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Skelettisomerisierung von Butan an sulfatierten Zirconiumdioxid-Katalysatoren
Ein verzweigtes Feld

vorgelegt von Barbara S. Klose
Kurzzusammenfassung

In dieser Arbeit wurde der Einflu von Handhabe und Lagerung auf Struktur und n-Butan-
Isomerisierungsaktivitit von sulfatierten Zirconiumdioxidkatalysatoren untersucht (SZ sowie
FeSZ und MnSZ mit je 0.5 und 2.0 Gew% Metallgehalt), welche mit einem kommerziellen
Ausgangsmaterial pripariert worden waren (Calcinierung bei 823 oder 923 K). Darliber
hinaus wurden Beweise fiir die oxidative Dehydrierung (ODH) als erstem Schritt in der
Aktivierung von n-Butan geliefert, welche zur Bildung von Carbeniumionen als reaktiven
Intermediaten fiihrt.

Die Katalysatoren wurden charakterisiert durch ihre BET-Oberfliche, mittels Rontgen-
beugung (XRD), Rontgenabsorptionspektroskopie (XAS), Thermogravimetrie (TG) und
dynamischer Warmestrom-Differenz-Kalorimetrie (DSC) mit on-line Massenspektrometrie,
des weiteren durch Fouriertransformations-Infrarotspektroskopie in Transmission (FTIR) und
diffuser Reflexion (DRIFTS) durch Adsorption von Sonden oder on-line gaschromato-
graphisch in situ am arbeitenden Katalysator. Die katalytischen Tests wurden bei 323-378 K
(1 oder 5 Vol% n-Butan in N,, Atmosphdrendruck) nach Aktivierung bei 723-773 K in IR-
Zellen oder in Festbettreaktoren durchgefiihrt. Zur Steigerung der Kapazitit wurde ein
Apparat entworfen, der drei simultane katalytische Reaktortests im Labormalstab ermdglicht.
Eine Wirbelschicht aus Sand diente raschem Aufheizen und Abkiihlen, ein Micro-GC der
schnellen Trennung und Quantifizierung von Edukt (n-Butan) und Produkt (Isobutan).

Es wurde gezeigt, dal SZ-Katalysatoren sensible Materialien sind, die strukturelle Verdnde-
rungen sowie einen Aktivititsverlust erfahren, wenn sie mechanischem Stre3 wie Pressen
oder Mahlen ausgesetzt sind, Behandlungen die iiblicherweise zur Probenvorbereitung
benutzt werden. Des weiteren wiesen die Katalysatoren Anderungen in Struktur und Aktivitit
mit der Lagerungsdauer (bis zu 9 Monaten) auf, wobei diese Vorgidnge durch Sattigung mit
Wasser und das Fehlen von Sauerstoff in der Atmosphére beschleunigt werden. Lagerung von
MnSZ in einem Laborschrank ist der Aufbewahrung in einer Glovebox vorzuziehen. Das
Wissen iiber die Empfindlichkeit von SZ-Materialien ist eine wichtige Grundvoraussetzung
zum Erstellen giiltiger Struktur-Aktivitats-Beziehungen.

Im Verlauf der n-Butan-Isomerisierung wird auf SZ-Katalysatoren Wasser gebildet. Wahrend
der Induktionsphase steigt die Isomerisierungsgeschwindigkeit linear mit der Menge an
gebildetem Wasser an. Da die Carbeniumionenintermediate in der Induktionsperiode gebildet
werden, deutet eine gleichzeitige Wasserbildung auf ODH als verantwortliche Reaktion hin.
Bei hohen Temperaturen (573 K) ist Sulfat erwiesenermallen das Oxidationsmittel in der
Totaloxidation von n-Butan unter Bildung von CO,, H,O und H,S. Bei tieferen Temperaturen
(373 K) ist nach der Isomerisierung von n-Butan mit gleichzeitiger Wasserbildung eine
Abnahme der Sulfatbanden zu beobachten (IR), was darauf hinweist, daB3 Sulfat auch in
diesem Prozef3 als Oxidationsmittel dient. In Gegenwart von Mn ist die Isomerisierungs-
geschwindigkeit bei gleicher Wassermenge grofer; die intrinsische Turnover-Frequenz pro
Carbeniumion wird von 10 s™ in SZ auf 10 s™" erhoht. Bisher war man davon ausgegangen,
dall Promotoren wie Fe und Mn die Initiilerung der Reaktion erleichtern, hier konnte ein
Effekt eines Promotors auf die eigentliche Isomerisierung gezeigt werden.
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Skeletal Isomerization of Butane by Sulfated Zirconia Catalysts
A Branched Field

by Barbara S. Klose

Abstract

This thesis investigated the influence of handling and storage on the structure of sulfated
zirconia catalysts (SZ as well as FeSZ and MnSZ containing 0.5 or 2.0 wt% metal each)
prepared from a commercial precursor (calcination at 823 or 923 K) as well as their activity in
n-butane isomerization. Proofs for oxidative dehydrogenation (ODH) as initial step in
activation of n-butane leading to formation of a carbenium ion as reactive intermediate are
presented.

The catalysts were characterized by BET surface area analysis, X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), thermogravimetric measurements (TG) combined with
differential scanning calorimetry (DSC) and on-line mass spectrometry (MS), as well as
Fourier transform infrared spectroscopy in transmission (FTIR) and diffuse reflectance
(DRIFTS) by adsorption of probe molecules and combined with on-line gas chromatography
(GC) in situ on the operating catalyst. Catalytic tests were performed at 323-378 K (1 or
5 vol% n-butane in N,, atmospheric pressure) after activation at 723—773 K in IR cells or in
fixed bed reactors. To enhance the capacity and allow simultaneous tests of catalytic
performance, an apparatus enabling three parallel catalytic reactor tests on laboratory scale
was designed, using a fluidized sand bed for rapid heating and cooling and a Micro-GC for
fast separation and quantification of reactant (n-butane) and product (isobutane).

It could be shown that sulfated zirconia catalysts are sensitive materials that undergo
structural changes combined with a loss in activity when subjected to mechanical stress like
pressing or milling, treatments that are commonly used to prepare samples for different
measurements. Furthermore, the catalysts undergo changes in structure and activity with time
of storage (up to 9 months), whereby water saturation as well as the absence of oxygen in the
atmosphere enhance their velocity. Keeping MnSZ in a laboratory cupboard turned out to be
preferable to storage in a glovebox. The knowledge about the sensitivity of sulfated zirconia
materials is a vital prerequisite for making valid structure—activity relationships.

It could be shown that during n-butane-isomerization water is formed on sulfated zirconia
catalysts and that the rate during the induction period of rising conversion is linearly
correlated to the amount of water. Since the carbenium ion intermediates are built up during
the induction period, the simultaneous formation of water points towards ODH as the
responsible reaction. Sulfate is proven to be the oxidizing agent in total oxidation of n-butane
at high temperatures (573 K) under formation of CO,, water and H,S. After isomerization of
n-butane at lower temperatures (373 K) with concomitant water formation, a decrease of the
sulfate IR bands is observed, indicating sulfate to be the oxidizing agent also in this process.
In the presence of manganese, the rate is higher for the same amount of water; the intrinsic
turnover frequency per carbenium ion is increased from 10° s™ in SZ to 10 s™. So far it has
been believed that promoters such as iron or manganese facilitate the reaction initiation; here
an effect of a promoter on the isomerization itself is proven.
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1. Introduction

1. Introduction

About 85-90 % —and this number is increasing— of all chemical products are made in
catalytic processes.” The term “catalysis” was coined 1835 by Jons Jakob Berzelius in
analogy to “analysis”.’ A catalyst changes the kinetics of a thermodynamically possible
reaction by opening a new reaction pathway with lower activation energy. Thus, the catalyst
speeds up the chemical reaction so that it proceeds at lower temperature and pressure. Once
initiated, the catalytic process is undergone repeatedly since the catalyst is restored in its
original state in the end of the catalytic cycle. Because of experimental uncertainties, the
number of product molecules formed per surface site on a heterogeneous catalyst has to
exceed 100 to distinguish a catalytic from a stoichiometric reaction.” Most substances that are
called a catalyst are only a “precatalyst” (Prakatalysator), a precursor that transforms into the
catalytically active species under certain activation treatment, which can also be exposure to
the reaction conditions.

Without catalysis there would be no worldwide mobility, as catalysts are necessary for
synthesis of fuels. A catalytic process which has caused much interest in petrochemistry since
it was first reported in literature 43 years ago by Holm and Bailey’ is the skeletal
isomerization of n-alkanes catalyzed by sulfated zirconia-based catalysts. Branched alkanes
are used as fuel components that improve the combustion properties because of their high
octane numbers. Isobutane, which has a research octane number of 100.4,5 is not added
directly to gasoline but used for the production of alkylate or —after dehydrogenation— the
synthesis of ethers like methyl #-butyl ether (MTBE). In the end of the 1970ies, Hino and
Arata showed that sulfated zirconia catalyzes skeletal isomerization of n-butane already at
room temperature.”” Under standard conditions (298 K), the reaction enthalpy, entropy, and
Gibbs free energy for n-butane isomerization are as follows: AH°=-7 kJmol’,
AS°=15] K! mol'l, AGe = -23KkJ mol % Low temperatures are, thus, most desirable for
this type of reaction, since the equilibrium is shifted towards the desired product (branched
alkane). In the thermodynamic equilibrium, 45 % isobutane are present at 453 K, at 311 K
even 75 % of butane is isomerized.” Other catalysts for n-alkane isomerization are strong
liquid acids, such as HE/SbFs,” which are corrosive and difficult to handle, and chlorided
alumina or zeolites as solid acids that allow to profit from the easier separation of the product
from the catalyst in heterogeneous catalysis and to avoid the use of hazardous mineral acids.
Chlorided alumina was used already in 1941 for the first commercial n-butane isomerization
unit in the United States.”” This catalyst is operated at quite low temperatures between 393 K

and 453 K, but chloride is lost and has to be added constantly. The zeolite-based processes are
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1. Introduction

more environmentally friendly but require higher temperatures of 533 K. The technical
catalyst based on sulfated zirconia is active at low temperatures (353 K) and contains Pt
among several other promoters to increase the rate and avoid deactivation.

After more than 25 years of research, the mechanism of the industrially important skeletal
isomerization on sulfated zirconia is still not understood in detail and no convincing
structure—activity relationship has evolved. The aim of this thesis is to reveal influences of
storage and handling on sulfated zirconia catalysts and to elucidate the mode of operation of
these catalysts as well as the role of the promoters in the process of isomerization with help of
catalytic tests and infrared spectroscopy. To increase the number of tests, a reactor system
should be designed for advanced through-put.

The thesis is structured as follows: The fundamental knowledge on sulfated zirconia is
summarized in Chapter 2 ending with the presentation of the work strategy. The synthesis of
the catalysts and methods for their characterization are described in Chapter 3 presenting
some first results about the amount and thermal stability of the sulfate (Chapter 3.3) and the
infrared spectra of the activated catalysts (Chapter 3.4). In Chapter 4, the design and test
results of a three-channel fixed bed reactor for parallel catalyst testing are presented. Chapter
5 deals with the handling of sulfated zirconia-based catalysts investigating their sensitivity
towards mechanical stress and long-time storage under different conditions. In Chapter 6,
infrared spectroscopy is used for probing the sites on sulfated zirconia-based catalysts by
quasi in situ CO adsorption and observing the interactions of H, and the reactant, n-butane,
with the catalysts. In Chapter 7, the processes during activation, reaction and deactivation are
monitored in situ by infrared spectroscopy, and regeneration procedures are evaluated. The
conclusions about the n-butane isomerization on sulfated zirconia are summarized in models

for activation and the initiation of the catalytic cycle in Chapter 8.



2. Literature Overview about Sulfated Zirconia-Based Catalysts

2. Literature Overview about Sulfated Zirconia-Based Catalysts

Due to their catalytic power in alkane isomerization, catalysts based on sulfated zirconia
(““SZ”) have been subjected to intensive research in the last 25 years. Numerous overviews

have been written about the catalysts themselves as well as the catalyzed reactions.’’

2.1 Structure of the Zirconia Bulk

Zirconia appears in three polymorphs under atmospheric pressure: monoclinic, tetragonal,
and cubic zirconia; at high pressures orthorhombic phases are formed.” The room
temperature stable monoclinic a-phase (m-ZrO;) is transformed into the tetragonal B-phase
(t-ZrO,) at 1373 K and into the cubic y-phase (c-ZrO,) at 2573 K. In t-ZrO as in ¢-ZrO, the
coordination number of Zr is eight, while the O ions are fourfold coordinated. Due to lower
symmetry in m-ZrO,, Zr is only heptacoordinated, so that two kinds of O ions exist, which are
either trigonal planar or tetrahedrally surrounded by Zr.

However, at room temperature zirconia has not necessarily to be monoclinic, other phases
can be stabilized or exist as metastable phases. Ali et al.”’ investigated the zirconia phases
during the calcination of amorphous zirconium hydroxide using in situ XRD. They found that
the hydroxide remained amorphous up to 573 K, crystallized into a metastable c-ZrO, rich
phase at 673 K that transformed into a t-ZrO; rich phase upon heating to 873 K, and finally
underwent a transition to a m-ZrO, containing phase mixture at 1073 K; upon cooling to room
temperature the m-ZrO, fraction increased. A rise of the final m-ZrO, amount with increasing
calcination temperature has been generally observed.””’’ Garvie attributed the phase change
t-ZrO, — m-ZrO, during calcination to a crystallite size effect: Due to the higher surface
energy in comparison with m-ZrO,, formation of the tetragonal phase is favored until a
critical crystallite size of ca. 30 nm is reached, at which the difference in the bulk energies
compensates the difference in surface energies.”””” Bouvier et al. used the size effect to
prepare nanocrystalline zirconia that was tetragonal and contained less than 1 wt% m-ZrO,;
upon high pressure (8-30 GPa) c-ZrO, was obtained.” Explanations that have been proposed
for the stabilization of t-ZrO, at low temperatures other than particle size are oxygen
vacancies,” Zr vacancies close to OH™ ions that occupy O sites,’® and pressure induced strain,
which was assumed to be dependent on the degree of polycondensation.’”

Metastable phases are also formed in the presence of anionic or cationic impurities, e.g.
t-ZrO, and c-ZrO; are stabilized by metal oxides that are incorporated into zirconia in form of
a solid solution.”®** Addition of sulfate to zirconia prior to calcination results in stabilization

of the tetragonal phase.””* As for pure zirconia, the m-ZrO, fraction increases with
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calcination temperature, but the decrease in surface area is decelerated and the t-ZrO, —
m-ZrO, phase transformation shifted to higher calcination temperatures.””** For many years it
was believed that the tetragonal phase is necessary for the catalytic activity of sulfated

zirconia in n-butane isomerization;“ more recent work revealed that monoclinic and cubic SZ

. . . 44-46
can also be active in this reaction.

2.2 Structure of Sulfate

By doping with sulfate, zirconia is transformed into a catalyst for skeletal isomerization.
Activity is, thus, related to the structure of sulfate, which has been investigated intensively.

Many models have been proposed explaining the strong acidity of the materials and assuming

15,27

that the sulfate is located at the surface. In several published structure models, SO42' i

connected to zirconia via three oxygen bridges (tridentate),””*

11,13,49

or via two oxygen bridges

(bidentate) either chelating one Zr cation 2032

or bridging two Zr cations; a nearly Csy
symmetric monodentate species corresponding to adsorbed SO; that is transformed into
adsorbed sulfuric acid upon water addition has also been proposed.” Pyrosulfate species,

S,0-%, have been suggested to exist at higher sulfate coverage.”*”

If SZ is not totally
dehydrated, hydrated states of sulfate will be present.”* Hydroxyl groups might be attached to
S or Zr,””® but OH bridging S and Zr has been proposed as well.””% In Fig. 2-1, the most

prominent structures of dehydrated sulfate species are presented.

@)
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7 | | | | |
tridentate monosulfate bidentate monosulfate tetradentate pyrosulfate
Fig. 2-1: Possible sulfate structures on dehydrated zirconia surface.

Clearfield et al. proposed a bidentate adsorbed bisulfate species in vicinity of two
coordinatively unsaturated (cus) Zr sites, which are created by dehydration at 573 K and act
as Lewis sites, to be responsible for superacidity (Fig. 2-2, left).” White et al. suggested a
penta-coordinated sulfur resulting from adsorption of SO; in a way that one oxygen atom
remains double-bonded, the other two oxygen atoms are bridging two zirconium atoms each,

and the sulfur is bridging two oxygen atoms from the zirconia lattice (Fig. 2-2, right).”
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Fig. 2-2: Proposed sulfate structures in literature.

The occurrence of numerous models allows assuming a coexistence of different sulfate
structures, which are flexible and strongly dependent on coverage and the degree of hydration.
In 2004 DFT calculations on the surface structure of tetragonal SZ have been published by
Hofmann and Sauer for different loadings of H,O and SO; (or H2SO4); evaluation of the
relative stability of the species —including H,O, [H,OH], SOs, [H HSO4], [2H",SO04*],
[H",HS,07], and [2H",S,0,7]— by statistical thermodynamics for different temperatures and
pressures showed that only mono- and pyrosulfates, but no more highly condensated sulfates

62
may OCCur.

2.3 Acidity and Acid Sites

SZ was first believed to be superacidic because of its ability to isomerize saturated
hydrocarbons,’ a reaction that in liquid phase is catalyzed by superacids like FSOsH-SbFs or
HF-SbFs as described by Olah et al.” Superacidity was mentioned for the first time by Hall
and Conant in 1927.% According to Gillespie, superacids are defined as acids exceeding the
strength of 100 % sulfuric acid and, thus, possessing a Hammett acidity function of
H,y<-11.9.% Indeed, for SZ Hy<-16.04 was found, so that the material was claimed to be
superacidic.” However, Hammett’s indicator technique was established for protic acids in
liquid phase, assuming equilibrium between a Hammett base B —typically an aromatic
indicator compound showing a color change upon protonation— and its conjugate acid BH"
with the acid constant Kp+.°® From the concentrations ¢ of the different species, the acidity

function H, is defined as:

c +
H,=-1gkK, . -lg-*"—=pK

B BH*

(Eq. 2-1)

Due to size and aromatic nature of the indicators, interactions between Hammett bases and
solids acids might have other reasons than acidity. Accordingly, the validity of this method

for acid strength determination of solid catalysts was questioned.”’
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At the surfaces of oxides, generally, two different types of acid sites may be present:
Bronsted sites consisting of hydron-donating OH groups and Lewis sites created by cus metal
ions (of zirconium or promoters in zirconia based materials). The acidity is then characterized
by type, number, and strength of the acid sites. These quantities are determined by adsorption
of probe molecules. To obtain information about the type of sites, the adsorbed species or
changes of the adsorbent due to interaction with the absorbate are monitored using techniques
such as IR and NMR.” Amount and strength of the sites are accessible by temperature
programmed desorption (TPD) experiments or by calorimetry combined with barometric-
volumetric measurements, so that differential heats of adsorption may be determined. Typical
probe molecules for acid sites are small molecules of different basic strength such as pyridine
and CO.

Since first proposed as probe for solid acids in 1963, pyridine has become one of the
most commonly used probes, because Bronsted and Lewis sites can be determined
simultaneously and be distinguished due to appearance of certain bands in the IR spectra.
However, adsorption of pyridine results in a shift of the S=O stretching vibration, suggesting
a change of the electronic structure of the sulfate.”” Sikabwe et al. found a decreased thermal
stability of sulfate in the presence of pyridine for promoted SZ, leading to oxidation indicated
by SO, and CO, production during TPD.”” Srinivasan et al. confirmed oxidation of pyridine
during TPD on SZ, PtSZ, and FeMnSZ, claiming that the oxygen is supplied mostly by the
sulfate but also by the metal oxide lattice.”” Morterra and Cerrato observed that only the
Bronsted acidity was detected correctly, while the acidity of the Lewis sites was
overestimated to a degree that depends on the surface concentration of sulfates.”

Another widely used probe is CO. When adsorbed at room temperature only the strongly
acidic Lewis sites are probed, while at low temperature (77 K) also weak interactions with
Bronsted sites are detected. CO adsorption is usually combined with IR spectroscopy, by
which the perturbation of the CO stretching vibration due to adsorption is monitored. The
shift of the corresponding IR band from the gas phase position at 2143 cm™ is used as
measure for acid strength. Brensted sites are identified by a shift of surface OH groups. In
spite of numerous investigations with CO adsorption, the activity of SZ at low temperatures
and the role of the promoters could not be explained. The number of Lewis sites detected with
CO is strongly dependent on the degree of hydration; it grows with increasing temperatures of

60,73

activation or calcination. This is explainable by a water-induced transformation of Lewis

50

into Bronsted sites, which has been observed before.”” Bronsted acid sites’* as well as Lewis

acid sites” or a combination of both?’ have been suggested to be responsible for activity.
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Many groups could not detect superacidic sites on SZ; instead the acidity was found to be
in the same range as that of strong zeolites. Kustov et al. concluded this from the IR shifts of
the hydroxyl groups upon benzene adsorption that amounted to 200 cm™ for SZ and were,
thus, larger than the shifts of silanol groups (120—140 cm™) but smaller than those in HX
(240-260 cm™), HY (280320 cm™) or HZSM-5 (350 cm™).”” Smaller OH shifts than in
acidic zeolites were also observed after CO adsorption on SZ under saturation conditions.”
Using acetonitrile adsorption monitored by 'H-NMR and FTIR spectroscopy, Adeeva et al.
detected a Bronsted acidity similiar to that of HY but smaller than that in H-ZSM-5.”” Based
on their results from low temperature (77-373 K) benzene conversion on SZ, Ghenciu and
Farcasiu explained the activation of saturated alkanes on SZ by a high one-electron oxidation
ability.”® However, in the recent literature SZ is still called superacidic by part of the

- 26,79,80
community.””"”

2.4 Promoted Sulfated Zirconia

84-86

Main group metals such as Al*"** and Ga,” transition metals like Pt, especially first

row transition metals®”*® in cationic form act as promoters in skeletal isomerization reactions.

Among them, iron and manganese were most intensely studied, in

18,70,71,77,81,87,89—111 14,88,94,97,101,108,112

combination and as single promoters, whereby some

2094101 o 3 combination of both

authors could not find a promoting effect for manganese
promoters.”3

The increase of isomerization activity by addition of promoters to SZ was first explained
by an increase in acidity of the catalyst, according to the idea of an acid-catalyzed
reaction.””* This had to be dismissed, since the experiments that led to this conclusion were

70,71,91

proved to be misleading, and several groups detected similar or even decreased acid

strength upon addition of Pt, Ni, Fe or Mn.””**’!* Instead, a redox function in the reaction

initiation (see Chapter 2.5) has been attributed to the promoters,”*%%/%’

and, as evidence, a
more active material after activation in oxidizing atmosphere than after activation in inert gas
has been put forth by Wan et al.”’ and by Song and Kydd'” for mixed FeMn-promoted
catalysts. It could be shown that manganese and iron are at least in part incorporated into the
zirconia lattice,” but it is not clear if and how they participate in the alkane activation and

reaction.
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2.5 n-Alkane Isomerization Mechanisms

The catalytic cycle of n-alkane isomerization on SZ is believed to proceed via adsorbed
carbenium ions, as it was suggested by Nentitzescu and Cantuniari for wet aluminum chloride
in 1933.”” Discussion is ongoing about two points, (i) the reaction initiation, i.e. the
activation of the alkane leading to formation of the carbenium ion, and (ii) the isomerization
itself. Fig. 2-3 presents the suggested steps for the reaction mechanism of n-butane

1somerization.

Initiation H. . H + Catalytic cycle

-H (mono- / bimolecular)
n-butane isomerization

very
strong B /\

+H*

+
+
-H
strong L ads ads
-H,0 hydride
transfer
. +*H ot so
oxidized strong B P
catalyst
reduced

catalyst /\/

Fig. 2-3: Mechanism of n-butane isomerization with three different possibilities for the initial step.

So far, no universally acknowledged picture of the initial step for the reaction mechanism
and the nature of the active sites has evolved. Three possibilities have been proposed for

formation of the first carbenium ions: (i) protonation of the alkane by very strong Bronsted

116

acid sites via an alkanium (carbonium) ion-like transition state,”'” (ii) hydride abstraction by

strong Lewis acid sites,”’” or (iii) oxidative or non-oxidative dehydrogenation of the alkane
with H,O or H; as byproducts followed by protonation of the resulting alkene by moderately

strong Brensted acid sites.’!’’ The first two mechanisms are in analogy with alkane

63,120

isomerization in liquid superacids; the third one is supported by the fact that addition of

butene to the feed resulted in higher n-butane conversion.”*’*' /%

Using alkene-purified feed
on SZ, Hong et al. were able to detect H, evolution during n-butane isomerization,””* while Li
et al. observed water formation in situ by infrared spectroscopy.’?* Since promoters were not
found to increase the acidity, they are believed to further the oxidative dehydrogenation

125

(ODH) pathway; as evidence served the presence of Fe* in the deactivated catalyst'”’ and a
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higher conversion after activation in air instead of He.” However, these different mechanisms
and the involved sites are still controversially discussed.’’*/?*/?/
The induction period that is observed for SZ-based catalysts until the maximum activity is

102,103 e : i :
’ Their isomerization

reached has been attributed to the accumulation of carbenium ions.
is performed in two steps, (i) the skeletal rearrangement to the isoproduct followed by (ii) a
hydride transfer from incoming reactant molecules to the isomerized carbenium ions, so that

120 . . . .
d.”©" For the isomerization in

the isoalkane is desorbed while new carbenium ions are create
step (i), two different pathways are discussed, a monomolecular (intramolecular) or
bimolecular (intermolecular) mechanism. Since the monomolecular isomerization is
proceeding via a protonated cyclopropane complex, it is believed to occur for C,Hzn:r with
n>5, but has been questioned in case of n-butane because of the necessary formation of a
primary carbenium ion, which is about 105 kJ mol” less stable than a secondary one.’?’
Instead, a bimolecular mechanism, also known as “conjunct polymerization”,m’”g has been
proposed involving a Cg intermediate formed from the n-butane carbenium ion and butene,
which is either present as impurity in the feed or formed via (oxidative) dehydrogenation of

% Mass spectrometric investigations showed that reaction of double *C-labeled

n-butane.
n-butane on SZ at 403 K led to a binomial distribution of 14 labeled atoms in the product
supporting a bimolecular mechanism,””’ while at 523 K the monomolecular mechanism
seemed to be favored.””’ Suzuki and Okuhara proved an increasing contribution of the

. g . . 132
monomolecular mechanism with increasing temperature.

