetone was 96 %
in the beginning of the reaction, however at 250 °C and 350 min selectivity of acetone
was 84 %. Au/CeO,-NaOH (1.0, N100) showed higher stability and selectivity.
Selectivity of acetone was 100 % until 250 °C and after 170 min. At 250 °C the
selectivity of acetone decreased to 82 %.

At lower temperatures and in the beginning of the reaction Au/CeO,-NaOH (1.0,
N100) showed highest selectivity in the order of the CeO, (N100) catalysts. However, at
high temperatures and in the end of the reaction selectivities for both Au loaded catalysts
were almost the same, whereas the Au/ceria catalyst precipitated with urea was 27 times
more active than the catalyst precipitated with NaOH. Compared to ceria support
Au/CeOs-urea (1.0, N100) was more than 140 times more active in the conversion of
propan-2-ol. At 250 °C and after 350 min dehydration was the main reaction for ceria,

whereas for Au loaded catalyst dehydrogenation was dominating.
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Figure 6-34. Rates of propan-2-ol conversion for ceria (N100), Au/ceria-urea and Au/ceria-NaOH.

a) acetone formation and b) propene formation.

6.3.7.5 Formation of by-products

The formation of by-products under reaction conditions as described above and
reaction temperature at 225 °C occurred only for self-prepared samples. However The
formation of by-products is strongly dependent on pre-treatment conditions as
temperature and atmosphere. By-products (BP) are defined as di-iso-propylether, Ce-
components and ketones (secondary products = SP). Di-iso-propylether is a condensation
product of propan-2-ol, whereas the other products occur in a secondary reaction of

propene or acetone. The detailed mechanism of the formation of by-products is described

in Chapterl.

In Table 6-10 the formation of di-iso-propylether and secondary products (SP) is

given for various catalysts and pre-treatment conditions.

Table 6-10.

treatment conditions.

Formation of by-products over various self-prepared ceria samples depending on pre-

Sample Pre-treatment Byproducts
[T, °C] [Gas] [di-iso-Propylether, %] [SP, %]
CeO, (N600) 500 H, 0.7
Au/CeO, (N600, 1.0) 300 H, 0.4 24
CeO, (N100) 500 He 0.3
Au/CeO,-urea (N100, 1.0) 500 He - 5
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In general, the condensation of propan-2-ol to di-iso-propylether and side
reactions was low. The formation of di-iso-propylether was in all cases less than 1 % and
did not occur in case of Au/CeO,-urea (N100, 1.0), which was activated in helium at
500 °C. In two cases formation of various side products occurred. Secondary products
were formed with 24 % for Au/CeO, (N600, 1.0) activated in hydrogen at 300 °C, while
only 5 % of side products occurred for Au/CeO,-urea (N100, 1.0) activated in helium at
500 °C. The light components as methane, propane and butane as well as C¢H;o and
CesHi2 were less dominant than ketonic species. While Haffad®® described the formation
of secondary products over ceria mainly as C¢H;o and C¢H;, components, arising by
either cationic dimerisation of propene or surface reduction of ceria with propene. For Au
loaded catalysts ketones were observed as dominating species, which requires basic sites

in order to condensation reactions of acetone.

6.4 Discussion

Ceria was either obtained by Merck or synthesized via different synthesis routes.
Self-prepared ceria was derived by precipitation of the nitrate precursor as described in
section 2.1.1. and by calcination of the carbonate precursor.

The samples varied in specific surface area particle size and acid-base properties.
The specific surface area of commercial ceria was with 6 m*g™' relatively low, whereas,
for the self-prepared samples the surface areas increased to almost 50 m*g™'. Thus, one
ceria is not equal to another one, even if they have the same stoichiometry.

The modification of ceria with Au was carried out by the deposition precipitation
method with urea” or NaOH.P” Au-particles were deposited in the nano-size range
between 1 and 7 nm. Higher dispersion and loading of Au resulted via the deposition with
urea than for NaOH.

