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Preface

This dissertation is submitted to the University College of Southeast Norway in
partial fulfilment of the requirements for the degree of Doctor of Philosophy (Ph.D.).
The work has been carried out between August 2012 and December 2015, under the

supervision of Professor Klaus Joachim Jens and Professor Dag Eimer.

In June 2011, | participated in the project “Olefin transformation catalysts”, which
was a part of the main project “Ethylene oligomerization and metathesis (OLGOM).
Before starting, the scope of the project already gained my interest and attention. When
really working on that project, | found myself learning a lot, not only in the science but
also the personal skills. Consequently, | applied for the research fellow position without

any hesitation since this continued the work of the project.

As mentioned, this Ph.D. work is a part of a main project entitled “Ethylene
oligomerization and metathesis (OLGOM)”. In the three and a half years, the process of

the research was hard, but definitely a happy one filled with achievements.

Porsgrunn, February 10, 2016

Lu Li
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Abstract

The demand for propylene has dramatically increased due to the discovery of
propylene’s derivatives (e.g. polypropylene). The propylene production from the
conventional processes (steam cracking process and a refinery fluid catalytic cracking
process (FFC)) cannot satisfy the demand. Moreover, if shale gas is going to be a future
energy, the products from a steam cracker will be largely limited and the propylene
production will be less. Therefore, to fill the increasing supply/demand gap, so called
“on-purpose” technologies have to be developed. Today’s ‘on-purpose’ propylene
technologies such as propane dehydrogenation, olefin metathesis and enhanced FFC
are already of interest. However, a one-step reaction from ethylene to propylene (ETP)
has gained attention since the technology of bio-ethanol dehydration allows provision

of a renewable and sustainable ethylene source.

In this project, a series of NiSOs-ReOyx/Al,03 catalysts were synthesized by a co-
impregnation method using an aqueous solution of NiSOs and [NH4][ReOa4], which
catalyzed direct conversion of ethylene to propylene at mild conditions (323K, 1atm).
To optimize propylene yield, a systematical catalytic test has been carried out by varying
and adjusting the operating windows. The yield of the catalyst for propylene could reach
approximately 29%, which is superior to other metal based catalysts. It is concluded that

the two catalyst functions work independently for dimerization and metathesis.

The results of the TGA analysis indicate that the catalysts are quite stable below 950
K and decomposition of NiSOs may take place at above 1003 K. Elemental analysis
revealed that the material loss is minor during the catalyst preparation. Morphology and
texture of the catalysts were examined by SEM and HRTEM techniques. NiSO4 and ReOx

dispersed well on y-Al,O3, but their element distributions were heterogeneous.

The NiSOs-ReOy/Al;03 catalysts were then thoroughly characterized by FT-IR, DR
UV-Vis-NIR, XPS and EPR spectroscopies. In particular, the attention was focused on the
NiSO4 function, which is directly involved in ethylene dimerization/isomerization to 2-

butylene, but also drives the catalyst deactivation. It was found that the sulfate anions
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increase the surface acidity of alumina, and simultaneously influence the electronic
properties of the Ni sites. Indeed, thermal activation of the catalyst promotes the
formation of covalent bonds between the sulfate anions and the Ni?* or Al3* cations,
while keeping constant the +2 oxidation state of the Ni sites. The initial steps of the ETP
reaction were investigated by FT-IR spectroscopy in the presence of ethylene, which
revealed the initial acid-catalyzed formation of branched hydrocarbons. The sulfate
anions are involved in the reaction. Catalyst deactivation could be due to formation and
absorption of long-chain hydrocarbons oligomers, or slow displacement of sulfate

anions from their initial position connected to the Niions.

This project also investigated oxidative regeneration of the NiSO4/y-Al203 part of
the NiSO4-ReOx/y-Al,03 catalyst. An attempt was made to regenerate the deactivated
catalyst by purging with synthetic air in the temperature range of 298 to 673 K. The
entire regeneration process was monitored and recorded by FT-IR and TG-MS. Long
chain hydrocarbons deposited on the catalyst evolve and convert to highly condensed
coke species, which need temperature higher than 673 K to be burned. However, higher
regeneration temperatures may destroy catalyst surface texture and cause
decomposition of nickel sulfate. Hence, the catalyst could not be regenerated by purging
synthetic air. It appears that the failure of catalyst regeneration could also be due to the
destruction of the active nickel dimerization site. HRTEM measurement was also applied
in order to observe morphology of the deactivated catalyst after the re-activation

process.

Vi
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Chapter 1

1 Introduction

This chapter gives an overview of ethylene and propylene production in the past
decades and their developing trends in the future. The limitation of traditional processes
for propylene production is described as well. The last part of this chapter describes the

objectives and the outline of the thesis.

1.1 Market of Ethylene and Propylene

Ethylene and Propylene are the two key chemical building blocks in the
petrochemical industry, which are derived from both natural gas and petroleum?.
Ethylene is the feedstock for approximately 30% of all petrochemicals. Therefore, it is
no surprise that ethylene production always dominates the olefins production.
However, the discovery of propylene’s derivatives and their continuous development
changes the demand for propylene. Propylene is a reactive alkene having a methyl group
adjacent to a carbon-carbon double bond and the unique reactivity of its allylic methyl
group allows to create important materials. Propylene can be produced to polymers and
chemicals such as polypropylene, ethylene-propylene copolymers, isopropanol, allyl
alcohol, glycerol and acrylonitrile?. Figure 1.1 shows the global consumptions of
polypropylene and polyethylene between 1997 and 2010. Consumption of polyethylene
is the largest in the international polymer industry® and approximately 80% of ethylene
was produced for this purpose. Undoubtedly, ethylene is still the most important raw
material in the petrochemicals in terms of its demand and production. However, as
shown in Figure 1.1, the growth rate for propylene has largely exceeded ethylene’s
growth rate. The consumption of polypropylene has increased more than five times
during 40 years from 1970 to 2010. Moreover, it is forecast that the demand of
propylene will still keep this rapidly increasing trend and the demand will be around 100

million metric tons by 2020.

The continuously increasing demand for propylene cannot be satisfied by the supply
because the production of propylene is relegated to a by-product from the ethylene

production. 60%-65% of the global propylene production comes from the steam
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cracking process that is designed for maximum production of ethylene with propylene
being produced as a by-product®. Propylene manufacture via a refinery fluid catalytic

cracking (FCC) process accounts for around 30% of its production®.

140 r

120

100

million MTA
g

1970 1980 1990 2000 2005 2010

Figure 1.1: Polypropylene and polyethylene consumption between 1997 and 20106.

The steam cracking technology is an uncatalyzed radical cracking leading to a high
proportion of olefins. The basic mechanism is to break the molecular bonds of
hydrocarbons so as to form free radicals that are very reactivity and can be involved in
chemical reactions such as dehydrogenation, olefin polymerization alkylation and so on.
As mentioned, propylene is produced as a by-product from the steam cracking process
and thus its amount is crucially dependent on the cracking feedstock®. The heavier the
feedstock is, the more propylene is produced. For example, if ethylene is the feedstock,
proportion of propylene is only 0.019. However, if naphtha and gas oil are applied, the
proportion increases to 0.4 or even higher. Producers prefer light feedstocks in the
United States and Middle East while manufacturers use heavy feedstocks in Asia-Pacific.
In addition, shale gas has gained attention as an important potential source of natural
gas due to large shale gas reserves. The technology of extraction of shale gas has been
dramatically improved by a Texas gas producer, Mitchell Energy and Development?. If it
is going to become a future energy, the propylene production as a by-product from the
traditional steam cracking process will be less. Therefore, to a large extent, the amount
of produced propylene is constrained by the type of feedstocks and operating severity

of feedstock changes from gas to liquid in some crackers. Moreover, FCC is currently the

2
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most important technology in petroleum refineries and propylene is also produced as a
by-product from this process. The FCC unit is wildly used to convert large molecules of
gas oil to smaller molecules for gasoline and olefinic gas production with the help of
catalysts’. Although some refineries have worked for maximizing the propylene
production, there is still a big gap between supply and demand which needs to be filled.
Figure 1.2 shows propylene supply/demand and its forecast in the future. It can be
clearly seen that the conventional propylene production cannot match the growth rate
of propylene demand and this difference will become larger if no action is taken.
Therefore, one must consider and address an effective solution for this imbalance of
propylene demand and supply. Furthermore, the price ratio of ethylene to propylene
has had an upward trend between 1978 and 2008, and has reached parity in 2010, which

is another driving force leading efforts on new technologies?.
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Figure 1.2: Propylene supply and demand gap between 2000 and 20205.

1.2 Objectives of the Project

To make-up the shortfall between propylene supply and demand, it is necessary to
develop the so-called “on purpose” technologies. The current on-purpose technologies
such as propane dehydrogenation, enhanced FCC process, selectivity C4/Cs catalytic

cracking and olefin metathesis are already of interest. However, it is known that
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propane dehydrogenation requires large capital investment for the heating source.
Moreover, zeolites, even having a special pore shape, still result in diverse olefinic
products in the enhanced FCC process and Ca/Cs catalytic cracking. Besides, propylene
production by olefin metathesis between ethylene and butene may face a problem of
shortage of butene if light feedstock such as ethane is used. Therefore, additional
hydrogenation and ethylene dimerization units have to be built to provide sufficient
butene for the following metathesis (e.g. olefin conversion unit (OCU) developed by
Borouge). To save investments on such processes, a new way of one-step conversion of
ethylene to propylene arouses our interest because 1) Ethylene is easily obtained since
its production is well-developed; 2) With the development of dehydration technology,
converting from bio-ethanol to ethylene provides a renewable and sustainable ethylene

sources.

This projects aims to discover a proper catalyst for the conversion of ethylene to
propylene. As mentioned, propylene could be produced by metathesis between
ethylene and butene, and this technology already has many applications such as the
famous ABB Lummus olefin conversion technology (OCT) as well as IFP-CPC Meta-4
process. However, considering the limitation of the butene source, an idea based on a

combination of ethylene dimerization reaction and metathesis reaction was considered.

Commercial catalysts for olefin metathesis have been available for decades
whereas the catalysts for dimerization reaction have not been widely investigated and
reported. Accordingly, the purpose of the project was to synthesis a dual-function
(dimerization and metathesis) catalyst by incorporating two functional compounds into
one support material. Support materials of metal oxides such as alumina and silica-
alumina were chosen in this project due to their high abundance and inexpensive price.
Optimizing experimental conditions and yield of ethylene were the other goals that
were expected to be achieved, which are important in relation to economy. Moreover,
the emphasis was on understanding the activation and deactivation mechanism of the
dually functional catalyst by several effective characterization methods, especially on

the dimerization part.
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1.3 Outline of the Thesis

The thesis consists of seven chapters. In chapter 2, a brief description of current on-
purpose technologies for propylene production is given and a detailed literature review
forces on the one-step reaction for conversion of ethylene to propylene (ETP) in terms
of different types of support materials as well as on the available catalysts for

dimerization and metathesis reaction, respectively.

Chapter 3 describes a screening process of a series of prepared catalysts relating to
their performance. The synthesized Ni based dimerization catalysts were tested in a
continuous flow reactor and the best catalysts with the highest yield of 2-butene were
chosen for subsequent synthesis by mixing with a metathesis catalyst. One Re modified
metathesis catalyst was also made for both physically and chemically mixing with the
dimerization catalysts in order to combine the dual functions. In addition, Ni-MCM-41
and Ni-ZSM-5 catalysts, which have been reported for the ETP reaction, were also
prepared by repeating the published procedures % 1°, Testing of all the catalysts for the
ETP reaction was then performed in the same continuous flow reactor by varying the
experimental conditions. Finally, to investigate the induction period of the ETP reaction,
a pulse reactor testing of NiSO4-ReOx/Al;O3 (our best catalyst) was carried out. This
chapter also introduces the methods of the catalyst synthesis and discusses the results

of catalytic testing.

The main NiSO4-ReOx/Al,03 catalysts had been characterized by BET surface area,
element analysis, thermogravimetric analysis (TGA), scanning electron microscope
(SEM) and high resolution transmission electron microscope (HRTEM). In chapter 4, the
experimental instruments and methods for the characterizations are generally
described. Moreover, thermal property, element distribution and surface structure of

the catalyst are discussed based on the results of the characterizations.

The nature of active sites on the NiSO4-ReOy/Al,03 catalyst, especially on the NiSO4
responsible dimerization reaction, were investigated by using Fourier transform infrared
spectroscopy (FT-IR), Ultraviolet-visible-Near infrared spectroscopy (UV-Vis-NIR), X-ray
photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR). CO was

used to probe the catalyst in an in-situ FT-IR experiment at both room temperature and
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a low temperature (100K). Moreover, adsorption of ethylene on the main catalysts was
carried out by means of both in-situ FT-IR and UV-Vis-NIR, which enables monitoring of
the course of the catalytic reactions and elucidation of catalyst deactivation. Last, active
catalysts were measured by XPS and EPR in-situ for further investigation on the
oxidation state of the active Ni sites. Information about experimental instruments and
set-up, including four types of self-designed cell for in-situ measurements, are given in
chapter 5. In addition, the collected spectra for each experiment are demonstrated and

analyzed.

In chapter 6, re-activation of the deactivated catalyst was conducted by purging
synthetic air at a high temperature in order to burn the deposited hydrocarbons on the
catalyst. TG-MS and in-situ FT-IR were employed to analyze and monitor the process of
catalyst re-activation after deactivation. HRTEM was used to observe the morphology

of the catalyst.

Chapter 7 summarizes the conclusions for all the above chapters and gives some

suggestions for the future work.
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Chapter 2

2 Literature Review

Propylene is mostly produced as a by-product from the thermal cracking process
and the refinery unit, as described in the previous chapter. However, the supply of
propylene from this conventional processes is not sufficient to keep pace with the
demand of propylene. “On-purpose” technologies have been developed to satisfy the
demand of propylene. In the first section, five “On-purpose” technologies-
dehydrogenation of propane, enhanced fluidized catalytic cracking, selective Ca/Cs
cracking, metathesis between ethylene and butene, and methanol to olefins, are
introduced. Moreover, their industrial applications and limitations are described. In the
second section, the most attractive “on-purpose” technology, direct conversion of
ethylene to propylene, is reviewed in detail in terms of the support materials (metal
oxides, zeolites and mesoporous materials) of the catalysts. In the last two sections, Ni
modified catalysts for ethylene dimerization reaction and Re-based catalysts metathesis
reaction are introduced, since our dual-functional catalyst was synthesized on a basis of

these two reactions.

2.1 On-purpose Technologies

2.1.1 Dehydrogenation of Propane

The technology of dehydrogenation of propane have been available for decades. In
1947, E. J. Houdry and the co-workers built a process for dehydrogenation of aliphatic
hydrocarbons aiming to produce butadiene. A Cr,03/Al;,03 catalyst was used in this
processl. However, at this early stage, investors had little interest in the propane
dehydrogenation process due to unfavourable economics. As the price of propylene
rose, this process gained the attention of investors. With the development of this
technology and improvement of the catalyst, the first propane dehydrogenation line
was established in Thailand in 1990 and the second production line was founded in
Northwest Europe in 1991. Several licensors possess the technology of propane
dehydrogenation including licensors such as UOP Oleflex, ABB/Catofin, Snamprogetti,

Phillips STAR and Krupp Uhde?. The catalysts used for dehydrogenation were developed
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at the beginning of the 20t century? and noble metals, particularly Pt modified catalysts,

are commercially available for propane dehydrogenation.

However, this process has high operationing costs. The reason for this is that the
reaction of propane to propylene is strongly endothermic therefore requiring an
external heating source. The dehydrogenation reaction converting propane to

propylene is shown as follows:
C3Hg= CsHg+ H2  (AH? =124 kJ/mol) (2.1)

According to the chemical equilibrium, to obtain maximum propylene, a high reaction
temperature (above 600 °C), low pressure or strong dilution is needed*. Moreover,
propylene as a product is very difficult to separate with propane as a reactant because
of a small boiling point difference. Furthermore, high reaction temperature leads to
major side reactions such as cracking and hydrogenation, which, in turn, accelerates

formation of coke that quickly deactivates the catalyst.

As a whole, the current technology presents major problems, high cost for the heating
source and fast deactivation of the catalyst. Therefore, some new technologies have
been recently discovered to improve the process of propane dehydrogenation and are

briefly introduced below.

e Oxidative reaction (ODH): Oxygen is involved in the propane dehydrogenation
reaction and this oxidative reaction is exothermic>.

e Autothermal dehydrogenation (ADH): Combusting hydrogen produced from the
propane dehydrogenation reaction compensates the heat for the reaction.
Various processes have been developed for ADH by mixing steam, hydrogen or
oxygen with propane to make up the energy demand®.

e Selective combustion of hydrogen (SCH): only part of the produced hydrogen is
burned for the necessary reaction heat and the rest of the hydrogen is used to

reduce coke in the presence of O, or steam’.
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2.1.2 Enhanced Fluidized Catalytic Cracking

Besides the thermal cracking process, fluidized catalytic cracking (FCC) is another
important source of propylene production. Traditional FCCis used to produce additional
gasoline in the refining process, which is a complex process unit designed for cracking
long molecules from vacuum gas oil (VGO) and residue into shorter fuel molecules®.
However, this process has been recently improved to maximize propylene production
since propylene supply cannot match the demand®. By adjusting operating conditions
and reconfiguring the process, the propylene production can be increased by up to 20%-
25%2. In addition, a special catalyst has also been discovered which increase the

selectivity of propylenel®.

This enhanced FFC was firstly developed in China, where research was conducted
over 10 years on a zeolite catalyst for producing propylene and other light olefins.
Initially several production lines were built in China followed by the establishment of a
plant in Thailand in 1997. Other companies including KBR, Petrobras, Lummum
Technology/Indian Qil, Shell, ExxonMobil, UoP, Axens, KFUpm/Saudi Aramco/Nippo oil,

and Fortum Oy have also developed similar technologies?.

Ultra-stabilized zeolite Y (USY)!! is the most used catalyst in the traditional FCC
process and ZSM-5%21% has been developed for light olefin production, especially for
maximizing propylene production. These catalysts are spherical particles containing
large voids and pores, in which zeolite crystals, clay particle, porous material such as
alumina or silica-alumina are well distributed. The design of the catalyst must satisfy the
need of physical strength and mass transport of the heavy feedstock®8. In the FCC
technology, a high temperature above 500 °C and mediate pressure, ranging from 1 to
3 bars is applied. Olefin production and the speed of catalyst deactivation (coke
formation) are mainly determined by reaction variables in terms of catalyst circulation
rate, reaction temperature, ratio of C/O, feed quality and hydrocarbon partial

pressures®.

10
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2.1.3 Selective C4/Cs Cracking

A selective C4/Cs cracking aims to convert low value hydrocarbons (e.g.Cs and Cs) to
high value olefins (e.g. propylene and ethylene) over specially formulated shape-
selective zeolite catalysts?. The feed can be obtained from steam cracker by-products,
FFC low value refinery stem or naphtha cracker. To achieve maximum
propylene/ethylene production, the feed needs to be pre-treated by selective
hydrogenation of all dienes and the selective Ca/Cs cracking technology process needs
to be conducted at a high reaction temperature in the range of 600 — 650 °C. The
Combination of olefin oligomerization, cracking and metathesis is the basic mechanism
of this technology. However, besides these reactions, the unfavourable secondary

hydrogen transfer reaction leads to aromation, cyclization and protolytic cracking.

Recently, many companies have developed this type of technology. KBR has
licensed their SUPERFLEX™ technology, which was developed by ARCO Chemical.
Moreover, this technology is known as the Mobil Olefin Interconversion (MOI) process
in ExxonMobil and Lurgi’s process of this technology is named Propylur. Furthermore,

UOP and Total cooperatively built a process called Olefin cracking Process (OCP).