2.6 Deactivation

Usually, at higher conversions, deactivation of sulfated zirconia-based catalysts is
observed. To sustain high activity, this phenomenon has to be prevented and was, thus,

studied intensively. Several reasons have been proposed for the deactivation of SZ: (i) coke

19,41,118,133—-144 145

formation, which has been excluded by other authors,” (ii) sulfur loss as

H,S,"¥7% (iii) reduction of Zr*",'" (iv) a t-ZrO, — m-ZrO, phase transformation,*/*® or
(v) poisoning by water.”” For promoted SZ, deactivation has been explained by reduction of

the promoter for Fe-containing SZ by Millet et al.’?

However, Yamamoto et al. reported that
the valence of Fe was unaffected by n-butane.’”* Mn reacted upon exposure to butane,’” but
not in a way that could be correlated to the catalytic performance as evidenced by in situ
XAS."*”* This makes clear the importance of in situ studies. However, most investigations
were carried out ex situ comparing the catalyst state before and after reaction, without

monitoring it in the active state.
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2.7 Strategy

As shown above, it is known that sulfated zirconia is able to isomerize small alkanes like
n-butane at low temperatures via adsorbed carbenium ions, and that its activity can be further
enhanced by addition of metal cationic promoters. However, the nature of the active sites is
still controversially discussed, the reaction mechanism as well as the role of the promoters
therein is not fully understood, and a structure—activity relationship is missing so far. Thus, in
this thesis several starting points were chosen:

(1) The mechanism of n-butane isomerization is still under debate, especially the reaction
initiation and the isomerization itself. This thesis concentrates on the first point, the
investigation of butane activation resulting in reactive carbenium ion intermediates. At
low temperatures and n-butane partial pressures, sulfated zirconia catalysts undergo an
induction period. Diffuse reflectance IR spectroscopy was used in situ, during batch and
flow experiments, to investigate changes of the catalyst’s functional groups during this
period and to detect possible by-products, resulting from different initiation pathways. To
understand the chemical behavior of the catalysts and the role of the promoters for the
catalytic process, interactions of the reactant with the catalyst were studied at different
temperatures in the absence and presence of manganese and iron as promoters. In situ
catalytic tests were performed to investigate regeneration and the influence of different
activation pretreatments.

(2) SZ catalysts are essentially metastable, as they consist mainly of the tetragonal zirconia
phase. In this thesis, the phase stabilizing effects of promoters and sulfate on the defective
crystal structure were systematically investigated, the latter exposed to mechanical stress
and hydrothermal conditions as well as to water- and oxygen-depleted atmosphere.
Knowing the influence of these treatments on the solids allows in turn the generation of
structurally different samples from the same parent material. Such catalysts are ideally
suited to establish structure—activity relationships, which is the ultimate goal in
understanding catalysis, since from these relations a rational catalyst design is possible. A
correlation between solid state chemistry and reactivity is thus another focus of this thesis.

These two points are closely linked. The structure of the catalyst determines the nature of the

sites and their interactions with reactant and products, which via the kinetics can influence the

mechanism of the reaction initiation and the resulting catalytic activity.
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3. Synthesis and Characterization of Sulfated Zirconia-Based Catalysts

3.1 Synthesis of Zirconia and Sulfated Zirconia-Based Catalysts

The synthesized compounds used for this thesis were pure zirconia (“Z”) as reference
compound, sulfated zirconia (“SZ”), and sulfated zirconia promoted with 0.5 or 2.0 wt% iron
(“FeSZ”) or manganese (“MnSZ”). Zirconium hydroxide (“ZH”) and sulfated zirconium
hydroxide (“SZH”) served as precursors (both MEL Chemicals). According to the
manufacturer, SZH contains (NH4),SO4 equal to an SOs content of 5-6 wt% on the ZrO,
content of 70-80 %. Before further processing, the material was dried for 21 h at 383 K and
cooled to room temperature in a desiccator. The desired amount of iron or manganese was
introduced via the “incipient wetness” method: Fe(IIl) or Mn(II) nitrates were dissolved in
just as much water as necessary to wet the used amount of SZH, and the obtained solution
was added dropwise under vigorous stirring to the powder. The solution concentration was
chosen such that the final promoter content —estimated on the basis of TG measurements
showing that 74 % of the precursor remained after thermal treatment as “sulfated zirconia”—
was 0.5 or 2.0 wt% metal. The resulting powder (“FeSZH” or “MnSZH”) was dried at room
temperature before calcination at 923 K. ZH and SZH were calcined at a lower temperature
(823 K) to achieve a higher fraction of tetragonal phase in the product. The temperatures were
selected according to recommendations in the literature; good performance is reported for
promoted sulfated zirconia after calcination at 923 K and for unpromoted sulfated zirconia
after calcination at 823 K.//# In Tab. 3-1, the colors of all samples before and after
calcination are summarized as well as their denotation as used in this thesis; the promoter

content in wt% appears as one-decimal number in front of the sample name.

Tab. 3-1: Colors and nomenclature of the samples synthesized for this thesis

uncalcined sample  color before calcination calcined sample color after calcination
ZH white YA white

SZH white SZ white
0.5FeSZH light yellow 0.5FeSZ light orange
2.0FeSZH ochre 2.0FeSZ orange
0.5MnSZH pale pink / tan 0.5MnSZ light bluish grey
2.0MnSZH pale brown 2.0MnSZ bluish grey

Calcination was performed in 20-25 g portions in a boat of 2 mm thick quartz with a

volume of 17.1 ml (see Fig. 3-1). The sample bed temperature was monitored by a
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thermocouple positioned in the middle of the bed. During heating to the desired calcination
temperature, an exothermal reaction occurs leading to an overshoot of the bed temperature.
The so called “glow” phenomenon was reported in 1812 by Berzelius for antimonates and
antimonites,””” and observed by Davy when he heated hydrated zirconia.””’ The temperature
release is dependent on the calcined amount as well as its packing.””’ Due to the small heat
conductivity of the catalyst powders, temperatures above the desired calcination temperature
may be reached during calcination of larger and more compactly packed amounts. The
activity of the catalyst samples in n-butane isomerization increases with the size of the quartz

boat.’”?

Thus, the largest boat was used to obtain most active samples. Fig. 3-2 shows the
glow phenomenon during calcination; it is observed first for pure zirconia, then for sulfated
zirconia, and finally for the promoted samples, except 0.5MnSZH. For all other samples, the

maximum oven temperature of 823 K or 923 K is exceeded during the glow.

1000
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Fig. 3-1: Image and drawing of the | Fig. 3-2: Glow phenomenon during calcination
17.1 ml quartz boat for calcination. (3 K/min, 200 ml/min synthetic air).

3.2 Analysis of the Phase Composition in Zirconia-Based Catalysts by XRD

As described in Chapter 2.1, zirconia exists in different crystalline phases. To determine
the phase composition of the catalyst powders, they were analyzed by X-ray diffraction
(XRD) either in transmission or in reflection (Bragg—Brentano) geometry. In the following the
principles of X-ray powder diffraction and the data analysis are described; results are

presented and discussed in subsequent chapters.

3.2.1 X-ray diffraction (XRD)

The lattice planes in a crystal are designated as (hk/) and characterized by the Miller

indices, A, k, and /, which are the reciprocals of the intersections between the lattice plane and
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the three crystallographic axes that span the unit cell of the crystal.”” The incident X-ray
beam (Sy) and the lattice planes have to be oriented in a certain angle (9) to allow diffraction
(Fig. 3-3, left). Beams reflected at parallel lattice planes in the distance (d,) interfere
constructively and give an intensity maximum, which occurs as peak in the X-ray
diffractogram, if their path difference, 2- 4B, is an integer of the wavelength (A1). This
condition is described by Bragg’s law: '**

n-A=2-d,, -sin9 with n €N Eq. 3-1

5

8
P gy
lattice i \

planes

(hkl) ~ . dhkl

0 T T T T
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Diffraction angle Cu Ka26 / °

Relative intensity (%)

Fig. 3-3: Bragg diffraction at lattice planes (left) and resulting X-ray diffractogram of zirconia
(right). Sy = incoming X-ray beam of wavelength A; S = outgoing X-ray beam; r = diffraction
vector, § = Bragg angle; dwyy = distance between lattice planes; 2-4B=d,, -sin 3 = phase
difference.

The X-ray diffractogram (Fig. 3-3, right) is the pattern obtained by plotting the intensity of
the diffraction lines versus the angle 29. In powder samples with randomly oriented
crystallites, the same amount of crystallites has the right orientation for diffraction for all
lattice planes. If, instead, a certain orientation is preferred the intensity of some reflections is
lowered or increased. Information about the lattice parameters is available from the peak
position. The sharpness of the diffraction lines is determined from their intensity together with
their breadth (f), which is either described by the full width at half maximum (FWHM) or the
integral breadth (£), i.e. the peak area divided by the peak height. Apart from instrumental
broadening, S is increased with decreasing crystallite size and nonuniform strain due to lattice
imperfections. If the broadening is caused by small crystallite size alone, the apparent
crystallite size (¢) is related to the FWHM of one peak via the Scherrer equation, whereby ¢ is
correlated to the volume weighted thickness of the crystallite (L) by a form factor (1.0 > K >
0.89), which is 0.94 for cubic crystallites:’*>""*°

iy =— 2% o 4K Eq. 3-2
g-cos$ L-cosd
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A multi-peak method for determination of both size and strain is the so called Williamson—
Hall analysis.””” Here, the integral breadth is separated into particle size broadening and strain
broadening. By plotting £ cos 8 versus sind the apparent crystallite size and the strain (§) are

extracted from the intercept and the slope via Eq. 3-4:

ﬁi :ﬂvize—l_lgstrain = l +2-§~tan19 Eq 3-3
) £-cos9
A )
Bi-cos@=—+2-&£-sin Eq. 3-4
&

3.2.2 Sample Preparation and Data Analysis

Prior to the X-ray diffraction analysis, the loose powders were usually mixed 1:1 by weight
with sieved a-Al,O3; (corundum) as standard. This was achieved by gently shaking to avoid
mechanical stress (see Chapter 5.1). For measurements in transmission geometry a thin layer
of powder was fixed between two foils (Mylar) with help of X-ray amorphous grease; for
measurements in reflection geometry a cup of certain size was filled with the sample. The
resulting diffractograms were normalized to the intensity of the 113 reflection of corundum at
43.3°. The phase composition of zirconia in the catalysts was then determined by fitting the
diffractograms using PowderCell v2.4 by Kraus and Nolze. First only the peaks of the
standard were fitted with a Gaussian line profile to the structure of corundum (ICSD 31548)"
excluding the 2.9 regions with many reflections of ZrO, (<15°, 26°-34°, 47°-52°, 58°—65°,
79°-87°) to obtain the zeroshift; then the lattice parameters and scaling factors for monoclinic
(m-ZrO;) and tetragonal zirconia (t-ZrO,) were determined by fitting with a Lorentzian line
profile to the structures of m-ZrO, (ICSD 18190) and t-ZrO, (ICSD 68589). The scaling
factors give information about the ratio between m-ZrO, and t-ZrO,. The mass absorption
coefficients of m-ZrO, (¢, = 1.2068) and the matrix (u, = 0.7763) were determined from a
calibration for mechanical mixtures of pure m-ZrO, with a-Al,Os, by fitting the plot of the

theo

theoretical mass fraction of m-ZrO, (¢/") versus experimental mass fraction determined by

PowderCell (¢*). The fraction of m-ZrO, in the samples was calculated using the equation

obtained by the fit:

exp
c. U
h
clheo = B Eq. 3-5
exp |

ci (lul _ﬂnz)+ﬂnz

"'W. Kraus, G. Nolze, Federal Institute for Materials Research and Testing, Rudower Chaussee 5, 12489 Berlin, Germany
(http://users.omskreg.ru/~kolosov/bam/a_v/v_1/powder/e cell.htm; accessed 06.07.2005).

T Inorganic Crystal Structure Database (ICSD), maintained by the Fachinformationszentrum (FIZ) Karlsruhe
(http://icsd.fkf.mpg.de; accessed 06.07.2005).
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3.3 Analysis of amount and thermal stability of the sulfate by TG-DSC

3.3.1 Motivation

The sulfate content of hydrous sulfated zirconia, the SZ precursor, is 5-6 wt% SO;
according to the producer. During calcination for 3 h at 723-923 K, the sulfate content is
known to decrease with increasing calcination temperature.””® To determine the actual amount
of and the effect of the promoters on the sulfate in the crystalline oxides after calcination at
823 (SZ, 2.0MnSZ) or 923 K (Fe or Mn promoted SZ), experiments were performed on the
catalysts in combination with differential scanning calorimetry. Before presenting the results,

the principles of TG and DSC methods are summarized.

3.3.2 Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)

TG and DSC belong to the field of thermal analysis.””’ In TG, mass changes are measured
with temperature or time. The measured quantity is the mass change with respect to the initial
mass in %. The speed of mass changes is envisioned by the first derivative of the TG curve
with time, the so called DTG curve. From these curves characteristic temperatures are
determined: T; and T, are the temperatures of the first and the last visible mass change, T¢/T¢’
and T¢/Ty¢ are the extrapolated start- and end-temperatures that are defined by the intersection
of inflection point tangent and baseline, T, is the temperature of the peak maximum (Fig.
3-4). Experiments are carried out either with constant heating rate, with stepwise temperature
changes, or isothermal. To remove gaseous reaction products, the sample is purged with inert

gas (Ar); analysis of the gas phase is achieved by online mass spectrometry (MS).

A A
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o op O 00 :
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O
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(&)
Fig. 3-4: TG and DTG curves with characteristic | Fig. 3-5 Peak in DSC curve with characteristic
temperatures. temperatures.

Modification of figures from Hemminger and Cammenga’’ pp. 93, 131
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In DSC, the difference in heat flow to the sample and a reference is measured with
temperature. If heat is generated or consumed by an exo- or endothermic reaction of the
sample, the heat flow from the sample will be larger or smaller than the heat flow from the
reference and the temperature difference between sample and reference (A7) that is
proportional to the heat flow (®,), i.e. the amount of heat (g,) per time generated by reaction,
will deviate from zero.

D :%zK-ATSR Eq.3-6

A calibration, in which a known amount of heat is released in the sample, is necessary to
determine the factor K and allow for calculation of the heat flow. The characteristic
temperatures of reaction begin (T;, extrapolated T.) and end (T,, extrapolated Ty) and of the
peak maximum (T,) are determined in the same way from the DSC curve as from the TG
curve as shown in Fig. 3-5.

The temperatures of the first and the last visible deviation from the baseline, T; and T., are
difficult to identify. Thus, the extrapolated start- and end-temperatures (T. and Tr) were used
for calculation of the temperature intervals that are needed to determine a weight loss. Events
(weight loss, endo- and exothermic processes) were characterized by T,. For thermal analysis
a three-step procedure was used, the samples were first heated to 1373 K at 10 K/min, kept
isothermal for 30 min, and then cooled to 473 K at 10 K/min. During the measurements the
samples were purged with Ar (20 ml/min) and the gas phase was analyzed by mass
spectrometry (MS). The mass spectrometer was calibrated for O, so that the moles of O,
could be calculated from the integral of mass 32 by multiplication with 93. At simultaneous
occurrence of SO, and O,, first the amount of O, was obtained from the MS data, and then the

amount of SO, was calculated from total weight loss minus the determined mass of O,.

3.3.3 Results

The TG profiles are characterized by three steps of weight loss: (i) An endothermic loss of
2.2-4.6 wt% at about 370 K, (ii) a nearly heat-neutral 3.9—4.6 wt% loss at about 1080 K, and
(111) a very small exothermic weight loss of only about 0.1-0.2 wt%, which occurs for SZ after
the isothermal period in the cooling phase at 980 K (Fig. 3-6), for 2.0MnSZ already towards
the end of the heating phase at 1200 K. 0.5MnSZ and 2.0FeSZ show a similar behavior,
which is between that of SZ and 2.0MnSZ, since the third weight loss is detected at the
beginning of the isothermal section. In Fig. 3-7 the time and temperature of the third weight

loss are shown for promoted and unpromoted SZ.
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Selected masses measured during the TG experiment are shown in Fig. 3-8. During the
first weight loss water evolves (m/e 18—H,0", m/e 17—OH", m/e 16—0"). The detection of
oxygen (m/e 32, 34—0,", m/e 16, 18—0") and hydrogen (m/e 2—H,") is an artifact, water is
decomposed in the mass spectrometer. Between the first and the second weight loss CO, (m/e
44) is desorbed from the catalysts. During the second weight loss SO, (m/e 64, 66—S0,", m/e
48, 50—S0") and O, (m/e 32, 16) evolve; the ratio of SO, and O, is ca. 2:1. The third weight
loss coincides with the detection of SO, in the off-gas (no O,). The second weight loss is
larger for SZ and MnSZ calcined at 823 K than for promoted samples calcined at 100 K
higher temperature; the third weight loss is about twice as large for promoted samples as for
unpromoted SZ (Fig. 3-9). All samples are monoclinic after the thermal treatment. In the

diffractogram of 2.0FeSZ an additional peak is visible at an angle of 33.1° (Fig. 3-10).

3.3.4 Discussion

The first weight loss is due to dehydration, which is confirmed by the temperature, the
water evolution, and the fact that the process consumes heat. Evolution of water has been
observed before, for uncalcined SZ at 373—737 K and for calcined SZ at 363-373 K.**57 The
different catalysts were stored in a laboratory cupboard after calcination; their water content
as determined from the first weight loss varies without any trend.

The second weight loss is observed at temperatures above the calcination temperature,
which was 823 K or 923 K, and corresponds to a loss of SO, and O,. It is dependent on the
sulfate content, since it is larger for samples that have been calcined at the lower temperature,
which —according to Corma et al.””*— contain a higher amount of sulfate. Evolution of
sulfur oxides has been observed above 723 K for uncalcined SZ;40’1 % for calcined SZ the

maximum of SO, evolution has been found at 1073 K.’

In the mass spectrum of SO, the
peak at m/e 64 is the most intense one; relative to this, the intensity at m/e 48 should be 50 %.
For all measured catalysts the integral intensity at m/e 48 is 54-57 % of that at m/e 64. The
real value is probably even smaller and near the expected 50 %, taking into account the
artifact in the curves at an ion current of about 9 pA (see Fig. 3-8), which is caused by
switching the sensitivity range of the instrument. The observed SO is thus considered as a
fragment of SO,. The contribution of the S* fragment of SO, (10 % of the SO," peak) to the
signal at m/e 32 is negligible and the assignment of this peak to O, correct. The simultaneous
detection of O, and SO, hints a release of sulfur as SOz that decomposes into SO, and O..

This has been proposed by Srinivasan et al., who considered direct liberation of O, from the

solid to be unlikely.” At higher temperatures SO; is instable; only below 673-873 K
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oxidation of SO, to SO; is observed.”’ The decomposition of SO; is endothermic; at standard
conditions and 298.15 K the enthalpy is only 99.0 kJ/mol.”" If all sulfur oxides are SO,, as
assumed, the ratio of SO, and O, (2 eq. SO, and 1 eq. O;) is the same as in SOs;.
Thermodynamics and the molar ratio of the two components are in favor of the assumption
that sulfur is released as SOs.

Srinivasan et al.”’

did observe two regions of weight loss when they heated the samples to
1073 K, the first attributed to loss of water and the second to evolution of sulfur. In their
experiments a larger amount of O, was detected during the early period of SO, liberation than
during the later periods. This is also observed here from the peak shapes in Fig. 3-8. For mass
32 the maximum occurs earlier than for mass 64. Evolution of CO; has a maximum shortly
after that of SO,. It is rather unlikely for CO; to be still adsorbed at temperatures of about
1000 K. Instead CO, could evolve from carbonates. However, SZ materials are very acidic
and do not form stable carbonates as shown by the IR spectra of the calcined catalysts after
activation at 723-773 K (see Chapter 3.4). Thus, at higher temperatures oxygen from the
decomposed sulfur oxides might react with carbon on the samples to give CO,, which is then
detected instead of O,. The order of the maximum evolution of gases (O,—S0O,—CO,) is in
favor of this hypothesis.

The third weight loss is accompanied by an exothermic event. Since the initially tetragonal
samples are all monoclinic after the TG experiment, the exotherm is ascribed to a phase
change, the transition of t-ZrO, to m-ZrO,. Addition of sulfate is known to stabilize the

160,15 . :
** Li et al. observed a reduction

metastable tetragonal phase of zirconia during calcination.
of the tetragonal phase combined with the appearance of a monoclinic phase in SZ, if part of
the sulfate was removed by washing with water.””” During the phase change, sulfur is
released, but in a less oxidized state than at the previous weight loss, since no O; is detected.
Manganese and iron might segregate and the restrained oxygen might be consumed healing up
the defects in the zirconia bulk. This is in line with the higher weight loss for samples with
increased manganese content. Manganese is incorporated into the zirconia lattice and
generating oxygen defects due to its lower valence compared to Zr*". The smaller effect for
iron is associated to incomplete incorporation. For the promoted SZ samples, the
decomposition temperatures of sulfate are above 1200 K; for SZ the event occurs at 980 K but
after holding the sample for 30 min at 1373 K. Thus, a minority of the total sulfate is
thermally very stable and, obviously, more so in absence of the promoters. The crystallite
size, which is determined via a Williamson—Hall plot from the line width in the

diffractograms of the monoclinic samples (e.g. Fig. 3-10) assuming an instrumental
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broadening of 0.010, amounts to 800 nm, while the strain is quasi zero. Before the experiment
the crystallite size was only 20 nm in the then tetragonal catalysts. Since sulfate is known to

N . . . . 4] 42
stabilize high surface areas during calcination,””

the sintering does probably start as soon as
sulfate is decomposed.

The additional peak in the diffractogram of FeSZ after the TG experiment results from iron
oxide, Fe,03, confirming the segregation of iron. The overlap is best for cubic Fe,O3;, which
has a reflection at 32.9772°, or trigonal Fe,Os, hematite, which has a reflection at 33.1531°."
The most intense peak in the diffractogram of trigonal Fe,Os is located at 24.1384° and thus
overlapping with those of monoclinic zirconia at 24.07° and 24.46°. Since no intensity is
found in the diffractogram at 18.8659° and 23.1562°, where the most intense reflections of
cubic Fe,Oj; are located, the additional peak can be assigned to hematite. A similar separation
of zirconia and manganese oxide in MnSZ is not detected. However, the tendency of
agglomeration might be lower in case of manganese, since it is already better dispersed, so

that the particles might be too small to be detected by XRD.

For MnSZ, the phase change, which is

120

combined with the third weight loss, is | - v Sz ]
= 100 ® 20FeSZ [
observed earlier during the time scale of the | o ¥ 0.5MNnSZ 7
2 e0 © 2.0MnSZ
. . . . 3 N
experiment if the promoter content is higher; > e ~
Q
in 2.0FeSZ the phase change takes place at % 0 ®
o 7
similar time and temperature as the phase 3 o
3 20
change in 0.5MnSZ. Fe is not as well 2 L

T T A T T T
90 95 100 105 165 170 175 180 185

incorporated into the zirconia lattice as Mn, Time of phase change (DSC) / min

39
but located at the surface.”™ The number of | mo 3.77: Rate of isobutane formation after 13

incorporated iron ions in 2.0FeSZ might thus h .time. on stre.am versus thermal stability of the
minority species of sulfate.

be similar to the number of incorporated
manganese ions in 0.5MnSZ and correspond to about 0.5 wt%. The time of the phase change
during the experiments seems to be correlated with the long-term activity of the catalysts. In
Fig. 3-11 the rate after 13 h time on stream is plotted versus the time of the phase change that
indicates the thermal stability of the minority species of sulfate. Two groups are
distinguishable: promoted and unpromoted SZ. For the promoted catalysts, the rate increases
linearly with the time of phase change; a similar trend might exist in case of the unpromoted

samples. The long-term activity depends on the deactivation. Promoters increase the activity

" International Centre for Diffraction Data® (ICDD®), Powder Diffraction Files™ PDF 39-238(cubic) and PDF 33-
664(trigonal).
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by several orders of magnitude; more active catalysts deactivate faster. This is the reason for
the indirect correlation between promoter content and the long-term rate. There is another
correlation between promoter content and stability of sulfate. The incorporation of promoters

results in a destabilization of the high-temperature stable sulfate species.

3.3.5 Summary

During the TG experiment all samples are first dehydrated, then the majority of sulfate is
released as SO; (SO, and O;) and, finally, the initially tetragonal samples change to the
monoclinic phase under evolution of a minority species of sulfate as SO,. The total amount of
sulfate is higher in catalysts calcined at lower temperature and reaches about 4 wt% SO;
(about 560 pmol-g™). In 2.0FeSZ, separation of Fe,0O; from ZrO, is observed. Similar DSC
curves for 0.5MnSZ and 2.0FeSZ hint similar numbers of incorporated ions. SZ based
catalysts contain a thermally (> 1200 K) very stable sulfate species (1-5 % of total sulfate),
whose location is yet unknown. Promoters decrease the thermal stability of this fraction of
sulfate, the tetragonal phase, and the long-term activity of the catalysts in n-butane
isomerization. The high-temperature stable sulfate species could be trapped in bottleneck
shaped pores that are destroyed or enlarged during the phase change. Another possibility
would be a subsurface species that is destabilized by the incorporation of promoters in the

lattice.

3.4 Interpretation of the IR Spectra of SZ and Promoted SZ

In chapters 5, 6, and 7 infrared (IR) spectroscopy is used to investigate sulfated zirconia-
based catalysts. Thus the IR spectra of the respective catalysts must be known and
understood. The spectra were recorded either in transmission or in diffuse reflectance mode.
Before comparing and completely interpreting the infrared spectra of SZ, FeSZ, and MnSZ,

the principles of transmission and diffuse reflectance IR spectroscopy are shortly presented.

3.4.1 Infrared Spectroscopy in Transmission and in Diffuse Reflectance

The electromagnetic radiation following the region of visible light towards increasing
wavelengths is classified into near, mid, and far infrared radiation with respect to the energy

of visible light (Tab. 3-2). The region of 0.8—1 pm is also called photographic IR."*
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Tab. 3-2: Wavelength and energy of electromagnetic radiation in the IR region

Near IR (NIR) Mid IR (MIR) Far IR (FIR)
wavelength / um 08-25 25-50 50 - 1000
frequency / s 3.751014-1.210"3 1.21013 -6-1012 6-1012-3-10"
wavenumber / cm-! 12500 - 4000 4000 - 200 200-10

Classification according to Fadini and Schnepel’%

The product of wavelength (A1) and frequency (v ) of the radiation is constant and
equivalent to the propagation speed of light (c¢). When interacting with matter, infrared
radiation is absorbed, exciting molecules to vibrations in combination with rotations and
stimulating solids to vibrations of the lattice and the functional groups on the surface.
Absorption spectra are generated by plotting the intensity of the absorbed light versus its
wavelength. In infrared spectroscopy band positions are usually not given in wavelengths but
in wavenumbers (V') because these are directly proportional to the frequency and thus the
energy of the radiation:

~ 1 v
V =—=— E .3'7
A c .