Acid and base site densities were determined by NH3 and CO,-TPD, respectively.
While, the acid site concentration was either decreased (Au/CeO; (1.0, N600), Au/CeO;-
urea (1.0, N100)), increased (Au/CeO, (1.0), Au/CeO,-NaOH) (1.0, N100)) or not
changed (Au/CeO, (1.0, C600)), the basic site concentration was increased by deposition

of Au for all samples. Ceria is a moderately acidic material with acid site concentration
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between 30 (CeO, N600) and 7 umol-g” (CeO,). Adsorption of pyridine indicates the
presence of Lewis and Brensted acid sites for CeO,. Modification of ceria by gold via
urea deposition changed the surface properties. The Brensted acidity was completely
removed as no characteristic band was observed via adsorption of pyridine. No Brensted
sites were observed for CeO, (N600). In contrast to low surface area ceria, the kind of
acid sites were not changed by deposition of Au with urea. However, the strength and
concentration were decreased by depositing Au onto CeO, (N600). Similar observations
occurred for CeO; (C600) and (N100). Thus, in general the acidity of ceria is decreased
by deposition of Au.

Thermal stability of urea- modified ceria was analyzed by infrared spectroscopy.
The surface was markedly changed as new sites developed during heating. Urea was
decomposed partially into CO, and ammonia during heating, which were almost removed
at 500 °C. However, several decomposition products of urea (1146 cm™) i.e. biuret
(1334 cm™), melamine (1461 cm™), nitrosyls (1975 cm™) and cyanic acid (2169 cm™)
were observed after heating to 500 °C and remain most probably on the ceria surface. The
formation of dinitrosyl complexes with a band around 1910 c¢m™ was described in
literature after reduction of ceria surface and exposition to NO.[*) Mitoraj®® described
the modification of titania with urea and suggested that the resulting surface contains
poly-s-triazines of melem/melon fragments with IR bands at 1325, 1463 and 1616 cm™.
If the new surface sites were active and involved during the conversion of propan-2-ol
was tested by infrared spectroscopy with adsorbed methanol and propan-2-ol,
respectively.

Adsorption of methanol was used to test basic site properties. Methoxy-species
(Ce*"-OCH;) were formed via dissociative adsorption of methanol on ceria. Those
species were also identified for urea and urea/Au modified ceria samples. In addition, a
strong negative band occurred at 1975 cm™ for ceria-urea and Au/ceria after adsorption of
methanol. Thus, the new surface sites were involved in the adsorption mechanism of
methanol. Methanol was decomposed into formate involving surface oxygen atoms.
Further oxidation of formate over ceria was followed by the formation of carbonates.
Over Au/CeO, methanol was dehydrogenated into CO (2170 cm™) during heating. Due to

deposition of Au the oxidation of formaldehyde (1558 cm™) was suppressed and ceria
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was prevented from oxygen release. Methanol adsorption experiments followed by FT-IR
ruled out that the deposition of Au leads to a higher dehydrogenation ability of ceria and
the carbonate formation was suppressed. Similar results occurred for self-prepared ceria
(N100). However, formation of CO by dehydrogenation of methanol after adding Au was
not observed for Au/CeO; (1.0, N100). This indicates that the ability of dehydrogenation
for Au/CeO; (1.0, N100) was less pronounced compared to the low surface area Au/ceria.
Also the carbonate formation was more pronounced over Au/CeO; (1.0, N100) than over
Au/CeQ,. Therefore the surface area influenced the surface reactions of ceria.

In another set of IR-experiments the interaction of propan-2-ol with ceria samples
was investigated. The main differences between ceria and Au/CeO; are (i) the formation
of propene and water over ceria, which was not observed for Au/CeQO,, (ii) the protection
of ceria from carbonate formation by Au, which prevents ceria from oxygen release, (iii)
stronger adsorption of propan-2-ol on Au/CeO, and (iv) deactivation of ceria by the
irreversible adsorption of acetone on strong Lewis acid sites. Latter one might be the
most important change, which explains the high selectivity towards propene in the
conversion of propan-2-ol and the strong deactivation of dehydration over ceria with time
on stream.