Beside the most famous ZSM-5, the medium-pore size zeolites ZSM-22, ZSM-23,
ZSM-35 and small-pore sized zeolite SAPO-34 could also achieve selective production of
ethylene and propylene®®2%, Pore size of the zeolites determines the yield of light olefins
(propylene and ethylene) due to an influence of the secondary reaction of
hydrogenation and cyclization reaction forming undesired paraffins and aromatic
compounds?® 23, Catalysts with smaller pore size could suppress the secondary reaction
to some extent, so they are able to exhibit high selectivities for propylene. Moreover,
the selectivity of propylene and ethylene are also dependent on the Si/Al ratio of the
zeolite catalysts that affect the acidity. Furthermore, the stability of the catalysts is

largely controlled by both the pore size and Si/Al ratio.

11
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2.1.4 Metathesis between Butene and Ethylene

The discovery of the olefin metathesis reaction provides a flexibility for production
of various olefins and it also satisfies the market demand for olefins?% 2>, This reaction

interconverts C=C bonds in hydrocarbons and is shown below?>
2 R-CH=CH-R' = R-CH=CH-R + R'-CH=CH- R’ (2.2)

Where R and R’ are alkyl groups or hydrogen. The first industrial application of this
reaction was cross-metathesis of propylene to ethylene and butene in order to turn
propylene into more valuable products. This first olefin metathesis industrial process
(Phillips Triolefin Process) was built in 1964 and a heterogeneous, silica-supported
tungsten oxide catalyst was utilized in the process. The catalysts were originally
discovered by Banks and Bailey of Philips Petroleum?®. As the demand of propylene
increased, ABB Lummus Globlal, Houston (USA) purchased Philips’ technology and
developed the olefins conversion technology (OCT) in a reverse direction for propylene
production. The process could reach above 60% conversion of butene and above 90%
selectivity for propylene at around 260 °C and 30-35 bar?’. The Meta-4 process was
developed by the Institut Francais du Pétrole (IFP) and the Chinese Petroleum
Corporation (Kaoshiang, Taiwan) for propylene production also by metathesis between
ethylene and 2-butene. Conversion of butene is 63% per pass in the presence of
Re207/Al;,03 at 35 °C and 60 bar. Yet, this process is not commercialized due to the high

cost of the catalyst and requirement of high purity of feedstock?®.

The typical heterogeneous metathesis catalysts used in industrial processes are
oxides of transition metals (rhenium, molybdenum and tungsten) supported metal
oxides (Al203, SiO2, and SiO2-Al,03) catalysts?® 2%-32, Among these, Re based metathesis
catalysts that consist of rhenium oxide impregnated over a highly porous support could
perform a high activity and high selectivity even at room temperature3?-34, The structure
of the catalyst, both in active and deactivated statuses, and the oxidation state of the
rhenium ion has been reported widely. This will be reviewed in more detail later in this
chapter, since rhenium oxide is believed to play a role of metathesis in our dual-
functional catalyst. Molybdena-based catalysts are active for olefin metathesis at a

broad temperature range from 25 °C to 200 °C>°. It has been reported that Si0,3% 37, ECls

12
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(E=Si or Ge)38, Co0%* and (CH2)aSn*° could act as promoters in this catalyst system.
WO,/SiO; catalyst is a famous catalyst for olefin metathesis due to its use in the Triolefin
Process and Olefin Conversion Technology for decades. This catalyst requires a high
temperature (350-450 °C) to activate and is typically prepared by an impregnation

method?!.

2.1.5 Methanol to Olefins

Thanks to the methanol to gasoline (MTG) process, its catalyst ZSM-5 was also
found to make light olefins from methanol?. In the mid-1990s, UOP and Norsk Hydro
developed a catalytic process for methanol to light olefins®2. Instead of ZSM-5 catalyst,
SAPO-34 with a smaller pore size (around 0.38 nm) was utilized and can exhibit about
78% selectivity to total ethylene and propylene based on a hydrocarbon calculation*34>,
The production ratio of ethylene to propylene could be changed according to market
demand and the overall reaction may be written, despite the intermediate formation of

dimethyl ether and CH; radicals?.

2CH,0H — CH, =CH,+2H,0 (2.3)
3CH,0H — CH, = CH-CH,+3H,0 (2.4)

As shown in the equations above, hydrocarbons and water are the main products.
Hence, this process must be designed to accommodate enough aqueous flow. Lurgi’s
methanol to propylene (MTP) employs a special formulated zeolite for higher propylene
production. Moreover, Honeywell’s UOP and Total have built a Methanol-to-olefin unit

in Belgium showing commercial viability.

2.2 Direct Conversion of Ethylene to Propylene

2.2.1 Metal Oxides

In 1972, P. O’Neill and co-workers for the first time observed a direct
transformation of ethylene to propylene on a Mo(CO)s-Al;03 catalyst in a olefin
metathesis experiment*. The catalyst was prepared by dry mixture of pre-treated

alumina and molybdenum hexacarbonyl followed by evacuation at 90 °C for 2 hours

13
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before use. This catalyst was expected to express metathesis function and convert
propylene to equal amount of ethylene and butane in a static reactor test. However, it
turned out that the C,/Cs ratio was less than one and it changed with the reaction time
as well as the temperature. An immediate increase of propylene after dosing more
ethylene into the reactor finally proved the occurrence of the ETP reaction as a side-
reaction. Later, A.K.Ghosh et al. discovered the ETP reaction over reduced MoOs3s
catalysts based on a group of metal oxides (Si0,-Al20s3, Al,03, SiO2, ZrO; and Ti0Oy), in
which Mo03-Si0,-Al,03 (28.61% Al,O3) showed the best propylene yield*8. T.Suzuki et
al. reported that the yield of propylene from ethylene could be improved over a MoOy-

SiO; catalyst in presence of cobalt* or H2°° in 1990 and 1991, respectively.

Besides MoOy based metal oxides, T.Yamaguchi et. al. reported propylene
production from an ethylene reaction over a partially reduced WOs-TiO; catalyst at 200
°C in a closed recirculation system in 1980°!. The catalysts were obtained by wet-

impregnation of an aqueous solution of (NH4)10W120a1 into TiOa.

A tri-functional single-site catalyst, W(Hs)/AlL0s, was found to transform ethylene
into propylene in 2007°2. This catalyst could perform constantly high propylene
selectivity (95%) in a continuous flow reactor test at 150 °C by feeding ethylene at a flow
rate of 4ml/min. However, the conversion of ethylene decreased dramatically from 40%
to below 20% in the first two hours. The precursor of the catalyst [(Al-
O)W(=CtBu)(CuztBu).], which was synthesized by grafting [W(=CtBu)(CH,tBU)s] onto y-
Al,03, was reduced at 150 °C in the presence of Hs. Initiation and propagation reactions
were investigated by identifying the products formed during the reaction at 150 °C as
shown in Figure 2.1. They concluded that propylene formed through three steps,
dimerization of ethylene to 1-butene, isomerization 1-butene to 2-butene and cross-
metathesis between ethylene and 2-butene. In other words, this catalyst possessed

three functions, dimerization, isomerization and metathesis in one single site.
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Figure 2.1: A proposed scheme of mechanisms of the ETP reaction over W(H3)-Al,0352.

A Russian patent claimed a high efficiency of single-step synthesis of propylene
from ethylene over a NiO-Re;07/B,0s-Al,03 catalyst®3. Similar to our work, their idea
was to develop a bimetallic catalyst based on a Ni responsible
dimerization/oligomerization reaction and a Re207 dominated metathesis reaction. The
borate-containing alumina was prepared by mixing a hydrate of alumina oxide with
ortho-boric acid as the support material. Then an impregnation method was applied
then to saturate the borate-containing alumina with an aqueous solution of perrhenic
acid and nickel nitrate. The catalytic performance was determined in a fix-bed reactor
by passing an ethylene flow at 40-150 °C and atmospheric pressure. The conversion of
ethylene and selectivity of propylene were approximately 15% and 65%, respectively.
Later, they reported that using a Pd-Re,07/B,03-Al,0s catalyst it was possible to achieve

a high propylene yield of up to 77%-83%>* >.

M.lwamoto et al. studied Sc-In,0s3 and Y-CeO, catalysts for the conversion of
ethanol to ethylene and propylene®® >?. Compared with Sc-In203, Y-CeO expressed a
more steady activity for the ETP reaction in fix-bed reactor tests. The conversion of
ethylene was close to 100% and the yield of propylene was around 25% at 420-430°C.
They suggested possible reaction pathways including formation of acetaldehyde and
acetone followed by a hydrogenation-dehydration activity to produce propylene as

listed below.
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CH,CH,OH —> CH,CHO+H, (2.5)
CH,CHO+ CH,CH,OH+H,0 — CH,COCH,+CO,+3H,  (2.6)
CH,CHO+H,0 — CH,COCH, + CO+ 2H, (2.7)
CH,COCH,+H, —» CH, = CHCH,+H,0 (2.8)
2.2.2 Mesoporous Material (MCM-41)

A nickel-loaded mesoporous material used for the ETP reaction has been found and
investigated mainly by two research teams from Japan and Germany. M. Iwamoto et al.
reported that a Ni-MCM-41 prepared with a template ion exchange (TIE) method could
perform ethylene conversion of 68% and propylene selectivity of 48% in a direct ETP
reaction at 400 °C>® %%, The catalysts were tested in a fix-bed continuous flow reactor at
atmospheric pressure. In addition, Y. Kato et al. found that an introduction of water into
the reactant gas and slowing the feed rate could promote the stability and activity of
the catalysts synthesized by this TIE method®. Otherwise, carbon deposition on the
catalyst would lead to a fast deactivation of the catalyst. Considering reaction
mechanisms, regularly arranged mesopores of this catalyst eliminate the possibility of
the sharp selectivity that takes place on acidic zeolites in a cracking reaction for
propylene production due to the narrow pore sizes of the zeolites. Therefore, to
understand the reaction pathways, a systematic experimental design was carried out by
varying the feeding gases and the experimental conditions. Two ethylene molecules
dimerize to generate 1-butene (2.9) accompanied by an isomerization to 2-butene (2.10)
and then a cross-metathesis occurs between 2-butene from the previous reaction and
one more ethylene molecule to form two propylene molecules (2.11). Thus, the acidity
of MCM-41 and Ni active sites were the two essential factors for this reaction.
Moreover, it was confirmed for the first time that Ni active sites in this reaction

expressed not only the dimerization function but also the metathesis function.
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C,H,+C,H, - CH, =CH-CH,—CH, (2.9)
CH, = CH-CH,—CH, —> CH,— CH = CH-CH, (2.10)
CH,—CH = CH-CH,+C,H, - CH,—CH=CH,+CH,—-CH=CH, (2.11)

Next, the effects of pore size and the Si/Al ratio for the reaction rate were
investigated. Smaller pore sizes and increased Si/Al ratio could result in an enhancement
of the catalyst activity®l. Moreover, FT-IR spectra of Ni-MCM-41 indicated that the
formation of 2:1 layered nickel phyllosilicate-like species was independent of the pore
size and the Si/Al ratio. Furthermore, the catalytically active sites seemed to be
composed of three-coordinated Ni?* ions situated on five- and six-membered Si-O rings
of the MCM-41 framework in UV-Vis-NIR experiments of C;Hs and NO adsorbed on the

activated catalysts.

The other group utilized an equilibrium adsorption (EA) method to prepare the Ni-
MCM-41with different nickel precursors, among which nickel citrate and nickel nitrate
exhibited the best performance for the ETP reaction above 250 °C and at atmospheric
pressure in a fix-bed flow reactor®?. Maximum ethylene conversion (36%) was obtained
at 400 °C with a high dilution of reactant gas (5% CxHa in N2) while the selectivity of
propylene kept at 45%. It is notable that high feed concentrations of ethylene lowered
the propylene selectivity and increased the 2-butene selectivity. Therefore, to achieve a
high propylene yield, a low feed concentration of ethylene is necessary. In addition, a
high temperature and a long resident time could also improve the selectivity to
propylene, although this slightly increased coke formation on the catalyst. Kinetic
product measurements demonstrated the same reaction pathways on this catalyst as
the mechanisms proposed by M. Iwamoto on template ion-exchanged Ni-MCM-41. No
dedicated pre-treatment or introduction of water vapour was needed to activate this
catalyst, which indicated that active nickel sites of this equilibrium adsorbed Ni-MCM-
41 was different from that of template-ion exchanged catalysts. In their next
publication, Ni-MCM-41, prepared by the TIE method, was extensively characterized by
means of nitrogen physisorption, XRD, ADS, TEM, EDS, XPS, TPR and FT-IR®3. Ni(ll) phase
was confirmed to be a 2:1 type phyllosilicate but there was a disagreement about the

generation of the Ni phase. Its formation occurred on the external surface instead of on
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the Si-O rings and underwent a dissolution of the mesoporous support. Moreover, it had
three types of acid sites in presence of the catalysts. Two of them were due to the nickel
phyllosicicate and the remaining one was from the original support MCM-41. Lastly, Ni-
AIMCM-41 catalysts with different Si/Al ratios were synthesized by TIE methods and
tested for the ETP reaction®*. The acidity of the catalysts was well controlled by adjusting
the Si/Al ratio. These catalysts showed higher activity and propylene selectivity than the
other Ni-MCM-41 catalysts. The catalyst with a Si/Al ratio of 60 achieved a maximum
propylene yield. In the TEM measurement, Ni particles were observed on the spent
catalyst. Consequently, Ni* was suggested to be an acid site of the Ni-AIMCM-41
catalyst, which was formed during the reaction and stabilized by a suitable acidity. A
serious deactivation of the catalysts at high temperature (450 °C) was due to the

deposition of various carbon species.

Recently, V. Hulea and his co-workers® reported a new method to achieve a high
conversion of ethylene to propylene through cascade
oligomerization/isomerization/metathesis reactions over two heterogeneous catalysts.
The catalysts, Ni-AISBA-15 and MoOs-Si0Oz-Al;03, were employed for the reactions and

they worked in a single flow reactor under identical conditions.

Ni-FSM-16 and Ni-MCM-41 are attractive catalysts for the direct conversion of
ethanol to ethylene and propylene® 7, S. Sugiyama et al. showed this conversion to
proceed more favorably on FSM-16 and Ni-FSM-16 than on MCM-41 and Ni-MCM-4¢®,
The catalytic testing was carried out in a fix-bed reactor. FSM-16 achieved ethanol
conversion of above 99%, but the main product was ethylene (95% ethylene selectivity
at 400 °C). When Ni was loaded to FSM-16, the ethanol conversion (above 99%) was

unchanged whereas the propylene selectivity was increased to 35%.

2.2.3 Zeolites (ZSM-5 and SAPO-34)

H-ZSM-5 and SAPO-34 have been employed for the ETP reaction due to their sharp
selectivity and acidity®®7. B. Lin et al. studied a series of molecular sieves, among which
H-ZSM demonstrated the highest activity, with 25% ethylene conversion and 42%
propylene selectivity at 723 K’°. The experiment was conducted in a fixed-bed flow

reactor operated at atmospheric pressure. It was found that the ethylene conversion

18



Lu Li: One-step Conversion of Ethylene to Propylene by a NiSOs-ReOy/y-Al,03 Catalyst

was dependent on the degree of H* exchange in the H-Na-ZSM-5 samples as well as the
Si/Al ratio. Brgnsted acidity of the catalyst was crucial for the ethylene conversion.
Phosphorus or Boron modified H-ZSM-5 gave a higher propylene selectivity but a lower
ethylene conversion. H. Oikawa et al. reported a selective ETP reaction over SAPO-347%,
Yields of light olefins were calculated with respect to conversion level of ethylene
controlled by adjusting contact time. The result showed that the maximum selectivity
(73.3%) was obtained when the ethylene conversion was 71.2%. They also concluded
that a shape selectivity effect of the small pore sizes and modest acid strength
contributed to this reaction. The effect of SAPO-34 particle size for the ETP reaction was
investigated by Y. lwase et al®. The propylene yield and catalyst lifetime were greatly
affected by the crystal size of the catalyst. The highest selectivity of propylene (80%) and
a high conversion of ethylene (70%) were achieved in a continuous-flow reactor test at

200 °C when the particle size of SAPO-34 was approximate 2.5 um.

Reaction mechanisms for this kind of zeolite suggest that ethylene undergoes
oligomerization and the resultant oligomers crack to light hydrocarbons. The chain-

length of the products is strongly constrained by the pore size of the zeolite.

Conversion of ethanol to propylene over these two zeolites has been widely
studied’?’7. Catalytic performances of HZSM-5, SAPO-34, hydrothermal synthesized
HZSM-5/SAPO-34 (ZS-HS) and mechanical mixed HZSM-5/SAPO-34 (HS-MM) were
reported by C. Duan et al in catalytic testing of a fixed-bed continuous flow reactor’?.
The ZS-HS catalyst exhibited a relatively high propylene yield (25.3%) at 500 °C in
comparison to the other three catalysts. The high propylene production was due to
proper acidity strength and distribution resulting from the significant interaction and
modification between two catalysts during the synthesis. K. Inoue found La modified H-
ZSM-5 with a Si/Al; ratio of 280 and La-Mg co-modified H-ZSM-5 with a Si/Al; ratio of
150 showed propylene selectivity of 31% and 32% respectively at 0.1MPa and 550 °C’%
74, Z. Song reported that P/Zr/ZSM-5 resulted in a yield of 29.2% propylene at 550 °C,
0.1Mpa, which was higher than non-modified ZSM-5 and Zr/ZSM-57> 76,
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2.3 Ni-based Catalysts for Ethylene Oligomerization

2.3.1 NiO and NiSOs on Metal Oxides

The first report of NiO supported silica for the ethylene oligomerization reaction
occurred in 1938 by K. Morikawa’®. G. C. Bailey and J.A. Reid discovered that NiO based
silica-alumina exhibited a high activity for ethylene oligomerization even at room
temperature’?. They suggested that the catalyst activity could be improved with
modification of alumina and a pre-treatment of the catalyst was needed to activate the
catalyst (e.g. at 400-500°C, an oxidizing atmosphere). NiO-SiO, was found to show the
dimerization reaction of ethylene at room temperature by A. Ozaki and T. Shiba in
195320 3s well as H. Uchida and H. Imai in 19628% 8, Later, K. Kimure et al investigated
the ethylene dimerization reaction by means of a deuterium tracer®3. NiO, supported
with various support materials (y-Al.O3s, SiO>, Si02-Al,03, TiO2, TiO2-MgO, TiO2-Zn0), was
studied with regard to its function in ethylene dimerization. It turned out that only
catalysts supported on acidic silica and/or alumina showed activity for the ethylene
dimerization reaction. Moreover, the number of active sites was influenced by the
content of alumina in the support material. J. R. Sohn et al. reported a series of NiO
based metal oxides catalysts for ethylene dimerization at room temperature and low
pressure. Acid strengths of the metal oxides, including Ti0,%% 8, Zr0,8%-% Al,05°% 9! and
Si0,-Al,03°2%% were examined in relation to the catalytic activities. Structural and
catalytic properties of NiO/Al>03-SiO, were characterized by G. Wendt et al®> %8, Later,
T.Caietal. and J. R. Sohn et al. studied the catalytic activity of NiSOa4/y-Al.Os for ethylene
dimerization in 1992 and 2002, respectively. Surface acidity of this catalyst has a crucial

influence on the catalytic activity.

Table 2.1 lists the catalytic performance of a series of NiO or NiSO4 supported metal
oxides for ethylene dimerization/oligomerization reactions. These catalysts were
prepared by impregnation or precipitation methods. The ethylene dimerization reaction
favours near room temperature. From literature data, it is known that the product
distribution of ethylene oligomerization reaction highly depends on the reaction
temperature®’. Even-number oligomers (olefins) are produced exclusively over weak-

medium acid catalysts under mild experiment conditions®®1%, On the contrary, a broad
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spectrum of products including aromatics, alkanes and alkene with both odd and even
carbon numbers are formed at high reaction temperatures, especially on strongly acidic
catalysts'9-103 pressure, from the thermodynamic point of view, effects chain-length of
the products from the ethylene oligomerization reaction which become longer as the
reaction pressure increases. Therefore, most experiments of ethylene dimerization are

carried out at near or lower than atmospheric pressure.