Light incident with intensity /j is scattered at the sample and reflected at phase boundaries
so that the intensity / of the transmitted light is lower. Reflection of light at phase boundaries
can be eliminated either through a reference measurement with same materials of cuvette and
solvent or through variation of the sample thickness. Reflection by scattering is considerable
for colloids and solids when the wavelength is in the order of magnitude of the particle size
and can be reduced through embedding the particles in media with similar refractive index.

This is achieved either by pressing tablets with KBr'®/%

or by suspending the sample in
Nujol’%”/% (paraffin oil) or hexachlorobutadiene,’” which complement each other since their
absorption bands are at different positions. If luminescence and all types of reflection are
negligible the absorption properties of the sample can be calculated from the transmitted light
via the Lambert-Beer Law with absorptance (absorption factor, «), transmittance (trans-
mission factor, 7), molar Napierian extinction coefficient (x, in m*/mol), molar concentration

of absorbing species (c, in mol/m™), and sample thickness (/):

l-a=7= L =e ! Eq. 3-8
10
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The absorbance is calculated either as Napierian absorbance (4.) or as decadic absorbance
(A10), which is used by standard spectroscopy software, whereby ¢ is the decadic extinction
coefficient:

A, =x-c-l=-Int and 4, =¢-c-l=-Igr Eq. 3-9

However, transmission in the IR regime can become very low and scattering very high for
catalysts that are fine powders with high surface area. Embedding is not a possible solution
for in situ studies, since the diluent can be effected by heating and results obtained during
reaction may be falsified by interaction of the diluent with catalyst, reactant, and product.
Here measuring the reflected instead of the transmitted light is a possible alternative.’”*’”!
This reflection can be either specular as on mirror-type surfaces or diffuse as on mat surfaces.
In the first case the reflecting power is called “reflectivity”, in the latter “reflectance”
(reflection factor, p). According to the Kubelka—Munk Theory, which assumes the incident
and reflected light to be diffuse (excluding specular reflection) and the particles to be
randomly distributed and much smaller than the thickness of the layer, the reflectance is
described by the quotient of absorption coefficient (k) and scattering coefficient (s) in the
Kubelka—Munk function:

2

F(pw):%zé Eq. 3-10

Usually instead of the absolute reflectance p, the reflectance p’., is measured relative to a
standard (here KBr or CaF;). The Kubelka—Munk function is dependent on the wavelength
and in case of a dilute species (0.2 < p’, < 0.6) — similar to the Lambert-Beer Law —
proportional to its concentration:

E-c

F(p.)oc <= Eg. 3-11
S

3.4.2 Results

Prior to the IR measurements the catalysts were activated, i.e. they were heated at 723—
773 K in gas flow (N, or O,) or during evacuation (usually for 30 min; ramp: 25 K min™).
DRIFT spectra were recorded in a commercial in situ cell (Environmental Chamber) with
ZnSe window using Graseby Specac Selector Optics or a quartz cell using a home-made
diffuse reflectance attachment; transmission spectra were obtained in a home-made high
temperature in situ cell (Hochtemperaturzelle, HTZ). For further details see Chapter 9.8.
DRIFT spectra are displayed in reflectance or Kubelka—Munk units (KM), transmission
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spectra in transmittance or absorbance. In Fig. 3-12 the different methods of display are
compared for both transmission and diffuse reflectance spectra using FeSZ as example. In
Fig. 3-13 the spectra of SZ and MnSZ are shown. The spectra recorded in diffuse reflectance
are of better quality than the transmission IR spectra, since the signal to noise ratio is higher,

but the corresponding band positions are in good agreement; they are listed in Tab. 3-3.

1.0 1.0 3.2 1.0
2.0FeSz 3.04 2.0FeSz
0.8 0.8 2.8 0.8
8 o 261
c (&)
8 0.6 0.6 S 244 0.6
x o
g é 2.2
S 044 | L0.4 2 2.0 L0.4
= I 1.84
0.2 0.2 1.6 L0.2
:,,\ 1.4
0.0 —— 0.0 12 . . . . . . 0.0
5000 4500 4000 3500 3000 2500 2000 1500 1000 500 5000 4500 4000 3500 3000 2500 2000 1500
Wavenumber / cm™? Wavenumber / cm™

Fig. 3-12 FeSZ after activation in flowing N,: Transmission FTIR spectra (125 Scans) in
transmittance (left, black) or absorbance (right, black) and DRIFT spectra (100 Scans) in
reflectance (left, gray) or KM units (right, gray).

Tab. 3-3: Band positions of SZ, FeSZ, and MnSZ extracted from the DRIFT spectra

SZ FeSZ MnSZ Assignment

3740 vw 3744 vw 3742 vw v(OH)

3714 vw 3719 vw 3718 vw v(OH)

3629 vs 3631 vs 3631 vs triply bridged v(OH) next to S,0,>
3582w*  3581w*  3581w* V(H,0445) next to SO4*

3489 w - - triply bridged v(OH) on dehydrated ZrO,
2767 s 2765 s 2766 s overtone of vibration around 1400 cm
2417w 2418 w 2417 w combination of vibrations at 1400 and 1050 cm™

2340 2343 sh 2346 sh overtone of vibration around 1213 cm’
2336 ** 2336 ** 2336 ** V(N2 a4s)
2198 m 2218 sh 2220 vw overtone or combination mode of v(S-O)
2042 vs 2044 vs 2040 vs overtone of vibration around 1050 cm™
1626 w 1629 w 1630 w O(H20,45)

1603 1597 1597 O(H20445)

1402 1400 1399 V(S=0) of $,0,>, $,07> - H,0 or SO3.a4s
1378 sh 1375 sh (sh) v(S=0) of S,0* or SO4*

1308 1300 V(S=0) of S,0,* - yH,0

(1211) 1211 1213 v(S-0) of S,07% or $,0,* - yH,0

1145 V(S-0) of $,07% - yH,0

1045 1045 1045 V(S—0) of $,07% or SO3 s

* only after activation in gas flow ** only after activation in flowing N2
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Fig. 3-13 DRIFT spectra of SZ and MnSZ calcined at indicated temperature after activation in
flowing N, (left, reflectance) or after activation in vacuum (vight, KM units).

3.4.3 Discussion

The IR spectra, measured in transmission or diffuse reflectance, are in good agreement (see
Fig. 3-12). However, vibrations of surface species are more evident in diffuse reflectance
spectra. Furthermore, the signal to noise ratio is higher in the spectra recorded in diffuse
reflectance than in the transmission IR spectra, even if the number of collected scans is lower
(100 vs. 125). This better quality may result partly from the different set-ups using different
detectors. Another and more serious reason may be the low transmission through the wafer.
Band positions do not change, when spectra are converted from transmittance to absorbance
or reflectance to Kubelka—Munk units. Conversion of the measured spectra is thus only
necessary when quantitative information is needed, since the absorbance (and similarly the
KM function) is directly proportional to the concentration of the vibrating species.

Interpretation of the sulfate vibrations is difficult and conclusions about the structure of
sulfate are not easily drawn. It is agreed, however, that vibrations around 1400 cm™ or lower
are due to the stretching mode of the S=O double bond and vibrations around 1000 cm™ or
higher are caused by the S-O single bond stretching mode.’’” Bands at 1400 cm™ and above
have been assigned previously to S,0,>,"** bands at 1395 and 1402 on monoclinic SZ have
been suggested to result from triply coordinated SO,4* in two different geometries.'”

Recently, DFT calculations of the vibrational spectra of sulfated zirconia have become

available.””” Hofmann and Sauer investigated the stability and spectral signature of various

v ..
A. Hofmann, J. Sauer, personal communication.
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sulfate structures in combination with different water contents on the (101) surface of the
tetragonal phase. The (101) surface is the most stable one according to the calculations by
Hofmann and Sauer. Benaissa et al. identified the (110) plane as most abundant using high
resolution electron microscopy.’’* Morterra et al. reported “low Miller-index crystal planes”.”
The investigated catalysts are tetragonal and although the facet planes are unknown,
experimental and calculated frequencies can be compared to assist interpretation.

A number of bands arise from S=O and S—O vibrations. According to the calculations,
some of them are characteristic: only S=O vibrations of S,0;% species, which may be
hydrated, or of adsorbed SO3, or of tridentate SO yield band positions above 1395 cm’!. The
S=0O band was shifted upwards during activation with progressing dehydration. Positions
given in the literature will, thus, depend on the degree of hydration. Other interpretations can
also be found; Riemer et al. interpreted a band at 1382 cm™ as tridentate monosulfate.””

According to DFT results the bands at 1308—-1300 cm’', detected for SZ and FeSZ, may
arise from S=O vibrations of SO4> on a strongly hydrated surface or of S,0;% on a slightly
hydrated surface. Another S=O vibration located at 1213 cm™ (very intense for MnSZ) also
originates from a, possibly hydrated, S,0,> species. A hydrogen bridge to a neighboring OH
group causes the, for a double bond, relatively low frequency. The bands at 1145 and
1045 cm™ are clearly S—O bond vibrations, and again several interpretations are possible. The
band 1145 cm™ is in the range of S—O vibrations of SO4* on a strongly hydrated surface or of
S,07> on a weakly hydrated surface; the band at 1045 cm™ could be assigned to S,0,> on a
dehydrated surface or adsorbed SO;. According to the spectra and the estimated water content
of 60-125 umol g (see Chapter 7.3.1), the surface is still hydroxylated after activation but
only moderately hydrated. It therefore seems appropriate to exclude the presence of SO,
species on a richly hydrated surface. Definitely, S,0; species are present on all three
catalysts, and the nearest surroundings of these species sometimes feature adsorbed water. In
comparison to the two other samples MnSZ exhibits more of the S,0,> species absorbing at
1213 cm™. Since all samples have about equal sulfate content (Chapter 3.3), MnSZ should
then have lower concentrations of other sulfate species. Weaker in the spectrum of MnSZ than
in those of SZ and FeSZ is the band at 1300-1308 cm™', which belongs to the “pyrosulfate
with adjacent water” configuration. Given the slightly better dehydration of MnSZ the band at
1213 cm™ may be assigned to a dehydrated pyrosulfate state.

More bands due to S=O and S—O vibrations are observed. The bands at 2767, 2345 and
2040 cm™ are assigned to overtones of the vibrations at around 1400, 1213 and 1050 cm™.

The band at 2416 ¢cm™ is believed to be a combination mode of the bands at 1400 and
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1045 cm™. The wavenumber of combination modes should exactly fit the sum of the
wavenumbers of the vibrations it is composed of, which is not the case here; the difference is
about 30 cm™ . However, no other plausible explanation for this band exists.

Interpretation of bands resulting from OH groups on zirconia has been given before. Bands
around 3760 cm™ and 3640 cm™ are due to stretching vibrations of OH at the surface,” which
have been assigned to terminal (higher frequency band) and bi- or tri-bridged (lower
frequency band) OH groups.’”’”” The two very weak bands at 3740-3745cm™ and
37153720 cm™ are thus indicative of OH groups on ZrO,. If Si was present as impurity, a
vibration at 3740 ¢m™ could also result from silanol groups, Si-OH;'’% Hertl, however,
attributed a band at 3744 cm™ to vibrations of OH on tetragonal zirconia.’”” Babou et al.
reported a band at 3645 cm™ for sulfated zirconia, and at 3665 cm™ for non-sulfated
zirconia.”> Morterra et al. assigned a band at 3640 cm™ to "free surface OH groups of the
ZrO; system" because its position and behavior upon dehydration resemble that of a band of
non-sulfated zirconia.”* Riemer et al. observed a band at 3640 cm™ only when sulfate was
present and favored the idea of an OH group bridging sulfur and zirconium.” The spectrum of
gas phase sulfuric acid exhibits vibrations of S~OH groups at 3609 cm™.””® The bands in the
spectra of SZ, FeSZ, and MnSZ are around 3630 cm’' and thus located in the range between
the OH bands of pure zirconia (3771 and 3672 cm™)’” and sulfuric acid. From the DFT
calculations several possibilities emerge for the band at 3630 cm™, some of which can be
excluded for lack in plausibility such as a richly hydrated zirconia surface. It is not possible to
distinguish from the positions between scenarios involving either SO4> (dehydrated or highly
hydrated) or S,0;> species (dehydrated or singly hydrated). In light of the sulfur-oxygen
vibrations, which suggest S,0;% (pyrosulfate) as the predominant species, a triply-bridged OH
group next to S,07” is the best interpretation.

The vibration at 3580 cm™ is characteristic for a surface with SO4> species and only
detected, if the catalysts were activated in gas flow. It originates from adsorbed water and
could represent a hydroxonium ion, since Morterra et al. attributed a band at ca. 3590 cm™ to
the OH vibration in H;O".”* The band at 3489 cm™, which does not appear in the spectra of
the promoted samples, is similar to a band observed at 3510 cm™ for a sulfate-free mixture of
tetragonal and monoclinic zirconia (ca. 1:3) and can, with the help of the DFT calculations, be
attributed to triply-bridged OH groups on a dehydrated zirconia surface. It is not understood
why on the SZ sample more sulfate-free surface should be exposed, because the sulfate
density is not lower than on the promoted samples (estimation on the basis of sulfate content

and surface area).
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The relative intensity of the OH stretching bands is lower in the spectra of promoted SZ
than in the spectrum of SZ (comparison of SZ and MnSZ in Fig. 3-13, left). However, in order
to achieve optimum isomerization performance, SZ has been calcined at 823 K while all
promoted SZ have been calcined at 923 K. A decrease in the OH pattern with increasing

calcination temperature has been reported for unpromoted SZ."”

The spectrum of a MnSZ
sample calcined at the same temperature as SZ, namely 823 K, shows OH band intensities
comparable to those in the spectrum of SZ (Fig. 3-13, right). Hence, the reduced number of
OH groups on MnSZ or FeSZ after calcination at 923 K is due to the calcination temperature
and not to the promoters.

Around 1600 cm™ the OH deformation mode of water appears. Babou et al. assigned at
band at 1628 cm™ to adsorbed water.” The two bands at about 1625 and 1600 cm™ are thus
attributable to deformation vibrations of adsorbed water, indicating that the surface is not
completely dehydrated during activation. A value of 1600 cm™ results from DFT calculations
only for water configurations on a sulfated but not on a pure zirconia surface. The band at
1625 cm™ is unspecific according to the calculations; it is not observed for unsulfated zirconia
and thus the corresponding water species should be associated with a sulfate species. The
stretching vibrations of water vapor are located at 3651.7cm” and 3755.8 cm™, the
deformation at 1595.0 cm™; a combination mode of stretching und deformation vibrations is
found at 5332.0 cm™.”*” A band around 5300 cm™ is thus always indicative of adsorbed water
on the catalyst, if vibrations are visible in the OH stretching region and around 1600 cm™.

The band at 2336 cm™ (overlapping with the band at 2040 cm™) is noticeably sharper than
the sulfate overtones and combination modes, appears only when nitrogen is used for
activation, and is located slightly above the gas phase frequency for nitrogen of 2330 cm™."*!
It is therefore assigned to the stretching vibration of adsorbed nitrogen. This band is absent
after activation in O,, instead a band at ~1595 cm’! (hidden underneath the OH deformation

bands) indicates the presence of adsorbed O, *? (gas phase frequency 1556 cm™)"*.

3.4.4 Summary

The results obtained by diffuse reflectance IR spectroscopy are consistent with the
transmission IR data. On pure SZ, an extra OH vibration is found at 3489 cm™ that is missing
on the promoted catalysts. The presence of this OH band is independent of the calcination
temperature, by which the amount of OH groups is determined. Otherwise, the influence of
the promoters on the spectra is marginal. Comparison of the measured frequencies with DFT

calculations clearly points towards S,0,> as prevailing surface species on the activated
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samples; single water molecules are often nearby. Evidence for other species such as SO4” is
only indirect through OH-stretching vibrations, and the data in the sulfur-oxygen region do
not favor this interpretation. The spectra of SZ, FeSZ, and MnSZ differ slightly, but are all
dominated by the pattern of S,05”.
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4. Design of a Three-Channel Fixed Bed Reactor

4.1 Motivation

High-throughput techniques are used as screening-tools in combinatorial chemistry and
had a great influence on discovery and optimization of pharmaceuticals.’” With the
development of a multichannel microreactor for evaluation of six catalysts (< 1 g) that
perform various types of gas-conversion this strategy entered the field of heterogeneous
catalysis 20 years ago.’* Since then, these techniques have been developed further and gained
importance in parallel synthesis and testing of catalysts. For instance, a more active and
selective sulfated zirconia-based catalyst for hydroisomerization of Cs—C; alkanes, which
contains niobium besides platinum, was discovered using a system of 16 fixed bed reactors

operating in parallel.’®

With the help of simultaneously conducted experiments the optimum
preparation or reaction conditions can be determined in short time: results that take years and
dozens of PhD students to be obtained by standard laboratory reactor tests will be received
within months. Due to the performance of sometimes more than hundred reactions and the
simultaneous analysis of their products such experiments are very demanding. Furthermore,
the enhancement in through-put is accompanied by a loss of accuracy in analysis. Usually, the
process of catalyst discovery and optimization consists of several steps, whereby the number
of simultaneous tests decreases while the accuracy of the experiments increases.’*’

For efficient investigation of catalytic performance it is generally desirable to conduct
experiments in parallel. Sometimes an only slight acceleration conserving high accuracy is
preferable. In order to investigate the influence of three different aging conditions on the
catalytic activity of sulfated zirconia materials as described in Chapter 5.2, the performance of
the differently stored catalysts has to be tested in certain time intervals. To exclude an
influence of duration of storage on the results, all three samples should be analyzed
simultaneously. Since it —especially for promoted SZ— takes 10 hours and longer times on
stream to reach steady-state conditions, performing one conventional catalytic test lasts at
least one day. A difference in age of two days between the samples is negligible after one
year, but for comparison after one month or one week this time difference amounts to 7 or
25 %, and is thus too large. To solve this problem, a set-up on laboratory scale was designed
and constructed, in which three catalysts (2 ml bed volume each) can be tested simultaneously
under exactly the same temperature and feed-stream conditions without loss of product

analysis information. This three-channel fixed bed reactor is also suitable for long-time

experiments lasting several days.
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4.2 System Requirements

The reaction of interest is the isomerization of n-butane at low temperatures (323-378 K)
after activation of the catalyst at 723 K. The system should operate in an even lager
temperature range from temperatures at or below room temperature for investigation of
n-pentane isomerization up to 923 K to allow in situ calcination (see Chapter 3.1) of the
catalysts. The heating should be isothermal and a fast cooling to reaction temperature after
activation or calcination should be possible to reduce time loss. The analysis of products has
to be fast, because three catalytic tests have to be monitored at the same time. A proper
separation of reactant and product is necessary, which means that a small amount of isobutane
(ca. 1 ppm as impurity in the feed) has to be detected in a surplus of n-butane (10 000—50 000
ppm). Therefore, the system must fulfill the following conditions:

(1) Isothermal heating over a wide temperature range (273-923 K),
(2) rapid heating and cooling to reaction temperature after activation (calcination),

(3) fast and quantitative gas phase analysis.

4.3 Design and Experimental Details

thermocouple

The requirements lead to the construction
of a reaction vessel in which three tubular
reactors are positioned symmetrically (Fig.
o reactor
4-1); the geometry is similar to the apparatus
described by Purnama that contains three

stainless steel reactors positioned in an ) . )
Fig. 4-1: Reaction vessel viewed from above

aluminium heating block.’®’

4.3.1 Reactors

The tubular reactors are U-shaped (inlet: dow = 12 m /
din = 10 mm, outlet: dyyt = 6 mm / di, = 5 mm) to be connected R S
to from above (Fig. 4-2). They are fixed at the top of the
reaction vessel by seals made of polytetrafluorethylene to

avoid discharge of the sand (see Chapter 4.3.2). A high

ww9/g
wwole

surface in the holder of the seals due to ribs and cooling of the

lid by an air flow avoids thermolysis of the PTFE, which

occurs above 530 K.'*® The three reactors are made from

Fig. 4-2: Tubular reactor

quartz both to withstand high temperatures and to allow

231 -



4. Design of a Three-Channel Fixed Bed Reactor

observation of the catalyst bed during the loading so that a constant height is ensured. The
catalyst powder is placed in the inlet tube of the reactors on a quartz frit (Heraeus,
din = 10 mm) with porosity 2 (40-100 um) which has been lapped to uniform thickness to

achieve a homogeneous resistance over the whole area cross-section.

4.3.2 Reactor Heating

cooling of
the lid by air

240
mm
air out

reaction
vessel

cylindrical

shell| ——

—
cooling of the

vessel by air

air (fluidized bed)

Fig. 4-3: Reaction vessel. a) Drawing containing the U-shaped reactors in cross section b) image
without cylindrical shell.

Rapid heating and cooling together with an isothermal temperature profile of the three
reactors is possible by heat transfer from a fluidized sand bed. A schematic cross-section
through the reaction vessel containing the tubular reactors is given in Fig. 4-3a. The bottom of
the vessel (doywe = 82 mm) is heated electrically by a wire with cold ends (Thermocoax,
d=2mm, 1 =4 m, R =125 Q, Tpy = 1273 K). It contains a wire mesh stack (Haver &
Boecker, d =70 mm, 20 um) that supports the sand (50-70 mesh, ca. 500 ml). The sand is
fluidized by air flowing through the frit (ca. 25 1/min) and collected at the outlet by a funnel
(Fig. 4-3b). For experiments below room temperature the air can be cooled, e.g. by liquid
nitrogen. The reaction vessel is enclosed by a cylindrical shell that can be purged with air for
cooling. This together with the air passing directly through the sand bed guarantees a fast
return to lower temperatures after activation or calcination. The temperature of the reactor is
controlled by a thermocouple (Thermocoax, K-type) positioned in the center of the vessel

(Fig. 4-1) via a linear temperature programmer (Newtronic Micro 96, Ppn.x = 2000 W). For
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activation (fast temperature change) and reaction (constant temperature) two different
parameter sets were used to achieve optimum temperature control (see Tab. 4-1). The
temperature in each of the three reactors can be measured by further thermocouples

(Thermocoax, K-type, stainless steel coated, insulated measuring point, d = 1 mm, [ = 0.5 m).

Tab. 4-1: Parameter sets of the PID controller used for activation and reaction

Parameter Set 1: Activation Set 2: Reaction
maximum value of range / °C 700 700
minimum value of range / °C 0 0

Xp  Proportional part 1.0 4.3

I Integral time / min 0.5 2.9

D  Differential time / min 0.00 0.59

/~ PID configuration switching 0.90 0.90

T maximum set value (%) 100 100

| minimum set value (%) 0 0

CE  communication enabled 0 0

4.3.3 Experimental Set-Up

Fig. 4-4 shows a flow-chart of the whole set-up which consists of gas dosing system, three-
channel fixed bed reactor and product gas analysis as main components. All tubings are made
from stainless steel (Dockweiler, '/s” x 0.56 mm). For activation (line 1-3) and reaction (line
4-6) nitrogen or oxygen and 5 vol% n-butane in nitrogen were used, but further gases can be
introduced into the system: Four three-way valves (Parker) allow the choice between nitrogen
and a different gas for lines 1, 3, 4, and 6. To remove particulate matter, all gases flow
through filters (Swagelok, 2 pm) before they reach the mass flow controllers (Bronkhorst,
Flowbus, CyHy: D-type, rest: C-type, Ap = 2 bar, test pressure: 8 bar), MFC 1-6, or the four-
position valve. The check valves (Parker) prevent backflow of the gases. With help of two
four-way valves (VICI/Macherey-Nagel) it is possible —like for the single tubular fixed bed
reactor (see Chapter 9.9)— to activate the catalysts while the feed stream is conditioned and
measured by the bubble flowmeter or analyzed by the GC. The gas flow is distributed to the
reactors and a bypass in similar amounts using passive flow restrictors.’*” These restrictors,
capillaries (CS-chromatographie Service, doy = 1/16%, dj = 0.13 mm) of 0.85 m length, cause
a pressure drop that is higher than the ones induced by the frits and catalyst beds. Thus the
resistance in all four channels is about the same and the feed splits evenly into four parts. The
bypass is necessary to check if the composition of the feed gas is constant and to determine its

initial amount of isobutane.
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Fig. 4-4: Flow-chart of the experimental set-up

4.3.4 Product Analysis

The outlet of either one of the three reactors or the bypass is selected by a four-position valve
(VICI/Macherey-Nagel, RS232 interface, /s fittings) with micro electric actuation, the other
three channels go to exhaust. Analysis of the gas phase is performed by a Micro-GC (Varian
CP 4900) equipped with a module containing injector (,,Solid-State, max. 10 ul, 313 K),
column (Siloxan 5, 1 =8 m, 318 K) and detector (micro thermal conductivity detector, 200 nl,

1 ppm—100 %) using the Varian Star Chromatography Workstation software in combination
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with Valve Control. The column oven is kept isothermal at 318 K during analysis; the gas
pressure is static 1.19 bar (17.3 psi); helium is used as carrier gas. Tab. 4-2 shows the time

events during analysis of one of the three reactors or the bypass.

Tab. 4-2: Time events during the gas phase analysis

Time /s Event

0 start of sampling with membrane pump

20 injection onto column

21 start of analysis

35 switch of four-position valve to next position

During analysis of one channel, 15 s after injection, the line to the Micro-GC is already
purged with the product gas of the next channel to equilibrate the gas stream. The time
between two injections should not be less than 60 s; if pentanes and hexanes are expected, the

analysis takes 180 s.

4.4 Test Results
4.4.1 Gas Distribution

Resistances at the walls and changes in the direction of the flow lead to frictional losses of
reactant and product gas in tubes, bends, formed parts, mass flow controllers, valves, and
fixed beds. The resulting pressure drops increase with flow velocity, length of the tubes, and
height of the fixed bed. The purpose of the artificial high pressure drop induced by the
capillaries is to balance differences between the three reactors and the bypass. Thus, the four
streams reach similar flow velocities when gases enter the system at 4.2 bar overpressure
(Tab. 4-3). The deviations in flow (£3—4 %) could in principle be reduced by increasing the
length of the capillary. However, the maximum pressure at the outlet of the butane gas bottle
(30 bar max.) is limited to 4.8 bar by the currently used pressure regulator. Sufficiently high

inlet pressure for longer capillaries cannot be achieved.

Tab. 4-3: Comparison of the flow (ml min™) through the three reactors and the bypass

desired flow reactor A reactor B reactor C bypass
25 25 24 26 25
40 40 39 41 39
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4.4.2 Heating and Cooling

The isothermal properties of the fluidized sand bed are almost perfect. It is possible to keep

the three reactors at the desired temperature with deviations of only £1 K during the course of
the reaction (Fig. 4-5).

N4

o

>

©

()

o

g % reactor A

= . O reactor B
300+ 25 min ; ¢ reactor C
280 i

Time

Fig. 4-5: Fluidized sand bed as isothermal heating

The temperatures for activation and reaction can be reached in the desired time interval as
Fig. 4-6 shows, a 25 K/min heating ramp is possible. After activation it takes about 55 min to
cool from 723 K to 323 K reaction temperature (35 min from 723 K to 373 K). This is as fast

as for the standard tubular fixed bed reactor in our laboratory that is equipped with a furnace

without isolation.