The catalytic activity of ceria and Au modified ceria samples was performed in
the conversion of propan-2-ol, which was also used as test-reaction for acid and base
properties. The results observed at 200 °C and carrier-gas flow of 40 ml'min™" are listed in
Table 6-11. The conversion of propan-2-ol decreased form 11 to 1 % for CeO, to CeO;,
(N600 and C600), respectively. The density of active sites decreased at the same time
from 1.3 to 0.5 pmol-m™. While the dehydrogenation was dominating for CeO, and CeO,
(N100), dehydrogenation was more pronounced in case of CeO, (N600) and (C600). This
can be explained by the higher basicity of the latter catalysts. During IR studies with
adsorbed propan-2-ol acetone was irreversibly adsorbed on CeO, which causes the high
selectivity of that sample. For comparison in-situ IR experiments with adsorbed propan-
2-ol were carried out for CeO, (N100) and Au modified samples, wherein also the
influence of the deposition agent was tested. Similar results as for commercial obtained
CeO, with low surface area were obtained, however no acetone was found for CeO, after

heating to 200 °C. The formation of acetone of Au/CeO, (N100) was less pronounced for
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the sample modified with NaOH than for urea. Iso-propoxide species formed during the
dissociative adsorption of propan-2-ol remained on Au/CeO, (N100)-NaOH after heating
to 200 °C. Thus, the activity in the conversion of propan-2-ol of this sample is expected
to be less compared to Au/CeO, (N100)-urea. Methane was formed from carboxylates
involving surface OH-groups over Au/CeO, (N100)-NaOH, which was not observed for
CeO; (N100) and Au/CeO, (N100)-urea. Also propan-2-ol adsorption experiments
followed by IR suggest that Au changes the redox properties of ceria and protects ceria
from carbonate formation, which causes deactivation during reaction.

By the deposition of Au onto ceria the selectivity was changed form dominating
dehydration to almost 100 % dehydrogenation. As dehydrogenation occurred with 75 %
for CeO, (N600) and (C600) the changes were less pronounced compared to CeO, and
CeO, (N100). An explanation for the change of the selectivity can be given by the
decreasing acid site density, which occurred after the deposition of Au. However, metallic
Au will accelerate the dehydrogenation of propan-2-ol, too. Adsorption experiments of
methanol with ceria and Au/ ceria indicated that the basic site strength was increased after
deposition of Au. The deposition of Au via NaOH caused a reduced concentration of Au
compared to the urea deposited catalysts. Thus, the activity of dehydration was
dramatically decreased, but the selectivity of dehydrogenation was 100 %. Also the
formaldehyde formation during adsorption of methanol was less pronounced, which
indicates less activity for Au/CeO,-NaOH (N100, 1.0). Analysis of adsorbed propan-2-ol
turned out, that acetone was strongly adsorbed on Au/CeO,-NaOH (N100, 1.0), which

causes reduced activity for dehydrogenation, too.

Table 6-11. Textural analysis and kinetics in the conversion of propan-2-ol of ceria and Au/ceria.

Sample Sp ectfz::rface coi?gnt Au-Particle Size Acid sites Basic sites "t‘:::g Basicity Conversion Rate (propene)  Rate (acetone) i‘sie;tyl:l;y

[m*g"| [Wt.-%] [nm] [umol-g”] [umol-g"] [umol'm?] [%] [%] [umol(gs)']  [pmol'(ges)']  [%]

CeO, 6 7 0.5 1.3 7 11 32 0.5 2

Ce0O, N600 45 30 3.0 0.7 9 1 1 3 75
CeO, C600 49 22 22 0.5 9 1 1 3 75
CeO,N100 41 24 0.1 0.6 0 3 16 2 11
Au/Ce0, (1.0) 6 0.8 1.4 13 0.9 23 6 6 4 174 98
Au/Ce0O, N600 (1.0) 44 1.0 1.6 19 32 0.5 14 11 2 64 97
Au/CeO, C600 (1.0) 44 1.0 6.9 19 33 0.5 15 27 16 139 90
Au/CeO,N100-urea 44 0.9 1.7 16 0.8 0.4 5 31 10 164 94
Au/CeO,N100-NaOH 37 0.5 - 13 2.0 0.4 13 1 0 5 100