Table 2.1: Catalytic performance in the ethylene dimerization/oligomerization of Ni-based catalysts.

Catalyst Experimental setup T(°C) P (bar) Feed Main oligomers

Continuous flow reactor 2 40 20 C2Ha:H245:55  Ca, Cs, Cs, Cio

Circulatory flow system?®  40-100 0.47 CaoH4 Ca
NiO/SiO2-Al203 83 104-106 .
Continuous flow reactor @ 25 0.53 CaHa Ca
Tubular flow reactor ° 150 1 C2H4 Cs
00 107 Closed circulating system 2 25 2.67°¢ C2oHa Cs
NiSO4/y-Al.03%

S04yl Static system ® 20 039¢ CoHa Cs
NiO-Si0,108. 109 Static system? 20 0.31°¢ C2H4 Cs
NiO-Zr02/S04? 86 Static system 2 20 0.38°¢ C2H4 Cs
NiO-ZrO2/WOs%" Static system @ 20 0.4¢ CzHa on
NiO-TiO2/WQ3!1° Static system 2 20 0.4c¢ C2H4 Cs
NiO-ZrO2/MO3?° Static system 2 20 0.4c¢ C2H4 Cs
NiO/Al203-Si02% Static system @ 20 04c C2oHa Cs

2 Catalysts were synthesized by an impregnation method. ? Catalysts were made by a precipitation

method. ¢ Initial pressure of ethylene.

Many studies have been devoted to the nature of Ni active sites and the role of acid
sites due to their significance for catalytic performance in ethylene dimerization and
oligomerization reactions®’. G. Wendt et al. concluded that catalytically active sites are
formed during the process of thermal activation of NiO/SiO»-Al,03 catalysts. The active
sites consisted of acid sites in conjunction with coordinatively unsaturated nickel (Il) ions
in different coordinative environments (Csy, Cay or T4 symmetry)*'l. NiSO4/y-Al,03 for
ethylene dimerization has been studied by T. Cai et al'%’. They concluded that active
sites involved in the ethylene dimerization reaction were Ni* activated by acid sites. Ni*
on the activated catalyst, which was pretreated at 600°C for 1 hour at vacuum, was
demonstrated by FT-IR and EPR techniques. Moreover, formation of Ni* was also found
in the EPR measurement after introduction of ethylene to the catalyst calcinated in an
oxygen atmosphere at 500 °C. Hence, the reduction of Ni?* was suggested to occur both

in the course of high-temperature evacuation and after dosage of ethylene on the
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calcinated catalyst. The need for an acid strength of Ho < 3 for ethylene dimerization
reaction was deduced in a NaOH poisoning experiment. J. R. Sohn et al. investigated the
active sites of a series of catalysts consisting of NiO/NiSO4 on metal oxdies84 88 90,9294,
For these catalysts, they reported a low valent Ni site combined with surface acidity as
the active catalyst site responsible for the dimerization reaction. The ethylene
dimerization reaction over NiSO4/y-Al,O3 was also studied by them. Ni* was observed
on the thermal-activated catalyst (500 °C, under vacuum) by FT-IR and XPS experiments.
Brgnsted and Lewis acid sites were found on the catalyst surface in a FT-IR study by
adsorption of ammonia. A recent report investigated active sites of a NiSO4/y-Al,Os
catalyst for the oligomerization of isobutene'!?. It was concluded that the oxidation
state of Ni remained +2 after calcination but was reduced to low valence (<1) during the
course of isobutene oligomerization. They also found sulfate ions increased the acidity

of the Lewis acid sites on the surface and assisted in the adsorption of isobutene.

The deactivation of the catalysts for ethylene oligomerization has been evaluated
in a vast number of publications. In general, the reason for deactivation is the strong

adsorption of formed products blocking or deactivating the active sites®’.

2.3.2 Ni-based Zeolite and Mesoporous Materials

Employing Ni-containing zeolites or mesoporous materials for an effective ethylene
dimerization/oligomerization reaction has been the topic of a considerable number of
publications. Nickel exchanged X and Y zeolites could show high activities for ethylene
dimerization/oligomerization at mild conditions'3-118, However, these materials always
accompanied severe deactivation during the reaction since their microporses were
rapidly blocked by a limitation of intracrystalline diffusion'®. To tackle this problem,
Nickel exchanged mesoporous materials (e.g. MCM-41, MCM-36 and MCM-22) were
used and showed attractive properties for ethylene dimerization/oligomerization20-122,
In addition, Ni-containing dealuminated Y zeolite, with its large supercages and pore

volume, provided an alternative way to alleviate fast deactivation of the catalysts!*® 123

124
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2.4 Re-based Metathesis Catalysts

Typical Re-based metathesis catalysts are rhenium oxide supported on a high-
surface-area metal oxide support (e.g. Al20s, SiOz, SiO2-Al203)%*. To synthesise the
catalysts, generally, the support is impregnated by an aqueous solution of a rhenium
salt such as NH4ReO4 or HReOs followed by drying at 110-120 °C and calcination at 500-
500 °C in air. The catalyst could show a high activity and high selectivity for metathesis

reaction at low temperatures (20-100 °C)31, 125-129,

The formation of a metal carbene species is generally accepted as the initial step of
the metathesis reaction?®. The formed transition-metal carbene species with a vacant
coordination site participates in the propagation of the metathesis. Figure 2.2 shows the
cycle of self-metathesis of propylene to 2-butene and ethylene proposed by Y.
Chauvin!3, One propylene molecule interacting with one active specie generates a
metallacyclobutane, which cleaves to a new metal carbene complex and one 2-butene.
Subsequently, the new complex continues to react with one propylene forming another

metallacyclobutane to produce one ethylene.

_CH, —
— Hi
H,C K‘-., M — CH, I,r/
/ \\
M§l M—
A\ —
H,C 'CH, H,C
M
M .
\ v/ H;€ — CH;
H,C / .
"

HsC

Figure 2.2: Olefin metathesis for self-metathesis of propylene to 2-butene and ethylene proposed by Y. Chauvin?30,

Figure 2.3 demonstrates the four proposed initiation mechanisms of the formation
of metal carbine complex: (A) formation of a m-complex between the reacting alkene
and the transition metal (1-2 hydrogen shift mechanism)3% 132, (B) a m-ally complex
formed by a hydride transfer (rmt-ally mechanism)?” 133, (c) a hydrogen shift from a

surface Brgnsted acid site to form a m-complex (H-assisted mechanism)34, (D) formation
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of a m-ally complex by elimination of a carbonyl compound (Pseudo-Wittig

mechanism)'3>,

The results of many characterization methods reveal that rhenium oxide is
homogeneously dispersed on the alumina support after calcination at high temperature
(~500 °C) due to its low melting temperature?®. Characterization of Re;07/y-Al,03 with
electron microscopy was carried out by A. Olsthoorn and C. Boelhouwer in 1976136, They
concluded that no Re;0y7 crystal was observed and if it was present, the mean diameter
of the crystals would be smaller than 2nm. Later, J. Okal et al. undertook a detailed
investigation on the microstructural changes during oxidation and re-dispersion of a
Re/y-Al,03 catalyst®’. Small clusters, less than 1nm, were observed after oxidation of
the Re/y-Al,03 catalyst in a HRTEM measurement. These clusters were suggested to be
aggregates of (ReO4) tetrahedral grouped around special sites on y-Al,03 or Re clusters
formed inside the electron microscope under the influence of the electron beam. It was
discovered during an in-situ FT-IR experiment that ReOa first reacts with basic surface
hydroxyl groups at low loadings of Re,07 and at high converges of Re207, moderate and
acidic hydroxyl groups are consumedt!3® 13° |, Wang and W. Hall reported that the
symmetry of ReO4 on the alumna is lower than the tetrahedral symmetry of free ReO4
ions after comparing their UV-Vis spectra'?, Later, in-situ Raman and FT-IR studies were
carried out to test the Re207/y-Al,03 catalyst with high loadings of Re207 in dehydrated
form. The results show two distinct isolated surface rhenium (O=)3-Re-O-Al species on

the alumina and the terminal Re=0 is slightly different for the two species'3? 141,
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(A) 1-2 hydrogen shift mechanism
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Figure 2.3: Proposed olefin metathesis activation mechanisms. M represents the catalytic active sites and S

represents the oxide support2? 135,142,

2.5 Summary

This chapter gives an overview of the development of the “on purpose”
technologies for propylene production and one step ETP reaction. Among these
technologies, one step ETP reaction gains our attentions by considering the availability
of ethylene resource and industrial applicability in the future. Therefore, this project

aims to investigate a catalyst for ETP reaction.

In this project, the effort has been made on synthesizing a dual-functional catalyst
for ETP reaction. As mentioned in chapter 1, the first idea is to combine the two
functional sites (dimerization and metathesis) onto one support material. Therefore, the
research first focused on synthesizing dimerization catalysts. A series of Ni-based metal

oxide catalysts were synthesized and the one with the highest butene production was
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chosen further tests. As the dimerization catalyst (NiSO4/y-Al,03) has been chosen, the
next step is to screen metathesis catalysts. Since NiSOa/y-Al,03 shows a high
dimerization activity at mild condition, the metathesis catalyst, Re207/y-Al>Os, which
also shows a high activity at mild reaction temperatures and has the same support
material, is therefore selected. Consequently, the NiSOs-ReOx/ y-Al20O3 catalyst was
synthesized and tested for ETP reaction. Detail descriptions of testing methods and

results are given in the next chapter.
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Chapter 3

3  Catalyst Synthesis and Testing

A series of catalysts, with H-ZSM-5, MCM-41, y-Al,03 and Al,0s-SiO; as support
materials, were prepared by three synthesis methods. It was the goal of this project to
investigate and test catalysts supported on metal oxides in a continuous flow reactor.
These kind of catalysts are seldom reported in the literature for the ETP reaction.
Moreover, Ni-H-ZSM-5 and Ni-MCM-41 catalysts were also tested in the same reactor
for comparing with those catalysts based on metal oxides. Pulse reactor tests were
carried out in order to study the activation period of our main catalysts in the last part

of this chapter.

3.1 Catalyst Synthesis

Catalysts were prepared according to three synthesis methods: Incipient wetness
impregnation, precipitation impregnation and ion exchange. All prepared catalysts are
listed in Table 3.1. Three kinds of support materials were used: a) H-ZSM-5 is a
microporous aluminosilicate zeolite with a channel structure of 10-membered rings, b)
MCM-41 is composed of silicate or aluminosilicate having a one-dimension structure
with a regularly mesoporsous arrangement, c) Metal oxides such as alumina and
aluminosilicate are also a useful support material for many industrial catalysts but they

do not have such special channel or regular structure like H-ZSM-5 and MCM-41.

Ni-H-ZSM-5 (Si/Al: 30) and Ni-MCM-41 (Si/Al: 34) catalysts were made by an ion
exchange method. A mixture of a nickel nitrate aqueous solution (0.02 M, 40 ml) and
zeolite (5.0 g), kept in a polyethylene (P.E.) bottle, was stirred vigorously for 1 hour at
room temperature followed by treating at 353 K for 20 hours without stirring. The
residual in the bottle was filtered out by vacuum filtration and washed with distilled

water 3 times before drying at 353 K overnight and calcinating at 823 K for 6 hours.
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Table 3.1: List of catalysts and synthesis methods.

. Color
Catalyst Chemicals Method .
(in the atmosphere)
. Ni(NOs)2-6H20 .
Ni/H-ZSM-5 lon exchange Light Green
H-ZSM-5
] Ni(NO3)2-6H,0 .
Ni/MCM-41 lon exchange Light Green
MCM-41
Ni(NO3),-6H.0
) ZrOCl;-8H,0 o ]
NiO-Zr02/S04* Co-precipitation impregnation Brown
H2SO4
NH4-OH
Ni(NO3)2-6H,0
. ZrOCl-8H,0 . . .
NiO-ZrO/WO3 Co-precipitation impregnation Light Green
(NH4)sH2W12040-XH20
NHj-OH
] NiSO4-7H20 o . . )
NiSOu/y-Al,03 Incipient wetness impregnation Light Green
v-Al;03
NHsReO. o . . .
Re,O7/y-Al,O3 Incipient wetness impregnation White
Y-A|203
) Ni(NO3)2-6H,0 o ) )
NiO/y-Al,O3 Incipient wetness impregnation Black
Y-A|203
NiSO./Al>O3- NiSO4:7H,0 o ) ) )
) ) Incipient wetness impregnation Light Green
SiO; Al;03-SiO;
) NiSO4:7H,0
NiSOs-ReOy/y- o ) ) )
ALO NH4ReO4 Incipient wetness impregnation Light Green
23
v-Al203

The catalysts supported with metal oxides were synthesized in terms of two
independent functions (dimerization and metathesis) respectively. Our focus was first
on dimerization catalysts since only a few catalysts have been studied for ethylene
dimerization. Two methods, a precipitation impregnation and an incipient wetness
impregnation, were used to synthesize catalysts for the dimerization reaction. In the

former method, Zr(OH),-Ni(OH), was prepared by co-precipitation of a mixed aqueous
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solution of zicrominum oxychloride and nickel nitrate at room temperature. In order to
obtain a maximum precipitation, the pH value of the solution was adjusted to
approximately eight by adding ammonia solution. In the meantime, the solution was
evenly stirred. The nominal molar ratio of ZrO, to NiO is about three in the catalyst
synthesis. The co-precipitate was filtered out, washed with distilled water and dried at
room temperature. Zr(OH),-Ni(OH)2 co-precipitate promoted with H,SO4 and WOs was
prepared by wet impregnation of H,S04 (30 ml, 0.5 M) solution and an aqueous solution
of ammonium metatungstate (30 ml, 1.3 g), respectively, onto two grams of the dry
powders. Catalyst precursors obtained by filtration, namely Zr(OH),-Ni(OH)2/S04% and
Zr(OH)2-Ni(OH)2/WO0s, were dried at 373 K and calcinated at 673 K for 2 hours.
Furthermore, catalysts based on y-Al;03 and SiO;-Al;03 with different loadings of nickel
salts were prepared by an incipient wetness impregnation method. All metal oxide
supports were pre-treated at 673 K for 4 hours in order to remove the water and
impurities before use. y-Al,03 and SiO;-Al;03 were impregnated with an aqueous
solution of nickel sulfate or nickel nitrate followed by drying over night at 378 K and

calcination in air at 673 K for 2 hours.

Table 3.2: Catalyst naming and abbreviation.

Catalyst Abbreviation
8wi%-NiSO4/1wt%-ReOy/y-Al,O3 8-Ni-1-Re
8wi%-NiSO4/3wt%-ReO,/y-Al,O3 8-Ni-3-Re
8wi%-NiSO4/5wt%-ReOy/y-AlO3 8-Ni-5-Re
8wi%-NiSO4/8wt%-ReO,/y-AlO3 8-Ni-8-Re
8wt%-NiSO4/11wt%-ReOx/y-Al,O3 8-Ni-11-Re
8wi%-ReOx/8wt%-NiSOa/y-Al,O3 8-Re-8-Ni
3wt%-ReOx/8wt%-NiSOa/y-Al,0s 3-Re-8-Ni

5wt%-NiSO4/y-Al,03 5-NiS
8wt%-NiSO4/y-Al,03 8-NiS
11wt%-NiSO4/y-Al>03 11-NiS
8wit%-NiSO4/Al203-SiO, 8-NiS (A)
8wt%-(NH4)2SO4/y-Al,O3 8-S
10Wt%-Re,07/y-Al,03 10-Re
8wit%-NiO/y-Al,Os 8-NiO

Catalytic performances of these prepared dimerization catalysts were determined

in a continuous flow reactor and were compared with one another under their optimum
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experimental conditions. Among these catalysts, the NiSO4/Al,03 catalyst could achieve
a high yield of propylene. Thus this catalyst was considered in the subsequent catalyst
synthesis for the ETP reaction. However, NiO-ZrO,/SO4* , NiO-ZrO2/WOs3 and
NiSO4/SiO,-Al,03 were abandoned due to their inactivity or low activity during ethylene

dimerization.

On the other hand, Re;07/y-Al,0s is a well-known metathesis catalyst!®. The
Re,07/y-Al,Os catalyst was prepared by impregnation of an aqueous solution of
ammonia perrhenate onto y-Al,0s followed by drying over night at 378K and calcination

in air at 673K for 2 hours.

Since both the dimerization and metathesis catalysts were obtained, a dual
functional catalyst was prepared by co-impregnation of nickel sulfate and rhenium oxide
on the same support material. y-Al,03 was impregnated with aqueous solutions of NiSO4
*7H,0 and [NH4][ReQ4] in different impregnation order, each impregnation following
the same treatment procedures of the incipient wetness method. In addition, y-Al;03
modified with sulfate ions was also prepared by dry impregnation of y-Al,Os with an
ammonium sulfate solution, in order to understand the role of the sulfate ion in the
following characterization studies. Table 3.2 shows a series of prepared catalysts
supported with metal oxides. The catalyst naming indicates the different impregnation
order and weight percentage of active components contained in the catalyst. For
instance, 8-Ni-8-Re means that the NiSO4¢7H,0 solution was impregnated first followed
by [NHz][ReO4] solution with 8wt% Ni corresponding to the NiSO4/y-Al,O3 part and 8wt%
ReOx corresponding to the whole catalyst, respectively and vice versa. The detailed
information of the chemicals for the catalyst synthesis are given in Appendix A. All the

chemicals were used as received. Catalyst synthesis procedures are given in Appendix B.

3.2 Catalytic Testing in a Continuous Flow Reactor

As shown in Figure 3.1, the test rig consists of two gas flow lines controlled by mass
flow controllers, one fix-bed reactor vertically placed with a bypass to a ventilation hood
and a gas chromatograph connected to an outlet of the gas line for online
measurements. Three heating zones were designed by heating the gas lines and the

reactor with heating bands wound around, two for preheating the gases before reaching
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the reactor to 473 K and one for controlling the reactor temperature in the range from
293 K to 873 K. The length and inner diameter of the reactor was 60 cm and 1.27 cm,
respectively. The reaction temperature was measured by a thermocouple positioned
inside the catalyst bed. The catalyst bed was made up of 2 grams of catalyst located in
the middle of the reactor and supported by silica-carbide particles and quartz wool. A

three-way valve was used to switch the gas flow between the ventilation and the GC.

Reactor
Heating band
[
—

Ny ——————— ot
N2 Catalyst it silica Glass
~—— carbide  wool

b GC
Thermocouple — s

Ventilation

(((

g
(

Figure 3.1 Sketch of the continuous reactor.

Catalyst testing in a continuous flow reactor was carried out at atmospheric
pressure and at 323 K. The catalyst was heated to 773 K under nitrogen flow and kept
at that temperature for 2 hours in order to remove water and impurities. Subsequently,
the catalyst was cooled down with nitrogen to the reaction temperature. Nitrogen as a
dilute gas then mixed with pure ethylene in a ratio of 3:2 for the reaction. Catalytic
performance was determined at different reaction temperatures and gas hourly space

velocities (GHSV) in order to optimize catalytic performance.
3.2.1 Gas Chromatography

Gas chromatography (GC) is a commonly used analytical technique for analyzing
compounds that can be vaporized without decomposition’. Separating components is
based on an interaction between a mobile phase and a stationary phase. The mobile
phase is composed of an inert gas (He, N2 or Ar) carrying a vaporized sample. With
movements of the mobile phase, the components can be separated inside the column

due to their specific affinities with the stationary phase resulting in different retention
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times. The stationary phase is packed inside a large diameter column or coated in an

inner wall of a capillary column.

Loop 1 mi Loop 0.250 ul
TR
o Sample out
- - . V4 _ front
Sample in
Front 4 ,-/ /z;\'
\ [
o & jf'L i
i 3 st
DPFC Injector
Leit o Left side
Apolar column DI'I‘I

In the valve oven Pre-column ] 4.1—1

In the valve oven Top

HavSes @ L pla

Valve oven Bottor
FID \ ]
Make-up Air
Hi
(b)

Hoalsieve 13X (a)
Valve oven N

Figure 3.2: Configuration of the Trace GC Ultra. (a) inter gases and hydrocarbons channel, (b) extended

hydrocarbons channel.