700 * reactor A
] © reactor B
A4
X e00- ¢ reactor C
Q program
2
T 500-
)
o
g 400
l_
,,,,,,,,,,,,,,,,,,,,,,,, 323K
300 r T T T y T y T y T
0 20 40 60 80 100
Time / min
Fig. 4-6: Fast heating and cooling by the fluidized sand bed: temperatures in the three reactors
and programmed temperature (controlled by the temperature in the middle of the sand bed)
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4.4.3 Gas Phase Analysis

Analysis of the product stream by the Micro-GC allows separation of n-butane and
isobutane within the required range of compositions; 1 ppm isobutane can be detected in
1-5 % n-butane (Fig. 4-7). Fast analysis is possible due to the short retention times (< 3 min)
of n-butane and its isomerization and cracking products (Tab. 4-4). To separate the butane

isomers the chromatogram is acquired in only 1 min; to detect the possible byproducts,

pentane and hexane, the analysis takes 180 s.
n-Butane
(0.744)
Tab. 4-4.: Retention times of possible products
e Nitragen
gas retention time / s (0.386)
nitrogen/methane 23
ethane 26 Isobutarie
propane 30 (0'24 )
isobutane 39 S N
n-butane 45 0 01 02 03 04 05 06 07 08 09 1
n-pentane 78 Time / min
n-hexane 199 Fig. 4-7: Typical chromatogram
1000 300
O Reactor A two freshly calcined
o %%é % Reactor B o 2504 9@{% 2.0MnSZ samples
f 800 AN ® A Reactor C = 5% (same tubular reactor)
o inl X
35 S "o 200 &
g 600 %& S ¥
G 400 2 &
5 g 100] ¥ &
g E Oety
£ 2004 B 50] %?ﬁ
Fdorony
0 -8 T T T T T 0 X T T T T T T T
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Time on stream / h Time on stream / h
Fig. 4-8: Reproducibility of the isobutane formation rate: left — same catalyst (200 mg 2.0FeSZ),
different reactors, right — different batches of catalyst (200 mg 2.0MnSZ), same reactor. Activation:
43 (left) or 40 ml/min N, (right), 30 min at 723 K; feed: 13 ml/min 5 vol% n-butane in N, (left) or
25 ml/min 1 vol% n-butane in N, (vight) at 323 K.

The results of the gas phase analysis are plotted in Fig. 4-8. The isomerization of n-butane
to isobutane conducted in the three reactors with equal amounts (200 mg) of the same
catalysts (sulfated zirconia promoted with 2.0 weight percent iron) results in similar rates,

which reach a maximum of ca. 900 pmol g h™ after the same time on stream (Fig. 4-8, left).
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To check the reproducibility in catalyst preparation and to verify the agreement of repeated
experiments, two freshly calcined batches of 2.0MnSZ were tested in performance of
n-butane isomerization in the same reactor placed at the same position in an interval of four

days. The resulting rates are well reproducible (Fig. 4-8, right).

4.5 Summary and Outlook

An apparatus was constructed, which allows a threefold enhancement in throughput for
catalytic reactor tests on laboratory scale. The fluidized sand bed is well suited for heating
since it provides good isothermicity and can be heated and cooled rapidly. Using a Micro-GC
allows a fast gas phase analysis and enables separation and quantification of reactant and
product. Slight deviations in the flow should be eliminated by a higher pressure drop in the
moderating capillaries; this requires a different pressure reducer for an increased inlet
pressure at the flow controllers. However, in the present state of the system the catalytic

results received under the same conditions are consistent for the three reactors.
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5. Handling of Sulfated Zirconia-Based Catalysts
5.1 Influence of Mechanical Stress on Sulfated Zirconia-Based Catalysts

5.1.1 Motivation

Despite intense research, a convincing structure-activity relationship for catalysts based on
sulfated zirconia (SZ) has not evolved. One point of debate is the role of the bulk phase of
zirconia. The room temperature stable phase of zirconia is the monoclinic phase (m-Zr0O,).”*
However, in the usual preparation of zirconia catalysts through calcination of an amorphous
hydroxide precursor at 723-923 K, the tetragonal phase (t-ZrO,) or mixtures of both phases
are obtained. The presence of sulfate increases the fraction of t-ZrO,.”” A stabilizing effect for
the tetragonal phase has thus been ascribed to the sulfate. Cationic promoters such as Mn or
Fe are incorporated into the zirconia lattice and stabilize the tetragonal or the cubic

phase 38,190,191

For many years it has been believed that only the tetragonal phase in SZ is
catalytically active in n-butane isomerization.” Recent work shows that mainly monoclinic
SZ has a rate, which is only by a factor of two lower than that of partly monoclinic SZ after
2 h on stream, and exhibits “reasonably high activity”.” Transformations between the two
phases can be triggered through mechanical stress. For pure zirconia, it has been reported that
the phase transitions of crystalline (t-ZrO, — m-ZrO, and m-ZrO, — t-Zr0,)"*? or amorphous
zirconia (a-ZrQ, — t-ZrO; or m-ZrOz)] ? can be achieved by ball milling, and the transition
t-ZrO, — m-ZrO, can be achieved by pressing.’**

Obviously, the zirconia bulk is a rather dynamic system. Similarly, the large number of
sulfate structures published’”” may indicate a very dynamic surface. This dynamic behavior of
sulfated zirconia may be the reason why it so far has been impossible to identify an active
site. The system responds to many kinds of treatment like temperature and activation
conditions, which prompts the question of whether sulfated zirconia is a material too sensitive
to be investigated without difficulties. The aim of this research was to reveal if and how
normal laboratory procedures, as they are used to prepare samples for a certain type of
analysis, affect sulfated zirconia catalysts. The focus was on mechanical stress treatments
such as milling and pressing, and on their effect on the bulk phase composition and the
catalytic activity. To receive information on the stabilizing effect of the promoters on the bulk
phase, sulfated samples containing 0.5 or 2.0 wt% Mn or Fe were investigated in addition to

unpromoted SZ and pure zirconia (7).
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5.1.2 Results

5.1.2.1 Structure

Z consists of a mixture of m-ZrO, and t-ZrO, after calcination at 823 K; the fraction of
m-ZrO, is 75-80 wt%. For SZ and promoted SZ (2.0 wt% Mn or Fe) calcined at 823 or
923 K, respectively, only t-ZrO, is detected (m-ZrO; < 5 wt%). A lower concentration of the
promoter (0.5 wt% Mn or Fe) leads to a t-ZrO, phase containing ca. 6 wt% m-ZrO..
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Fig. 5-1: X-ray powder diffractograms of SZ (left, transmission, normalized to highest peak) and
2.0FeSZ (right, reflection) before and after pressing to wafers (10 min, 540 MPa) and after
pulverizing the wafer (only 2.0FeSZ). Internal standard (a-Al,03) marked by asterisks.

In Fig. 5-1 the diffractograms of SZ and 2.0FeSZ are displayed before and after pressing to
self-supporting wafers (10 min at 540 MPa). Since the wafers could not be mixed with the
standard, the diffractograms of SZ measured in transmission geometry are normalized to the
most intense peak (30.2°, 101 / t-ZrO;). For samples measured in reflection mode (Bragg-
Brentano geometry) normalization is unnecessary, since always the same amount was
analyzed (FeSZ; Fig. 5-1, right). In 2.0FeSZ pressed to a wafer the reflection of the
monoclinic phase at 31.5° (111 / m-ZrO;) is more intense than the one at 28.2° (-111 /
m-ZrQ,). If the wafer is gently ground to give a powder the intensity ratio changes;
additionally the fraction of m-ZrO, decreases from 30+6 wt% to 20+5 wt%. Reflections of
m-ZrO, are also present in the diffractogram of the SZ wafer, and indicate 33 wt% of m-ZrO..
The phase composition of SZ changed even under more moderate pressing conditions. Fig.
5-2 shows diffractograms of pure and sulfated zirconia before and after pressing to pellets of
0.5-1.0 mm diameter; the pellets were ground gently prior to the XRD measurements. A
pressure of 10 MPa during 2 s is sufficient to increase the fraction of m-ZrO; to ca. 90 wt% in
Z. In SZ, which was tetragonal before the treatment, a fraction of ca. 26 wt% m-ZrO; is

detected after pressing.
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Fig. 5-2: X-ray powder diffractograms in reflection mode of pure (left) and sulfated zirconia (rvight)
before and after pressing to pellets (2s, 10 MPa). Internal standard (a-Al,O3) marked by asterisks.

When Z is treated in a vibrating ball mill, the fraction of m-ZrO, increases from about
75 wt% in the original sample to 87 wt% after 10 min. The fraction of m-ZrO, in SZ (Fig.
5-3, left) is about 30 wt% after 10 min of milling. Promoting SZ with 2.0 wt% Mn or Fe does
not prevent the phase transformation during milling; like for SZ ca. 30 wt% m-ZrO, are
detected in the initially tetragonal samples after 10 min. After the same milling time
40—50 wt% of monoclinic phase is detected in the samples with lower promoter content
(0.5 wt% Mn or Fe) that already contained about 5 wt% m-ZrO, after calcination. Fig. 5-3
(right) shows the diffractograms of unmilled and 5 or 10 min milled 0.5FeSZ; the fraction of
m-ZrO, increases from ca. 4 wt% in the untreated sample over 38+5 wt% (5 min) to

4545 wt% (10 min) with duration of milling. An increase of the relative amount of m-ZrO, to

t-ZrO, with increasing milling time was observed for all samples.
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Fig. 5-3: X-ray powder diffractograms of SZ (left) and SZ promoted with 0.5 wt% Fe (right)
before and after milling for indicated time. Internal standard (a-Al,O3) marked by asterisks.
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Fig. 5-4 presents the X-ray absorption spectra (XAS) on the Mn or Fe K-edge. 2.0MnSZ
shows almost no changes in the near edge structure due to milling; for 0.5MnSZ the intensity
of the first two post-edge peaks in the XANES changes if the sample is milled for 10 min
(Fig. 5-4, left). In FeSZ, the altered intensity ratio of the first two post-edge peaks, which is
more pronounced for 0.5FeSZ than for 2.0FeSZ, indicates changes in the local structure of Fe

(Fig. 5-4, right).

0.2 F 102
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Fig. 5-4: X-ray absorption near edge spectra (XANES) of MnSZ (left, Mn K edge)

and FeSZ (right, Fe K edge) before and after 10 min milling.

In Fig. 5-5 the radial distribution function (RDF) is presented for 0.5MnSZ, 2.0MnSZ, and
2.0FeSZ before and after milling. No data are available concerning 0.5FeSZ. 0.5MnSZ shows
a first maximum at 1.6 A; a second maximum is shifted from 3.5 to 3.7 A when the sample is
milled. The RDF of 2.0MnSZ has maxima at 1.3 and 2.0 A; there is no influence of milling on
the spectra. 2.0FeSZ shows only one maximum at 1.5 A and no significant changes in the

extended X-ray absorption fine structure upon 10 min milling.
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Fig. 5-5: Fourier transformed y(k)'k’ of the Mn or Fe K-edge absorption spectra for
MnSZ (left) and FeSZ (right) before and after milling up to 10 min.
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The average valence of Mn in the catalysts can be determined from the Mn K-edge shift of

the sample relative to a Mn foil (6539 keV) after calibration with spectra of MnO and Mn;0;

148,195

references. The edge positions, edge shifts, and resulting values for the average Mn

valence of 2.0MnSZ and 0.5MnSZ are listed in Tab. 5-1.

Tab. 5-1: Edge energy, edge shift relative to Mn" (6539 keV), and average Mn valence of
MnSZ containing 0.5 or 2.0 wt% promoter before and after milling for indicated time.

sample milling time / min edge energy / keV  edge shift/ keV  average Mn valence
0.5MnSZ 0 min 6547.168 8.168 2.54

10 min 6547.198 8.198 2.55
2.0MnSZ 0 min 6547.599 8.599 2.65

5 min 6547.311 8.311 2.58

10 min 6547.435 8.435 2.61

Only changes in the valence larger than 0.03 are significant. Milled 2.0MnSZ is slightly
reduced, the average valence of Mn in 0.5MnSZ is lower than in 2.0MnSZ and unaffected by

milling.

5.1.2.2 Surface Area

BET surface areas were measured after outgassing the samples in vacuo at 473 K for 16 h

using a Quantasorb Junior or an Autosorb-6 apparatus. The results are listed in Tab. 5-2.

Tab. 5-2: BET surface areas of the investigated catalysts after milling in 300 g batches for
indicated time before and after n-butane isomerization at 323 K.

0 min (= not milled) 5 min milled 10 min milled
before reaction
Sz* 129 m2 g1 135 m2 gt
0.5MnSZ* 114 m2 g1
2.0MnSZ 107 m2 gt
2.0MnSZ* 112 m2 gt 119 m2 gt
0.5FeSZ 106 m2 g1
2.0FeSZ 114 m2 g
after reaction
0.5MnSZ 105 m2 g1 105 m2 g1 103 m2 g1
2.0MnSZ 105 m2 g1 105 m2 g1 104 m2 g1
0.5FeSZ 104 m2 g1 106 m2 g1 105 m2 g1
2.0FeSZ 108 m2 gt 109 m2 gt

* measured with Quantasorb Junior (all others with Autosorb-6)

SZ has with ca. 130 m* g' the highest surface area, which increases slightly upon milling.

Also for 2.0MnSZ a higher surface area is observed after milling. The surface areas of all
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promoted samples are about 110 m® g'. The areas seem to decrease during reaction,
especially if the catalysts were milled. Milling does not seem to influence the pore size

distribution. According to the BJH method, all samples possess pores in the 2—3 nm range.

5.1.2.3 Catalytic Performance
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Fig. 5-6: Rate of isobutane production of SZ (378 K) and 2.0MnSZ (323 K) before and after milling.
Left: SZ, 10 min milled in different amounts. Right: MnSZ, 300 mg milled. Reaction in reactor after
activation at 723 K; catalyst mass 500 mg; total pressure atmospheric, n-butane partial pressure
1 kPa (balance of N>); total feed flow 80 ml min™.

Tests of the catalytic activity in n-butane isomerization focus on untreated or milled
samples because these materials can be tested as fixed powder beds without further sample
manipulation. The tests were conducted in a tubular fixed bed reactor using 500 mg of
catalyst or an in situ DRIFTS cell (about 160 mg). The results received in these different set-

.. 179,196
ups are similar and show the same trends.”””

In Fig. 5-6 the isobutane production rate
measured in the tubular reactor is plotted as a function of time on stream for untreated and
milled sulfated zirconia catalysts. The amount of sample used for milling influences the rate:
Milling of 635 mg SZ for 10 min results in a rate reduced to 80 % of its value for the unmilled
sample; SZ milled for 10 min in 300 mg batches passes through an induction period similar to
the one observed for its unmilled state, but there is no deactivation within 16 h and the
maximum isobutane formation rate is reached later (10 vs. 6 h on stream) and is severely
reduced after the treatment to only about 25 % of its value for untreated SZ (Fig. 5-6, left).
The initial maximum conversion to isobutane of 2.0MnSZ is similarly reduced from 280 to
85 umol g”' h™' by milling; the long term activity (> 2 h) remains unaffected (Fig. 5-6, right).
The results obtained for 2.0MnSZ in the DRIFTS cell confirm the decrease of the maximum
rate  with milling time (0min: 197 pmolg' h™'; 5min: 128 pmol g’ h™'; 10 min:
95 pmol g' h™).
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Fig. 5-7: Rate of isobutane production for 0.5MnSZ (left) and 0.5FeSZ (right) before and after
milling. Reaction in DRIFTS cell at 323 K after activation at 773 K; catalyst mass ca. 160 mg; total
pressure atmospheric; n-butane partial pressure 1 kPa (balance of N>), total feed flow 30 ml min’.

200 0.5MnSZ with lower promoter content
© 250- . 82;%‘5322 reaches the maximum rate extremely late,
%”200' i ngﬂiizz after 19 h time on stream (Fig. 5-7, left).
% 0 * The observed decrease in rate with
g 1(2’: o * increased milling time (0 min:
;% of . >73 umol g’ h''; 5min: 3.8 umol g’ h';

ol ﬁ e ] 10 min: 1.5 umol g’ h™") is comparable to

i Duration ofs;vlilling/min N that of 2.0MnSZ. Both catalysts containing

Fig. 5-8: Changes of the maximum rate with | Fe show drastic changes in the rate profile
duration of milling. after 5 min milling; the rate maximum of

250 pmol g h™! (2.0FeSZ) or 21 umol g’ h™' (0.5FeSZ) disappears after 5 min milling and
the resulting rate of 6 pmol g’ h™ (2.0FeSZ) or 0.3 pmol g h™' (0.5FeSZ) is lower than the
long-term rate of the unmilled catalysts, which is 20 pmol g h™' (2.0FeSZ) or 4 pmol g h™!
(0.5FeSZ) after 18 h time on stream. Longer milling times (10 min) resulted in a higher rate
with a maximum of 9 pmol g h™" (2.0FeSZ) or 0.7 umol g h™' (0.5FeSZ). In Fig. 5-7 (right)
the influence of milling on the rate is displayed for 0.5FeSZ; Fig. 5-8 presents an overview

over the influence of milling time on the maximum rate for all promoted catalysts.

5.1.2.4 DRIFT Spectroscopy and TG

From the spectra obtained after activation (30 min at 773 K) in the DRIFT cell it is obvious
that the intensity of the sulfate vibrations is lower for milled than for untreated catalysts. The
band intensity increases with the number of vibrating groups and is thus a measure for

concentration. In Fig. 5-9 the overtones of the sulfate vibrations are depicted for 0.5MnSZ.
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For MnSZ the band area of the sulfate vibrations decreases with milling time. However, in
2.0FeSZ the sulfate bands after 10 min milling are more intense than after 5 min, while the
milling time had not much influence on the band area of 0.5FeSZ. The sulfate content can be
estimated by means of thermogravimetry coupled with mass spectrometry (see Chapter 3.3);
the weight loss at about 1000 K is attributed to the decomposition of sulfate (evolution of SO,
and O,). This weight loss is 4.6 wt% for the unmilled SZ and 4.2 wt% for the 10 min milled
SZ. The respective weight loss for unmilled 0.5FeSZ amounts to 4.0 wt% and to 3.9 wt% for
5 and 10 min milled 0.5FeSZ. The high temperature stable sulfate species described in
Chapter 3.3 is still present after milling. Since it is only a small fraction of the total sulfate
(1-5 %), an influence of milling on its amount is not measurable. As there are results
indicating that only a fraction of the sulfate actually contributes to the catalytic activity,’*”
the significance of this species remains to be clarified. The trends observed for the sulfate
band intensity of MnSZ and FeSZ correlate with the changes in isomerization activity with
milling time as shown in Fig. 5-10, where the maximum rate is plotted versus the area under

the sulfate band at 2763 cm™.
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Fig. 5-9: DRIFT spectra of milled and | Fig. 5-10: Correlation of maximum rate with
untreated 0.5MnSZ after activation at 773 K | area of sulfate band at 2763 cm™ after
showing sulfate overtone vibrations. activation for milled and untreated samples.

Vs, Wrabetz, F.C. Jentoft, unpublished results.
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5.1.3 Discussion
5.1.3.1 Structural Changes Induced by Pressing

A pressure of 540 MPa equals about the pressure necessary in the making of self-
supporting wafers for transmission IR spectroscopy; it has already been reported that wafers
of pure zirconia may contain an increased fraction of m-ZrO,.””* Also a lower pressure of
only 10 MPa causes a phase transformation to m-ZrO, (see Fig. 5-2). Despite the presence of
sulfate which stabilizes the tetragonal phase, at least with respect to thermal treatments,’’
tetragonal SZ is partly transformed to m-ZrO, when pressed to a wafer. The t-ZrO, —
m-ZrO, transformation is not prevented but decelerated by Fe promotion. Measurements at
the 2.0FeSZ wafer show a preferential orientation of the m-ZrO, crystallites indicated by the
unusual intensity ratio of the m-ZrO, peaks at 28.2° and 31.5°. The preferential orientation
vanishes upon pulverization and the m-ZrO, fraction decreases. Because of the high
absorption coefficient of Zr (ca. 890 cm™ at 8 keV Cu Ko radiation) the X-rays penetrate only
the upper layers of the wafer. The surface of the wafer is thus enriched with m-ZrO, and the
t-ZrO, — m-ZrO; phase transformation does not affect the whole wafer. To reach random
distribution of the m-ZrO, crystallites, the wafer is pulverized. This was done very gently,
since it was known that grinding of promoted SZ (0.5 wt% Mn) results in a t-ZrO; — m-ZrO,
phase transformation with simultaneous loss in catalytic activity.””® For pure zirconia it is
reported that also gentle grinding in a mortar at room temperature leads to an increase of
m—ZrOz.199 Here, in 2.0FeSZ the m-ZrO, fraction is lower after pulverization. Further
monoclinization during the grinding can, thus, be excluded. Moreover, the assumption is

supported that the wafer is only monoclinic in the outer part.

5.1.3.2 Milling

Formation of m-ZrO, occurs also when the mechanical stress is induced by milling. There
are hints that conditions less forceful than in a ball mill suffice for the t-ZrO, — m-ZrO,
transition: Whitney observed that gentle grinding of pure zirconia in a mortar at room
temperature is sufficient to rapidly transform t-ZrO, into m-ZrO,; he attributed this to the
formation of dislocations in the lattice, which act as nucleation sites for m-ZrO,.””” However,
the extent of phase transformation during manual grinding is poorly reproducible: The partial
transition from t-ZrO, to m-ZrO, in 0.5MnSZ upon 10 min grinding resulted in an increase of
m-ZrO, from about 8 wt% to 19 or 57 wt%.”*® To exclude an operator influence, milling was

performed in a vibrating ball mill.
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Effects observed during milling of pure zirconia are consistent with reports in the
literature.”””’”> The phase stability of SZ-based catalysts and their activity in n-butane
isomerization are influenced both by the duration of milling and the amount of the sample that
is subjected to the treatment. The longer the milling time or the less powder is milled, the
more intensive is the contact with the ball in the mill and, thus, the mechanical stress exerted
on the sample. A comparison of the extent of phase transformation for sulfated zirconia
materials with that for pure zirconia is difficult because of the different initial m-ZrO, content.

The initially tetragonal SZ contains 30 wt% m-ZrO, after 10 min milling and its rate of
isobutane formation is reduced to 25 % compared to unmilled SZ; addition of 2 wt% Fe or
Mn cannot prevent the phase transformation but results in a similar fraction of m-ZrO,.
Samples with lower promoter content of 0.5 wt% are more sensitive to the treatment. This
might be, because they are already partly monoclinic before the milling. The fraction of
m-ZrQ, in SZ is larger in samples calcined at a higher temperature.” Promoters lead to
further stabilization of the tetragonal phase, so that catalysts containing 2 wt% manganese or
iron are tetragonal after calcination at 100 K higher temperature compared to that of
unpromoted SZ. However, in the presence of only 0.5 wt% promoter monoclinization cannot
be prevented at this higher temperature. Because Mn ions can be incorporated into the t-ZrO,

. 190,191
lattice®® 77017

and a number of different (incorporated) cations are known to stabilize the
tetragonal phase,”® Mn-promoted sulfated zirconia might be expected to remain unaffected by
milling; but this is not the case. Also for promoted samples, milling resulted in a reduced rate.
However, in 2.0MnSZ only the induction period during the first 2 h is concerned, whereas in
Fe-promoted SZ additionally the long term activity after 30 h is reduced upon milling.
Possibly, also for 0.5MnSZ only the maximum rate is reduced, but this is reached only after
19 h even for the untreated sample so that the steady state could not be reached within 30 h
(see Fig. 5-7). Changes in local structure of the Mn or Fe (Fig. 5-4 and Fig. 5-5) are consistent
with a phase change. Both are more pronounced for samples with lower promoter content.
The average Mn valence is lower in in the sample with less promoter, which is much less
active than 2.0MnSZ. This is in line with the observed linear correlation between the average
Mn valence after activation and the maximum rate in n-butane isomerization.’*

After 10 min milling the BET surface areas of SZ and 2.0MnSZ are about 5 % higher than
before the treatment. This is expected when the particle size is decreased, and milling is a
possibility to increase the surface area of catalysts. A larger surface area should lead to a
higher activity. But this is not the case for SZ-based catalysts that always show a lower rate of

isobutane formation when milled. After reaction, when the catalysts are partly deactivated, the
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surface areas of milled and unmilled samples are lower than before reaction and show no
significant differences. Thus, either the particles sintered, which does not seem likely because
of the low reaction temperature, or the accessible surface area is reduced due to coke deposits
produced from adsorbed hydrocarbons.

The sulfate vibrations in the DRIFT spectra decrease in intensity when samples are milled
which indicates a loss of sulfate or a reduction to e.g. sulfite. From the thermal analysis of SZ
it is obvious that sulfur is lost. The TG data of promoted samples point in the same direction,
but the differences in sulfate content are very small and within the errors of the measurement.
For Fe-promoted samples the catalytic activity after 10 min milling is exceeding the one after
5 min treatment, while the amount of m-ZrO, is increasing with duration of milling. Rather
than with the phase change the catalytic activity is correlated to the sulfate content of the
samples, which shows a similar trend. The correlation of the maximum rate with the band area
of the the sulfate overtone at 2763 cm™ (see Fig. 5-10) for samples with 2 wt% promoter does
not pass through the origin, which means that the band is overlapping with another species
that has no influence on the rate. The sulfate loss due to milling is low; it amounts to 2.5 wt%
in case of 0.5FeSZ. Instead the band area is decreased by 65 %. This observations indicates
that a minor sulfate species is responsible for activity, since the absence of this species leads

to a loss in activity.

5.1.4 Summary

For many experiments it is necessary or common practice to press powders, e.g. in order to
produce particles of a certain size for a catalytic test, to produce a wafer or pellet for
transmission spectroscopy, or to avoid uncontrolled distribution in a vacuum environment.
Equally, grinding is often used to homogenize samples or to mix them with standards or
diluents. Particularly in situ experiments often require such sample preparation techniques.