Catalytic results are obtained at T, = 225 °C and Fy, = 40 mL-min’". Catalysts were pre-treated in He-

atmosphere at 500 °C
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As the elimination of hydrogen can in principle also be catalyzed by metallic Au
experiments with different loadings of Au were performed. The selectivity towards
propene was changed from 100 to 0 % already by adding 0.1 wt.-% Au. The activity of
dehydrogenation increased with increasing amount of Au. However deactivation of ceria
was suppressed by modification with Au. The reverse reaction, the hydrogenation of
acetone, took place at very low conversions on Au/CeQ,. At 150 °C, no propan-2-ol was
formed, at 175 °C propan-2-ol was formed with 0.6 % conversion, at 200 °C with 1.6 %
and at 225 °C with 3.1 % conversion. The rate of acetone hydrogenation was significantly
lower than dehydrogenation of propan-2-ol. Both control experiments suggest the

absence of direct Au catalyzed hydrogenation/ dehydrogenation (see Figure 6-35).
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Figure 6-35. Dehydrogenation rate of propan-2-ol and hydrogenation rate of acetone for Au/ceria (1.0).

Control experiments with different pre-treatment conditions, varying the
temperature between 300 and 500 °C and changing from reducing atmosphere to inert
suggest, that Au~ ions act as weak and soft Lewis acid centers. Those stabilize the
alkoxide intermediate, which also enhances the hydride abstraction. The existence of Au"

ions was supported by the results from XPS.

6.5 Conclusions

The high selectivity to dehydrogenation was induced for these novel basic
catalysts (i) as Au and urea destroy the Bronsted acidity and blocks the access to the

Lewis acid sites of the supporting material, (ii) the acetone precursor is not any longer
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irreversibly adsorbed on strong Lewis acid sites, as those are eliminated, (vi) by
suppressing carbonate formation, (vii) new reaction pathways are opened. NO-groups
formed by decomposition of urea during the activation process afford one new route for
dehydrogenation and another one are Au" ions. As the rate of dehydrogenation increases
with increasing concentration of Au and the direct dehydrogenation of propan-2-ol on the
Au particles can be almost ruled out (negligible activity for catalyzing the reverse
reaction), Au particles provide weak and extremely soft Lewis acid sites at the support
metal interface facilitating so the acceptance of hydride ions and accelerating
dehydrogenation. However, the formation of acetone over metallic Au catalyzed
dehydrogenation can not be completely excluded. The interplay of selective poisoning
and formation of new and weaker acid sites, leads to a highly tuneable basic system and
new class of catalysts.

Deactivation of (modified) CeO; is, therefore, attributed to the presence of at least
moderately strong and relatively hard Ce*” Lewis acid sites. Deactivation of ceria is also
decreased, as carbonate formation is suppressed and strong Lewis acid sites are removed
by adding urea and Au. However, this effect depends on the surface area of ceria, and is
more pronounced for low surface are ceria.

Comparison of various ceria samples led to the conclusion that one ceria material
is not equal to another one, even if the same stoichiometry is observed. Different
synthesis methods were tested and ceria samples with almost the same surface area
(45 m>g") were obtained. However, the analysis of acid-base properties turned out
different densities of acid and base sites. Also catalytic performances in the conversion of
propan-2-ol resulted with different activities and selectivities. In general, the acid sites
density was decreased, whereas the basic site density was increased by the modification
with Au for all ceria materials.