Trace GC Ultra was the instrument used to analyze the effluent gas online, which
includes two channels equipped with one thermal conductivity detector (TCD) and one
flame ionization detector (FID) detector, respectively (illustrated in Figure 3.2). Two
channels enable detection of various organic and inorganic compounds at the same time
by a single injection. However, only channel (b), marked by an orange line in Figure 3.2,
was selected to be used in the catalytic test since this channel was able to analyze all
the components in our catalyst testing. FID is very sensitive to hydrocarbons. Moreover,
more intensive measurements could be provided in this channel due to a short over run-
time in comparison of that in the channel (a). An Agilent Technologies J&W HP-PLOT-
AI/KCI (50m x 0.32mm x 8.00um) column was used in this GC, and has an excellent
performance for separating light hydrocarbons. GC operating conditions are listed

below:

e Temperature program: start at 373 K for 0 min; temperature ramp: 10K/min to
453 K; final hold time at 453 K for 0 min;

e Carrier gas (N2): 1.5ml/min;

e Spit ratio: 200;

e Over run-time: 8 minutes.
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3.2.2 Analysis Method

Channel (b) was equipped with a gas sampling valve to ensure a constant amount
of gas (0.250pl) injected to the GC each time. An external standard method was applied
for gas calibrations of the GC. Different ratios of pure ethylene gas and nitrogen were
achieved by changing flow rates of ethylene and nitrogen while keeping the total flow
rate unchanged. The mixing gas was measured three times at each ratio. Two calibration
curves of ethylene gas were obtained at low and medial concentrations with respect to
average peak areas over three parallel measurements, shown in Figure 3.3. Calibration
of other desired gas products in the ETP reaction were determined by the same method
but with a calibration gas. The calibration gas, purchased from Yara Praxair, consisted of
ethylene (30%), propylene (30%), Trans-2-butene (13%), 1-butene (13%) and Cis-2-
butene (13%). In this thesis, Trans-2-butene and Cis-2-butene will be abbreviated to T-
2-butene and C-2-butene, respectively. The ethylene gas line was used as a calibration
gas line and the whole gas line was heated by heating tapes to 313K during the
calibration, in order to avoid gas condensation during gas feeding. The assumption was
made that the composition of the calibration gas was steady in the gas line without any
influence of the temperature and pressure. The calibration gas was also mixed with
nitrogen at different ratios and the concentration of ethylene gas in the mixture was
calculated based on the calibration curves of ethylene. Consequently, as the
concentration of ethylene was known, the concentrations of other gases were easily
calculated according to their composition in the calibration gas. Linear calibration curves
of propylene, T-2-butene, 1-butene and C-2-butene were obtained and shown in Figure
3.4. All raw data of obtained peak areas of the gases from the GC are given in Appendix

C. The conversion of ethylene and selectivity of products were calculated as:

ethylene in —ethylene out

ethylene conversion = -
ethylene in

.100% (3.1)

desired products(propylene, 1- butene and 2 - butene)

Selectivity =
y total gas products

100%  (3.2)
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3.3 Catalytic Testing in a Pulse Reactor

The pulse reactor test rig consisted of twelve mass flow controllers installed on two
separated panels, which was designed for multi-gas feed. An automated setup equipped
with 4-way and 6-way VICI VALCO valves was used. The 4-way valve was connected to
the loop in the 6-way valve. The 6-way valve was equipped with a loop (0.25 ml) and
used to send discrete pulses of gas, with a continuous stream of He (10 ml/min), to the
reactor. As shown in Figure 3.5, by switching the 6-way valve to an injection mode, the
inert gas (He) carried ethylene from the loop to the reactor. By this process, one pulse
was sent to the reactor. Interval time of pulses could be set by a computer program and
then a known number of pulses could be automatically sent to the reactor with the same
interval time. In our case, tests in the pulse reactor were only performed on the 8-Ni-8-
Re and 8-Re-8-Ni due to their top performances on the yield of propylene in the previous
continuous reactor tests. The catalytic test was conducted in a tubular quartz reactor
(i.d. 8 mm) at 323 K and atmospheric pressure. The catalyst (0.4 g) was diluted with y-
Al,03 (0.1 g) and activated under inert gas (He) at 773 K for 2 hours before use. y-Al;03
has been tested in the continuous flow reactor and showed no activity for both ethylene
dimerization and ETP reaction. After the catalyst was cooled down to the reaction

temperature (323 K), ethylene pulses were sent to the reactor every 2 minutes.

Pulse Injection

Ventilation

Ventilation

Figure 3.5: Sketch of the pulse reactor in an injection mode.
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3.3.1 Online Mass Spectrometer and Analysis Method

Mass spectrometry is one of the most popular analysis techniques. Substances of a
sample can be recognized according to their different mass-to-charge ratios. Atoms or
molecules in the sample are bombarded with a stream of electrons generating some
positive ions, and some of the collisions are energetic enough to break large molecules
into small-ionized fragments. lonized substances are accelerated in the acceleration
chamber in order to obtain the same kinetic energy. Subsequently, the ions are
deflected in a magnetic field, dependent on their mass and charge, and pass through a

detector to be amplified and recorded.

Product was monitored continuously by an online mass spectrometer (Pfeiffer
Omnistar) equipped with a quadruple mass spectrometer. The online MS (Pfeiffer
Omnistar) analysis system includes inlet system, PrismaPlus mass spectrometer, a dry
diaphragm vacuum pump and Hipace turbopump. Calibration values for quantification
of CoH4, CsHe and C4Hs were found by sending known pulses of ethylene, propylene and
butene to an empty reactor preheated to 323 Kand integrating the area under the peaks

of m/z 28, 42 and 56, respectively. The conversion and selectivity were calculated:

ethylene in —ethylene out
ethylene in

ethylene conversion = -100% (3.3)

propy leneout 3 100% (3.4)

Selectivity of propylene=
yorpropy ethylenein —ethyleneout 2

3.4 Results and Discussion

Initial experiments were run to establish the dimerization function of the Ni based
metal oxide (Al,O3 and Al>0s-Si0;) catalysts. It has been reported that Ni based metal
oxide catalysts favor a low reaction temperature and a low pressure for the ethylene
dimerization reaction. These catalysts could exhibit a high activity at room temperature
under atmospheric pressure®19, In the continuous flow reactor test, experiments were
carried out under atmospheric pressure. However, considering the design of the reactor,
the tests at room temperature would be inappropriate due to a possible condensation

of desired products (1-butene and 2-butene) in the reactor and thus the reaction
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temperature was set to 323 K. The flow rate ratio of ethylene to nitrogen was kept at
2:3 and GHSV was set to 2682 h! at first. Abbreviations (see Table 3.2) of the catalysts
are used in the thesis. The two NiO-ZrO; catalysts with different promoters and the 8-
NiO catalyst exhibited no ethylene dimerization activity. The ethylene concentration
was unchanged and no product was detected in the effluent by GC analysis during the
duration of the catalytic test. Fortunately, NiSO4 based metal oxide catalysts showed
ethylene dimerization activity and their performances are demonstrated in Figure 3.6.
Of the four catalysts, 8-NiS is the most efficient in the conversion of ethylene, although
all catalysts deactivated quite fast as the reaction progressed. As shown in Figure 3.6,
the catalyst with a higher NiSO4 loading performs a higher conversion of ethylene. This
indicates the amount of NiSO4 on y-Al;Os3 relates to the number of active sites for the
dimerization reaction. Figure 3.6 (B) shows the concentration ratio of 2-butene (T-2-
butene and C-2-butene) to 1-butene in the products during the reaction. In fact, only
butene was observed as product in the GC analysis. Long chain oligomers such as hexene
and octene were condensed as by-products in the reactor due to the low reaction
temperature. It was suggested by Sohn that the active site of the NiSO4/y-Al>O3 catalyst,
for the ethylene dimerization reaction, consisted of the low valent Ni and a surface
acidity 1. Catalyst deactivation may result in a decrease of acidity on the active sites,
which influences isomerization of 1-butene to 2-butene leading to a decrease of the 2-

butene/1-butene ratio with the reaction as shown in Figure 3.6 (B).
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Figure 3.6: Catalytic performance in a continuous flow test on a series of NiSO, based catalysts (323K, C;Ha:N; 2:3,

GHSV: 2682h).
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In the following experiments, the 8-NiS catalysts were tested under different GHSV
(2104 and 3000 h) while the reaction temperature and the flow rate ratio of ethylene
to nitrogen were kept as before. Adjusting GHSV was expected to change the 2-
butene/1-butene ratio. A high 2-butene/1-butene ratio is important for propylene yield
since only 2-butene participates in the metathesis reaction in the second step of the ETP
reaction. However, the ratio did not show evident change in the test of the 8-NiS catalyst

under different GHSV. Therefore, GHSV was kept at 2682 h! in the subsequent tests.

Based on recommendations in the literature, the 10-Re catalyst was prepared for
the metathesis reaction® 1214, This catalyst was then mixed with 8-NiS in both physical
and chemical (co-impregnation) ways for further ETP tests. In Table 3.3, the prepared
10-Re catalyst shows no ethylene dimerization activity in the continuous flow reactor
test. Compared with the physical mixture, the chemical mixture method (co-
impregnation) demonstrates higher activity and selectivity. The Ni-H-ZSM-5 catalyst has
a rather high conversion of ethylene. However, the selectivity of propylene is quite low
and many by-products were detected by GC analysis. The propylene yield on this catalyst
is much lower than that on the Ni-Re catalysts in the catalytic tests under the same
dilution ratio, pressure and GHSV. Moreover, Ni-MCM-41 shows a competitive
propylene yield in comparison to the yield of the Ni-Re catalysts whereas the reaction

on this catalyst occurs at a high temperature.

Table 3.3: Catalytic performance in a continuous flow reactor.

Reaction Conversion of Selectivity of
Catalyst Reactant
temperature ethylene propylene
10-Re CoH4 323K - -
Physical mixture® CoH4 323K 48% 30%
8-Ni-10-Re CaoHy 323K 60% 43%
Ni-H-ZSM-5 CaoHy 723K 80% Low®
Ni-MCM-41 CaoHy 723K 73% 17%

aAll results were collected after 10mins on-stream (atmospheric pressure, CoHa:N> 3:2, GHSV: 2682h1).
bTwo catalyst 8-NiS and 10-Re mixed 1:1 physically.

CSelectivity of propylene could not be calculated since the peak areas of propylene from the GC analysis were rather
low and out of the applicable range of the propylene calibration curve.

Figure 3.7 shows the catalytic performance of a series of catalysts with different

loadings of ReOyx and different impregnation orders in the continuous flow reactor tests.
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The catalysts with the same loading of NiSO4 (8wt%) exhibit similar ethylene conversions
(Figure 3.7(A)) except the one with the highest loading of ReOy. This implies a high
loading of ReOxon the catalysts may cover or block some active sites of NiSO4 leading to
a decrease in ethylene conversion. As shown in Figure 3.7(B), propylene selectivity
jumps from 26% to 45% with increasing ReOx on the catalyst. Moreover, it can be seen
in Figure 3.7(C and D) that the selectivity of 2-butene drops while the selectivity of 1-
butene rises with the reaction on the Ni-Re catalysts. In addition, the conversion of
ethylene and the selectivity of butene on Ni-Re catalysts demonstrates similar trends to
that on NiSO4/y-Al,03 catalysts. All these phenomena suggest that the ethylene
dimerization reaction is mainly attributed to metallic active sites of NiSOs4 and the
metathesis reaction is most likely due to ReOy. The reaction mechanism may consist of
two steps, dimerization of ethylene as the first step followed by metathesis of the

produced 2-butene and ethylene as the second step.

The results show that the 8-Ni-8-Re and 8-Re-8-Ni catalysts perform better in the
production of propylene than other catalysts. It seems the catalyst with the low ReOy
loading could not provide enough active sites for the metathesis reaction, but high
loading may limit the number of active sites for the dimerization reaction. Catalyst
deactivation causes the change of selectivity of 1-butene and 2-butene, whereas the
selectivity of propylene keeps almost constant during the reaction time. This reveals
that the two metal components (NiSOs and ReOx) seem to work to a large extent
independent of each other and deactivation of the catalyst is mainly due to the

dimerization step.
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Figure 3.7: Catalytic performance in a continuous flow test on a series of Ni-Re catalysts (323K, C;H4:N; 2:3, GHSV:
2682h1).

Pulse reactor tests were carried out in order to study the activation period of the
catalysts. As shown in Figure 3.8, the conversion of the catalysts drops fast from 60% to
30% within 30 pulses of ethylene followed by leveling out to a constant value. This could
be interpreted in analogy to the proposed mechanism? 19 for ethylene dimerization on
the NiSOa4/y-Al,0s3 catalyst. It could be speculated that ethylene adsorption and product
desorption reach an equilibrium on the surface of the catalyst after a certain time.
Furthermore, a special feature of the catalyst is high product selectivity at mild reaction
conditions (323 K, 1 atm). Uneven speed of desorption could be a reason for the
selectivity curve fluctuation. The differences between the pulse number at maximum
conversion and selectivity indicate that the rate of desorption is much slower than the
rate of adsorption. Alternatively, the two consecutive reactions (dimerization and
metathesis) may work independently. It could take time for the intermediate to find the
right catalytic sites for continuous reaction. Comparing two catalysts in different order,
8-Ni-8-Re demonstrates a slightly higher conversion and lower selectivity than the 8-Re-
8-Ni catalyst, which could be due to the impregnation order influencing the interaction

of the impregnated components with the surface of the catalyst.
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Figure 3.8: Catalytic performance in a pulse reactor test on 8-Ni-8-Re and 8-Re-8-Ni catalysts. (a) Selectivity of

propylene, (b) Conversion of ethylene.

3.5 Conclusion

The bimetallic catalyst, NiSOs/Re;07/y-Al,0O3, catalyzes the direct conversion of
ethylene to propylene at mild reaction conditions (323 K, 1 atm). It seems that the two
catalyst functions work independently for dimerization and metathesis and deactivation
of the catalyst is mainly due to the NiSO4 driven dimerization step. The yield of the
catalyst for propylene is approximately 29%, which is superior to other metal based
catalysts'™ 16, However, the present catalyst deactivates fast even under mild reaction

conditions.
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Chapter 4

4 Characterization of Ni-Re Catalysts

A series of Ni-Re catalysts have been characterized by BET method, elemental
analysis, thermogravimetric analysis, scanning electron microscopy and transmission
electron microscopy. In this chapter, basic theories of these characterization methods
as well as the corresponding instruments are described. Moreover, experimental results

of the characteristics and surface structures of the catalysts are given and discussed.

4.1 BET Surface Area and Element Analysis

The BET method was proposed by Brunauer, Emmett and Taylorin 1938. The theory
is an extension of the Langmuir theory and is applicable for physical multilayer

adsorption of non-corrosive gases on a solid surface. The BET equation is

1 C-1 P 1
= X —+—
v(P"—lJ v,C PR V,C

(4.1)

Where V, is the amount of gas that is adsorbed at a standard temperature and
pressure (273.15 K and the atmospheric pressure). P and Pp are the equilibrium pressure
and saturation pressure respectively of adsorbed gas. C is a dimensionless constant
related to heat of gas adsorption on the sample. According to the BET equation, the gas
guantity of monolayer adsorption (Vm) on the sample can be obtained when the gas
guantity and the ratio of equilibrium pressure to saturation pressure of the adsorbed
gas are measured at a constant temperature. Knowing monolayer adsorbed gas quantity
allows calculation of the total surface area (external and internal) and specific surface

area according to the equations below:

Stotal = % (42)
S
Sper == (4.3)
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Where Ns is an Avogadro constant (6.022-:10% mol?), V is the molar volume of the

gas and a is the mass of solid sample.

In the experiment, BET surface area of catalysts was determined by multipoint
measurement under atmospheric pressure and at liquid nitrogen temperature (77 K) on

a FlowsorbIII-2310 instrument. The catalysts were outgassed at 573 K before the test.

The elemental analysis was performed by Mikroanalytische Labor Pascher, An der

Pulvermihle 1, 53424 Remagen, Germany.

4.2 Thermogravimetric Analysis (TGA)

TGA is a significant method of thermal analysis and has various applications in
material characterizations such as thermal stability and oxidative stability. In a common
catalyst test, TGA monitors the mass of a sample continuously as a function of
temperature or time when the sample is heated/cooled with a controlled temperature
program in a controlled atmosphere. Weight changes in a sample can be used to
determine the composition of a material or its thermal stability. Weight loss of a sample
may be due to decomposition, dehydration, reduction or desorption while weight gain

is probably attributed to oxidation or adsorption.

Figure 4.1 shows a schematic diagram of a TGA. The core part of the TGA is the
precision balance, which is used for weighing the mass of a sample loaded on a sample
pan. When a furnace is lifted up, the sample pan precisely fits inside the furnace so that
the sample can be heated or cooled. A sample purge gas protects and controls the

sample environment.

I Thermocouple

Sample
(= Furnace
- -—

Gas environment

Balance

Figure 4.1: Schematic drawing of thermogravimetric analysis.
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A Thermal gravimetric analysis of fresh catalysts was carried out in a Rheometric
Scientific STA 1500 instrument. Around 20 mg of each sample was used and heated to

1173 K with a heating rate of 5 K/min in nitrogen flow.

4.3 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is widely used in studying morphology and
examining compositions of a sample. SEM is a type of electron microscope. A focused
beam of electrons penetrates a specimen and it interacts with atoms generating various
kinds of signals as shown in Figure 4.2. Secondary electrons and backscattered electrons
are the two most common signals used for producing SEM images!. Scattered electrons
that are ejected from the outer-shell of the specimen atoms by inelastic collisions are
known as secondary electrons. The secondary electrons can only escape from 5-10 nm
depth of the specimen surface, since their energy is lower than 50 eV. Due to this,
secondary electrons are very sensitive to the surface characteristics. Compared with
secondary electrons, backscattered electrons have a higher energy and originate in the
electron beam. The high-energy electrons from the primary beam interacting with
specimen atoms is scattered back from the specimen, back in the same direction as they
came with little energy loss. Chemical elements having a high atomic number generate
more backscattered electrons than those with a low atomic number. Therefore, the

heavy elements in the specimen look brighter in the image.

Figure 4.3 shows a configuration of a typical SEM. The SEM works under a vacuum,
and is composed of an electron gun, two condenser lenses, an objective lens, an electron
detection system and a set of deflector. The electrons from the electron gun pass
through three-stage electron lenses where the primary electron beam is generated. The

primary electrons scan the sample and various signals are collected in the detector.
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Figure 4.2: interaction volume and emitted signals from an interaction between an electron beam and a specimen?.

Energy dispersive spectroscopy (EDS) is typically integrated in a SEM instrument for
elemental analysis of the sample. X-rays, produced from the interaction between the
primary beam and the specimen, can provide characteristic information of various
elements. Therefore, EDS is a very effective tool for determining elements and analyzing

chemical compositions of a sample.

In the SEM experiment, the SEM measurements were run using a FEl
Nova™ NanoSEM. Fresh catalysts, which were exposed to air after catalyst preparation,

were directly used for testing without any treatment.
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Figure 4.3: Schematic drawing of SEM3,

4.4 Transmission Electron Microscope (TEM)

The transmission electron microscope (TEM) is another useful instrument to
analyze microstructure of a sample and provide information of surface morphology. Like
the optical microscope, the source of illumination is a beam of electrons with very short
wavelengths, which passes through and illuminates a very thin specimen so as to create
an image of it. However, TEM has more advantages. The maximum resolution of an
optical microscope has been limited by the wavelength of the light whereas the short
wavelength of electrons can enhance the resolution largely?. Moreover, contrast is
caused not only by the attenuation of the electrons due to different densities and
thicknesses on the specimen, but also by diffraction and interference. This allows the
analysis of crystal structures and lattice imperfection on an atomic scale. As shown in
Figure 4.4, the TEM consists of three main systems. a) The illumination system is above
the sample aperture, where a high-voltage electron beam produced from the electron

gun transfers to the specimen. b) Objective lens is responsible for magnifying the
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images, which is the heart of the TEM. c) The TEM imaging system includes the

intermediate lens and projector lens that are below the objective lens.