The presented results demonstrate that all these “standard laboratory practice” treatments
do not only convert the metastable tetragonal phase of ZrO, into the thermodynamically stable
monoclinic phase, but concomitantly alter the catalytic properties of sulfated zirconia
catalysts. The sensitivity towards mechanical stress renders investigation of sulfated zirconia
catalysts difficult and explains why the system has so far escaped fundamental understanding.
Data correlation is hindered because data obtained in experiments that involve different
sample handling procedures can reflect the properties of partially different materials and, thus,

do not represent pieces of the same puzzle.
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5.2 Storage and Aging of Sulfated Zirconia-Based Catalysts

5.2.1 Motivation

As shown in the preceding chapter (5.1), zirconia is a sensitive material. Even after
stabilization by sulfate and cationic transition metals, mechanical stress like grinding, milling,
or pressing induces changes in its structure and catalytic activity.””® Alterations in catalytic
performance of SZ are also observed with time of storage. A freshly calcined SZ sample

200
1

tested in an in situ UV—vis cell”” has a shorter induction period (43 instead of 90 min) and a

higher yield (9.7 vs. 6.0 %) than a catalyst stored in the laboratory for 60 days.zm
Crystallization and phase transformations of amorphous zirconia are accelerated under

202

hydrothermal conditions.”* Bulk phase transformations of doped zirconia occur at 338-393 K

within 120 h (Y-doped) or at 353-573 K within 160-360 h (Ce-doped) in the presence of

203,204

water vapor. Even in the framework of zeolites, changes are detected when they are

% In order to understand the aging phenomenon observed

exposed to moisture over months.
for SZ and to elucidate the influence of water in the storage atmosphere, systematic
investigations are needed. Thus SZ and MnSZ (2.0 wt% manganese) were stored in three
different concentrations of water vapor directly after calcination: (i) in a laboratory cupboard,
(i) in air saturated with water vapor at 313 K (“tropical”), (iii) in dry Ar atmosphere
(glovebox). After certain aging times, BET surface areas of the differently stored catalysts
were measured, their bulk phase was analyzed by XRD, and their activity in n-butane

isomerization was tested.

5.2.2 Results

5.2.2.1 Color, Moisture, and Structural Changes upon Aging

The aged MnSZ samples exhibit an increase in darkness from grey to dark grey in the
order laboratory << glovebox < tropical. SZ remains white. BET surface areas measured with
a Quantachrome Autosorb-1 are constant during 7 months and amount to about 140 m?/g for
SZ and to 115+8 m?*/g for the promoted samples. Before the BET measurements, the catalysts
were degassed for 16 h at 473 K to remove adsorbed water. An estimation of the water
content is possible by comparing the weight of each sample before and after the outgassing.
The loss in weight increases with the water content of the storage atmosphere: glovebox <
laboratory < tropical (Tab. 5-3).

This observation is supported by IR spectroscopy, which permits information about the

water content of the catalysts. DRIFT spectra of MnSZ after 7 months aging in dry (glovebox)

-50 -



5. Handling of Sulfated Zirconia-Based Catalysts

and wet (tropical) atmosphere are compared in Fig. 5-11. The range 3600-3000 cm is typical
for hydroxyl stretching vibrations, the OH bending mode of adsorbed water is located around
1600 cm™, the combination of stretching and bending vibrations of water gives rise to a band
around 5200 cm™ (see Chapter 3.4). Before thermal treatment (activation procedure) of the
catalysts, MnSZ stored under tropical conditions contains much more water than MnSZ stored
in the glovebox, the area under the water deformation peak centered at 1600 cm™ is ca. 2.5
times larger. This correlates well with the weight loss observed during outgassing, which is
2.4 times larger for MnSZ stored under tropical conditions (see Tab. 5-3). After the heat
treatment most of the water is removed and the combination mode centered at 5220 cm™
(glovebox) or 5180 cm™ (tropical) disappeared. Still the samples are slightly hydrated; the
bands observed around 1600 cm™ possess nearly the same integral intensity, indicating that
the water content of both samples is similar. However, the amount of hydroxyl groups present
after activation is larger for MnSZ aged under tropical conditions. Instead, the intensity of the
band at 2336 cm™ due to the stretching vibration of adsorbed N, is larger for MnSZ stored in
the glovebox. The DRIFT spectra of MnSZ aged in the laboratory do not change significantly

over years, band positions remain unchanged.

Tab. 5-3: Weight loss during outgassing (16 h, 473 K) prior to BET measurements

SZ MnSZ
glovebox 3.12% 491 %
laboratory 5.91% 7.07 %
tropical 11.55 % 11.63 %
25 5
2.0MnSZ before activation } 2.0MnSZ after activation
12 tropical 0.4 tropical
‘s 207 —— glovebox 47 —— glovebox
S 0.25 2 03 08
é 0.20 g
3 157 2 34 02 06
© 0.15 5 0a
% § 2 01 2400 2300 '
.g Qo 0.2
N4 [7]
E
O T T T T 0 T T T T T
4000 3500 3000 2500 2000 1500 4000 3500 3000 2500 2000 1500
Wavenumber / cm™* Wavenumber / cm*
Fig. 5-11: DRIFT spectra of 2.0MnSZ aged for 7 months before (left) and directly after (right)
activation for 30 min at 773 K (ramp 25 K/min) in 48 ml/min N,.

All samples are tetragonal after calcination for 3 hours at 823 K (SZ) or 923 K (MnSZ).

For MnSZ, independent of the atmosphere no changes in phase composition are discernable in
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the X-ray diffractograms upon aging up to six months, whereas for SZ when aged under
tropical conditions already after two months monoclinic reflections appear that increase in
intensity with longer aging times (Fig. 5-12). After six months in tropical atmosphere, the
total amount of crystalline material seems to be increased. However, the results are not
necessarily quantitative, since the moist samples and the Al,O; standard do not mix very well,
but tend to separate. When aged in the glovebox, SZ is still tetragonal after two months, but
after six months monoclinic reflections become visible. SZ aged in the laboratory is most

stable; after nine months only tetragonal reflections are measured.

T * Sz, tropical * * 2.0MnSZ, 6 months
* ! r *
* . | o2
M M 27T
* n * *
* c r *
* [} *
2 * * r=as *
2 s |
2 Jfresh N glovebox
= = F
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2 months § laboratory
6 months l ) \ l tropical
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2IO 3'0 4IO 5IO GIO 70 20 30 40 50 60 70
Diffraction angle Cu Ka. 20/ ° Diffraction angle Cu Ka. 20 / ©

Fig. 5-12: X-ray powder diffractograms of SZ aged under tropical conditions (left) and 2.0MnSZ
aged for 6 months (right). Asterisks indicate internal standard a-Al,0:;.

5.2.2.2 Changes in Catalytic Performance with Aging Time

Isomerization was carried out after

40 T T T T
o fresh activation in 40 ml/min nitrogen at 723 K

- *  glovebox
< 30{ # laboratory } after 6 months : using 25 ml/min 1vol% n-butane in
o *  tropical
2 nitrogen at 373 K (SZ) or 323 K (MnSZ).
= 20 .
o Unpromoted SZ catalysts hardly deacti-
@
3 10] vate. Fig. 5-13 shows the isomerization
“ rate of fresh and 6 months aged SZ. After

04

calcination, the maximum rate after ca. 3 h

Time on stream / h

amounts to about 20 umolg' h'. Six

Fig. 5-13: Rate of isobutane formation on SZ
stored under three different conditions up to 6
months. Activation: 40 ml/min N, 30 min at 723 K; | delay and a decrease: The maximum rate
feed: 25 ml/min I vol% n-butane in N, at 373 K.

months storage in the laboratory lead to a

of about 10 umol g’ h™ is reached only
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after ca. 17 h time on stream. Storage under tropical conditions results in a clearly visible
decrease of the maximum rate to about 3 pmol g’ h”'. SZ stored in the glovebox for six
months has a local maximum in rate after 1 h, after 2.5 h the rate increases again and is after

25 h as high as in the fresh catalyst. This behavior was reproduced with a second sample.

300 2.0Mn$Z, Iabpratory 300 2.0MnSZ, tropical
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Fig. 5-14: Rate of isobutane formation on 2.0MnSZ stored under three different conditions up to 6
months. Activation: 40 ml/min N,, 30 min at 723 K; feed: 25 ml/min 1 vol% n-butane in N, at 323 K.

The catalytic performance of MnSZ is more strongly influenced by the storage conditions
than that of SZ. Fig. 5-14 compares the rates of isobutane formation of fresh MnSZ and
MnSZ stored for the time of one week up to half a year in the laboratory, exposed to water
vapor, or in the H,O (<1 ppm) and O, (<8 ppm) depleted environment of a glovebox. The
activity profile of MnSZ kept in the laboratory does not change significantly during half a
year. The sample stored under tropical conditions shows a decrease in maximum rate after one
week, but no significant changes during further aging. Drastic changes are observed in the
isomerization activity of MnSZ stored in the glovebox: The maximum rate decreases from ca.
250 to 150 pmol g’ h™' after one month and to only 24 pmol g’ h™' after half a year;
concomitantly the maximum shifts from about 1 to 16 h time on stream. The integral

conversion to isobutane during the observation span up to 30 h (Fig. 5-14, below) decreases
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from 589 pmol g after one week storage to 409 umol g™ after six months in the glovebox.
The amount of isobutane produced is, thus, in the same order of magnitude as the promoter

content in the MnSZ samples, which amounts to 364 pmol g

5.2.3 Discussion

The catalytic performance of all samples is deteriorated upon aging. The degree of activity
loss is determined by the storage atmosphere. A possible explanation for the difference in

activity could be changes to the bulk structure of the catalyst.’”®

For SZ, appearance of a
monoclinic phase is observed for samples aged in water rich (tropical) and less pronounced in
water and oxygen poor atmosphere (glovebox). A phase change from tetragonal to monoclinic

136,146

zirconia has been suggested to cause deactivation, since monoclinic SZ is less active

% However, after six months aging in the laboratory, SZ is still

than tetragonal SZ.
tetragonal, but less active than SZ stored in the glovebox. A decrease in activity due to an
increase of the monoclinic fraction alone seems, thus, unlikely. This is supported by the fact
that the diffractograms of fresh and aged MnSZ indicate only tetragonal zirconia without
visible effect of the different conditions, whose influence on the performance is even greater
than for SZ. The aged samples differ explicitly in the H,O content, as evidenced by weight
loss during heating and in the DRIFT spectra. Activated in flowing nitrogen, 2.0MnSZ
possesses more OH groups (Brensted sites) and a smaller amount of adsorbed N, (Lewis
sites) after aging under tropical conditions than after storage in the glovebox. The ‘right’
amount of H,O on the catalyst has been inferred to be important and concentrations of

206.207 Brom the

75 umol g or 200 pmol g have been proposed to result in best performance.
relative intensities of sulfate and OH stretching bands in the DRIFT spectra after aging in the
laboratory (not shown), the glovebox, and under tropical conditions (see Fig. 5-11, right), it
can be concluded that MnSZ is further hydroxylated under tropical conditions rather than
dehydroxylated in the glovebox. Excess water from humid storage conditions can be removed
in the activation procedure before the isomerization reaction,’®® but lacking water due to dry
storage conditions would not be replenished. However, traces of water from the feed system
may adsorb on the catalyst while on stream. This scenario could explain why the MnSZ
catalyst that had been stored in the glovebox for six months started producing isobutane after
ca. 10 h on stream. The maximum rate, though, was only '/;o of that of the fresh sample (see
Fig. 5-14). The differences in color of differently stored MnSZ might also be explained by

different moisture content. However, a change in the Mn oxidation state could also be

responsible for the color change in the MnSZ samples. Aging in the glovebox has an effect on
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the catalytic activity of SZ, but not as dramatic as in case of MnSZ. This means that the
changes upon storage in the glovebox are concerning manganese, which e.g. could be
reduced. This would be consistent with the observed decrease in the maximum rate of

isobutane formation with the average Mn valence after activation.’**

5.2.4 Conclusions and Outlook

The storage conditions (temperature, O, and H,O partial pressure) can influence the
performance of sulfated zirconia catalysts. Storage in the laboratory proved to be the best way
to prevent a loss in catalytic activity of MnSZ and structural changes in case of SZ. A phase
transformation of tetragonal to monoclinic zirconia is favored by water, consistent with the

literature,2 02-205

and by the oxygen depleted atmosphere in a glovebox. The tetragonal phase
might be just a prerequisite to generate sites connected to defects. A reduction of Zr*" to Zr*”
and formation of oxygen vacancies could result in a sevenfold coordination of the metal ions,
as in the monoclinic phase of zirconia, and facilitate the phase transformation. For MnSZ, the
decrease in isomerization rate upon aging in the glovebox could be caused by a reduction of
manganese ions to Mn”".

The decrease in catalytic activity of SZ by ca. 90 % after 6 months aging under tropical
conditions is not proportional to the phase transformation into monoclinic zirconia of less than
25 wt%. Possibly, the fraction of the tetragonal phase that is most active and probably
connected to the defects is converted most easily. This could explain the unproportional loss
in activity and should be investigated further.

The sensitivity of sulfated zirconia catalysts towards the aging conditions holds the
possibility to generate different materials from the same parent compound through variation

of these conditions. Such samples provide a unique opportunity to identify properties that are

relevant for activity.
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6. Sites of Sulfated Zirconia-Based Catalysts

A useful tool to investigate the sites of metal oxide catalysts is adsorption of probe
molecules and observation of the corresponding IR spectra. The most commonly used probes
to detect acid sites on sulfated zirconia are CO and pyridine (see Chapter 2.3). However,
characterization of the activated (dehydrated) catalysts does not necessarily provide any
information about the catalytic performance in n-butane isomerization, since the sulfated
zirconias are only pre-catalysts that need to be in contact with the feed during the so called
induction period to become active. Nevertheless, there are two possibilities to get information
on activity: (i) experiments can be carried out “quasi in sifu” which means that reaction is
carried out for certain times on stream prior to adsorption, or (ii) the reactant can be used as

probe. Both approaches were used and the results are described in chapter 6.1 and 6.2.

6.1 Quasi in situ n-butane isomerization and CO adsorption on FeSZ
6.1.1 Motivation

Sulfated zirconia is known to be an acid material; it was even claimed to be superacidic.”
Acidic oxides like SZ possess different types of acid sites, Bronsted and Lewis acid sites.
Skeletal isomerization of n-butane is a typical example for an acid catalyzed reaction in liquid
phase.”” Thus the active site on SZ is considered to be acidic. Many attempts have been made
to probe the active sites on SZ, but the results are not clear. Brensted acid sites™ as well as
Lewis acid sites” or a combination of both?’ have been proposed to be responsible for
activity.

CO is a weak base and thus well suited to probe acid sites of different strength. At low
temperature (77 K) CO interacts also with weakly acidic sites, strongly acidic Lewis sites can
be probed even at room temperature. In order to test catalysts that are active a combination of
in situ and adsorption experiments was used. n-Butane was isomerized at 323 K on FeSZ
(containing 2 wt% Fe) in a high temperature cell (HTZ) for FTIR spectroscopy in
transmission. The reaction was stopped at different stages of performance and CO was
adsorbed after evacuation. This quasi in situ CO adsorption allows determination of the

amount of CO adsorbed on FeSZ at a certain catalytic activity.

6.1.2 Results

n-Butane isomerization was carried out in situ after activation of the FeSZ wafer in flowing
N,. The wafer is active in n-butane isomerization and shows a catalytic profile with a
maximum in conversion after 1.5-2 h time on stream.
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The FTIR spectra taken every 16 min during n-butane isomerization are displayed in Fig.
6-1; the spectrum at the start of the reaction and the spectrum corresponding to the maximum
rate are shown in black. The band around 3580 cm™ increases and bands at 2966, 2938, 2873,
and 1465 cm™ become visible as soon as the feed gas is admitted to the cell. Bands at 1602
and 1626 cm™ increase with time on stream. For the band at 1402 cm™ a shift towards lower
wavenumbers and an intensity decrease are observed, while the band at 1303 cm™ increases

with time on stream.
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Fig. 6-1: In situ FTIR spectra of FeSZ taken every 16 min during n-butane isomerization at 323 K
after activation in 40 ml/min N,. Black: Spectra at start of reaction and at maximum rate.
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on FeSZ after activation at 723 K in flowing N.. .
& flowing N> towards 2200 cm™. At very high

partial pressure of ca. 200 hPa CO a second band appears at 2162 cm™. On FeSZ activated in
vacuum a partial pressure of 5 hPa is sufficient to create the band around 2160 cm™, which is

increased and shifted to ca. 2155 cm™ with increasing CO pressure (not shown).
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CO adsorption on FeSZ was carried out quasi in situ, i.e. n-butane isomerization was
performed and stopped at different stages of catalytic activity by purging with N, until all
bands of butane were removed before CO was admitted after evacuation for 1 h; the total
pressure was always below 10 hPa. This allows determination of the adsorbed amount of CO
at a certain catalytic activity. In Fig. 6-3 (left) the rates are displayed for three FeSZ wafers.
Circles indicate the last data point before CO adsorption that was taken either directly after
activation of FeSZ in flowing N, (black) or after activation and n-butane isomerization at
maximum rate (grey) or after deactivation (light grey). The resulting spectra at a partial
pressure of 9 mbar are compared in Fig. 6-3 (right) and show that the intensity of the CO band

at 2200 cm™' decreases with time on stream.
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Fig. 6-3: Rate of isomerization versus time on stream of FeSZ at 323 K and 30 ml/min n-butane
(I kPa in balance of N,) after activation in 10 ml/min N, at 723 K (left). For each of the three
experiments a fresh wafer was used. After stop of reaction (circle) CO was adsorbed (right).

6.1.3 Discussion

Before the IR experiments FeSZ had to be pressed to a self-supporting wafer. As discussed
in Chapter 5.1, the metastable tetragonal FeSZ transforms its phase partly when pressed for
10 min with 540 MPa to reach 20-30 wt% of the stable monoclinic form. Here the wafer was
pressed under less harsh conditions (20 s at 270 MPa) to minimize the phase transformation.

The spectra obtained in the HTZ have a lower signal-to-noise ratio than the spectra
recorded in the DRIFTS cell, which makes determination of small shifts difficult. The lower
quality of the transmission spectra is due to the available detector and the poor transmittance
of the self-supporting wafers that need a certain thickness to be stable. The signal-to-noise

ratio of the spectra could be enhanced by embedding the sample in a diluent like KBr, but
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interaction of the diluent with reactant or the probe molecule would falsify the results.
However, bands at 2966, 2938, 2873 cm™ and 1465 cm™ are typical for CH stretching or CH
deformation vibrations that originate from n-butane in the gas phase. Interaction of butane
with the hydroxyl groups of FeSZ leads to the increase of the OH stretching band at ca.
3580 cm™. Water adsorption on the catalyst with time on stream is indicated by the increase
of the OH deformation bands at 1602 and 1626 cm™. The structure of sulfate is influenced
both by water and butane, which results in changes of the intensity and position of bands
characteristic for sulfate vibrations. A detailed discussion of in situ spectra measured during
n-butane isomerization will follow in Chapter 7, when data measured in diffuse reflectance
are presented.

Lewis sites are probed by CO adsorption at room temperature. The band appearing at
2208 cm™ after CO adsorption on FeSZ can be assigned to a CO stretching vibration of CO
interacting with cus Zr*" sites, since a band at the same position has been reported for
monoclinic or partly tetragonal SZ.”’**”” Pinna et al. found the band of cus Zr*" on SZ to be
shifted from 2200 to 2210 cm” with the CO partial pressure decreasing from 133 hPa—
1.6 Pa.”’’ Since iron is not very well incorporated into the zirconia lattice but accumulates on
the surface,”” CO should also interact with cus Fe species. CO at cus Fe* has been reported to
show bands at 2150, 2138, and 2124 cm™ on Fe-containing zirconia,”’! while Fe*™ (x<3) was
found to show a band at 2170 cm™ on Fe-promoted SZ.””” The CO band appearing around
2160 cm™ at high partial pressure can thus be attributed to CO on Lewis acidic iron species.
The capacity of FeSZ to adsorb CO on Zr*" Lewis sites decreases with time on stream; at the
same CO partial pressure of 9 hPa the band indicative of CO at Lewis sites is less intense after
reaching the maximum rate than at the start of the reaction and has vanished after running the
reaction for 17 h (Fig. 6-3). The amount of adsorbed CO can thus not be taken as a measure
for the catalytic activity of FeSZ in the present state. Though CO is known to be a poison that

123,210
d,

inhibits isobutane formation as long as it is added to the fee instead of blocking active

Lewis sites that are necessary for isomerization,”’’ it is reacting with the adsorbed carbenium

18123 50 that their transformation to isobutane is hindered. Quasi in situ CO adsorption

ions,
shows that Zr*" sites, which are able to interact with CO, are blocked during n-butane
isomerization. Either the reactant or its product or byproducts could be responsible for the
consumption of Lewis sites. From the spectra recorded in situ during n-butane isomerization,
it is visible that water is formed. This water formation can occur via oxidative

dehydrogenation of n-butane according to the following equation: oxidized catalyst + C4Hjo

— C4Hg + H,O + reduced catalyst (see Chapter 7). Because of its high electron density (free
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electron pairs) water is a much stronger Lewis base than alkanes. Thus, it is the water that

adsorbs on FeSZ and blocks the Lewis sites.

6.1.4 Summary

The transmission high temperature IR cell was used as reactor. The information obtained
from in situ transmission IR spectra is consistent with the one from in situ DRIFT spectra as
described in chapter 7. Lewis sites of FeSZ were characterized by room temperature CO
adsorption after n-butane isomerization, which was stopped at different states of activity.
With time on stream a decrease in the number of Lewis acid Zr*" was detected. This decrease
is probably due to water, which can be formed as a side product during activation of butane

via oxidative dehydrogenation and is adsorbed more strongly than CO.

6.2 Adsorption of hydrogen and n-butane on SZ and Fe- or Mn-promoted SZ

Characterization of the surface of SZ catalysts has focused on acidic sites using probe
molecules with free electron pairs such as ammonia, pyridine or carbon monoxide. These
investigations did not deliver an unambiguous picture. A more weakly interacting probe is Hy,
which can serve as a model for the reactant butane since both molecules exhibit only sigma-
bond basicity. H, has been used to probe Bronsted as well as Lewis acid centers of zeolites or
metal oxides at low temperatures, using IR spectroscopy for analysis.”’*?”* Lewis acid sites
can be probed with high sensitivity because shifts of the H-H stretching frequency tend to be
large due to polarization of the corresponding bond.”’#?"> At higher temperature, hydrogen
can be employed to test the reducibility (i.e. oxidation potential) of the catalyst, so that the
plausibility of an initiation of skeletal isomerization by oxidative dehydrogenation (ODH) can
be evaluated. Furthermore, useful reference spectra for hydrides may be generated, because
frequencies given in the literature for zirconium hydrides span a wide range and overlap with
species such as water. Essential for the catalysis is the interaction with the reactant, n-butane,
which can also be followed by IR spectroscopy. According to the mechanisms proposed for
carbenium ion formation as initial step in skeletal isomerization —(i) protonation of the
alkane by very strong Brensted sites, (i1) hydride abstraction by strong Lewis sites, or (iii)
oxidative or non-oxidative dehydrogenation of the alkane (see Chapter 2.5)— reaction with
butane should result in (i) a shift or decrease of bands of OH groups, (ii) formation of a

hydride, or (iii) oxidation to e.g. an alkene with water or hydrogen as a side product.
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To identify the relevant sites and analyze the role of the promoters in SZ catalysts,
elucidate the mechanism(s) for n-butane activation, and investigate the function of sulfate and
hydroxyl groups therein, the Bronsted and Lewis acid sites on the surface of SZ and iron- or
manganese-promoted SZ (2.0MnSZ, 2.0FeSZ) were probed with hydrogen at 77 K or butane
at room temperature using DRIFTS as analytical technique. Probes were dosed into vacuum
and reactions were performed in batch mode. The products of reaction with hydrogen or
butane at increasing temperatures delivered information on the reaction initiation and the

oxidation potential of promoted in comparison to unpromoted catalysts.

6.2.1 Results

For the DRIFT spectroscopic experiments the powders were pressed at 10 MPa for 2 s and
sieved into fractions of 0.2-0.5 or 0.5-1.0 mm. Pressing can cause partial transition of
tetragonal to monoclinic zirconia (see Chapter 5.1); analysis of selected samples after pressing
revealed a minor fraction of monoclinic phase (10-20 %). Samples were placed into a quartz
vacuum cell equipped with a CaF, window and pretreated in vacuum. A typical activation
procedure was: heating under vacuum (10°~10™ hPa, diffusion pump with liquid N5 trap)
from ambient temperature to 383 K in 15 min, keeping at this temperature for 1 h to remove
water, heating further up to 723 K for 1 h, evacuation at this temperature for 1 h, heating in
67 hPa of oxygen for 1 h to remove grease contaminations, and finally evacuation for 20 min

at 723 K.

6.2.1.1 Catalyst characterization

For all investigated samples, X-ray diffractograms before pressing showed reflections
typical of the tetragonal phase of ZrO,, no monoclinic phase could be detected. The following
BET surface areas were obtained: 119 m?/g (SZ), 108 m*/g (2.0MnSZ), and 134 m%*g
(2.0FeSZ). The rate of n-butane isomerization in a flow reactor is shown in Fig. 6-4. The
promoted catalyst samples deactivate partially under the applied conditions. The measured
maximum rate for FeSZ is 225 pmol-g"*h" and that of MnSZ is 440 pmol-g"-h'. The long
term activity (800 min) of FeSZ amounts to ca. 20 pmol-g”'h™ and exceeds that of MnSZ (ca.
5 pmol-g'h™). SZ has a lower maximum rate (35 pmol-g"-h™") than the promoted catalysts,
even though isomerization was carried out at a temperature that was 55 K higher. In contrast
to the promoted samples it shows nearly no deactivation: the rate after 1000 min is still

30 pmol-gh™.
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Fig. 6-4: Rate of isomerization of SZ, MnSZ, and FeSZ | Fig. 6-5: DRIFT spectra of two
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fixed bed reactor after activation in N, at 723 K, 1 vol% | recorded at 77 K after adsorption of
n-butane in N, at 323 K (FeSZ, MnSZ) or 378 K (SZ). 70 hPa H,.

6.2.1.2 Low temperature adsorption of hydrogen

After adsorption of H, (70 hPa) on SZ or 2.0MnSZ at 77 K, bands of the perturbed H-H
stretching frequency appear in the DRIFT spectra (Fig. 6-5). One band, located between 4058
and 4048 cm™, is always observed. Sometimes, an additional band at 4106 cm™ is detected.
Formation of the band at 4048 cm™ is not connected with a shift of the OH groups; for the

band at 4106 cm™' such a correlation could not be excluded.

6.2.1.3 Reaction with hydrogen at elevated temperatures

1.0 0.5
3629
o 0.8 @ 041 \
E =
> =]
< 0.6 % 0.3
> =]
= =
8 041 $ 451
[} 5]
fe] Qo
] =}
¥ 02] X 01
00— 0.0 T T T T
4000 3500 3000 2500 2000 4000 3500 3000 2500 2000
Wavenumber / cm™ Wavenumber / cm™
Fig. 6-6: DRIFT spectra of SZ (left) and 2.0MnSZ (right) recorded at room temperature after
activation at 723 K (gray) and after H, adsorption and 20 min heating in H, at 473 K (black).