The investigation of urea and NaOH as precipitation agent turned out that urea is
more efficient regarding the Au-loading and dispersion. But using urea as deposition
agent changes the oxide surface and opens new reaction pathways in catalysis may be not
only in the conversion of propan-2-ol. Sodium sticks in the pores and therefore activity
decreases. Nevertheless, the use of sodium increases the selectivity to acetone due to

selective poisoning of acid sites.
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The present dissertation includes the development and improvement of solid base
catalysts and their application in liquid and gas phase reactions. The investigation of solid
base catalysts is of great interest, as there are many processes in industry using base
catalysis especially in the field of fine chemistry. The approach of including solid base
materials for the generation of energy as an alternative to fossil fuels and decreasing the
emission of greenhouse gasses i.e. CO, makes it an interesting objective material in the
field of “green chemistry”. The use of mixed oxides derived from hydrotalcite precursors
as solid base catalysts is well established; however there is still scope for development.

The influence of the Mg/Al ratio in mixed metal oxides on the acid/base
properties described in the third chapter was investigated by infrared spectroscopy with
adsorbed probe molecules, as pyridine, CO, and propan-2-ol. Further, the catalytic
performance in the conversion of propan-2-ol which provides an additional test for acid-
base properties of oxide catalysts was studied. Moreover, the influence on the catalytic
properties by the calcination temperature and the sodium content has been investigated in
detail.

High Mg/Al ratio causes high basicity, whereas the acidity decreased. Further on,
sodium suppresses the dehydration reaction of propan-2-ol. However, a complete
removal of sodium influences the dehydrogenation, thus, an optimal sodium content of
HT4 was estimated to 1.2 wt.-%. Removing sodium during the synthesis procedure is
more effective than the post synthesis via Soxhlet extraction. The optimal calcination
temperature for HT4 is determined to 400 °C. Calcination at 600 °C increases the activity
of the catalyst; however, the selectivity is decreased. Calcination of the commercial
catalyst HT2 benefits reactivity and selectivity, an optimal calcination temperature was
determined as 700 °C.

The sol-gel process is an effective synthesis method to obtain homogeneous mixed metal
oxides. Special attention has to be given to factors as pH, hydrothermal treating, washing
and calcination play an important role.

Chapter 4 reflects using the sol-gel process an useful method for synthesizing zinc
modified Mg/Al mixed oxides. Alumina was successfully incorporated in the zinc and
magnesium oxide lattice as additional tetrahedral alumina species appeared with

increasing zinc content and no separate alumina phase was observed during XRD
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analysis. Also the more diffuse lines related to MgO in the XRD patterns with increasing
zinc content indicate an incorporation of Zn>" into the MgO lattice.

A maximum of acidity was found for the sample with highest zinc-content
whereas the strongest acid sites occurred for the catalyst with 46 wt.-% zinc. The
strongest basic sites occurred for a zinc content of 49 wt.-%. This sample was also the
most active one in dehydrogenation and dehydration. A further increase of the zinc
content led to lower activity in the reaction of propan-2-ol, thus an optimum of Mg/Zn
ratio, namely 1:2, was found. The higher the content of octahedral alumina species and
the smaller the acid site concentration the higher the activity was. The selectivity for
acetone formation was for all samples very high (> 95 %).

These results lead to the conclusion, that only small amounts of zinc in a
homogeneous mixed metal ternary system are sufficient to create very highly selective
dehydrogenation/basic catalysts. It is beneficial to add zinc as stabilizer, because catalyst
deactivation due to coking is reduced with higher zinc contents. However, the formation
of carbonates during storage remains a problem of creating stable solid base catalysts.

The activity in the reaction of 1,2-epoxy-octane with hexanol decreased with
increasing acid site concentration of zinc modified Mg/Al mixed oxides. Thus, the ring-
opening of 1,2-epoxy-octane with hexanol in the presence of oxide catalysts is more
likely a base than acid catalyzed reaction. However, the selectivity to 1-
(hexyloxy)octane-2-ol increased with increasing zinc content. Highest selectivity
occurred for MgZnAl (1-2), which was also most active in dehydrogenation of proapn-2-
ol.