X electron gun
condensor

lenses

— sample
aperture

objective lens

lenses

—— image plane

Figure 4.4: Schematic drawing of a TEM3,

High resolution electron microscopy (HRTEM) was carried out by a Jeol 3010-UHR
electron microscope operating at 300 kV equipped with a LaB6 filament and with an
Oxford Inca Energy TEM 300 EDS X-rays analyzer by Oxford Link. The powder samples
were grinded in an agate mortar and deposited on a copper grid covered with a lacey
carbon film. The activated samples were obtained by heating the fresh samples at 673

K for 2 hour under vacuum.

4.5 Results and Discussion

The TGA analysis of the fresh catalysts is shown in Figure 4.5. The catalysts were
stored in small vials and exposed to air after preparation, so the NiSO4 and ReOx on the
catalysts were in a hydrated state. The weight loss of y-Al,O3 (see Figure 4.5a) at 373-
473 K is attributed to the loss of physisorbed water and surface hydroxyl groups. The TG
curve of 8-NiS (see Figure 4.5b) shows two clear areas of weight loss, one below 673 K
and the other one above 1003 K. M. Maneva et al. reported that thermal dehydration
of NiSO4:7H;,0 to monohydrate NiSO4-H,0 occurs stepwise at a wide temperature range
from 353 to 753 K*. The last coordinated water molecule is evolved at around 623 K and
the anhydrous nickel sulfate is stable within a broad temperature range*. From the TG-
curve of NiSO4-7H,0, they also found a distinct weight loss at the temperature range of

1013-1173 K caused by decomposition of anhydrous nickel sulfate to nickel oxide®*.
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Considering our case, the weight loss of the catalyst in the first region (below 673 K) is
mainly due to the evolution of water molecules from the hydrated nickel sulfate beside
the water loss from y-Al,O3. The weight loss at above 1003 K could result from
decomposition of anhydrous nickel sulfate. The 8-Ni-8-Re curve shows a similar trend as
the curve of 8-NiS. Beside the reasons mentioned above, dehydration of the hydrated
rhenium oxide contributes to the weight loss of 8-Ni-8-Re at around 473 K as well®.
Analysis information indicates that the catalyst is stable up approximately 950 K and the
thermal stability of the 8-Ni-8-Re catalyst is dominated by the decomposition

temperature of anhydrous nickel sulfate.
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Figure 4.5: TGA analysis of fresh catalysts.

The specific surface area of the catalysts and y-Al,O3 (see Table 4.1) indicates that
pore blockage or sintering may have occurred during the catalyst preparation
procedure. Moreover, elemental analysis results (see Table 4.1) were re-calculated to
mole percentages of Ni, Re and S to y-Al;Os, in order to see if material loss occurred
during the synthesis procedures. The roughly equal mole amount of Ni and S on the
catalyst reveals that loss of material due to decomposition of NiSO; is slight in the
calcination at 773 K. When preparing catalysts, operating error is existent because the

weighing weight and the analysis weight of Ni and Re in the catalysts differ slightly.
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Table 4.1: BET surface area and elemental analysis for a series of Ni-Re catalysts.*

Surface ) .
Ni/y-Al,0;  Re/y-Al,O3  S/y-Al:03 Ni/SO4* Coke/Catalyst
Catalyst area .
(mol %) (mol %) (mol %) (mol %) (Weight %)
[m?/g]
v-Al,O3 178 - - - - -
8-NiS 130 13 - - - -
10-Re 132 - 4.2 - - -
8-Ni-1-Re 121 15 0.5 17 0.88 -
8-Ni-3-Re 121 14 1.4 14 1 -
8-Ni-5-Re 125 13 2.5 14 0.93 -
8-Ni-8-Re 127 13 3.8 12 1.08 -
8-Ni-11-Re 114 12 5.5 13 0.92 -
3-Re-8-Ni 123 16 17 17 0.94 -
8-Re-8-Ni 128 12 4.2 14 0.85 -
Deactivated
- - - - - 2.43
8-Ni-8-Re
Deactivated
- - - - - 2.39
8-Re-8-Ni

* The mole percentage of Ni, Re and S was calculated based on the mole number for each of

components in the catalysts.

Coke formation is a common reason of deactivation of ethylene oligomerization
catalysts. In our case, deactivation of the Ni-Re catalysts might have been similarly
caused despite the low experiment temperature. The catalyst deactivates rather quickly,
possibly through olefin adsorption on the catalyst surface leading to subsequent coke
formation blocking the active sites. To further verify our speculation, the amount of coke
deposited on the used catalysts was determined by elemental analysis. As shown in
Table 4.1, the weight percentage of coke in the used 8-Ni-8-Re and 8-Re-8-Ni catalysts
were 2.43 wt% and 2.39 wt% respectively. Therefore, the large amount of coke may be
the reason of the fast deactivation of the catalysts. One should also take into account

possible catalyst surface acidity due to the presence of sulfate anions.
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Figure 4.6: Scanning electron micrographs for different catalysts by SEM. 8-Ni-8-Re (left), 8-Re-8-Ni (right).
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Figure 4.7: SEM backscattered images and element distributions of different catalysts. 8-Ni-8-Re (left), 8-Re-8-Ni

(right).

From the SEM micrographs in Figure 4.6 it can be clearly seen that the shape of the

catalyst particles are round or oval and catalyst particle sizes are approximately 50-150
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um. Particle size distribution of 8-Ni-8-Re observed by SEM micrographs seems to be

more homogeneous than 8-Re-8-Ni.

In Figure 4.7, the bright spots of the backscattered images indicate Re rich particles.
Five spots were randomly selected from each of the catalysts and used for EDS analysis.
As expected, the brighter spots were Re enriched catalyst particles. Both catalyst
particles reveal heterogeneous Ni and Re distributions on their surface, but the Ni
distribution seems more homogeneous than the Re distribution. Low solubility of the
aqueous solution of ammonium perrhenate may be a possible reason for the
heterogeneous distribution of Re. Comparing the element distribution of two catalyst
particles, the first impregnated component always seems to have a more even

distribution than the last one.

In order to obtain detailed morphological information for NiSO4 and ReOy on the
catalyst, HRTEM was performed. A series of catalysts under ambient conditions were
measured by HRTEM. The TEM image of 8-NiS (see Figure 4.8 (b)) demonstrates a good
dispersion of NiSO4 on the y-Al,03 since there is no observation of agglomerates and
clusters on 8-Ni. In Figure 4.8 (c), most of the ReQys  is isolated and well dispersed on the
alumina, but a small number of clusters (<1nm) are observed on 10-Re. In fact, many
publications have concluded that due to its low melting temperature ReOx is molecularly
dispersed on alumina after calcinating the catalyst at a high temperature (673-837K)as™>
’. The material loss is little during calcination because of an interaction between ReOx
and surface hydroxyl groups on alumina. Okal and co-workers have studied the
formation of small clusters on oxidized Re/y-Al.03 by HRTEM? °. They proposed that the
small clusters could be ReOs aggregates interacting with special sites on y-Al,O3 or Re
clusters formed inside the electron microscopy due to an influence of the electron
beam. In analogy to our case, the latter can be excluded since the samples are quite
stable under the electron beam without any formation of new agglomerates. It is no
surprise that the small clusters are also observed on Ni-Re catalysts and are increased
with a higher loading of ReOx (see Figure 4.8(e)). The dispersion of NiSO4 and ReOx seems
generally not to be impacted by a different impregnation order in the catalyst synthesis,

although the image of 8-Ni-8-Re (see Figure 4.8 (f)) shows somewhat less clusters than
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that of 8-Re-8-Ni (Figure 4.8 (d)). Most of the isolated NiSO4 and ReOx co-exist on y-Al,03

without modification of each other.
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Figure 4.8: HRTEM images of (a) pure y-Al,03, (b) 8-Ni, (c) 10-Re, (d) 8-Re-8-Ni, (e) 8-Ni-11-Re and (f) 8-Ni-8-Re
under ambient conditions.
The activated samples were also examined by HRTEM. The catalysts were treated at
673K under vacuum for 2 hours and were cooled down to room temperature avoiding
air contact before test. The catalysts exhibited similar morphology to the catalysts under
ambient conditions, but the size of the Re containing clusters varied slightly. As shown
in Figure 4.9, small agglomerations of the particles with sizes around 0.5-0.75 nm are
formed during the catalyst activation, possibly due to changes in the surface hydroxyl

groups and water evaporation.
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Figure 4.9: Particle size distributions of the clusters in HRTEM.

4.6 Conclusions

Ni-Re catalysts show a good thermal stability up to 950 K. Decomposition of NiSO4 may
take place at above 1003K. Material loss is minor during the catalyst preparation. Coke
formation could be the reason for catalyst deactivation. NiSO4 and ReOx have good

dispersion on y-Al,03, but their element distributions are heterogeneous.
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Chapter 5

5 Investigation of the Nature of the Active Sites

5.1 Introduction

The reaction mechanism of this dual-function catalyst was suggested to consist of
two steps, dimerization of ethylene (NiSO4 responsible) as the first step followed by
metathesis (ReOyx responsible) of the products, 2-butene and ethylene, as the second
step. As mentioned in Chapter 2, Cai! and Sohn?* reported that NiSO4/y-Al>O3 could
exhibit a high activity for ethylene dimerization. They concluded that the catalytic active
sites responsible for the dimerization reaction consist of a low valent Ni site and surface
acidity. Ni* has been identified by FT-IR, XPS and EPR techniques on the activated
NiSO4/y-Al,03 catalyst, which was pretreated at 773K for 1 hour in vacuum. An acid
strength of Hp < 3 was needed for the ethylene dimerization reaction to proceed and
both Brgnsted and Lewis acid sites were identified on the support surface by an
ammonia adsorption FT-IR study. Furthermore, G. Wendt and co-workers studied the
mechanism and deactivation of a NiO-Al,03/SiO> dimerization catalyst>®. They reported
that catalytically active sites are formed from the combination of acid sites with
coordinatively unsaturated nickel ions (Ni?*). They also reported that catalyst

deactivation is caused by coke formation.

In Chapter 3, the results of the catalytic tests in the continuous flow reactor and
pulse reactor showed that the two metallic sites of the NiSO4-ReOy/y-Ai203 catalyst seem
to work independently of each other. However, the catalyst deactivates quite fast by
coking which was driven by ethylene dimerization. In order to understand this

phenomenon, investigation of the NiSO4 based ethylene dimerization step is necessary.

In a nickel-based homogeneous alkene dimerization/oligomerization system, it is
well known that the reactivity of lower alkenes decreases in the order ethylene >
propylene > butylene’. Similar findings were also found for NiSO4/y-Al>O3 catalyst® and
the author concluded that the mechanism of alkene oligomerization changes from

coordination catalysis to acid catalysis with the increasing carbon number of alkenes.
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Many researchers have devoted their attentions to the role of the acid sites and the
oxidation state of active Ni on Ni-based oligomerization catalysts such as NiO-SiO>°,
NiO/Si02-Al,05%%12, Ni-MCM-41'2* and Ni**/zeolite!*®, However, for ethylene
dimerization derived from the NiSO4/y-Al,O3 catalyst, the nature of active sites at a

molecular level and in particular the role of [SO4]% is still not very well understood.

Therefore, in this chapter, focus has been on the ethylene dimerization function,
NiSO4 supported on alumina, which is believed to be a key step affecting the reaction
and catalyst deactivation rate of the NiSO4/ReOx/y-Al,03 ETP catalyst. The oxidation
state of active Ni ions on Ni modified catalysts for ethylene oligomerization is always a
controversial topic, since this factor significantly affects the catalyst performance'’.
Therefore, FT-IR, XPS and EPR experiments were carried out in order to figure out the
oxidation state of Ni in our catalyst. The adsorption and investigation of probe molecules
on Ni-containing catalysts has been widely studied by in-situ FT-IR'823 and UV-Vis?*%’
spectroscopies. To understand the nature of the active sites, an investigation was
carried out by means of in-situ FT-IR and UV-Vis-NIR spectroscopies following the course
of thermal activation of the catalysts followed by subsequent CO or C,H4 adsorption.
This approach allows monitoring of changes during catalyst activation in the
coordination structure of the transition metal Ni, the surface hydroxyl groups on y-Al,03
as well as the symmetry of surface [SO4]> anions. Moreover, IR spectra of CO adsorption
on a series of activated catalysts at a low temperature could reveal information about
the oxidation state of Ni and acid strength (Brgnsted and Lewis) of the acid sites.
Furthermore, experiments of time-resolved C;Hs adsorption on the catalysts provide the
possibility to understand the initiation reaction and find out a reason for catalyst

deactivation.

5.2 Experimental Instruments and Methods

In this section, a brief theory of each instrument is introduced and the experimental
methods are described as well. One gas distribution panel and one vacuum line are
depicted in detail, since all in-situ experiments need at least one of them to be

completed. Several cells were specially designed for different instruments.
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5.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR is one of the most important techniques for materials analysis in the
laboratory?®. The basic principle of infrared spectroscopy is an interaction between an
infrared radiation and electrical dipolar motions within molecules?. To be infrared
active, a change in an electric dipolar motion of a molecule must occur during the
vibration or rotation. A molecule absorbing an infrared radiation may induce a transition
of the molecule from one rotational or vibrational energy state to another state. Since
energy levels of a molecule are quantized, the energy of the radiation needed for the
transition must exactly fit the energy gap between the two states. Consequently, the
frequency of adsorption or emission of radiation associated with a particular atomic or
molecular process is characteristic. Compared with a traditional dispersive instrument,
Fourier-transform infrared spectrometer improves the acquisition of infrared spectra
dramatically due to the application of a mathematical method of Fourier-

transformation. FT-IR can be applied for samples in solid or gaseous or liquid states.

In-situ FT-IR experiments have been performed at both room temperature and at
liquid nitrogen temperature in transmission mode. For the room temperature
experiment, spectra were collected by a Perkin EImer Spectrum One FT-IR spectrometer
equipped with a Harrick in-situ FT-IR cell. Figure 5.1 shows an overall block diagram. A
gas distribution panel, specially designed for introduction and evacuation of gases, was
placed in a fume hood. This panel was connected to a gas cylinder, a hydraulic pump
and the in-situ cell. To ensure safety, a CO detector was installed outside the fume hood
and the outlet of the pump was directed to the fume hood. The main body of the in-situ
cell resembles a horizontal cylinder, which has two layers, a thick outer layer and a
hollow inner chamber. The outer layer was made of chemically-resistant stainless steel.
Two K-type thermocouples were capable of monitoring and controlling the temperature
of asample. A display panel in the temperature controller kit showed a real temperature
and a setting temperature. CaF, windows were mounted on the sides of the cell and
cooling water was needed to protect the windows at a high temperature. The upper
temperature limit of the cell is 673K. In order to keep the consistency, the catalyst was
also pre-treated at 673K in the following characterization experiments (FTIR, UV-Vis-

NIR, XPS and ESR). In the continuous flow reactor test, it has been confirmed that the 8-
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NiS and 8-Ni-8-Re catalysts still exhibit high activity when calcinated at 673K with
nitrogen. A sample holder was located in the middle of the inner chamber which could
be completely sealed for in-situ experiments. PerkinEImer Spectrum software was used

to control the IR instrument and process data.

Temperature
controller kit

Gas . Data
. Lo FT-IR with a L
Gas cylinders distribution L acquisition
in-situ cell
panel system

Cooling water
system

Figure 5.1 Experimental flow diagram of FT-IR system for CO adsorption at room temperature.

Figure 5.2 shows schematic drawings of the gas distribution system and the in-situ
cell. 15mg of a sample was ground and compressed into a thin wafer of 13 mm diameter
by a hydraulic press manufactured by Specac. The wafer supported by the sample holder
was carefully delivered to the cell. After all these preparations, the hydraulic pump was
turned on. The temperature was increased to 673 K and the pellet was pretreated under
vacuum at 673 K for 1 hour in order to remove water and other impurities.
Subsequently, when the cell was cooled down to room temperature, CO (400-500 mbar)
was introduced to the cell. The amount of CO was adjusted by a needle valve (V-8) and
the pressure was viewed in the pressure gauge. A set of IR spectra was obtained
followed by a stepwise outgassing of CO. Desorption of CO was achieved by slowly

pumping CO out of the cell. The detailed procedures are given in Appendix D.
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Figure 5.2: Schematic drawing of a gas distribution system and an in-situ cell.

The low temperature FT-IR experiment was carried out in inGAP center of the
University of Oslo. IR spectra were recorded by a BRUKER Vertex 70 spectrometer
equipped with a mercury cadmium telluride cryo-detector at a resolution of 4 cm™. A
thin, self-supporting wafer was made under the same condition as the one used for the
room temperature experiment, but it was necessary to cut the wafer into a rectangle in
order to fit the shape of the self-designed cell as shown in Figure 5.3. To protect the
pellet, its edges were covered by a gold foil paper. The pellet was moveable between
two positions in the cell. One was the lowest part of the cell (see Figure 5.3A). This part
is able to resist a high temperature, so the sample could be treated by inserting this part
into an oven. The other part is where the infrared radiation could well pass through the
sample (see Figure 5.3B) between two CaF, windows (see Figure 5.3D). A metal sample
holder is shown in Figure 5.3B and its’ round holes precisely allow the radiation through
when the cell is assembled. It is worth mentioning that liquid N2 can fill the inner tube
(see Figure 5.3C) so as to cool down the metal sample holder as well as the pellet to a

low temperature. The self-designed cell allows gas dosage of CO and ethylene.
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Figure 5.3: Photo of the self-designed cell for a low temperature experiment.

The cell could connect to a vacuum line whose schematic drawing is demonstrated in
Figure 5.4. The vacuum line consisted of a pressure gauge ranging from 1 mbar to 1000
mbar and another pressure gauge working below 10 mbar. The turbo pump can reach a
lower pressure (102 mbar) than the hydraulic pump (1 mbar). A dry ice trap was
mounted before the in-situ cell in order to remove trace amounts of water in the CO
and CyH4 gases. This is not shown in Figure 5.4. CO and C;Hs adsorption on the activated

catalysts were performed at a low temperature:
a) CO adsorption and desorption on the activated catalysts.

Prepared pellet was slowly transported to part A of the cell (Figure 5.3A) for a
temperature treatment. The cell was connected to the vacuum line and the pellet was
treated at the same condition (673 K, 1 hour) as the previous one in the room
temperature experiment. After the treatment, the cell was cooled down to room
temperature and was moved to the sample compartment of the IR instrument for
measurements. To avoid big influences of air during the measurement, the sample
compartment was covered by self-made plastic door. The cell was then cooled down to
liquid N, temperature by filling liquid N2 into the inner tube of the cell (Figure 5.3C).
Before sending CO to the vacuum line, a CO flask was connected to the line and the air
carried by the flask was pumped out of the line. CO of around 50mbar was introduced
to the cell at a low temperature followed by warming up the cell and outgassing of CO.
Outgassing of CO occurred by the typical process of gas expansion. Spectra were

recorded by following a stepwise desorption of CO.
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Figure 5.4: Schematic drawing of a vacuum line for a low temperature experiment.

b) CyHa adsorption and desorption on the activated catalysts.

Procedures of catalyst activation in a) was repeated in this experiment. After the
cell was cooled down to the low temperature, ethylene of 10 mbar was introduced into
the cell. At such low temperature, ethylene was totally frozen in the cell since the
starting temperature is lower than the freezing point of ethylene. As the temperature
slowly rose, the pressure of ethylene increased suddenly at the boiling point due to the
state change. Ethylene (10mbar) was fully in contact with the catalyst at room
temperature for 2 hours. Subsequently, more ethylene (30mbar) was sent to the cell
again in order to deactivate the catalysts. After that, ethylene was kept in the cell
overnight. During the next day, ethylene was totally pumped off from the vacuum line

and the cell. Spectra were recorded every 2 minutes during the reaction.