The spectrum of SZ did not change significantly after heating in hydrogen to 473 K (Fig.
6-6, left and Fig. 6-7). This is different for MnSZ. After heating in hydrogen at 473 K the

band at 3631 cm™ shows a shoulder at 3645 cm™, an additional band appears with a maximum
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at ca. 3584 cm™, and the intensity increases in the region between 3500 and 3000 cm™ typical
for stretching vibrations of H-bonded OH (Fig. 6-6, right). Furthermore, the intensity of the
overtone and combination modes of sulfate vibrations decreases. Shifts of sulfate bands were
less than 5 cm™. A band at 5243 cm™ appears (Fig. 6-7, left). Several new bands are also
observed between 1700 and 1558 cm™ (Fig. 6-7, right), including a well-defined band at
1594 cm™ and a broad feature between 1700 and 1660 cm™.
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Fig. 6-7: DRIFT spectra of SZ and MnSZ recorded at room temperature after activation at 723 K
(gray) and after hydrogen adsorption and 20 min heating in hydrogen at 473 K (black).

6.2.1.4 Adsorption of n-butane at room temperature
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Fig. 6-8: DRIFT spectra of SZ (left) and 2.0MnSZ (vight) recorded at room temperature before
n-butane adsorption (dotted), after adsorption of n-butane at room temperature (dashed), and after
30 min heating in n-butane at 373 K (solid).

After addition of 10 hPa n-butane at room temperature to SZ, MnSZ or FeSZ, bands of CH
vibrations are visible in the spectra. For all catalysts, there are five bands in the CH stretching

region, three with distinct maxima at 2966, 2940, and 2875 cm’ and two shoulders at 2830
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and 2747 cm™ (Fig. 6-8). Two bands in the CH deformation region are centered at 1465 cm™
(shoulder at 1455 cm™) and at 1387 cm™ (not shown).

After adsorption of 10 hPa n-butane on SZ at room temperature a band appears in the OH
stretching region at ca. 3563 cm’, while the band at 3629 cm™ decreases in intensity
(Fig. 6-9). Addition of n-butane to the promoted catalysts at room temperature leads to
appearance of a small broad band in the OH stretching region with a maximum near
3573 cm™'; concomitantly, the band at 3631 cm™ shrinks. Two very weak bands at about 3742
and 3720 cm™ are also diminished in intensity by adsorption of n-butane for all three
catalysts; this effect is more pronounced at higher pressure (100 hPa). All shifts of OH bands

are reversed upon evacuation.
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Fig. 6-9: DRIFT spectra of SZ, MnSZ, and | Fig. 6-10: DRIFT spectra of SZ recorded at room
FeSZ recorded at room temperature before n- | temperature after 60 min heating in n-butane at
butane adsorption (gray) and after adsorption | 373 K (dotted), after 40 min heating in n-butane at
of 10 hPa n-butane at room temperature | 573 K (dashed), and after evacuation of n-butane
(black). (solid).

6.2.1.5 Interaction with n-butane at elevated temperatures

After heating SZ for 30 minutes at 373 K in 10 hPa n-butane (pressure at room
temperature), no changes are visible except a small decrease in the intensity of the CH
vibration bands and a small increase in the region of H-bridging (Fig. 6-8, left). Longer
heating at 373 K (one hour) and an increase of the temperature up to 473 K cause no further
changes. The spectra change significantly only after heating the sample to 573 K (Fig. 6-10).
At this temperature, the intensity of the CH bands decreases dramatically. A pronounced band
in the region of CH stretching vibrations is recognized at 3062 cm™. The band at 3629 cm™ is
shifted to 3644 cm™'. The overall intensity in the range 3500-3000 cm™ increases. The broad
features around 3290 and 3185 cm™ indicate H-bridging. The sulfate bands at 2417, 2198, and

- 64 -




6. Sites of Sulfated Zirconia-Based Catalysts

2041 cm’ decrease in intensity and in part experience shifts (2041—2053 cm’;
2417->2406 cm™). Two weak bands appear at 2583 and 2570 cm™. The band at 2352 cm™
loses its shoulder at 2340 cm™ without decreasing in intensity at all, i.e. most likely this band
is actually increasing (Fig. 6-11). A band at 2285 cm™ becomes discernable. The band at
about 1627 cm™ gains in intensity and shoulders form towards higher and lower wavenumbers
with a distinct maximum at 1593 cm™ (Fig. 6-12). A new band appears at 5228 cm™
(Fig. 6-13). After evacuation, all bands of CH vibrations have almost but not entirely
disappeared (Fig. 6-14) except for the bands at 3062 and at 1455 cm™. The band at 2352 cm’™

is reduced (Fig. 6-11). The other features remain unchanged.
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Fig. 6-12: DRIFT spectra of SZ and MnSZ
recorded at room temperature after activation at
723 K (gray) and after heating in butane at
indicated temperature (black).

evacuation of n-butane (solid).

In contrast to SZ, MnSZ and FeSZ react with n-butane already at 373 K. The intensity of
the CH bands is decreased after 30 min of treatment (example MnSZ: Fig. 6-8, right). The OH
stretching band at 3631 cm™ increases and is shifted to 3638 cm™ while the OH stretching
band centered at about 3580 cm™ that is present after adsorption of n-butane also grows and
becomes more distinct. At the same time a general increase in intensity in the region
3500—3000 cm™ is observed. The bands at 2764, 2417 and 2046 cm™ lose in intensity. A shift
can be recognized for the two lower frequency bands, after the treatment they are located at
2406 cm™ and 2052 cm™. The band at 2352 cm™ and its shoulder at 2340 cm™ decrease
slightly in intensity, but the area ratio remains unchanged. The band at 1632 cm™ grows and
an even larger, well-defined band develops at 1593 c¢m™ (Fig. 6-12). Furthermore, a band is
detected at 5238 cm™ (Fig. 6-13). After evacuation of the sample, the intensity in the CH
region is strongly diminished and four bands with maxima at 2982, 2941, 2906, and
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2884 cm™ become visible (Fig. 6-14). Otherwise, the spectra are unaffected. The results for
FeSZ are largely comparable to those obtained for MnSZ, except that there is no distinct band
at 5238 cm” and a less intense band at 1593 cm”. The CH stretching bands that are

discernable after evacuation are located at about the same positions as for MnSZ (Fig. 6-14).
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Fig. 6-13: DRIFT spectra of SZ and MnSZ
recorded at room temperature after activation
at 723 K (dotted) and after heating in n-butane

Fig. 6-14: DRIFT spectra of SZ, MnSZ, and FeSZ
recorded at room temperature after heating in
n-butane at indicated temperature and evac-

at 373 K (solid) or at 573 K (dashed). uation.

6.2.2 Discussion

Hydrogen and n-butane, which exhibit solely the very weak sigma-bond basicity, were
used to investigate acid sites on SZ materials. At the chosen adsorption temperatures, 77 K for
H, and room temperature for n-butane, both molecules can be desorbed through evacuation.
The facile desorption of n-butane is consistent with calorimetric results, which, on SZ, yield
differential heats of adsorption of 45-60 kJ-mol'.”’® The surface is reverted to its pre-

adsorption state, i.e. the molecules fulfill the requirements for probes.

6.2.2.1 Lewis and Bronsted acid strength

The bands resulting after low-temperature adsorption of 70 hPa hydrogen on SZ or MnSZ
are red-shifted in comparison with the gas phase frequency (IR inactive, from Raman

spectroscopy: 4160.2 cm'l),217

indicating a weakening of the H-H bond through electron
donation towards acid sites.

The band at 4048 cm™ observed for SZ can be assigned to H, adsorbed on Lewis acid sites
because it is not associated with a shift of OH bands. The position is also very close to that of
a band at 4054 cm™', which was previously reported by Kondo et al. for H, adsorbed on pure

and thus not Brensted-acidic ZrO,.”’* A slightly higher frequency of 4059 cm™ is observed for
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MnSZ. This band originates from H, adsorbed on Lewis sites as well, because of its position
and because its intensity decreases with increasing degree of hydration (after heating the
sample in hydrogen). The largest shift compared to the gas phase vibration of hydrogen is
observed for adsorption on SZ (band at 4048 cm™), i.e. the presence of Mn does not enhance
the Lewis acid strength. The shifts are ca. 110 cm™ (SZ) and ca. 100 cm™ (MnSZ) and are
slightly smaller than that observed for H, adsorption on Si electron-acceptor centers in
dehydroxylated ZSM-5, which is 130 cm™.?”? Larger shifts are observed for adsorption on
group 11 and 12 cations, e.g. 1035 cm™ (Cu"y"* or 222 cm™ (Zn*").?"”

The band at 4106 cm™ (observed for SZ and MnSZ) cannot be unambiguously assigned to
H; adsorbed on Brensted or Lewis sites, but its position corresponds to that of H, coordinated
to the bridging OH groups of [Al]-HZSM-5.”"% If this band arose from adsorption on OH
groups, then the Bronsted acidity of SZ materials would approximately correspond to that of
H-ZSM-5. Earlier, it was reported that the Bronsted acid sites of SZ catalysts are “weaker, at
any rate not stronger than those of H-ZSM-5 and HY”.”” For zeolites, the bands for H,
adsorbed on Lewis acid sites are much less intense than those for H, on the Brensted acid
sites; here, the bands arising from H, adsorbed on Lewis acid sites were always stronger than
the band at 4106 cm™. This intensity distribution reflects the different nature of the zirconia
surfaces in comparison to the zeolites, whose acidic properties are dominated by the Bronsted

functionality of the OH groups.
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Fig. 6-15: n-Butane gas phase: 10 ml/min 5 vol% (5 kPa) n-butane in N, in the DRIFTS cell.

Admission of n-butane results in a pattern of CH stretching vibrations that differs from the
gas phase spectrum (see Fig. 6-15). The intense narrow bands of the rotation-vibration
spectrum of gas phase n-butane are not detectable in the spectra (see Fig. 6-8), which thus
represent adsorbed species. The band at 2966 cm™ is less sharp and less pronounced;

accordingly, the band at 2940 cm™, which is only a shoulder in the gas phase spectrum,
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becomes distinct. The band at 2875 cm™ is more intense and shifted by about -12 cm™ with
respect to the gas phase feature. Babou et al. reported a shift of the CH stretching vibrations of
butane to lower frequencies upon adsorption on SZ at room temperature.”” The largest
intensity increase is observed for the bands at 2830 and 2747 cm™, which are barely
discernable in the gas phase spectrum. Butane adsorption results in a measurable shift of the
OH bands towards lower wavenumbers, indicating interaction between n-butane and Breonsted
acid sites. An H-bridge from butane to the oxygen of an OH group could be responsible for
the observed low frequency CH vibrations.

For the intense OH band at ca. 3630 cm™, the red-shift can be determined. At 10 hPa
butane, the shift is ca. 66 cm™ for SZ and ca. 58 cm™ for MnSZ and FeSZ. Again, the values
are similar and there is certainly no increased interaction due to addition of the promoters.
Paukshtis et al. obtained a shift of ca. 92 cm™ after adsorption of n-pentane on unpromoted
SZ; however, the initial position of the OH band was higher. For comparison, the shift of the
OH groups in H-mordenite after n-butane adsorption is ca. 110 cm™.” The interaction of the
zirconia catalysts with n-butane, i.e. with the reactant, via OH groups is obviously weaker
than in case of a typical acidic zeolite. From the OH-band shifts it seems unlikely that the
activation of the alkane is achieved through interaction with OH groups on the zirconia
catalysts. In any case, the OH groups serve as anchoring points for the reactant molecules at
the surface.

Adsorption experiments with hydrogen and n-butane show that the promoters do not
increase the acid strength of the catalyst. The same result is obtained when contacting a wet
pH paper with powder of SZ or promoted SZ: The color change into red is more intense for

unpromoted SZ indicating lower pH.

6.2.2.2 Interaction of SZ and MnSZ with hydrogen

As far as detectable by IR spectroscopy, pure SZ shows no interaction with hydrogen at
room temperature or at 473 K. In contrast to these observations Paukshtis et al. found

oxidation of hydrogen on promoter-free SZ at 473 K;'"’

the different behavior may be due to
deviations in sample preparation or experimental procedure. At a hydrogen partial pressure of
100 hPa, a positive effect on the stability of the n-butane isomerization rate on SZ at 523 K

has been observed by Garin et al., while a lower partial pressure of 80 hPa had no obvious

Y Kroéhnert, F.C. Jentoft, unpublished results.
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influence.” These reaction kinetic results confirm that for interaction between SZ and
molecular hydrogen a minimum partial pressure and a minimum temperature are required.

At room temperature, the spectra of MnSZ also remain unchanged, but during heating at
473 K for 20 min the sample reacts with hydrogen (Fig. 6-6, right and Fig. 6-7). The band at
1594 cm™ is attributed to the deformation mode of water because it matches nearly exactly the
gas phase vibration at 1595.0 cm™.?”” The corresponding stretching vibration is seen as a
shoulder of the band at 3631 cm™ appearing around 3645 cm™. The band at 5243 cm™ is a
combination mode of these two, the deformation and stretching vibration of the water
molecule (3645 + 1594 = 5239). The formation of OH groups (new band at 3584 cm™) and
water together with the increasing intensity in the hydrogen bonding region (3500-3000 cm™)
are evidence for the oxidation of hydrogen.

Several species could give rise to the absorption bands at 1700-1670 cm™. Reported
frequencies for Zr—H are lower; they range from 1555 cm™ in ZrO, to 1660 cm™ in
Zr(BH4)/Si0,.""7?"* Molecular MnH or MnH, are also observed at lower wavenumbers
(1493.3 cm™ or 1600.8 cm™ in solid neon).””’ Vibrations of Mn—H in complexes occur at
higher frequencies, which range from 1782 cm™ in HMn(CO)s to 1900 cm™ in HMn(CO)y(n-
Cp)SiPhs.”?"**? Thus, zirconium or manganese hydrides are unlikely to cause the vibrations.
SH groups can be excluded as well, since they vibrate at a different position, ca. 2600 cm™.”*!
A possible explanation for the bands at 1700—-1670 are water clusters. The bending vibration
of water is known to shift to higher frequencies as the degree of association increases, €.g.
bands at 1600 and 1618 cm™ are reported for the (H,O), clusters and 1640 for liquid

181,223
water.”

In addition to the blue-shift, DFT calculations for small water clusters show an
increase in the range of deformation vibrations from the dimer (1615-1636 cm™) to different
octamer structures (1614-1701 cm™).”” Further support for this hypothesis comes from
spectra of unactivated SZ catalysts (see Chapter 7), which show a broad band centered at
1630 cm™ that extends up to 1700 cm™. As the sample is heated and partially dehydrated, the
high frequency species disappear, suggesting that they are aggregated water species. The fact
that defined bands are observed here indicates the formation of water clusters of a distinct
size.

On MnSZ, H; is —at least in part— oxidized and converted to OH groups and water. The
position of the OH vibration is ambiguous; the band at 3584 cm™ can be assigned to S—OH of

e.g. sulfuric acid,’”® to Zr—OH, or to water.” For proton formation, electrons must be accepted

vii .
A. Hofmann, J. Sauer, personal communication.
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by another species. There are three possible scenarios: (i) disproportionation of H, into H and
H’, (i1) reduction of zirconium or manganese, and (iii) reduction of sulfur. According to
Paukshtis et al.”’” and Kondo et al.,”” species absorbing at 1555 or 1562 cm™ could be Zr—H.
However, the band detected at 1558 cm™' is extremely weak, so H, disproportionation is not
the main reaction path. Changes to the valence of manganese or zirconium cannot be directly
detected by IR spectroscopy; there is only the possibility that functional groups attached to
these ions change their vibrational frequency. There are not observed any dramatic band
shifts. Furthermore, these components should be reduced only at higher temperatures, i.e.
ZrO, above 473 K*** and Mn in MnSZ above 500 K.'** SO vibrations of sulfate are strongly
reduced in intensity and no new types of SO vibrations appear. Hence, oxygen from sulfate is
at least in part being transferred to new OH groups and water. Reduced species such as e.g.
adsorbed SO, would most likely absorb below 1200 cm™ and would not be detectable with
our setup. Strong reduction of the intensity of sulfate vibrations and formation of water

indicate that reduction of sulfate is the most likely scenario.

6.2.2.3 Interaction of SZ and promoted SZ with n-butane

Upon heating in n-butane, the samples show different behavior. SZ does not react with
n-butane up to 473 K, whereas for MnSZ and FeSZ already after heating to 373 K changes are
seen in the spectra (Fig. 6-8, right). The intensity distribution in the CH stretching region is
altered; specifically a band at 2906 cm™ becomes visible. The position is typical for methyne
groups, indicating that n-butane has been isomerized and a fraction of isobutane is present.
For MnSZ, OH vibrations grow significantly as CH stretching vibrations decrease in intensity,
indicating a transfer of H from hydrocarbon to catalyst. Specifically, the intensity in the
hydrogen bonding region 3500-3000 cm™ increases and two bands at 1593 and 5238 cm™
appear (Fig. 6-12 and Fig. 6-13), which are stable during evacuation at room temperature.
These two bands have been previously assigned to vibrations of water (see above). The
simultaneous disappearance of n-butane and appearance of water can be explained by
oxidative dehydrogenation (ODH) of n-butane. ODH is considered as one of the possible
initiation reactions to form an alkene, which can be easily protonated to give a carbenium ion
as active intermediate for the isomerization of n-butane.””’?**% In analogy to the oxidation of
hydrogen by MnSZ, the intensity of the SO bands of sulfate decreases after heating in
n-butane as well, indicating that these groups are involved in the reaction with n-butane and

possibly serve as oxidizing agent.
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For FeSZ a decrease in CH vibrations is discernable and the methyne species are
unambiguously present, but there are no obvious bands around 1600 cm™ and 5200 cm™
(water) and only a slight increase in the hydrogen bonding region 3500-3000 cm™ is
observed. This behavior does not fit the picture of n-butane activation by ODH. An alternative
activation could be simple dehydrogenation, which has been postulated for unpromoted
sulfated zirconia.””’ However, non-oxidative dehydrogenation does not explain a decrease of
the sulfate vibrations.

After evacuation the CH intensity is decreased, indicating that a large fraction of
hydrocarbons is removed. Four individual bands become discernable in the region of CH
stretching vibrations (Fig. 6-14). The positions and the intensity distribution are almost the
same for MnSZ and FeSZ. The bands at 2982 and 2941 cm™ are typical of asymmetric CH
stretching vibrations of methyl and methylene groups, respectively, while the band at 2884
cm’ arises from symmetric CH vibrations. The additional band at 2906 cm™ can be assigned
to methyne groups. Hence, alkyl species must be attached to the surface. The methylene
groups indicate non-isomerized (n-butyl) species or longer chains containing a secondary
carbon atom; the methyne groups indicate isobutyl species or longer chains containing a
tertiary carbon atom.

For unpromoted SZ, differences in the spectra become apparent only after heating to 573 K
(Fig. 6-10, Fig. 6-12, and Fig. 6-13). The CH bands are weakened in intensity. The formation
of water is evidenced by the OH deformation band at 1594 cm™, the OH stretching band at
3644 cm’ and their combination band at 5228 cm™. At the same time, the amount of
hydrogen bonding increases. All SO bands of sulfate decrease. These results are similar to
those obtained with MnSZ at 373 K and can be explained by an ODH reaction involving
sulfate as oxidant. A fraction of the sulfate is completely reduced to H,S, as evidenced by the
according antisymmetric and symmetric stretching vibrations at 2583 and 2570 cm™ (gas
phase:’* 2628 and 2614 cm™) and the smell of the sample after the experiment. Similarly, Ng
and Horvat reported the formation of H,S during n-butane isomerization at 523 K in a flow
experiment.’*

No bands of methyne groups appear in the spectra of SZ after reaction at 573 K, i.e. there
is no significant fraction of isobutane. n-Butane is activated and converted, but not to its
isomerization product. A new band in the CH stretching region at 3062 cm™ indicates a
species with an sp>-hybridized carbon atom as product. The band is not affected by
evacuation; hence it must represent stable surface species. Corresponding C=C stretching

vibrations are expected between 1600 and 1700 cm™, which is also a possible range for water
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deformation vibrations. The bands at about 5230 cm™ in the spectra in Fig. 6-13 suggest that
about equal amounts of water are present on SZ and MnSZ. Hence, the pronounced high
frequency shoulder in the spectrum of SZ in comparison to that of MnSZ (Fig. 6-12) is more
likely due to C=C vibrations than to water clusters. The position at roughly 1650—1660 cm™ is
too high for the vibrations of aromatics, and bands of aryl CH stretching vibrations are also
expected at somewhat lower frequency (3040-3010 cm™) than the observed band and should
be weak. The spectrum shows no intense aliphatic CH stretching vibrations and only a sharp
but weak band at 1455 cm™ in the CH deformation region. A temperature of 573 K is
sufficient for SZ to crack n-butane, e.g. into ethane and ethene,” and a strongly attached
surface species could be formed from ethene upon cooling to room temperature. It follows
that the adsorbate characterized by the band at 3062 cm™ could be a short-chain alkene-type
species.

An additional feature in the spectra of SZ is the band at 2352 cm™ (Fig. 6-11). The position
is very close to the gas phase vibration of CO, at 2349 cm™.”*’ A weak band at 2285 cm™ for

13 CO; confirms the presence of CO,, which desorbs upon evacuation.

6.2.2.4 Effect of Promoters

Through Mn or Fe promotion, sulfate becomes more reactive towards hydrogen and
n-butane. It is not clear, whether sulfate is directly associated with the promoters. Yamamoto
et al. proposed that Mn is present as MnSOy on the surface;'” Tabora and Davis®” as well as
Scheithauer et al.’” reported small Fe,Os rafts on the surface. However, the catalysts used
here were prepared in a way that produces materials with a significant fraction of Fe and the
majority of Mn incorporated into the zirconia lattice and a high fraction of Mn*".**/** As a
consequence, the unit cell size shrinks and oxygen defects are generated in the bulk due to the
lower valence of Mn and Fe ions in comparison with Zr*". The sulfate may become more
reactive because of the change in support structure, near-surface vacancies or the more easily

reducible promoter ions may act as catalyst in the reduction process because they can accept

negative charges. Definitely, the promoters enhance the oxidation potential of sulfate.

viii

F.C. Jentoft, B.C. Gates, unpublished results.
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6.2.3 Conclusions

The Bronsted acidity of the OH groups of SZ, as probed with n-butane, is lower than those
of strongly acidic zeolites. Manganese or iron do not enhance the Brensted acidity of SZ.
These promoters, thus, do not improve the ability of the catalyst to activate n-butane via
protonation and subsequent cleavage of H,. The Lewis acid sites of SZ, as probed with H,, are
comparable to those of other oxidic compounds. Manganese effects a slight decrease in Lewis
acid strength rather than an increase. From these observations, it appears as if the promoters
do not augment the hydride abstraction ability of the catalyst. The promoters do not increase
the acid strength of the catalyst and their effect on the reaction rate must be related to a
different functionality of the catalyst.

The results of interaction between H, or n-butane and SZ or promoted SZ at elevated
temperatures are summarized in Table 2. Hydrogen gives information on the reducibility of
the catalyst, which indicates its oxidation potential. At a temperature where SZ is inert, MnSZ
oxidizes H; to water. In the experiments at 473 K, sulfate groups are consumed concomitantly
with the formation of water. Sulfate could thus be the oxidizing agent, and the presence of
manganese enhances its reactivity in comparison to unpromoted SZ.

Tab. 6-1: Reactivity of unpromoted and promoted SZ catalysts towards molecular hydrogen
and n-butane at different temperatures observed by DRIFT spectroscopy

catalyst temperature  reactant observations made by DRIFT spectroscopy

SZ 473K Hz no change

MnSZ 473 K Ho formation of H20, Zr-hydride; decrease of sulfate

SZ 573K n-C4H1o formation of H,0, H2S, CO,, alkene; decrease of sulfate
MnSZ 373K n-C4H1o formation of H,0, isoalkane; decrease of sulfate

FeSZ 373K n-CsH1o formation of isoalkane; decrease of sulfate

n-Butane can be converted to isobutane by SZ at 358 K in a flow reactor (Fig. 6-4); the rate
is very low and there is almost no deactivation. Significant spectral changes in the batch
experiment became apparent only at 573 K. Under these relatively harsh reaction conditions,
butane is being oxidized, as well partially to olefinic compounds as totally to CO,, with
simultaneous formation of water. Sulfate in turn is totally reduced to H,S and clearly
functions as an oxidizing agent in this case. Water is formed also during low temperature

124,196

isomerization, indicating redox reactions as at high temperature and consistent with

activation of a small fraction of n-butane molecules via ODH.
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Manganese and iron lower the temperature for reaction of SZ with n-butane dramatically.
Skeletal isomerization is detected at 323 K in the flow reactor and at 373 K in the batch
system (Fig. 6-4 and Fig. 6-8, right). CO, and H,S are not detected at 373 K, i.e. the redox
reactions do not proceed as far as with SZ at 573 K. Alkenes are not detected, but according
to the ODH initiation scenario they would be protonated immediately. Further indication of
the ODH reaction is the formation of water in case of MnSZ. Again, sulfate may serve as an
oxidizing agent, as its bands are diminished at 373 K. If sulfate species are the oxidizing agent
also at low temperatures, the corresponding reduced sulfur species remains on the surface and
can be reoxidized as the catalysts can usually be reactivated several times (see Chapter 7).

Rather than modifying the acidity or acting as oxidizing agents themselves, as suspected
initially, the promoters enhance the reactivity of the sulfate. Taking into account the fact that
promoters such as manganese are incorporated into the zirconia lattice,” the effect of the
promoters may be indirect in that they alter the structural and electronic properties of the
zirconia, which in turn affect the reducibility of the sulfate. Specifically, the promoters
increase the oxidation potential of the sulfate and, thus, facilitate butane activation by ODH

and accordingly isomerization at lower temperature.
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7. n-Butane Isomerization on Sulfated Zirconia-Based Catalysts

7.1 Introduction

n-Butane isomerization is believed to proceed via carbenium ions as reaction chain carriers
(see Chapter 2.5). It has been suggested that butane is activated by promoted SZ containing Fe
and Mn through oxidative dehydrogenation (ODH) to give water and butenes, which are
casily protonated to carbenium ions.” A more active material after activation in oxidizing
atmosphere than in inert gas has been presented as evidence.””’”” Besides the optimal
activation atmosphere, the activation temperature has been discussed, mainly in the context of
the water content. Vera et al. reported increasing activity of SZ with higher activation
temperatures for the range <898 K.””* Song and Kydd inferred that the Bronsted to Lewis
ratio should be adjusted to 2:1 by hydration in SZ;*"’ the best pretreatment temperatures were
423 K for SZ and 723 K for promoted SZ.””” Closely linked to the hydration degree is the
state of a key component of these catalysts, the sulfate, as evidenced by a shift of the S=O
vibration with variation of the activation temperature.’”’