In chapter 5 the impact on basic properties by the modification of Mg/Al mixed
oxides derived from LDH precursors with fluorine was established. The fluorination led
to higher basicity (determined by conversion of propan-2-ol). The combination of high
acid site concentration and base site strength benefits the dehydrogenation of propan-2-ol.

Depending on the precursor material, the modification of Mg/Al mixed oxides
with fluorine turned out different influences on structure, surface areas and acid-base
properties. A marked correlation between basic site strength and the activity of
fluorinated catalysts for dehydrogenation was found. Also an influence of the Al-F bond

polarization and the type of the Mg-F structure on the dehydration-dehydrogenation
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activity was found. The optimal degree of fluorination was 14 to 18 wt.-% fluorine. The
reaction of 1,2- epoxy octane with hexanol to 1-(hexyloxy)octane-2-ol decreased with
decreasing medium basic site concentration. Thus, the ring-opening reaction of 1,2-
epoxy-octane with hexanol in the presence of oxide catalysts is more likely a base than
acid catalyzed reaction. This is supported by the results obtained with MgZnAl mixed
oxide catalysts. In comparison of fluorine modified Mg/Al mixed oxides HT4 is the most
appropriate catalyst system for the ring-opening reaction leading to the alkoxylated
product with high activity.

The investigation of Au supported on ceria as a new type of basic catalysts was
described in chapter 6. The high selectivity to dehydrogenation was induced for these
novel basic catalysts by (i) Au and urea which destroy the Bronsted acidity and block the
access to the Lewis acid sites of the supporting material, (i) Au” acting as promoter for
the hydride abstraction during dehydrogenation of the alcohol, (iii) Au suppressing the
formation of carbonates from hydroxyl carbonates existing on ceria surface and (iv) new
basic sites. Latter sites, i.e. NO-groups formed by decomposition of urea during the
activation process afford one new route for dehydrogenation. As the rate of
dehydrogenation increases with increasing concentration of Au and the direct
dehydrogenation of propan-2-ol on the Au particles can be almost ruled out (negligible
activity for catalyzing the reverse reaction), Au particles provide weak and extremely soft
Lewis acid sites at the support metal interface facilitating so the acceptance of hydride
ions and accelerating dehydrogenation. However, the formation of acetone over metallic
Au catalyzed dehydrogenation can not be completely excluded. The interplay of selective
poisoning and formation of new and weaker acid sites, leads to a highly tuneable basic
system and new class of catalysts.

Deactivation of (modified) CeO, is, therefore, attributed to the presence of
hydroxyl carbonates and at least moderately strong and relatively hard Ce*" Lewis acid
sites. Deactivation of ceria is also decreased, as carbonate formation is suppressed and
strong Lewis acid sites are removed by adding urea and Au. However, this effect depends
on the surface area of ceria, and is more pronounced for low surface are ceria.

Comparison of various ceria samples led to the conclusion that one ceria material

is not equal to another one, even if the same stoichiometry is observed. Different
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synthesis methods were tested and ceria samples with almost the same surface area
(45 m*g") were obtained. However, the analysis of acid-base properties turned out
different densities of acid and base sites. Also catalytic performances in the conversion of
propan-2-ol resulted with different activities and selectivities. In general, the acid sites
density was decreased, whereas the basic site density was increased by the modification
with Au for all ceria materials.

The investigation of urea and NaOH as precipitation agent turned out that urea is
more efficient regarding the Au-loading and dispersion. But using urea as deposition
agent changes the oxide surface and opens new reaction pathways in catalysis may be not
only in the conversion of propan-2-ol. Sodium sticks in the pores and therefore activity
decreases. Nevertheless, the use of sodium increases the selectivity to acetone due to
selective poisoning of acid sites. This was also observed in the Mg/Al mixed oxide
catalyst system.

The work contributes the field of solid base materials in the production,
development and investigation of solid base catalysts. The new materials catalyze

dehydrogenation of secondary alcohols with high effeiciency.
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