The detailed procedures are shown in Appendix D

5.2.2 Ultraviolet-Visible-Near Infrared Spectroscopy (UV-Vis-NIR)

Besides IR, UV-Vis spectroscopy is another widely used instrument in analytical
chemistry. UV radiation (200-400 nm) and visible light (400-700 nm) have higher energy

than IR radiation (700 nm-1 mm), so they are able to excite valence electrons of atoms
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and molecules3°. Electron excitation is a process whereby electrons can move from a
ground state to a higher energy state by absorbing photon energy. This absorbed energy
from radiation exactly matches the energy required to excite an electronic transition.
Organic molecules contain three types of electrons, sigma (o) and pi (n) electrons
involved in ¢ and mt bonds, and non-bonding n electrons. n=> n*, n>c* and n->n*
transition can be observed in the UV-Vis region. Moreover, many inorganic compounds
can have charge-transfer transitions expressing an internal oxidation-reduction process
by absorbing the UV photons. Transition metals may show electronic transitions

occurring in d and f orbitals.

UV-Vis-NIR experiments were performed in the NIS Centre and INSTM, University
of Torino. Diffuse reflectance (DR) UV-Vis-NIR spectra were collected on a Varian Cary
5000 instrument at a spectral resolution of 2 nm. Approximately 1 g of sample was
introduced into a quartz cell (shown in Figure 5.5), which was capable of connecting to
the vacuum line for catalyst activation and gas dosage. The vacuum line was similar to
the one shown in Figure 5.4. The design of the arc-shaped bottom exactly matched the
sample holder. The quartz cell could be heated at a high temperature by inserting it into
an oven. The sample was outgassed in-situ overnight and then was activated under 673
K for 2 hours in the vacuum line before cooling down to room temperature again. The
following procedures of ethylene adsorption (100 mbar) on the activated sample were

repeated according to the procedures of the in-situ FT-IR experiment.

Figure 5.5: schematic drawing of the self-designed cell for UV-Vis-NIR experiments.
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5.2.3 X-ray Photoelectron Spectrometer (XPS)

X-ray photoelectron Spectroscopy (XPS), also referred to as electron spectroscopy for
chemical analysis (ESCA), is an advanced technique for analyzing the surface chemistry
of a material ranging from metals, oxides, semiconductors, glasses, ceramics, polymers,
composites to biomaterials3'. XPS employs a beam of soft X-ray to irradiate a solid
surface (1-10nm) where emitted electrons are characterized simultaneously according
to their kinetic energy. Figure 5.6(A) illustrates the process of X-ray core-level
photoemission. An X-ray photon interacts with a core level electron transferring its
kinetic energy and causing emission of the electron. The kinetic energy (Ex) of the

emitted photoelectron is calculated as follows:
Ex =hv—E; +¢ (5.1)

Where hv is the X-ray photon energy (h is the Plank’s constant and v is the X-ray
frequency). Eg is the binding energy of the core-level electron. ¢ is the instruments
spectrometer work function. The binding energy of an electron in a particular cell of an
atom is unique for each element so the elements on a material surface can be

identified.

Figure 5.6 (B-C) illustrates the process of photoemission called emission of Auger
electrons. A core level vacancy after emission of a photoelectron can be occupied by
relaxation of an electron from a higher level. This causes emission of an Auger electron

in order to conserve the energy difference, AE, from the previous step.
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Figure 5.6: The process of X-ray core-level photoemission and X-ray-stimulated Auger electron emission32.
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A common XPS consists of an excitation source, an electron energy analyzer, an Ultra-
High Vacuum (UHV) system, a data processing system and ancillary processing
features33. X-ray is generated from accelerated electrons colliding with a target anode.
Mg and Al Ky anodes with linewidths of 0.75 and 0.85 eV are often used in laboratory
instruments. The electron energy analyzer is used to scan the electrons located in the
entire target region to obtain an entire spectrum. The UHV system ensures the safety of
the emitted electrons without the influence of the residual gas molecules on the
material surface. The acquired data is processed in the data processing system. Ancillary
processing features are to adjust the position of the sample holder in order to modify

electron emission.

The photoelectron binding energy of an element depends not only on the
photoemission level of an atom but also on the oxidation state or local electron density
of the atom. Therefore, valence of an element can be determined according to their
chemical shift by measuring the photoelectron binding energy. The binding energy
increases when an atom losses an electron and vice versa. In a typical XPS spectrum, six

features can be seen3%:

e Sharp peaks appear when the photoelectrons are generated in an elastic
scattering process.

e Multiplet splitting occurs when there are unfilled shells with unpaired electrons.

e Abroad peak is probable due to electrons from an inelastic process generated in
a comparatively deeper position of a material.

e Satellites normally contain shake-up peaks and shake-off peaks. Shake-up peaks
are caused by an outgoing photoelectron exciting a valence electron to a higher
level. Consequently, the kinetic energy of the emitted photoelectron is reduced
and this leads to a shake-up peak at a higher binding energy in a spectrum.
Shake-off peaks are attributed to a valence electron ejected after the
photoemission.

e Plasmons are created by collective excitations of the valence band.

e Auger peaks are due to the production of Auger electrons by X-ray, which has

been described before in this section.
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The catalysts were analyzed by an Axis UltraPP XP spectrometer (Kratos Analytical). The
XPS spectra were taken by using a monochromatic Al Ka radiation, along with pressures
in the analysis chamber of 6*10® Torr - 6*10° Torr. The instrument resolution was
determined as the full width at half the maximum (FWHM) of the Ag 3ds,, peak. The
fresh samples were outgassed in the analysis chamber. One of the catalysts was
activated under nitrogen flow at 673K for 1 hour followed by cooling down to room
temperature before testing. The spent catalyst was collected from the continuous flow
reactor test without contacting air. This XPS experiment was operated by Martin F.

Sunding in the University of Oslo.

5.2.4 Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance (EPR) or electron spin resonance (EPR) provides the
possibility of detecting unpaired electrons . Electrons behave like a spinning sphere,
thus they have an intrinsic mechanical angular momentum. According to the Pauli
Exclusion Principle, two paired electrons occupy the same orbital having the same
orbital quantum numbers but differing in the spin quantum numbers. That means that
the magnetic moment of the paired electrons counteract each other and they express
diamagnetic property in a magnetic field. On the contrary, an unpaired electron has a

paramagnetic property in a magnetic field.
The Energy of a magnetic moment of an electron in a magnetic field is written as:

E= g/uBBoS (52)

Where g is Landé factor (g factor). ugis called the Bohr magneton. B, is the magnetic
field intensity. If one considers that the electron spin can be in two states, a or B, the
spin vector S can be either 1/2 or -1/2. As shown in Figure 5.7, the two spin states, a and
B, have the same energy at a zero field (B,=0). However, when a static magnetic field
(Bo20) applies, the a state shifts to a higher energy level and the B is at a lower energy

level (Zeeman effect). The energy difference between two states is expressed as:

AE = gug B, (5.3)
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This energy difference is proportional to the magnetic field intensity and relates to the
g value as well. An electron at the low energy state can absorb electromagnetic radiation

energy so it can transit to the high energy state.
hv = g B, (5.4)

Where v is the frequency of the radiation. In EPR, radiation with a microwave frequency
is applied, which can be classified into several types in terms of the frequency such as
X-band (8-12 GHz), Q-band (around 34 GHz) and W-band (around 95 GHz). The most
commonly used band is the X-band with a frequency around 9.6 GHz in EPR. In the
experiment, a sample is measured at a fixed microwave frequency but a swept magnetic

field. A typical EPR consists of:

e Microwave Bridge, which is where the X-band microwaves are produced.

e Magnet system which generates a magnetic field.

e Microwave resonator which is used to provide a sufficient microwave magnetic
field at the sample position and convert the sample response to a detectable
microwave signal.

e Data system

E
o« e E,= +(1/2g11151o

0 fx,ﬁ—é'?—(\ AE=glug|B,
B ‘—é__ Eg=—(1/2)g|ug|B,

BO:O 50:&0

Figure 5.7: the electron spin Zeeman effect 3.

EPR measurements were performed at both room temperature and liquid nitrogen
temperature using an X-band Bruker EleXsySES60 spectrometer. A special quartz cell
was designed for an in-situ evacuation and heat treatment (shown in Figure 5.8). As with

the UV-Vis-NIR cell, this one could also connect to the vacuum line (see Figure 5.4). A
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sample of 500 mg was transferred into the high temperature resistant tube. The
diameter of the tube perfectly fitted the EPR cavity. The sample was activated under
673 K for 2 hours in the vacuum line before cooling down to room temperature for
measurements. The EPR experiment was operated by Einar Sagstuen, in the University

of Oslo.

Figure 5.8: Photo of an EPR cell.

5.2.5 GC-MS Analysis of Spent Catalyst

Powder samples of spent catalysts were obtained from a static reactor after 24
hours ethylene reaction at 323 K. The photo of the static reactor is shown in Figure 5.9.
In the experiment, the reactor was surrounded by heating tapes for temperature control
and it was possible to connect the gas distribution panel (see Figure 5.2) for catalyst
activation and subsequent ethylene reaction. After reaction, the reactor was cooled
down in an ice-water bath and CH,Cl; was injected into the reactor to dissolve the
soluble products in a glove bag by purging with nitrogen. The extraction was analyzed
by GC-MS. The GC-MS instrument was an Agilent 7890A gas chromatograph coupled
with a 5975C mass spectrometer. 1 pL of solution was injected each time by an

automatic liquid sampler and analyzed by a HP-PLOT Al,03/KCl column

Figure 5.9: photo of a static reactor.
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5.3 Results and Discussion

5.3.1 Effects of Thermal Activation on the Vibrational and Electronic

Properties of the Investigated Catalysts

All the catalysts have been subjected to a complete spectroscopic characterization
both before and after thermal activation at 673 K. The FT-IR spectra of all the samples
are dominated by the vibrational manifestation of physisorbed water (broad absorption
band in the 3700 — 2500 cm™ region due to the v(OH) vibrational mode, and band at
1635 cm™ due to the §(HOH) vibrational mode). Activation at 673 K causes substantial
changes in the FT-IR spectra of all the catalysts. Figure 5.10a shows the evolution of the
FT-IR spectra during thermal activation for the 8-NiS catalyst as an example, while Figure
5.10b and Figure 5.10c show the FT-IR spectra of all the activated samples in the 3900 —
3000 cm™ and 1600 — 1200 cm™ regions, respectively. During the activation, the
physically adsorbed water is removed, as affirmed by the disappearance of the 6§(HOH)
absorption band at 1635 cm™ and by the gradual decrease of the v(OH) absorption band
(Figure 5.10a). In the v(OH) region, five absorption bands were clearly observed in the
spectrum of the activated alumina, which reveals the presence of both bridged (more
acidic) and terminal (less acidic) hydroxyl species. This is in agreement with previous
studies®”. In contrast, for all the other activated samples, only a weak and broad
absorption band is observed in the v(OH) region around 3500 cm, indicating that the

remaining hydroxyl groups at the alumina surface are still H-bonded.

Interestingly, for all the Ni-containing catalysts and for the 8-S sample, the
disappearance of the absorption bands assigned to physically adsorbed water is
accompanied by the appearance of a well-defined band just below 1400 cm™ (Figure
5.10c). The connection between the two phenomena is demonstrated by a clear
isosbestic point around 1400 cm™ (Figure 5.10a). This band is assigned to a stretching
vibration of the [SO4]% anion, whose symmetry decreases upon water removal. Indeed,
an [SO4]% anion in perfect tetrahedral environment gives a single v(SO4) vibration
around 1100 cm™38, However, this band splits into multiple bands upon decreasing the
symmetry on all the Ni-containing samples (i.e. by going from an ionic to a covalently

bonded sulfate). The vasym(SO4) band appears near 1400 cm™ (see Figure 5.10c ) and a
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Vsym(SO4) band is expected to be around 1200 cm” (covered by the out-of-scale
absorption of bulk alumina)3®. The FT-IR spectrum of the activated 8-S sample shows
well-defined bands in this spectral region, which indicate the presence of two kinds of
S04 species, namely monodentate species (accounting for the bands at 1403 and 1426
cm?) and bidentate species (accounting for the bands at 1381, 1284 and 1244 cm™).
Hence, it is concluded that dehydration at 673 K causes a change in the symmetry of the
sulfate anions in all the sulfated samples. Small differences are observed in the width
and position of the corresponding absorption bands among the different samples,
indicating that the surroundings of the [SO4]? anions is not exactly the same and is likely

influenced by the presence of the metal phases.

b) c)

18-Re-8-Ni
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7-Al20z

— T T T 1 y —T —T
32001600 1400 1200

v 1 1
4000 3600 3200 2800 2400 2000 1600 3600
Wavenumber (cm’l)

Figure 5.10: a): FT-IR spectra of the 8-NiS catalyst collected during the thermal activation from room temperature
to 673 K. b) and c): FT-IR spectra of all the investigated samples after thermal activation at 673 K, in the 3900-
3000 cm and 1600-1200 cm™! regions, respectively.

Complementary information was obtained by means of DR UV-Vis-NIR experiments,
which provides information on the electronic properties of the samples. Figure 5.11a
shows the DR UV-Vis-NIR spectra of all the samples before activation. Generally
speaking, the very intense (often out-of-scale) absorptions above 26000 cm™ are due to
charge-transfer transitions. The bands observed in the 26000 — 8000 cm™ region are
assigned to d-d transitions. Finally, the narrow and weak absorptions in the NIR region
(8000 — 4000 cm™) are due to the combination and/or overtones of vibrational modes
involving mainly OH groups. The UV-Vis-NIR spectra of bare alumina and 8-S do not show

any absorption band in the UV and Vis region, but only weak bands around 7000 and
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5100 cm, which are assigned to the v(OH)+86(HOH) and 2v(OH) vibrational modes
related to physisorbed water. The spectrum of 10-Re shows a very intense absorption
in the UV-region (above 30000 cm™), easily ascribed to the charge-transfer transition of
rhenium oxide®. In contrast, the spectra of all the samples containing nickel display
three well defined bands in the region of d-d transitions, centered around 8650 cm™
(band 01, 3A5g(F)—3T2(F)), 13700 — 15050 cm* (band 02, 3A2(F)—>3T1g(F) and 3Ae(F)—
1Eg(D)), and 25260 cm™ (band 03, 3Ay(F)—>3T14(P))?” #¥ %2, The same three bands are
observed in the spectrum of NiSO4-6H,0 reference sample at 8500, 14100 — 15300 and
25800 cm™. Hence, DR UV-Vis-NIR spectroscopy provides evidence that the Ni?* cations
in the Ni-containing samples display a 6-fold coordination and all the coordination
vacancies are filled by water molecules. Finally, the spectra of 8-Ni-8-Re and 8-Re-8-Ni

also show the intense charge-transfer band characteristic of Re oxide.

As with the FT-IR spectra discussed above, the DR UV-Vis spectra also greatly
change upon thermal activation, and in particular those of the samples containing the
nickel phase. Figure 5.11b, c, d show the evolution of the DR UV-Vis spectra for a series
of Ni-containing catalysts. After outgassing the samples overnight at room temperature,
a small fraction of physically adsorbed water is removed, resulting in a blue shift of all
the d-d bands and in the decrease of the bands in the NIR region due to OH vibrations.
After activation at 673 K, most of the water is removed. Simultaneously, the d-d bands
greatly change, both in position and in intensity. The new spectrum is indicative of the
presence of Ni%* sites with a symmetry lower than in the hydrated sample, in analogy to
the what has been reported by D. Cornet et al. 3 for a similar NiO/Al,O3 sample activated

at 723 K.
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Figure 5.11: a): DR UV-Vis spectra of all the investigated samples in the hydrated form. b): DR UV-Vis spectra of
the 8-NiS catalyst; c) 8-Ni-8-Re; d) 8-Re-8-Ni in (1) the hydrated form, (2) after degassing overnight at room

temperature, and (3) after thermal activation at 673 K.

When considered together the in-situ FT-IR and DR UV-Vis data discussed above
indicate that the Ni?* sites in hydrated samples display a 6-fold coordination with all the
coordination vacancies filled by water molecules. The [SO4]? counter-anions are in turn
solvated by water molecules and are not directly coordinated neither to the Ni?* nor to
the AI** cations. Upon thermal activation, coordinated water is gradually lost, implying
the creation of some coordination vacancies around the Ni?* sites. Simultaneously, it is
expected that a small fraction of the Al3* sites at the alumina surface are dehydroxylated
and behave as strong Lewis sites. As a consequence, at least a fraction of the adjacent
[SO4]% ions are covalently bonded either to the Ni?* or to the surface AI** cations, with
a consequent decrease of symmetry and an enhancement of the covalent character. In
analogy to what has been proposed by Saur et al.3°, a schematic representation of the
hypothesized structures on sulfated alumina and sulfated Ni/Al,03 is proposed in Figure
5.12. M stands for the Ni%* or AI** surface sites. In addition, the covalently bonded sulfate
groups might be partially protonated by the surface OH groups, as suggested in the

literature, and in agreement with our observation of an enhanced Brgnsted acidity for
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sulfated catalysts (vide infra). As suggested by Davydov et. al.**, the Brgnsted proton

might be delocalized over the oxygen atoms of the covalent sulfate groups, as shown in

Figure 5.12.
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Figure 5.12: Schematic representation of hypothesized structures present on sulfated alumina and sulfated
Ni/Al,03, where M stands for the Ni2* or AI3* surface sites. In addition, the covalently bonded sulfate groups

might be partially protonated by the surface OH groups.

5.3.2 Probing the Surface Properties of the Activated Catalysts by Means
of FT-IR Spectroscopy of CO Adsorbed at 100 K

In the next step, the surface properties of the catalysts were investigated by means
of in-situ FT-IR spectroscopy of CO adsorbed at 100 K. This method has been widely
applied to investigate Ni-containing catalysts'®2% 24 4448 Thjs is because it allows to
determination of the Ni oxidation state in different conditions, according to the v(CO)
modes of the carbonyl complexes. Furthermore, the strengths of both Lewis and
Brgnsted acid sites can be simultaneously probed, since CO is also able to interact at 100
K with both the non-coordinated AI** (Lewis acid) surface sites and hydroxyl groups
(Brgnsted acid) at the surface of acid catalysts, forming =AIP*---CO adducts and =Al-
OH---CO adducts, respectively. The sequence of the FT-IR spectra of CO adsorbed at 100
K on all the investigated samples as a function of the CO coverage (0) is shown in Figure
5.13. In all the cases, the insets report the evolution of the FT-IR spectra in the v(OH)

region.
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The FT-IR spectra of CO adsorbed on bare alumina (Figure 5.13a) displays two main
v(CO) absorption bands, which are completely reversible upon degassing at 100 K. The
first one, centered at 2154 cm™ at Bmay, is attributed to CO adsorbed on the surface
hydroxyl groups #°. Correspondingly, a perturbation of the v(OH) bands is observed
(inset in Figure 5.13a). This band slightly shifts up to 2160 cm™ upon decreasing 6 and
disappears fast. The second band, centered at 2186 cm™ at Bmay, is assigned to the CO
adsorbed on the coordinatively unsaturated Al** ions. This band shifts upwards to 2202
cm™ upon decreasing of the CO coverage and it is more resistant at low temperature.
The shift with decreasing 0 is due to the vanishing of the lateral interaction between

adjacent CO molecules as widely documented in the literature>® >,

Similarly, FT-IR spectra were obtained for CO adsorbed on the 8-S sample (Figure
5.13b), except that the two main v(CO) absorption bands shifted to higher values
compared to bare alumina and display a different relative intensity. In particular, the
band attributed to =AI-OH---CO adducts is observed at 2168 cm™ at Bmax and shifts to
2177 cm™ at Omin. Correspondingly, the broad v(OH) band downward shifts by
approximately 70 cm™. This behavior witnesses an enhanced Brgnsted acidity for
sulfated alumina, as widely reported in literature 3. It is worth noticing that, although
low temperature CO adsorption measures a medium-weak Brgnsted acid strength,
other methods indicate a much larger acidity>>°*. The absorption band assigned to
=Al*--CO adducts goes from 2203 cm™ at Omax t0 2212 cm™ at BOmin, indicating a slightly

stronger Lewis acid sites than in bare alumina. This is in agreement with earlier reports>*

55

The effect of rhenium phase on the surface properties of the catalysts is much less
pronounced than that of sulfates. The FT-IR spectra of CO adsorbed on 10-Re (Figure
5.13c) almost exhibit the same behavior as for pure alumina, except that the band
assigned to =AIP*---CO adducts is less intense relative to that due to =AI-OH--CO

adducts. This indicates that the ReOy phase partially covers the alumina surface.