Initiation of the reaction by ODH,” with concomitant reduction of the promoter’”” or the

99,118

sulfate and zirconium,’’* and water formation is so far a hypothesis. Evidence for the

formation of water or carbenium ions is lacking, but deactivation has been explained by

125 108
1. L.

reduction of the promoter for Fe-promoted SZ by Millet et a However, Yamamoto et a
reported that the valence of Fe was unaffected by n-butane. The reaction of Mn upon
exposure to butane’” is not correlatable to the catalytic performance.”*”’* Deactivation of
promoted SZ catalysts may also be caused by effects that have been proposed to account for
deactivation of SZ itself like coke formation, reduction of Zr*" or sulfate, and poisoning by
water (see Chapter 2.6). Attempts to regenerate SZ catalysts have been made using conditions
resembling those of activation. Reactivation of SZ is possible in air or oxygen at 723-753 K
and the DRIFT, Raman, or UV-vis spectra are identical to those of the fresh catalyst.””/#/#
Risch and Wolf obtained better results when they not only regenerated the catalyst in O, but
also exposed it to water.””” Coke can be removed from the surface as CO, in inert gas but the
sulfate decomposes concomitantly.”’*/** Coke removal in oxidative conditions may disguise
that the catalyst is also oxidized. Many of the investigations on catalyst activation and
regeneration just report the influence of different treatments on the activity without
characterization of the catalyst in the activated state. Equally, studies of interaction of SZ

catalysts with alkanes using IR,*”>!” EPR,?** or calorimetry’”’ lack information on the gas

phase composition and potential reactions. Furthermore, most ideas on deactivation are based
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on the study of the catalysts after removal from the reactor. Few true in situ data with
simultaneous analysis of SZ catalysts and their butane isomerization performance with time

. . 147,148,230
on stream exist,” "

and the potential formation of water and the state of sulfate during
the reaction have not yet been addressed.

Here, in situ IR spectroscopy in the diffuse reflectance is used in order to avoid pressing a
wafer, which may cause partial transformation of tetragonal to monoclinic zirconia and also
reduces activity (see Chapter 5.1). SZ, FeSZ, and MnSZ are compared after activation and

during n-butane isomerization; MnSZ was selected to investigate activation and regeneration

treatments in oxidizing or inert atmosphere.

7.2 Results

In all catalyst samples, only the tetragonal phase could be detected using X-ray diffraction.

BET surface areas were: SZ 155 mz-g'l, FeSZ 139 m2~g'1, and MnSZ 112 m2~g'1.

7.2.1 Activation in N, and n-butane isomerization
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Fig. 7-1: Comparison of the DRIFT spectra of | Fig. 7-2: Rate of isomerization of SZ, FeSZ, and
MnSZ before and after activation in N, at | MnSZ in the DRIFTS cell after activation in N, at
773 K. indicated butane partial pressure and temperature.

IR spectra of the calcined, not yet activated catalysts are typical of a hydrated surface with
strong hydrogen bonding vibrations. As an example, the initial spectrum of MnSZ is shown in
Fig. 7-1. The figure also contains the spectrum of MnSZ after activation in nitrogen flow at
773 K taken after cooling to reaction temperature, i.e. at 323 K. The activation procedure
results in strong reduction of the broad band between 3700-3000 cm™, consistent with
dehydration. The spectra are characterized by bands originating from hydroxyl groups and
adsorbed water (3700-3500 and 1630—1600 cm™ ranges), from different sulfate structures
(2800-1950 cm™ and 14001000 cm™' ranges), and from adsorbed nitrogen (2336 cm™). SZ
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and FeSZ show the same trend during and similar but not identical spectra after activation
(see Chapter 3.4).

Data from catalytic experiments in the in situ DRIFTS cell (Fig. 7-2) are compared to those
generated using a tubular fixed bed plug-flow reactor (see Fig. 6-4). n-Butane isomerization in
the two systems was performed at 358 K (SZ) or 323 K (promoted SZ) and the same weight
hourly space velocity of 0.3 h™'. Qualitatively, the same reaction profile is observed,
consisting of induction period, a maximum in activity, and a deactivation period. The
maximum rate is somewhat lower in the DRIFTS cell and is achieved about 15 min later
(MnSZ) than in the tubular reactor. The considerable dead volume of the DRIFTS cell (ca.
100 ml) may account for this delay, because some time is needed to generate the desired
n-butane partial pressure of 1 kPa (1 vol% n-butane in nitrogen). Certainly, the reaction data
from the DRIFTS cell reflect the essential performance features of the catalyst and are of
sufficient quality. SZ exhibited no measurable activity at 323 K (not shown), and even at 358
and 378 K, the maximum rates (0.1 or 0.2 % conversion to isobutane) are lower than those of
FeSZ or MnSZ at 323 K. FeSZ produces a higher maximum isomerization rate
(>350 pmol-g"-h™", 7.1 % conversion) than MnSZ (200 pmol-g"-h™", 4.2 % conversion). The
promoted catalysts deactivate partially within hours, the MnSZ more rapidly than the FeSZ
catalyst. At the low conversions achieved with SZ, hardly any deactivation is observed. The
long-term activity (> 10 h) is seemingly highest for SZ; but the reaction temperature is 55 K

above that used for the promoted systems.
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Fig. 7-3: DRIFT spectra of MnSZ acquired at different times on | Fig. 7-4: DRIFT spectra of SZ
stream (0, 1, 34, 65, 144 min, and 15 h) during n-butane | (358 K), FeSZ, and MnSZ after
isomerization at 323 K. 15 h on stream.

IR spectra recorded of MnSZ during n-butane isomerization are shown in Fig. 7-3. Within
the first minute on stream, bands at 2966, 2939, 2877 (CH stretching) and 1466 cm’! (CH

bending) become visible. The following spectra represent the situation during the induction
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period at ca. 2 % conversion, at maximum conversion (4.2 %), during deactivation at about
2 % conversion, and after 15 h time on stream. During the course of the reaction the overall
reflectance between 4500 and 1200 cm™ decreases. Further changes include growth of a band
at around 5200 cm™' (not shown), which is indicative of adsorbed water. Additional bands
develop in the region 1630-1600 cm™. The OH stretching band at 3580 cm™ gains in intensity
and broadens. The band of adsorbed N, at 2336 cm™ disappears during the induction period.
While the isomerization reaction is progressing, the S=O band at 1399 cm™ is slowly shifted
to 1377 cm™ (Fig. 7-3, right).

Changes in the spectra of SZ and FeSZ observed during n-butane isomerization are in
principle the same as for MnSZ. Differences can only be discovered in the region between
1450 cm™ and 1000 cm™, as spectra taken after 15 h of reaction show (Fig. 7-4). While the
spectra of SZ and FeSZ remain unaffected in this region, a band at around 1300 cm™ is

formed in the case of MnSZ.

7.2.2 Activation and regeneration of MnSZ in N, and O,
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Fig. 7-5: DRIFT spectra of MnSZ after initial activation and after regeneration in O, 35 min after
end of heating period (left) and before start of reaction (vight).

MnSZ, which exhibits distinct induction and deactivation periods at 323 K, was chosen for
regeneration experiments. Fig. 7-5 (left) shows the DRIFT spectra of a MnSZ catalyst at
323 K after activation and after its regeneration in flowing 100 vol% O, following 16 h of
isomerization reaction at 323 K. These spectra were recorded 35 min after the end of the
holding time at 773 K, i.e. during the cooling phase. The band positions in the two spectra are
identical, and the intensities differ only slightly in the region of OH stretching and
deformation vibrations and between 3500 and 3000 cm™. The waiting time after cool-down
determined the catalyst state immediately before the start of the reaction. Fig. 7-5 (right)
shows spectra acquired 92 min and 60 min after the end of the heating period at 773 K. The
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longer waiting time in O, flow after the regeneration in comparison to the initial activation
leads to higher intensities of the water deformation bands (around 1600 cm™) and the bands
caused by hydrogen bridges (3500-3000 cm™). This difference in the water content has no
discernable influence on the rate of isomerization as can be seen in Fig. 7-6 (left), which
shows the corresponding rate data. The MnSZ catalyst can be fully regenerated with the same
reaction profile along time on stream. Using 100 % O, atmosphere, it is possible to regenerate
the catalyst at least twice. Also after initial activation in Nj, regeneration in 100 % O;
produces the same catalyst state as in the experiment with both activation and regeneration in
O,. Activation in N, seems to produce a slightly more active MnSZ catalyst than activation in
100 % O, (compare Fig. 7-6, left and middle); the maximum rate reaches 180 pmol-g"-h™ vs.
only 140 umol-g™-h™ after activation in O,. However, the activity changes so rapidly that the
time resolution of the GC analysis may be insufficient to detect the real maximum. Repeating
the experiments three years later with better time resolution using a Micro-GC (see Chapter

4.4.3) shows, indeed, that MnSZ is rather more active after activation in O, than in N.
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Fig. 7-6: Rate of isomerization of MnSZ at 323 K and 1 kPa n-butane after initial activation and
after regeneration in O, (left) or N, (middle) and repetition of the experiments with the same batch of
catalyst after three years using higher data point density (right).

In 100 % N, atmosphere, a deactivated MnSZ catalyst cannot be regenerated; it is
completely inactive (Fig. 7-6, middle). Fig. 7-7 shows the spectra of MnSZ after activation,
after reaction and purging of the cell with nitrogen for 1 h, and after a regeneration attempt at
773 K in N,. The spectrum after reaction exhibits bands indicative of adsorbed water
including hydrogen bridges. A group of weak absorption bands between 2980 and 2850 cm’™
could arise from surface hydrocarbon deposits. The post-reaction heating in N, does not lead
to a complete recovery of the spectrum of the activated sample. Instead, two new bands

appear in the CH deformation region of aliphatic and aromatic compounds at 1532 and
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1465 cm™ (Fig. 7-7, right). However, all bands arising from OH groups or sulfate species

approach their original position and intensity.
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Fig. 7-7: DRIFT spectra of MnSZ recorded at 323 K in N, after activation at 773 K, after 16 h
reaction at 323 K (1 kPa n-butane) and 1 h of purging with N,, and after “regeneration” at 773 K.

7.3 Discussion

7.3.1 Estimation of water content after activation

The main effect of activation that is visible in the IR spectra is dehydration. The bands
indicative of hydrogen bridges in the range 3500-3000 cm™' are reduced in intensity, as are
the water deformation modes in the range 1630-1600 cm™. Thermogravimetry (TG)
experiments of a number of promoted and unpromoted samples (stored in vials in the
laboratory) show varying water contents, typically in the range 2.2—4.6 wt%, corresponding to
1.2-2.5 mmol-g" (see Chapter 3.3). A rough estimate of the amount of water removed during
activation is given by the intensity of the bands in the region 1630—1600 cm™. The reflectance
spectra were converted into Kubelka-Munk units and integration was performed over the
width of the entire feature. For SZ, MnSZ, and FeSZ, the intensity was reduced by >95 %
after activation at 773 K. The remaining water content is then estimated to be 60-125
umol-g”. The typical sulfur content (also from TG experiments, see Chapter 3.3) is about
560 umol-g”, meaning that in the activated catalysts, enough water is present to hydrate a
considerable fraction of the sulfate species. For example, about 10-22 % of SO, or 20—44 %

of $,07% groups could be singly hydrated.
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7.3.2 Activation and catalytic performance

By choice of the activation conditions, the degree of hydration of the surface and the
oxidation states of individual catalyst components are determined. As discussed above, the
surface of the investigated catalysts was more than 95 % dehydrated. In this activated state,
the surface is highly hydrophilic and adsorbs traces of water from the environment. Different
waiting times in O, after cool-down to reaction temperature led to variations in the band
intensity in the range 1630-1600 cm™; the areas and thus the water content of MnSZ
corresponded to either 2.5 or 5 % of the initial area (Fig. 7-5, right). The influence of the
activation conditions, which determine the surface hydration, has been stressed in several

papers#21#9227:229.23L.232 anq Gonzalez et al.’”® inferred that a water concentration of 75

d*’’ reported best performance at 200 pmol-g”. Here,

umol-g™ is optimal, while Song and Kyd
a variation by a factor of two in the degree of hydration had no visible effect on the catalytic
performance (Fig. 7-5, right and Fig. 7-6, left).

The atmosphere during activation does not seem to have an influence on the performance
of SZ.”” More investigations are available for catalysts promoted with Fe and Mn, because of
the potential redox function ascribed to the promoters. Wan et al. found an effect of the
atmosphere on the activity of Fe- and Mn-promoted SZ only for activation temperatures
above 723 K; a treatment in air resulted in a conversion twice as high than a treatment in He
at 923 K.”” Morterra et al. observed a promoting effect of Fe and Mn only after activation in
air and not after activation in He.'” Song and Kydd'” found a higher conversion after
activation in air than after activation in He, regardless of the activation temperature (range ca.
523-873 K). After activation in N, the investigated Fe- or Mn-promoted catalysts both
exhibited, even at lower temperature, much higher maximum rates than sulfated zirconia.
Activation of promoted catalysts in inert environment is thus possible, consistent with the
observations of Wan et al.”’ and Song and Kydd.”” SZ-based catalysts usually have been
calcined in air at about 823-923 K, so there is no reason to expect further oxidation during an
air treatment at lower temperature, rather the presence of oxygen may prevent some reduction
in comparison to heating in inert.

Mn-promoted SZ activated in 100 % O, produced a maximum rate of 140 pmol-g” h™
isobutane vs. 180 pmol-g’ h™' after activation in N,. This difference was reproducible,
however, errors could arise from lack of time resolution in the GC analysis (Fig. 7-6, left);
specifically a rapid increase of conversion for the O,-activated sample may have been missed
as suggested by repeated experiments after three years (Fig. 7-6, right). Despite the use of the

same batch of catalyst, the catalytic profile is not reproduced: The maximum rate after
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activation in N is lower and reached about 20 min later than in earlier experiments. However,
the catalyst was not fresh at the time of the reproduction but three years old. A negative
influence of the time of storage on the catalytic performance of MnSZ was shown in
Chapter 5.2.

A positive effect of an oxidizing activation will be expected if a high oxidation state of the
catalyst components is advantageous, i.e. in a reaction initiation through oxidative
dehydrogenation with e.g. the promoters as oxidizing agents, or if more sites become
available through removal of ubiquitous surface carbon contaminations. Data on the changes
of the promoter valence as a consequence of potential ODH are controversy. Millet et al.’”
applied X-ray photoelectron spectroscopy and found Fe reduced after n-butane isomerization
at 323 K, while Jentoft et al. could not find a performance-related change of the Mn valence

147,148 However, activation of MnSZ in

with in situ X-ray absorption experiments at 333 K.
50 % O, in He produced a catalyst with a better performance than activation in He,'*® similar
to the trend reported in the literature for mixed, Fe- and Mn-promoted systems. All studies in
the literature were conducted in air while 100 % O, was used here. Despite these extremes,
namely 0 and 100 % O,, in the activation of MnSZ, the short term isomerization rates were
within close range and the long term (6—14 h on stream) rates were almost the same for both
atmospheres. Hence, for the steady-state performance, the choice of activation atmosphere

might be irrelevant.

7.3.3 IR spectra during n-butane isomerization

The bands in the IR spectra arise from four different classes of species, namely adsorbed
hydrocarbon species, adsorbed N, (present after activation in N;), OH groups and adsorbed
water, and sulfate groups. During reaction, the spectral signature changes, and it was analyzed
whether changes of one species are connected to changes of another species or to the catalytic
performance.

The dominant contributions in the regions of hydrocarbon vibrations arise from gas phase
species, as experiments with a non-reactive reference material (KBr) revealed. It was so far
not possible, e.g. via the calculation of difference spectra, to identify bands attributable to
adsorbed hydrocarbon species in the spectra recorded during butane isomerization.

The sharp band at 2336 cm’ that is only observed after activation in N, is slightly blue-
shifted vs. the N, gas phase absorption (2330 cm™) as is typical of N, interacting with acid
sites.”” At room temperature, N, is expected to interact with strong Lewis acid sites and not

with OH groups. The band disappears already during the induction period. The feed contains
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95-99 % N,, so desorption due to reduced N, pressure in the gas phase is negligible. For non-
sulfated zirconia, only a broad feature at 2341 cm™ is observed and it does not undergo
significant changes during n-butane exposure (not shown). In light of these observations it can
be concluded that n-butane or its reaction products displace N, adsorbed on strongly acidic

Lewis sites on the surface of sulfated zirconia materials.
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Fig. 7-8: DRIFT spectra during n-butane isomerization in Kubelka-Munk representation after
subtraction of linear background. Left: SZ at 358 K (activated in N,), right: MnSZ at 323 K
(activated in O,) including a Gauss fit with 4 individual bands.

Further distinct changes occur in the region 1760-1540 cm™. Two small bands at about
1600 and 1625 cm™ are present in this region already after activation. These bands increase
somewhat with time also in the absence of butane because water is present as a trace
contamination in the system and adsorbs on the catalyst. During n-butane isomerization,
several intense bands develop rapidly with time on stream, shown for SZ and MnSZ in Fig.
7-8 after conversion to Kubelka Munk units and subtraction of a linear background. Bands in
this region can arise from the deformation vibration of water, which in the gas phase water is
observed at 1595 cm™ but is shifted to higher wavenumbers when water is hydrogen-bonded
to surface atoms or other water molecules. Alternatively, C=C stretching vibrations can
absorb within this range. A band simultaneously growing at 5200 cm™ is a combination mode
of OH stretching and bending vibration and indicates formation of water; however,
contributions from other species cannot be excluded on the basis of the obtained spectra. The
broad feature between 1760 and 1540 cm™ was fit with up to four Gauss curves (see example
Fig. 7-8, right). Band positions were at 1720-1685, 16801655, 1635-1620, and 1605-1598
cm’'. An area of zero sometimes resulted for the bands at 1720-1685 and 1680-1655 cm'l,
depending on the constraints applied during the fitting procedure. All bands grew with time
on stream, and when the full width at half maximum was fixed (e.g. to 27 cm’), scatter was

reduced and the increase was monotonous. The areas of the bands in the range
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1690-1625 cm™ increased first steeply for about 2 h and then more slowly. The band at
1600 cm™ increased during the induction period and then ceased growing, which can also be
recognized in the spectra in Fig. 7-8. This species is thus clearly associated with the induction
period. It has often been hypothesized that the induction period is due to “buildup of olefins
on the catalyst surface”.” Although the time-on-stream evolution of the species here suggests
it could be such a postulated intermediate, there is no indication yet for it not being water and
thus a side-product of an initiation reaction. The frequency is very close to that of gaseous
water, consistent with isolated water molecules; with increasing time on stream and surface
coverage these water molecules will associate with other water or hydrocarbon molecules and
the frequency will change, meaning the band at 1600 cm™ may stop growing or even shrink.

Assuming that each molecule of water or of any other species is equivalent to the
formation of one surface intermediate from n-butane, the band areas can be taken as a
measure of the number (concentration) of these active surface species. If the formed surface
species act as active sites for many reaction cycles in a catalytic manner, the rate of
isomerization will be proportional to the concentration, i.e. the total band area increase
relative to the starting value. It has also been proposed that during the initial phase of high
activity of promoted catalysts, processes are stoichiometric rather than catalytic.‘% If each
intermediate reacts just once, the rate of isomerization would be proportional to the
differential increase in surface species, i.€. to the incremental band area.

It was attempted to correlate the rate of isobutane formation (during the induction period of
increasing activity) to the area of individual bands or the sum of areas of several bands. There
was definitely no correlation between rate and incremental area increase for any of the bands.
As all bands increase with time on stream and the rate also increases during the induction
period, correlations with linear segments were almost always obtained, and the linear
correlation extended through most of the data points from the induction period for the two
large bands. The band(s) at high frequency were very small and the areas extracted from the
fits not considered reliable. It was not possible to make an assessment as to which individual
bands were connected to the rate and which not. If the bands arose from differently associated
water species, all of them would indicate formation of an active surface species and the sum
would reflect the total number. The best correlation with the rate was obtained when all bands
in the range 1760—1540 cm™ were considered. Because the baseline is not straight over this
range (see Fig. 7-3, middle) the minima (in Kubelka-Munk representation) on either side of
the group of bands were used as integration limits. The area prior to reaction was subtracted,

i.e. the isomerization rate was plotted vs. the area increase. Such correlations are shown in
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Fig. 7-9 (left) for SZ and MnSZ. For SZ (358 K and 1 kPa n-butane) the conversion was low
and the rate data, which scattered somewhat (see Fig. 7-2), were smoothed for this analysis. A
linear correlation results in the case of SZ, consistent with observations by Li et al.’*’ At
378 K and 5 kPa n-butane, a steeper slope resulted (roughly 10 times as steep, not shown).
For MnSZ, the rate of isomerization also increased with the area of the feature in the IR
spectra but the data show deviations from linearity, and linear regressions do not necessarily
pass through the origin. Possible reasons might be the following: Seemingly small initial rates
may be caused by hindered product desorption at the low reaction temperature, or a delay of
the gas phase analysis relative to the events in the DRIFTS cell, which becomes evident only
when the performance changes rapidly. Towards the end of the induction period, the rate may
already be reduced by deactivation because in contrast to SZ, MnSZ deactivates. All these
arguments are valid also in case of FeSZ, which changes performance even faster than MnSZ.
Indeed, rate and IR data seemed uncorrelated in case of FeSZ. However, in the transmission
IR cell FeSZ had to be pressed to a wafer (see Chapter 6.1), which led to a lower activity due
to the mechanical stress exerted on it (see Chapter 5.1). Here a similar correlation as for the
DRIFT spectra of MnSZ was found for the absorbance of FeSZ in the range 1760—1540 cm’
(Fig. 7-9, right).
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Fig. 7-9: Rate of isomerization vs. area increase of bands at 1760—1540 cm™ in the DRIFT spectra of
SZ and two different MnSZ catalysts (left) and in the transmission FTIR spectra of FeSZ.

A linear correlation of the isomerization rate to the amount of water is consistent with the
hypothesis of an ODH initiation reaction. However, water is only one out of three products of
ODH. There is so far no proof of an adsorbed butene or a species formed from it unless one or
more of the bands arise from C=C vibrations. Reduction of a catalyst component is also not
evident, whereby probably only reduction of sulfate and not of zirconium or a promoter may

be detectable by IR spectroscopy. Furthermore, it cannot be distinguished, whether water is
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formed by ODH or in a secondary reaction after protonation of the alkane, i.e. through
oxidation of the hydrogen in statu nascendi from decay of an alkanium ion.

There is a considerable difference between SZ and MnSZ in the slopes (Fig. 7-9, left).
Assuming equal extinction coefficients of the same bands for the two catalysts, a faster
turnover per active surface species is observed for the promoted catalyst. The reaction
temperature is lower for the promoted catalyst but this should cause a flatter slope: The
isomerization rate should be lower at lower temperature, and more of the formed water should
accumulate on the surface (and not desorb) than at higher temperature. Hence, the difference
between the two catalysts may in reality be even larger. The result demonstrates that
independent of the initiation reaction, promoted catalysts exhibit a faster intrinsic
isomerization rate. The total amounts of water formed on either of the catalysts in the two
experiments shown in Fig. 7-9 (left) are comparable, indicating no significant difference in
the number of sites capable of initiation. Considering also the observations of the Mn valence,
which does not change in any particular way during the induction period,’’’ the role of the

promoters seems to be acceleration of the isomerization cycle.

The position of one of the S=0O
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Fig. 7-10: Correlation of position of S=0O double r

bond stretching vibration around 1400 cm™ with | or -31 cm™, respectively. Here, this band
area of bands in the range 17601540 cm™. Arrows

indicate course of time. had shifted upwards during pretreatment,

i.e. dehydration of the catalyst, and shifted
downward during reaction. In Fig. 7-10 the shift of the S=O double bond stretching vibration
is plotted vs. the area of the bands in the range 1760—1540 cm™ for the SZ catalyst. There
seems to be a linear correlation, although the change of the S=0O band position for SZ is small
and the slopes are shallow. One interpretation of the almost identical slope for the activation
and for the reaction branch is that the shift during reaction is only caused by water and not by
any other surface species, such as a hydrocarbon deposit. However, the effect of the very

polar water molecule may overpower the effect of a second species. For promoted SZ, the
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shift of the S=O band is about 1.5 larger than for SZ at equal total area of the water bands (not
shown), which is further evidence for a more reactive sulfate in presence of Mn and Fe as
discussed in Chapter 6. Reasons for this difference between SZ and promoted SZ could be
variations in the extinction coefficient for the adsorbed water species, a more easily

polarizable sulfate species on the surface of the promoted catalysts, or both.

7.3.4 Regeneration

135,141,149 102

Several authors have reported that the activity of SZ and of promoted SZ

catalysts can be fully regenerated by heating in air to 723 K or in O, at 753 K. Regeneration

1
8 also

135

in O, at 723 K “essentially reproduces” the DRIFT spectrum of freshly activated SZ;
the Raman spectrum is identical to that of a fresh catalyst after reactivation at 753 K in O,.
Irreversible changes to the SZ were reported after reaction of longer hydrocarbons such as

hexane at a relatively high reaction temperature of 473 K."*

Formation of H,S during reaction
of n-butane at 523 K was reported by Ng and Horvat.”* Furthermore, Risch and Wolf claimed
that to recover the original activity of SZ, treatment in oxygen must be followed by

rehydration.””’

Also for promoted SZ, regeneration may fail, e.g. Coelho et al. could not
recover the high initial activity.”® Morterra et al. reported that an initial activation of Fe- and
Mn-promoted SZ in He produces a material as active as unpromoted SZ, and even subsequent
oxidizing treatments cannot generate a highly active catalyst.””” Here, it was possible to
completely re-establish the IR spectrum and the catalytic activity of MnSZ through treatment
at 773 K in O,. Even when the catalyst was first activated in N, and then regenerated in O, the
same state as after activation or repeated regeneration in O, was reached, as evidenced
through spectra and performance. Obviously, neither of the treatments at 773 K nor the
isomerization reaction at 323 K causes irreversible changes to the material. One potential
explanation for the discrepancy in comparison to Morterra’s results is the difference in
composition; his catalyst contained additionally Fe.