In contrast, the FT-IR spectra of CO adsorbed on 8-NiS (Figure 5.13d), 8-Ni-8-Re
(Figure 5.13e) and 8-Re-8-Ni (Figure 5.13f) catalysts are substantially different from

those discussed above. Three main absorption bands are observed in all the three cases:
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1) The most intense absorption band is centered at 2202 cm™ at Omax and

undergoes a pronounced shift upon decreasing 8 down to 2214 cm™ at Omin. This
band, which is also the most resistant to a decrease in 8, is assigned to CO
adsorbed on coordinatively unsaturated Ni?* sites?* 47°¢, and overlaps with the

band ascribed to =AI?*---CO adducts.

2) The band centered at 2162 cm™ at Bmax, Which shifts to 2170 cm™ at Omin, is

3)

assigned to =AI-OH::-CO adducts. The Brgnsted acidity of the surface hydroxyl
groups is very weak, suggesting that the effect of sulfate anions on the
properties of alumina is weaker in presence of the nickel phase than on sulfated
alumina.

In addition, a broad band centered around 2143 cm™ is observed in all the three
cases, which is easily removable upon decreasing 6. This band is attributed to
physisorbed CO, and affirms that an increase in the complexity of catalyst

formulation creates new opportunities for CO adsorption.
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Figure 5.13: Evolution of the FT-IR spectra of CO adsorbed at 100 K over different samples as a function of CO
coverage, from B¢o = 30 mbar (dark grey) to 8¢o = 103 mbar (black). All the spectra are reported after subtracting
the spectrum of the activated sample prior CO dosing. The insets show the evolution of the spectra in the v(OH)

region. Activated catalyst (black), after CO adsorption (dark grey) and stepwise outgassing (light grey).

It is important to point out that in all the three cases no absorption bands are
observed in the 2100 — 2080 cm™ and 2140 — 2130 cm™ regions, where Ni*(CO)2
complexes are expected to contribute®®>’. Hence, Ni* is not formed during the catalysts’
activation in our experimental conditions. Similarly, no absorption bands attributable to
CO adsorbed on Re cations (2500 — 1800 cm™) are observed in the spectra of 8-Ni-8-Re
and 8-Re-8-Ni. The intensity of the bands attributed to =AI-OH---CO adducts and to
physisorbed CO relative to that of CO adsorbed on the Ni?* cations is lower for 8-Re-8-
Ni and 8-Ni-8-Re compared to 8-NiS, which suggests that the rhenium phase deactivates

or replaces some Brgnsted sites.
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Figure 5.14. FT-IR spectra of 8-S, 8-NiS, 8-Re-8-Ni and 8-Ni-8-Re samples before (black) and after (grey) adsorption

of CO at 100 K in the 1600-1200 cm™! region, where the Va5,m(SO4) vibrational mode of covalently bonded sulfate
groups is observed.

Finally, it is interesting to observe that adsorption of CO causes a perturbation of
the absorption band at around 1400 cm™ on 8-S and Ni containing catalysts, previously
ascribed to the vasym(SO4) vibrational mode of covalently bonded sulfate groups (Figure
5.14). This band downward shifts by around 10 cm™ at Bmayx, but the shift is reversible
upon CO removal. This observation suggests that the sulfate groups play an active role
in defining the ligand sphere of both Ni?* and AI** Lewis sites, and are flexible enough to

allow the entrance of additional molecules such as CO.

5.3.3 Reactivity towards C;Hs Followed by Spectroscopic Methods

Successively, the reactivity of all the catalysts towards ethylene at room
temperature was investigated by means of in-situ FT-IR and DR UV-Vis spectroscopies,
aimed to understand the initiation step and the deactivation mechanism. FT-IR spectra
were recorded in the presence of ethylene at room temperature at a time resolution of
2 minutes and the reactivity was followed for 12 hours. For bare y-Al;03, 8-NiO and 10-
Re samples no changes were observed in the FT-IR spectra before and after introduction
of ethylene, indicating that these samples were not active in ethylene conversion, in

agreement with previous work>®. In contrast, FT-IR spectroscopy revealed that the 8-S,
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8-NiS, 8-Ni-8-Re and 8-Re-8-Ni catalysts were active towards ethylene. Hence, the
presence of sulfate anions seems fundamental to the development of activity towards
ethylene at room temperature. Figure 5.15 shows the time-resolved FT-IR spectra
collected within the first 4 hours of the reaction of 8-S, 8-Ni, and 8-Ni-8-Re with ethylene
(equilibrium pressure Pcna = 10 mbar within the first 2 hours, increased to 40 mbar in
the successive 2 hours). It is evident that the three systems behave in different ways, 8-

S being the most diverse one.

Starting the discussion with 8-S (Figure 5.15ab), a complex series of absorption
bands gradually grow up in the presence of ethylene, indicating the presence of
saturated alkyl groups, and certainly of methyl groups. The spectra are characterized by
three resolved absorption bands in the v(CHy) region at 2960 cm™ (vasym(CHs)), 2928 cm
1 (Vasym(CH2)) and 2871 cm™ (vsym(CH3)), along with a broad band due to the 8asym(CH,)
vibrational mode (a doublet at 1477 and 1468 cm™). Moreover, two bands at 1383 and
1367 cm™ overlap into the intense bands due to the vibrations of the sulfate anion. These
bands are assigned to the &sym(CH3) vibrational mode of >C(CHz). species and are
indicative of branching>® 0. In addition to these absorption bands, two weak bands are
observed around 1671 cm™ and 1618 cm, which are likely due to v(C=C) vibrational
modes. All the above-mentioned absorption bands grow at the same rate along the
whole investigated time interval, except for the band at 1618 cm™, which appears
immediately after contact with ethylene and then remains almost constant during the
reaction. As a whole, the time-resolved FT-IR spectra indicate the formation of branched
oligomers.®% 82 As a final observation, the very intense vasym(SO4) absorption band
originally centered around 1400 cm™ gradually downward shifts during the reaction of
ethylene, indicating that the [SO4]% anions are perturbed by the reaction products. In
contrast, no great changes are observed in the v(OH) region (not shown), where only
the shoulder around 3710 cm™ is eroded in favor of a band centered around 3650 cm™,

indicating that reactivity has to be ascribed mainly to Lewis and not Bronsted acidity.

It is well known that sulfated alumina displays acidic properties and in general the
presence of sulfate anions enhances the catalytic activity of alumina in acid-catalyzed
reactions, such as olefin oligomerization and skeletal isomerization®3%>. The accepted

mechanism involves the formation of carbocationic species® . Carbocations may be
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generated in a number of ways, involving both Brgnsted acid sites and Lewis acid sites.
The products formed in the initiation stage are the thermodynamically more stable
secondary or tertiary carbocations, and this explains why branched species are observed
in our experiments. Propagation involves the repeated additions of ethylene to the
carbocationic center, which in principle, may migrate well away from the site of initial
attack. Carbocations are very reactive species and, in absence of super-acids, they
terminate quickly. The principal mechanism for termination is a chain-transfer process
involving deprotonation of the carbocationic end-group by an incoming monomer,
aided by the anion ([SO4]% in our case). Sulfated alumina is not sufficiently acidic to
stabilize the carbocationic species and this justifies the observation of vinyl terminations
(v(C=C) bands around 1650 cm™). Moreover, it is also clear that sulfate anions play a
vital role, not only in enhancing the acidity of alumina, but also in guiding the
termination process. The involvement of the [SO4]? anions in the reaction is affirmed by

the perturbation of the corresponding absorption bands.

A different spectra evolution is observed for both 8-NiS and 8-Ni-8-Re catalysts. At
a short contact time, the FT-IR spectra are very similar to those observed for the 8-S
catalyst, although less intense, indicating the acid-catalyzed formation of branched
oligomers. However, after about 30-40 minutes the absorption bands associated with
vibrational modes involving CH; groups start to grow faster (and slightly shift to lower
wavenumber values) than those related to CHs groups. The phenomenon is more
evident for 8-NiS than for 8-Ni-8-Re. As a consequence, the spectra collected after 40
minutes of reaction resemble those of aliphatic hydrocarbons with linear chain-like
structure and a few branches. Simultaneously, in the v(C=C) region the band at 1671 cm"
! grows at a higher rate than that at 1618 cm™. The intense absorption band around
1400 cm™ ascribed to Vasym(SOa) vibration downward shifts even more than for 8-S

sample.
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Figure 5.15. Time-resolved FT-IR spectra collected during reaction of ethylene at room temperature with 8-S,
8-NiS, and 8-Ni-8-Re catalysts. Parts a), ¢) and €) display the 3100 — 2700 cm* region, where v(CHx)
absorption bands are observed. Parts b), d) and f) show the 2000 — 1300 cm'! region, where v(C=C), (CHx)
and v(SO.) bands contribute to the spectra. The insets zoom in the 1700 — 1600 cm'* region, where the bands
are attributed to v(C=C).

The CH,/CHs intensity ratio may give a rough estimation of the structure of the
oligomeric products®> ¢, With this aim, the FT-IR spectra collected during ethylene

reaction on the three catalysts were analyzed by curve-fitting in the 3000 — 2700 cm™
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region, by using five gaussian curves centered at 2960 cm™ (Vasym(CH3)), 2930 cm™
(Vasym(CH2)), 2900 cm™ (v(CH)), 2871 cm™ (veym(CH3)), and 2853 cm™ (veym(CH2)). A
CH2/CHjs ratio was calculated based on the Uasym(CH2) and Uasym(CH3) bands at 2960 and
2930 cm™ and the extinction coefficient of €(CHs)/e(CH2) was chosen as approximately
2.2, obtained from a reference measurement of n-heptane in CCl4®L. It is important to
notice that the only reflects an average value for a complex distribution of all products
and not a single product. An increase in the CH,/CH3s intensity ratio indicates that the
aliphatic chains are becoming longer or less branched. In contrast, if the aliphatic chains
are short or more branched, the CH,/CHs ratio is low. The evolution of the CH,/CHs ratio
as a function of the reaction time is shown in Figure 5.16. For 8-S, the CH,/CHj3 ratio
maintains at approximately one during the whole reaction time, indicating that the
nature of the branched oligomers remains constant. Attempts to extract the products
of reactions failed, in that only ethylene was detected in the extraction solution. Hence,
the acid catalyzed oligomerization products are difficult to extract, possibly because of

cationic interaction with the catalyst surface.
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Figure 5.16. Evolution of the CH,/CHjs ratio versus reaction time as determined by the analysis of the FT-IR spectra

collected during reaction of ethylene (10 mbar) at room temperature over 8-S, 8-NiS and 8-Ni-8-Re catalysts.

In contrast, for 8-NiS and 8-Ni-8-Re the CH,/CH3 ratio stays constant only during the
first 40 minutes of reaction, followed by an increase. The increase was more pronounced
for 8-NiS than for 8-Ni-8-Re. The different starting CH,/CHs ratios of 8-NiS and 8-Ni-8-Re
reflect that the reaction products are dependent on the functional metal sites, which

well supports the previous catalytic tests in a continuous flow reactor®®. This data also
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indicates that after 40 minutes of reaction long-chain aliphatic hydrocarbons start to be
formed and stick to the surface of both catalysts. These long hydrocarbon chains may
be responsible for the fast deactivation previously observed in catalytic tests®®.
Formation of long-chain oligomers with a few branches on 8-NiS has been confirmed by
GC-MS analysis of spent catalyst extracted in CHCl, solution (273 K) after two hours
reaction in contact with ethylene at room temperature. The long chain aliphatic
products could be formed by an ethylene oligomerization reaction and a side
dimerization/oligomerization reaction of olefinic products. Since Ni sites are responsible
for the formation of linear olefin products, it is believed that the long chain products are
mainly attributed to the NiSOj sites. Slow increase of the CH,/CHs ratio for 8-Ni-8-Re
shows the formation of shorter chain length or more branched by-products, which

illustrates the function of the Re sites for metathesis.

The same experiment was followed by means of DR UV-Vis-NIR spectroscopy, which
reveals only very small changes during ethylene reaction. Figure 5.17 shows the most
relevant DR UV-Vis-NIR spectra for the 8-NiS sample as an example. Upon ethylene
dosage in the reaction cell, very few changes are observed in the UV-Vis-NIR spectrum:
the d-d bands centered around 7000 and 17000 cm™ slightly decrease in intensity, while
the charge transfer band around 35000 cm™ increases. Accordingly, the coordination
environment of the Ni sites changes only slightly in the presence of ethylene. This
observation that seems in contrast with the expected increase in the ligand field around
the Ni sites upon ethylene adsorption might actually be explained in terms of ligand
displacement, i.e. ethylene displays other ligands (the sulfate anions) originally present
around the Ni sites, in agreement with the FT-IR results. After prolonged reaction time,
a weak band appears around 25000 cm, which may be assigned to the carbocationic

conjugated olefinic double-bond % ©°,
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Figure 5.17. DR UV-Vis-NIR spectra of (1) 8-NiS after activation, (2) immediately after dosage of ethylene, (3) after
an overnight reaction in presence of ethylene at room temperature. The inset shows spectra after subtraction of

spectrum (1).

5.3.4 Investigation of the Oxidation State of the Active Ni Sites

In our previous FT-IR study at low temperature, Ni* was not observed on 8-NiS after
thermal activation. As mentioned in Chapter 2, T. X. Cai' and J. R. Sohn? confirmed the
reduction of Ni%* to Ni* on the activated NiSO4/y-Al,03 catalyst by means of FT-IR, EPR
and XPS. Similar experiments have been conducted by us, in order to better clarify the

oxidation state of the Ni sites after catalyst activation.

T. X. Cait and J. R. Sohn3 reported the observation of Ni*(CO); species based on the
IR spectra of CO adsorbed on activated NiSO4/ y-Al,0s3. The authors concluded that
bands at 2170 and 2122 cm™ represented a Ni*(CO); species. FT-IR experiment at room
temperature have also been carried out by us and the spectra are presented in Figure
5.18. All the samples were pretreated at 673 K for 1 hour under vacuum before CO
adsorption and spectra were collected during stepwise desorption of CO at room
temperature. Spectra of Al,O3 and 8-S (see Figure 5.18a and b) demonstrate similar
features. Two bands obtained at 2171cm-1 and 2117cm-1 disappear by outgassing,
which are the typical bands of P and Q rotation branches of gaseous CO. In the spectra

of 8-NiS (see Figure 5.18c), a band appears at 2200 cm™ shifting to 2213 cm™* upon CO
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outgassing. This band is assighed to the stretching vibration of CO adsorbed on the Ni%*
ions. However, the other two bands (2170 and 2115 cm™) are clearly due to the gas
phase of CO and that is in good agreement with the observation in Al,03 and 8-S. In this

FT-IR study, we do not observe Ni* after catalyst activation at 673 K.

a) y-AlOs b) 8-S c) 8-NiS
10_1 1 0.1 I 0.1
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2170 2115
K
’ \
f
/ |
— T T — T T — T T
2300 2200 2100 2000 2300 2200 2100 2000 2300 2200 2100 2000
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

Absorbance (a.u.)

Figure 5.18: IR spectra of CO adsorbed over a series of catalysts pretreated at 673 K for 1 hour under

vacuum, in the presence of CO (400-500 mbar) at room temperature.

The Ni 2p XPS spectra of fresh and activated 8-NiS catalyst are shown in Figure
5.19(a). The spectrum of the fresh catalyst ( Figure 5.19a, spectrum 1) shows the Ni 2p32
and Ni 2p1/; core level lines at 856.8 and 875 eV and the shake-up satellites at the typical
6eV binding energy difference relative to the corresponding main lines’®. This line
pattern is attributed to the presence of Ni?* ions on y-Al;0s, and is in good agreement
with the results reported by P. Dufresne’! and D. Nikolova’?. The spectrum of 8-NiS does
no change after calcination for 1 hour at 473 K (Figure 5.19a, spectrum 2). A slight peaks
shift to lower binding energy of about 0.4 eV is observed after thermal activation at 673
K (Figure 5.19a, spectrum 3). This shift indicates a small change in the electronic
structure of the Niions, likely as a consequence of the changes occurring to the adjacent
sulfate ions or surface hydroxyl groups, but is not compatible with the reduction of Ni%
to Ni* sites. Indeed, the energy difference of Ni 2ps/ lines for reference Ni° vs Ni%*
species is approximately 2.3 eV, as reported for Ni/Al>O3 or Ni/SiO; systems.”> 74 Hence,
in the adopted experimental conditions, the Ni?* sites preserve their oxidation state also
after catalyst activation. . In the following test, the spent catalyst from the continuous
flow reactor test was directly transferred into the analysis chamber of XPS in a glove box

without contacting air. The spectrum of the spent catalyst (Figure 5.19, spectrum 4) still
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keeps the same line patterns as that of the fresh catalyst. Therefore, it is evident that

Ni%* is not reduced to Ni* or metallic Ni on the 8-NiS catalyst after the reaction.

This is further confirmed by the EPR measurements. Indeed, the EPR spectrum of
activated 8-NiS catalyst (Figure 5.19b, spectra 2 and 3) is the same as for the fresh
catalyst, despite a higher resolution obtained by measurement at liquid nitrogen

temperature. This indicates that Ni* is not produced during catalyst activation at 673 K.

a) Ni2p1f2 Ni2p3/2 b)
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Figure 5.19: Part a) Ni 2p XPS spectra of 8-NiS (1) as made; (2) thermally activated at 473K; (3) thermally activated
at 673K; (4) spent catalyst. Part b) EPR spectra of 8-NiS (a) as made; (b) thermally activated at 673K and measured

at room temperature; (c) thermally activated at 673K and measured at liquid nitrogen temperature.

5.4 Conclusions

It was found that the sulfate ions play an essential role in increasing the acidity of
the Al,Os surface (as demonstrated by FT-IR spectroscopy of CO adsorbed at 100 K), and
also in influencing the electronic structure of the Ni cations. During thermal catalyst
activation the sulfate ions are covalently bonded either to Ni?* or/and AI** cations.
Unexpected and in contrast to earlier reports® 3, the Ni cations retain the +2 oxidation
state also after the catalyst activation step, as shown directly by EPR and XPS analysis,

and indirectly by FT-IR spectroscopy of CO adsorbed at 100 K and room temperature.

FT-IR experiments performed in presence of ethylene at room temperature and low

pressure (40 mbar) allowed to monitor the initial steps of the reaction on the different
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catalysts. It was proved that sulfated alumina promotes the slow formation of branched
oligomers through a carbocationic mechanism. The sulfate ions covalently bonded to
the Ni?* (or AI**) sites are partially displaced during the reaction, as testified by the
perturbation of the corresponding IR absorption bands. In presence of the Ni?* function,
formation of long chain hydrocarbons is observed at longer reaction times. It is
concluded that deactivation of the NiSOs-ReOx/Al,03 catalysts is mainly the
consequence of absorption of higher linear ethylene oligomers or due to Ni?* sites not
being anymore in interaction with the sulfate ions. Improvements in the catalyst lifetime
could be achieved by limiting the mobility of the sulfate anions or utilizing another

reactor technology, such as e.g. a slurry reactor’>.
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Chapter 6

6 A Feasibility study of Regeneration of the Coke

Deactivated catalysts

6.1 Introduction

Catalyst deactivation is inevitable and costly for most industrial processes, despite
significant efforts to postpone, alleviate or avoid the issue?. Catalyst change out requires
process shutdown leading to potential product revenue loss in combination with
personnel and material costs. Consequently, catalyst deactivation and regeneration is a

topic of great interest.