The spectrum of the deactivated MnSZ is dominated by bands of adsorbed water. On this
broad background, very weak bands of hydrocarbon species are visible in the CH stretching
vibration region. After a regeneration attempt in N,, pronounced bands of hydrocarbon
deposits are detected. Two bands at 1533 and 1465 cm™ indicate conjugated C=C stretching
and CH bending (position not specific for unsaturated or saturated species) vibrations.
Therefore, small amounts of hydrocarbons must have remained on the surface after reaction,
although the system was purged for 1 h in N, before heating for regeneration, and these

species undergo dehydrogenation to unsaturated compounds. According to the literature,

-87 -



7. n-Butane Isomerization on Sulfated Zirconia-Based Catalysts

removal of coke through heating in inert gas is possible,’’® but according to Li and Gonzalez
is accompanied by SO, evolution.”*® The reflectance in the region of the fundamental sulfur-
oxygen vibrations is so low that changes in sulfate content may not lead to a measurable
change in intensity. But the sulfur-oxygen overtones and combination modes are almost
congruent in the spectra of the activated and the “regenerated” MnSZ (Fig. 7-7, left). Hence,
there is no evidence for significant sulfur loss during the treatment in N,. This result
seemingly contrasts Li’s and Gonzalez’ observation of SO, evolution upon heating the
deactivated catalysts in Na,”* but they had conducted the isomerization at 473 K using 10 kPa
n-butane, and presumably more and different coke species formed than under the mild
reaction conditions used here. In light of the presented observations and the literature data, it
appears that SZ catalysts are irreversibly damaged when exposed to trace amounts of
hydrocarbons —even contaminations in a feed delivery system— at too high a temperature.
The fact that MnSZ “regenerated” in N, is completely inactive although the sulfate pattern
in the IR spectrum equals that of activated MnSZ merits some consideration. As sulfate is a
prerequisite for isomerization activity, it is assumed that it is part of the active site. It has been
proposed that only 20 % of the sulfate are involved in adsorption of the reactant, and only 2 %

acted as reaction sites.’#

A change of a small fraction (2 %) of sulfate species would be
difficult to discern because slight changes in the DRIFT spectra can arise from small
variations in treatment (compare Fig. 7-5, left and right). In other words, the poisoning by the
deposits is not reflected in the spectral signature of the sulfate either because the number of

sites blocked is too small, or these sites are not directly connected to the sulfate.

7.4 Conclusions

After activation of sulfated zirconia and Fe- or Mn-promoted sulfated zirconia, the surface
is still partially hydrated with an estimated water content of 60—125 pmol-g”. Strong Lewis
acid sites capable of adsorbing N, at temperatures up to 358 K are present.

Experiments with activation in N, or O, demonstrate that the state of the surface functional
groups (hydroxyl and sulfate) of MnSZ is independent of the atmosphere while the reaction
profile is not. Complete regeneration of the catalytic and spectroscopic properties can be
achieved in O,. In Ny, the spectral signature of the hydroxyl and sulfate groups is recovered
but the material is rendered inactive. Both these observations indicate that solely from the
state of the functional groups it is impossible to predict catalytic activity.

Spectroscopic evidence is presented for the accumulation of certain species on the surface

during the induction period in n-butane isomerization. Several bands are observed between

- 88 -



7. n-Butane Isomerization on Sulfated Zirconia-Based Catalysts

1760—1540 and at 5200 cm™, indicating adsorbed water, potentially a product of oxidative
dehydrogenation (ODH) of butane to butene, from which the active carbenium ion-like
intermediates are easily formed, and water, but maybe additional other species. At early times
on stream, before maximum conversion is reached, the rate of isomerization is proportional to
area of the bands in the region 1760—1540 cm™. Hence, the absorbing species must be active
intermediates or side products of the reaction producing the intermediates. Assuming that the
area increase is solely caused by water formation due to ODH, the number of water molecules
is equivalent to the number of carbenium ions species formed via ODH, and the turnover
frequency per such site can be calculated from the data in Fig. 7-9 (left). On the bases of a
initial water content of 60—125 pmol g, the turnover frequency amounts to 10° s for SZ
and to 10 s for MnSZ. The rate during the induction period depends on two factors: the
number of active surface species formed and the intrinsic turnover per such species. The

presence of manganese enhances this intrinsic turnover frequency.
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8. Conclusions and Outlook

The object of this thesis was to reveal influences of handling and storage on the structure
and activity of sulfated zirconia-based catalysts, and to elucidate the mode of operation of
these catalysts in n-butane isomerization focusing on the role of the promoters iron and

manganese.

8.1 Prerequisites for Successful Structure-Activity Correlations

Although sulfated zirconia (SZ) has been investigated intensively, no convincing
structure—activity relationship has evolved so far (see Chapter 2). Unnoticed structural
changes are a possible reason for this lack in information, and in our laboratory hints existed
that sulfated zirconia-based materials undergo phase changes when being ground and lose
activity in n-butane isomerization with time of storage. In this work, a systematic
investigation of these phenomena revealed that both the handling and the storage conditions
influence structure and activity of sulfated zirconia catalysts, which renders their investigation
difficult (see Chapter 5).

Zirconia, even if stabilized by sulfate and promoters in cationic form, is sensitive to
mechanical stress (see Chapter 5.1). Treatments like milling or pressing lead to appearance or
an increase of the fraction of the monoclinic phase in the catalysts. Concomitantly with the
structural changes, the n-butane isomerization activity of SZ-based catalysts is reduced.
Pressing, milling, or grinding is common practice for many experiments to produce a wafer or
pellet, to obtain particles of a certain size, or to mix samples with standards or diluents. The
sensitivity towards mechanical stress explains why a fundamental structure—activity
relationship for sulfated zirconia catalysts is missing so far, since data obtained in
experiments involving different sample handling procedures reflect the properties of partially
different materials.

Without changing the surface area, the storage conditions (temperature, oxygen and water
partial pressure) do influence the performance of sulfated zirconia catalysts (see Chapter 5.2).
In order to enhance the throughput and allow simultaneous tests of catalysts aged under three
different atmospheres (laboratory cupboard, glovebox, and “tropical” conditions), an
apparatus was constructed that enables performance of three parallel catalytic reactor tests on
laboratory scale without loss of product analysis information (see Chapter 4). For unpromoted
SZ, a partial transformation to monoclinic zirconia is observed within two months for samples
stored under tropical conditions (water saturated at 313 K) and within half a year for samples

stored in the water and oxygen depleted atmosphere of a glovebox. For manganese-promoted
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SZ, no phase change was observed with aging time, but the catalytic rate decreased
dramatically upon storage in the glovebox. The changes in butane isomerization activity of
unpromoted and promoted SZ can be explained by differences in the degree of hydration and
oxidation state of the Mn and Zr cations. Storage of the catalysts in a laboratory cupboard
proved to be the best way to minimize structural changes and to preserve the catalytic
performance of the fresh catalysts.

To obtain a valid correlation between structure and activity, it must be guaranteed that the
material used for the catalytic test is the same as during characterization. Due to the
sensitivity of SZ catalysts towards mechanical stress and time of storage, there are only two
possibilities to do so: Either the catalysts have to be handled in the same way for all
experiments, which in turn have to be performed within a minimum time interval to analyze
catalysts of the same age, or characterization has to be performed in situ on the operating

catalysts. This finding is vital for successful investigation of sulfated zirconia catalysts.

8.2 Initial Step in Skeletal Isomerization of n-Butane

The skeletal isomerization of n-butane is believed to propagate via carbenium ion
intermediates, but it is unclear how they are generated. Discussion is ongoing about the initial
step of isomerization, i.e. the activation of n-butane, which has been proposed to be acid
catalyzed as the isomerization itself —proceeding either via protonation and subsequent H»
liberation (Brensted acidity) or via hydride abstraction (Lewis acidity)— or to involve a redox
reaction, in which butane is oxidatively or non-oxidatively dehydrogenated to butene under
formation of water or H, (see Chapter 2.5). The promoters manganese and iron were not
found to increase the acid strength of the catalyst, and as a hint for oxidative dehydrogenation
(ODH) a higher activity after activation in oxidizing atmosphere than after activation in inert
gas has been presented in case of promoted catalysts containing both Fe and Mn (see
Chapter 2.4).

Many observations made in this thesis point towards occurrence of ODH as initial step in
the skeletal isomerization of n-butane. By adsorption of hydrogen and the reactant, it could be
shown that Mn and Fe promoters neither augment the hydride abstraction ability of the
catalyst nor improve its ability to activate n-butane via protonation (see Chapter 6.2). Both
these mechanisms might play a role, but the effect of the promoters on the reaction rate must
be related to a different, e.g. a redox, functionality of the catalyst, which points towards the

responsibility of more than a single type of sites for activity.
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The mode of operation of the catalysts was elucidated investigating the catalysts by in situ
IR spectroscopy in transmission (see Chapter 6.1) and diffuse reflectance (see Chapter 7). All
bands in the IR spectra obtained after activation of sulfated zirconia and promoted sulfated
zirconia have been assigned with help of DFT results from the literature. SZ is containing an
extra type of OH groups vibrating at 3489 cm™' that is missing on the promoted catalysts, but
the influence of the promoters on the structure of the sulfate is marginal and the IR spectra are

all dominated by the pattern of pyrosulfate, S,07% (see Chapter 3.4).

after calcination

O Mn2+

sulfate
O @ Mn3+

dehydration dehydration, partial reduction

Fig. 8-1: Changes of the catalyst during activation.

During activation the state of the hydroxyl groups and the sulfate on manganese-promoted
SZ is independent of the activation atmosphere while the catalytic performance is not: The
material is, indeed, slightly more active after heating in oxidizing than in inert atmosphere
(see Chapter 7). Results obtained in our group by X-ray absorption spectroscopy show a linear
correlation between the maximum rate and the average valence of manganese after activation,
which is lower after activation in helium (2.55) than after activation in 50 vol% oxygen
(2.70), but no correlation of the average Mn valence with the reaction proﬁle,148 which is
characterized by an induction period until maximum conversion is reached followed by a
partial deactivation. Thus, the positive influence of an oxidizing activation atmosphere leads
to the assumption that only Mn®" has a promoting effect but not Mn*". The main process
during the heat-treatment is dehydration; about 95 % of the adsorbed water are removed, but
due to the low reaction temperatures (< 373 K) the surface is still partially hydrated with an
estimated water content of 60—125 pmol-g” before it is contacted with the reactant (see

Chapter 7). In Fig. 8-1, the processes during activation are summarized.
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| total oxidation I

Temperature

323K

Fig. 8-2: Oxidative processes (partial or total oxidation of n-butane) on sulfated zirconia catalysts
at low or high temperature. Detected species are underlaid in black.

During the induction period, water is accumulated on the surface of SZ, MnSZ, and FeSZ
and the rate of n-butane isomerization is proportional to the area of the water deformation
bands in the region 17601540 cm™ until maximum conversion is reached (see Chapter 7).
This behavior would be expected, if n-butane was activated via ODH leading to butene and
water. The water is blocking Lewis acid sites as shown by quasi in situ CO adsorption
performed on iron-promoted SZ after n-butane isomerization that was stopped at different
states of activity (see Chapter 6.1). Formation of water via ODH requires reduction of a
catalyst component, i.e. Zr4+, sulfate, or the promoter cations. For MnSZ activated in helium,
no change in the oxidation state of the promoter could be detected with time on stream,’*
which is contradicting a stoiciometric reduction. But the promoters increase the oxidizing
power of SZ (see Chapter 6.2). At a temperature where SZ is inert, MnSZ oxidizes hydogen to
water. A concomitant decrease in the amount of sulfate vibrations indicates sulfate to be the
oxidizing agent, whose reactivity is enhanced in the presence of manganese. In a batch
experiment at high temperature (573 K), it could be shown that SZ is capable to oxidize
butane partially to unsaturated hydrocarbons as well as totally to CO, and water under total
reduction of sulfate to H,S. A loss of sulfate at low temperatures can be excluded, since

complete regeneration of the functional groups and the catalytic properties of MnSZ after
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n-butane isomerization at 323 K is possible in oxygen. Treatment in O3 is not only reoxidizing
the catalyst but also responsible for the removal of hydrocarbonaceous deposits, which upon
heating in inert gas produce unsaturated surface species absorbing at 1532 and 1465 cm™ that
destroy the catalytic activity (see Chapter 7). During n-butane isomerization at lower
temperatures (323-378 K), water and species with methyne groups were detected on the
surface. A partial oxidation of butane to butene and water accompanied by a partial reduction
of sulfate to sulfite, which is still connected to the catalyst, is thus conceivable (see Fig. 8-2).
The catalytic performance of MnSZ and FeSZ is in the same order of magnitude and the
rate is often higher for FeSZ. The surface area is always larger for Fe-promoted SZ
(ca. 135m” g compared to ca. 110 m* g in MnSZ), which might be due to the better
incorporation of Mn into the zirconia lattice compared with Fe. The turnover frequency per
carbenium ion generated via ODH is 10 s™ for MnSZ and 10 s™ for unpromoted SZ. The
rate during the induction period of n-butane isomerization depends on two factors: the number
of active surface species formed and the intrinsic turnover per such species. The presence of
manganese enhances the intrinsic turnover frequency (see Chapter 7), which could be due to a
change from monomolecular to bimolecular mechanism induced by the faster formation and,
thus, higher density of active sites in promoted catalysts. So far it has been believed that
promoters such as iron or manganese facilitate the reaction initiation; here an effect of a

promoter on the isomerization itself is proven.

8.3 Outlook

In this thesis, it was shown that the active sites are generated by and presumably located at
the surface terminations of defects in the crystal structure, which are caused by metal ions of
lower valence than Zr*" during preparation and healed up e.g. by mechanical or hydrothermal
treatment. The catalytic power is, thus, an extrinsic property of the structure of the solid SZ
catalysts. Furthermore, ODH was proven to play a role in the initiation of the skeletal
isomerization of n-butane and the weakening of sulfate bands during this process was
demonstrated. To obtain evidence that reduction of sulfate is responsible for the partial
oxidation of butane, in a complementary experiment the occurrence of sulfite has to be
investigated. Vibrations of absorbed SO,, exspected to occur below 1200 cm™, were not
detected in our IR spectroscopic set-up due to the poor reflecting power of the catalysts. Thus,
in situ experiments should be carried out with diluted catalysts, whereby the diluent has to be

inert towards reactant and catalyst, even at high temperatures (up to 773 K) during activation.
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Despite a partial deactivation, sulfated zirconia-based catalysts possess a stable long-term
activity (> 120 h). Since ODH causes a reduction of the catalyst, this reaction is limited to a
certain time range until all oxidized species are consumed. It has to be investigated, whether
the number of cycles per active site is large enough to explain the long-term activity or if non-
oxidative initiation reactions play a major role in this state of catalytic performance.

During the course of this thesis, the following two interesting observations were made: SZ
and promoted SZ contain strong Lewis sites that are capable of adsorbing nitrogen at
temperatures up to 358 K (see Chapter 7). Their number is reduced upon milling, but it is
unclear whether and how they influence the catalytic activity. All catalysts contain a
thermally very stable sulfate species (1-5 % of total sulfate that amounts to about
560 pmol-g, i.e. 4 wt% SO3) that endures temperatures above 1200 K before decomposition.
In the presence of manganese or iron, the stability of this sulfate fraction is decreased (see
Chapter 3.3). The location of this species as well as its importance for the catalytic activity

has not yet been understood. Both observations deserve further investigation.
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9.1 Materials

The materials that were used for preparation, characterization and catalytic tests are listed

in the following table which contains information about their producers and their purity.

Tab. 9-1: Producers and purity of the used materials

material source purity

Mn(NOs), - 4H.0 Merck >98.5%
Fe(NO3)3- 9H.0 Merck =99 %
ZrO(OH), - aq (XZ0O 632/03), Batch: 95/256/01 MEL Chemicals 70-80 wt% ZrO2
sulfated ZrO(OH), - aq (XZO 682/01), Batch: 92/184/01 MEL Chemicals 5-6 wt% SO3

KBr Aldrich, Merck =99 %

02 Linde, Westfalen 5.0 (= 99.999 %)
Helium Westfalen 5.0 (= 99.999 %)
H, Linde, Westfalen 5.0 (= 99.999 %)
synthetic air Linde, Westfalen hydrocarbon-free
N Linde, Westfalen 5.0 (= 99.999 %)
5 vol% n-butane in N2 Linde 3.5(=99.95 %)
CcO Messer Griesheim 4.7 (299.997 %)

9.2 Preparation

Pure zirconia (“Z”): 45.0 g ZrO(OH),-aq (“ZH”) are dried for 21 h at 383 K in a drying
oven and cooled to room temperature in a desiccator to obtain 35.2 g dried ZH (21.6 % weight
loss). About 19 g of it are calcined in a quartz boat of 17.1 ml volume at 823 K to receive
about 16 g ZrO, (Z: BK12/#0203, BK64/#0205)".

Sulfated zirconia (“SZ”): 45.0 g sulfated ZrO(OH);,-aq (“SZH”, contains 74 wt% SZ) are
dried for 21 h at 383 K in a drying oven and cooled to room temperature in a desiccator to
obtain 37.2 g dried SZH (17.7 % weight loss). About 23 g of it are calcined in a quartz boat of
17.1 ml volume at 823 K to receive about 20 g SZ (BK10/#0202, BK67/#0210, BK88/#0669,
BKS89/#0931, BK90/#1837).

Promoted SZ: Samples promoted with 0.5 or 2.0 wt% iron or manganese (“0.5FeSZ”,
“2.0FeSZ”, “0.5MnSZ”, “2.0MnSZ”) are prepared according to the “incipient wetness”
method: 0.020 or 0.005 equivalents (eq.) of the metal nitrate are dissolved in 4 ml deionized
water (see Tab. 9-2). The solution is added drop wise and under vigorous stirring to 10.9 g

dried SZH (1 eq., corresponding to 10 g SZ). The received powder is dried at least 24 h at
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room temperature before calcination at 823 K (for comparison with SZ) or 923 K (for most
active catalyst). About 25 g (three batches) are needed to fill the quartz boat of 17.1 ml
volume (0.5FeSZ: BK87/#0666, 2.0FeSZ: BK7/#0201, 0.5MnSZ: BK69/#0212, 2.0MnSZ:
BK3/#0200, BK68/#0211, BK79/#0213, BK85/#0667, BK86/#0668).

Tab. 9-2: Amount of metal nitrate per 4 ml water to reach the desired metal content

FeSZ MnSZ
metal content / wt% Fe(NOs);-9H:0 /g Mn(NOs)2-4H20 /g
0.5 0.36 0.22
20 1.45 0.90

9.3 Calcination

All samples were calcined in a quartz boat of 17.1 ml volume, which was placed into a
quartz tube (di, = 29 mm) and with this centrally in the isothermal zone of a tubular furnace
(Heraeus, RO 4/25) with PID control. The sample bed temperature could be monitored by a
sheathed thermocouple with 0.5 mm diameter (Thermocoax) positioned in the middle of the
bed. Under a flow of 200 ml/min synthetic air purged through the quartz tube, the samples
were heated with a ramp of 3 K/min to 823 K (ZH, SZH) or 923 K (promoted SZH), held
there for three hours, and then cooled to room temperature, whereby the nominal ramp of
3 K/min could not be maintained at lower temperatures. As reference a 2.0MnSZH sample

was calcined at the lower temperature.

9.4 BET Surface Analysis

Surface areas were determined by nitrogen adsorption according to the method of
Brunauer, Emmett, and Teller using a Quantasorb Junior, an Autosorb-1, or an Autosorb-6
apparatus. Prior to the measurements, the samples were outgassed in vacuo at 473 K for 16 h.
The BET surface area was calculated either by a three point (Quantasorb Junior) or a
multipoint analysis (Autosorb). The Autosorb software package included a tool for
determination of the pore size distribution according to the BJH method by Barrett, Joyner,

and Halenda.

i Sample number (BK) and AC database entry number (#) of the batches used in this thesis.
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9.5 Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)

TG and DSC analyses were performed in a STA 499 C instrument (Netzsch) with on-line
MS (Pfeiffer, QMS 200) and OmniStar® software. Samples were heated in 20 ml/min Ar
flow to 1373 K, held at this temperature for 30 minutes, and then cooled to 473 K. The

nominal heating and cooling rate was 10 K/min.

9.6 X-Ray Diffraction (XRD) and X-Ray Absorption Spectroscopy (XAS)

X-ray diffractograms were recorded using STOE-STADI-P diffractometers either in
Debye-Scherrer geometry with Cu Ka radiation, primary Ge monochromator, and linear
position-sensitive detector (PSD, internal resolution 20 =0.01°), or in reflection (Bragg-
Brentano) geometry with Cu Ka radiation, secondary Si (111) monochromator, and
scintillation counter. The loose powders were mixed 1:1 by weight with sieved a-Al,O;
(through gentle shaking) and embedded in X-ray amorphous grease (transmission mode) or
filled in a cup (reflection mode); pressed samples were mounted as wafers. PowderCell v 2.4
was used to fit the diffractograms with patterns calculated from single crystal data (see
Chapter 3.2.2).

X-ray absorption spectra (XAS) on the Mn or Fe K-edge were taken in fluorescence mode
at the Hamburg Synchrotron Radiation Laboratory (HASYLAB) beamline E4. All spectra
were energy calibrated by comparison with the spectrum of a simultaneously measured metal
foil. The first inflection point in this reference spectrum was set to the Mn (6539 keV) or Fe

(7112 eV) K-edge.

9.7 Pressing and Milling

The pressing experiments were conducted using flat-surfaced stainless steel tools and a
manually operated hydraulic press (Perkin—Elmer or Ernst Hammerschmidt). Milling was
performed in a vibrating mill (Perkin—Elmer) using 1.5 ml stainless steel capsules, a single
ball (d = 3 mm), and, usually, 300 mg of sample. The maximum interval was 30 s; longer

milling times were achieved by consecutive intervals.

9.8 Infrared Spectroscopy in Transmission and in Diffuse Reflectance

The IR spectra were recorded using three different spectrometers in different cells and set-
ups, one designed for Fourier transform IR spectroscopy in transmission (A) and two for

diffuse reflectance (B and C).
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A) In situ and CO adsorption FTIR spectra in transmission were recorded with a PE 2000
spectrometer (Perkin—Elmer) using Spectrum™ spectroscopy software. The spectrometer was
equipped with a home-made high temperature cell (“HTZ”, Tmax = 623 K, electrical heating)
having two CaF, windows and a DTGS (deuterated triglycine sulfate) detector. Powders were
pressed into self-supporting wafers (20 s at 250 MPa) with a specific mass of 24-32 mg cm™.
For activation they were transferred into a home-made oven (Tn.x =823 K). The whole
system could be evacuated by a turbomolecular pump (Pfeiffer, Balzers); CO was dosed via a
variable leak valve (Varian). Spectra were converted into decadic absorbance.

B) DRIFT spectra of hydrogen and n-butane adsorption and reaction were recorded with a
Nicolet “Impact 410” FTIR spectrometer (4 cm™ resolution) equipped with an MCT (mercury
cadmium telluride) detector using OMNIC™ spectroscopy software. A further development

of the diffuse reflectance attachment described by Kazansky et al.,””

which needs only two
mirrors to focus the IR beam onto the sample, was arranged in the beam path. Prior to the
vacuum pretreatment for activation of the catalysts (see p. 61), the powders were pressed at
100 hPa for 2 s and sieved into fractions of 0.2—0.5 or 0.5-1.0 mm. Low temperature spectra
were recorded in an all-quartz cell that was immersed in a quartz dewar filled with liquid
nitrogen. For room temperature measurements, a section of the quartz cell equipped with CaF,
window was used. Samples were placed directly at the window, hence the beam path through
the gas phase was limited to the void space within the catalyst bed, and gas phase
contributions were minimized. CaF, powder was used to generate the background spectra. All
presented spectra were recorded at room temperature except for the hydrogen adsorption
experiments at 77 K. The samples were contacted with hydrogen at 77 K, room temperature
and 473 K, with n-butane at room temperature and in steps up to a maximum of 573 K. These
experiments were performed using one sample in a series of experiments with increasing
temperature and intermittent cooling for the measurement; fresh samples were used when the
gas type was changed. For all spectra, the reflectance with respect to CaF, was converted into
Kubelka—Munk units, setting the reflectance at 5000 cm™ to a value of 0.9.

C) DRIFT spectra during n-butane isomerization were recorded with a Bruker IFS 66 FTIR
spectrometer (1 or 2 cm™ resolution) equipped with a commercial in situ cell (Graseby
Specac, Environmental Chamber, Tyax = 773 K, pmax = 3.6 MPa, estimated dead volume of
100 ml) with a chemically resistant ZnSe window, a diffuse-reflectance attachment (Graseby
Specac, “The Selector”), and an MCT detector using OPUS™ spectroscopy software. The
spectrometer was purged with purified air. The catalyst powder was placed in a 2.5-mm-tall

gold cup (doy = 8.5 mm, di, = 7.2 mm) that was heated electrically from below. There was no
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flow through the bed; gas exchange occurred by convection and diffusion. The top part of the
bed was analyzed with IR radiation. Spectra of KBr under N, purging were used as a
reference. The parameters for spectrum acquisition and calculation were the following: 100
scans, single-sided fast return interferogram, and Blackman—Harris 3-term apodization
function. For correlation of band intensities with concencentration the spectra were converted

into Kubelka—Munk units.

9.9 Catalytic tests

Isomerization of n-butane to isobutane was conducted at atmospheric pressure either in a
single tubular glass reactor (di, = 12 mm, see Fig. 9-1), a three-channel fixed bed reactor (see

Chapter 4), or in situ in the DRIFTS cell or HTZ (see Chapter 9.8). Analysis was performed

with on-line gas chromatography (Varian) either by

d; =12 mm a GC 3800 with a SilicaPLOT capillary column
d, =16 mm

_____ 2 TN (Chrompack, di, = 0.32 mm, length 60 m, film
21()Imm thickness 4 um) and flame ionization detection, or a
..... 420 mm Micro-GC 4900 (see Chapter 4.4.3). All gases used
d for activation and reaction flew through filters
604_\r_n_rp__ -——-Y (Swagelok, 2 pm) to remove particulate matter.

d, =4 mm ) ) )
d, =6 mm Nitrogen, helium, and oxygen were further purified
Fig. 9-1: Drawing of the glass reactor with Oxysorb® (only N, and He) and Hydrosorb®

cartridges (Messer Griesheim).

For activation, the catalysts were heated in flowing nitrogen or oxygen with 25-29 K-min™
to 723 K (DRIFTS cell: 773 K), held at this temperature for 30 min, and then cooled to
reaction temperature. [somerization was performed at 358 K, 373 K, or 378 K for SZ and 323
K for promoted SZ feeding a 1 vol% n-butane in nitrogen mixture. In Tab. 9-3, the catalysts’

masses as well as the flow rates are listed for the different test set-ups.

Tab. 9-3: Amount of catalyst tested and gas flow during activation or reaction

test set-up mass of catalyst flow during activation flow during reaction
single reactor 500 mg 48 ml/min 80 ml/min
three-channel reactor 200 mg 40 ml/min 25 ml/min
DRIFTS cell ca. 160 mg 48 ml/min 30 ml/min
HTZ ca. 40 mg 40 ml/min 30 ml/min

The amount of isobutane in the n-butane mixture, the only detectable impurity, was

subtracted from the isobutane concentration in the effluent stream. Conversion was calculated
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as conversion to isobutane. For a 1 vol% butane feed, the rate of isobutane formation in
umol g h™! was obtained from the produced isobutane concentration (c;.;) in ppm, the flow
velocity of the feed (W) in ml min'l, the mass of catalyst (m,,,) in g and the molar volume of

gas (V,,,)), which is 24.667 1 mol™ at room temperature, with the following equation:

Eq. 9-1
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