Coke deactivated catalysts are usually regenerated by burning of coke in the
presence of oxidative reactants (e.g. Oz, H,0, etc.)?. Although removal of carbon with
oxygen is generally very rapid, air/N, regeneration is typically employed in industrial
processes (e.g. catalytic cracking, hydro-treating process and catalytic reforming), in
order to avoid hot spots or over heating temperatures that could modify surface
structures or destroy the catalyst3. Coke combustion temperatures are closely related
to its C/H ratio* For example, metal-catalyzed hydrogen-rich residue can be removed
with steam at temperatures below 673 K. In contrast, carbonaceous deposits having a
more graphic structure or less reactive properties may require temperatures above 973
K. Such high regeneration temperature may be accompanied by sintering or destruction

of the catalyst surface?.

In the previous Chapter, the causes of catalyst deactivation was investigated by
means of FT-IR and UV-Vis-NIR spectroscopies. We found that deactivation of the Ni-Re
catalyst was accompanied by formation of long aliphatic hydrocarbon chains depositing
on the catalyst surface and this was driven by NiSO4 responsible dimerization reaction.
Therefore, regeneration of the deactivated catalyst focuses on the 8-NiS catalysts at
first. For NiSO4/y-Al,O3 catalysts, little is known about the deactivation mechanism,

although this catalyst class has been reported several times for giving high ethylene
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dimerization activity> ©. Generally, for reactions involving hydrocarbons and especially
olefinic hydrocarbons, the rate and extent of coke formation on metal oxide catalysts
increases with increasing acid strength and concentration?®. However, Ni-modified metal
oxides without sufficient acid strength exhibit no activity for ethylene dimerization’, as

also observed in our study.

Deposition of hydrogen-rich residues can be easily reversed by gasification with air
at around 600 K' 2. Therefore, we investigated regeneration of spent catalysts by
purging a deactivated catalyst with a mixture of nitrogen (79%) and oxygen (21%) at 673
K. The long chain hydrocarbons, being hydrogen rich, were expected to be burned off in
synthetic air at a temperature of around 600 K. TG-MS analysis and FT-IR were used to
monitor the process of catalyst regeneration. Lastly, a HRTEM study was conducted to

analyze elemental distribution and surface morphology of the regenerated catalyst.

6.2 Experimental Section

6.2.1 Thermogravimetric-Mass Spectrometer (TG-MS)

A combination of TGA with MS is an advanced technique to investigate thermal
behavior of materials and analyze their interactions with probe molecules. TG-MS allows

the gaseous products to be detected simultaneously.

A Thermal gravimetric analysis of deactivated catalysts was carried out in a
Rheometric Scientific STA 1500 instrument. As described in Chapter 5, powder samples
of deactivated catalysts were obtained from a static reactor after 24 hours ethylene
reaction at 323 K. The TGA was equipped with an online mass spectrometer (Pfeiffer
Omnistar) and effluent gas was analyzed by mass scanning from 1 to 100 m/z. The MS
started to analyze the gas from the TGA at the same time when the TGA began to work
and the scanning frequency was set to one minute. Around 20 mg of each sample was
used and heated to 1273 K with a heating rate of 5K/min in a mixture flow of oxygen
(21%) and nitrogen (79%). Besides, a blank TG-MS experiment was also conducted for
the fresh catalyst under the same conditions. TG-MS experiments were performed in

inGAP center, University of Oslo.
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6.2.2 Fourier Transmission Infrared Spectrometry (FT-IR)

Unlike the IR experiments described in the previous chapter, this in-situ FT-IR
experiment was carried out in a continuous gas flow. Spectra were recorded by a Bruker
Vertex 70 spectrometer equipped with a mercury cadmium telluride cryo-detector
equipped with a Harrick in-situ FT-IR cell. As mentioned, this cell enabled work at a high
temperature. Two thermocouples were inserted into the center of the cell where the
sample holder is and a thermal controller controlled cell temperatures from 293 K to
723 K. Cell windows (CaF;) were protected by cooling water. The sample was
compressed into a thin wafer and placed in the cell connected to a gas distribution panel
consisting of three gas flow lines (nitrogen, air and ethylene) shown in Figure 6.1. This
gas distribution panel was designed for pyridine and toluene adsorption experiments
before this experiment, so a modification was needed to remove all the contaminated
piping and add some bypasses avoiding a possible gas contamination. Figure 6.1 only
demonstrates the lines employed for this FT-IR experiment. A cooling trap was mounted
before the cell and placed in a box of dry ice in order to remove trace amounts of water
in all the experimental gases. The flow rates of the three gases were controlled by the
regular flow meters that were pre-calibrated for each gas by a digital flow calibrator.
Spectra were collected in transmission mode. This experiment consisting of four stages

was performed in the University of Oslo.
a) Activate the catalyst

One of the challenges in this experiment was to remove all moisture or water in the
gas flow. This was necessary as FT-IR is very sensitive to water. Even small amounts of
water can give rise to intense water related bands that perhaps overlap or hide other
characteristic bands from the catalyst itself. Moreover, the cell can accommodate 80 ml
of gas and it needs more time to be purged. Therefore, the cell was purged by nitrogen
(5 ml/min) overnight at room temperature after transferring the pellet into it. The next
day, the catalyst activation could be started by increasing the temperature by 50 K every
half an hour until the temperature reached to 673 K. The catalyst was kept at that

temperature for 2 hours.

b) Deactivate the catalyst
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Ethylene (5 ml/min) was sent to the cell for 2 hours after the temperature of the
cell was cooled down to 323 K. As a consequence the catalyst was expected to be
completely deactivated. After that, nitrogen (10 ml/mins) was introduced to the cell to
remove the residual ethylene from the pipe line as well as in the cell. In the meantime,

the temperature of the cell was cooled down to the room temperature again.

c) Re-activate the catalyst

In the final stage, a mixture of oxygen (21%) and nitrogen (79%) was applied by a
temperature program from 293 K to 673 K. The temperature was kept at 323 K, 373 K,
473 K, 573 K and 673 K for half an hour at each temperature. The entire course of the

re-activation was recorded by FT-IR.
d) Test the re-activated catalyst

Ethylene (5 ml/min) was sent to the cell for 2 hours after the temperature of the

cell was cooled down to 323 K, in order to test the activity of the re-activated catalyst.

Ventilation
Cooling water

—l ]

Vi3 V4 Vi5

Figure 6.1: Experimental flow diagram of FT-IR system for a continuous gas flow test.

6.2.3 High Resolution Electron Microscopy (HRTEM)

High resolution electron microscopy (HRTEM) was carried out using a Jeol 3010-
UHR electron microscope operating at 300 kV equipped with a LaB6 filament and with
an Oxford Inca Energy TEM 300 EDS X-rays analyzer by Oxford Link. The powder samples
were ground in an agate mortar and deposited on a copper grid covered with a lacey

carbon film. The re-activated catalyst was obtained from the in-situ FT-IR experiment
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described in this chapter. This experiment was operated by Maela Manzoli in the

University of Torino.

6.3 Results and Discussion

It was concluded in chapter 5 that the catalyst deactivation is mainly caused by the NiSO4
responsible dimerization reaction forming long chain hydrocarbons. Therefore, the
effort was concentrated on the re-activation of the 8-NiS catalyst. A common way to
remove these hydrocarbons is to burn them under O or air at 623 K-873 K2. As this burn-
off process is an exothermal reaction, burning under pure oxygen easily leads to a
sudden temperature increase in some spots on the catalyst that may result in
decomposition of NiSO4. Thus, a mixture of oxygen and nitrogen in terms of their
compositions in the air was applied. To start with, TGA analysis coupling with MS was
performed on the deactivated 8-NiS catalysts. Moreover, a blank experiment was

performed under the same conditions as well.
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Figure 6.2: TGA analysis of re-activation process of deactivated 8-NiS catalyst and fresh catalyst (blank test)

under mixing flows of nitrogen (79%) and oxygen (21%).

The trend of fresh 8-NiS TG-curve obtained in an atmosphere of synthetic air in

Figure 6.2 is very similar to the 8-NiS curve collected under pure nitrogen flow in Figure
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4.5. As mentioned in Chapter 4, thermal dehydration of NiSO4-7H,0 to monohydrate
NiSO4-H20 occurs stepwise with increasing temperature and the last coordinated water
molecule is evolved at quite a high temperature above 623 K°. Consequently, it can be
seen in Figure 6.2 that the loss of coordinated water from hydrated nickel sulfate and
hydroxyl groups from the Al,0s surface proceeds at a wide temperature range.
Moreover, weight loss at above 1003 K could be attributed to decomposition of
anhydrous nickel sulfate, since the decomposition temperature is known to be around

1013-1173 K°.

Furthermore, the MS signals of fresh 8-NiS, showed several high-intensity mass-to-
charge lines which could be attributed to nitrogen, oxygen and impurities of these gases
below 44 m/z; their intensities kept constant during the entire process. Moreover, it is
necessary to point out that a weak signal presented at 44m/z was due to trace amounts
of CO; in the mixing gas (02 and N3). This signal remained at a steady level during the
experiment. Furthermore, no signal of SOs and SO, was detected from 1013 K to 1073 K
in the test. In the TG-curve, the decomposition process may have corresponded to a
wide temperature range since a high heating rate (5 K/min) was applied in this
experiment. Decomposition of anhydrous nickel sulfate was not complete at the
temperature ranging from 1013 K to 1073 K and maybe only a very small amount of
anhydrous nickel sulfate decomposed. Therefore, the produced SO; and SOs was

probably below the detection limit of the MS detector.

The TG-curve of deactivated catalyst in Figure 6.2 can be divided into three regions
according to the rate of the weight loss. During the first 60 minutes, the temperature
increases from room temperature to around 623K and the weight loss is mainly
associated with the evaporation of water molecules. During this period, considerably
weak signals were observed in the range of 45-100 m/z and the signal at 44 m/z stayed
at the same level as that of fresh 8-NiS in the blank test. This indicates that desorption
or burning of the deposited hydrocarbons does not occur during this period. The mass
scans of the effluent gas from the re-activation of deactivated 8-NiS in 80-150 minutes
are plotted in Figure 6.3. In the middle period (80-120 minutes) there are several groups
of signal mainly present at 54, 56, 70 and 84m/z. These signals could be assigned to

fragments of the hydrocarbons, e.g. C4Hs, CsHio, and CeH12, revealing that the weight
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loss is largely due to desorption and evaporation of the deposited carbon species. In the
third period (120-150 minutes), the CO; signal (44m/z) increases from 80 to 150 minutes
and rises sharply from 130-150 minutes. In fact, this observation is unexpected, because
hydrogen-rich hydrocarbons are expected to burn at temperatures around 600K under
air*. The combustion temperature of coke depends on its location (external vs. internal
deposits) and composition (i.e., H/C ratio). Hydrogen-poor coke species need a higher
combustion temperature than the hydrogen-rich components.* The TG-MS analysis
indicates that long-chain oligomers may convert further to highly condensed carbon
species with low C/H ratios during the re-activation process, since oxidation of
hydrocarbons start at quite a high temperature above 723 K. However, it seems such
high temperatures would damage or destroy surface texture of the catalysts and might

even cause decomposition of the nickel sulfate.
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Figure 6.3: MS scanning (44-100m/z) of the effluent gas from the reactivation of deactivated 8-NiS catalyst

in 80-150 minutes.

In order to determine the structural change of the hydrocarbons during the re-
activation, a FT-IR experiment was carried out. Figure 6.4 shows spectra of deactivated
catalyst in the re-activation process. The pellet of the 8-NiS catalyst was first thermally
activated at 673 K for 2 hour under vacuum followed by deactivation by a two-hour

exposure to a pure ethylene flow through the in-situ cell at 323 K. After that, the

deactivated catalyst was heated from 323 K to 673 K under a flow of synthetic air. As

103



Lu Li: One-step Conversion of Ethylene to Propylene by a NiSO4-ReOx/y-Al,03 Catalyst

mentioned, burning of hydrocarbons is an exothermic reaction and NiSOs becomes
unstable above 950 K. Thus, in order to avoid destruction of the surface structure on the
catalyst during the re-activation process, the maximum re-activation temperature was
only set up to 673 K. After the regeneration process, the pellet was removed from the
cell and directly sent for a HRTEM measurement. The spectra are shown in Figure 6.4a,
bands in the u(C-H) vibrational region (2800-3000 cm™?) are assigned to the asymmetric
vibration of -CHz and -CH,- (2960 and 2871cm™) groups, the symmetric vibration of -CHs
and -CH,- (2930 and 2853cm™) groups. These CHx groups are indicative of long chain
aliphatic hydrocarbons deposited on the catalyst during catalyst deactivation. These
bands decrease and finally disappear with increasing regeneration temperature.
However, these deposited hydrocarbons are not desorbed from the catalyst surface.
They evolve and convert to coke, namely, carbonaceous species deficient in hydrogen®.
A set of bands at low frequency from 1300 to1700cm™ (Figure 6.4b) rise dramatically
accompanying the disappearance of the bands in the u(C-H) vibrational region. At low
temperature (323 K-473 K), two bands at 1672 and 1465 cm, originating from the
u(C=C) and 6(-CHz-) bands increase gradually. At high temperature (473 K-673 K), a band
at 1590cm increases remarkably. This band reflects the complex nature of coke, which
is assigned to highly unsaturated carbonaceous species'®® or to graphite deposits.® It
can be speculated that side reactions (e.g. cracking) occur at high temperature
generating highly condensed coke on the catalyst surface. Therefore, high temperature
is necessary to remove this coke. In addition, the vasym(SO4) band at around 1400 cm™ is
shifted downward by 20 cm™ with increasing regeneration temperature, probably due
to perturbation by the accumulated coke. In the previous FT-IR and DR UV-Vis-NIR
studies, it was concluded that deactivation of the NiSO4/y-Al>O3 catalysts is due to the
formed hydrocarbons not only blocking the active sites but also hindering the
interaction between Ni?* and [SO4%]. In this case, the shift of vasym(SO4) band indicates
clearly that the bonding of Ni?* and [SO4?] becomes very weak in this re-activation

process.
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Figure 6.4: FT-IR spectra of activation of the deactivated catalyst under synthetic air with increasing
temperature from 323K to 673K (323K (black), 373K (dark grey), 473K (grey), 573K (light grey) and 673K (green)).
a) display the 3000 — 2800 region, where v(CHy) absorption bands are observed. b) show the 1800 — 1200 cm!

region, where v(C=C), §(CH,) and v(SO,4) bands contribute to the spectra.

In order to verify the unsuccessful re-activation of the deactivated 8-NiS catalyst,
the regeneration process was repeated and followed by sending an ethylene flow
(5ml/min) to the re-activated catalyst. The spectra of the fresh and the re-activated 8-
NiS after two-hour ethylene reaction is shown in Figure 6.5. From the figure, it is evident
that the fresh 8-NiS exhibits a high activity, since the four intense CHx bands reveal the
adsorption of abundant products on the catalyst surface. On the contrary, the four
bands show rather low intensities for the re-activated 8-NiS catalyst, which indicates
that the re-activated catalyst performs a quite low activity. Therefore, it is concluded
that the deactivated 8-NiS catalyst could not be regenerated by purging synthetic air at
673K. It is speculated that the regeneration failure could be due to further evolution of
the hydrogen-rich hydrocarbons to highly condensed coke and the weak interaction

between Ni%* and [SO4%] perturbed by coke formed in the re-activation process.

105



Lu Li: One-step Conversion of Ethylene to Propylene by a NiSO4-ReOx/y-Al,03 Catalyst

- Fresh catalyst

After regeneration

0.2 2930,

#

Absorbance (a.u.)

- T T
2900 2800

Wavenumber (cm™)

T
3000

Figure 6.5: FT-IR spectra of 8-Ni$ after two-hour reaction under an ethylene flow (5ml/min). a) The fresh catalyst
(black); b) The re-activated catalyst (grey).

The pellet was collected and sent for a HRTEM measurement after the re-activation
process in FT-IR. HRTEM images of deactivated 8-NiS after the re-activation as well as
the mapping of C, Ni and S are shown in Figure 6.6. By comparing with the HRTEM
images of the fresh catalyst in Figure 4.8, the dark spots in the HRTEM images in Figure
6.6 are assigned to coke formation during catalyst regeneration with synthetic air at 673
K. This observation is consistent with the IR spectra of 673 K regenerated catalyst (Figure

6.4).
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Figure 6.6: HRTEM images (A-B) of deactivated 8-NiS after reactivation at 673K under a mixture of

oxygen (21%) and nitrogen (79%); mappings of C (C), Ni (D) and S (E) elements.

6.4 Conclusion

During catalyst regeneration using synthetic air, the long-chain hydrocarbons
adsorbed on the catalyst surface evolve to highly unsaturated species or graphite-like
residues with the increasing re-activation temperatures. The highly condensed species
or graphite-like residues require a high combustion temperature. TG-MS data shows
that the evolved coke on the deactivated catalyst starts to burn above 723 K and the
burning rate increases with temperature. It seems that the coke deposited on the 8-NiS
catalyst needs to be burned at higher temperature, e.g. >673 K, which may either
damage the surface texture of the catalyst or cause decomposition of nickel sulfate. It
appears that the failure of catalyst regeneration could also be due to the destruction of

the active nickel dimerization site.
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Chapter 7

2

Summary and Suggestions for Future Work

7.1 Summary

1.

This project aimed to discover a catalyst for the direct conversion of ethylene
to propylene. A series of catalysts were synthesized and tested in a fixed-bed
continuous flow reactor, among which the bimetallic catalyst, NiSO4/ReOx/y-
Al,O3, exhibited high ethylene conversion and propylene gas phase selectivity
at mild reaction conditions (323 K, 1 atm). By comparing the trends of the
catalytic performances of NiSOa/y-Al,03 and NiSO/ReOx/y-Al,03 catalysts, it
seems the two metallic sites, NiSOs and ReOyx work independently for
dimerization and metathesis, respectively. Moreover, catalyst deactivation may
accompany a decrease of acidity, which influences the production ratio of 1-
butene to 2 butene. Furthermore, 8-Ni-8-Re and 8-Re-8-Ni with a different
impregnation sequence show different ethylene conversion and propylene
selectivity in the continuous flow test and the pulse reactor test, although the
yields of propylene on the two catalysts are quite similar. This indicates that the
different impregnation order of the catalysts influences the interaction of the
impregnated components on the catalyst surface and affects their
performances.

Pulse reactor tests indicate that an induction period is necessary for the ETP
reaction on the Ni-Re catalysts. Adsorption of ethylene is fast whereas
desorption of products takes some time. The fluctuation of the propylene
selectivity curve reflects an uneven speed of desorption.

In the TGA analysis experiment, Ni-Re catalysts showed a good thermal stability
below 1003K. Weight loss of the catalysts below 673K is mainly contributed to
the removal of water molecules. Moreover, decomposition of NiSO4 may take

place at above 1003K. Elemental analysis shows that material loss is minor
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during the catalyst preparation. Coke analysis of the deactivated catalysts
implies coke formation could be the reason for catalyst deactivation.

Based on analysis of the SEM micrographs, particle sizes of the 8-Ni-8-Re and 8-
Re-8-Ni catalysts were approximately 50-150 um and both catalysts showed an
uneven particle size distribution. EDS analysis revealed heterogeneous Ni and
Re elemental distribution on the surface of the catalysts, although Ni and Re
seemed to be more homogeneous on 8-Ni-8-Re than on 8-Re-8-Ni. More
detailed morphological information was obtained by HRTEM measurements.
TEM imaging of 8-NiS demonstrated a good dispersion of NiSOs since there was
no observation of agglomerates and clusters on 8-Ni. Moreover, from TEM
images of 10-Re, most of the hydrated ReOas was well dispersed on the alumina,
although small clusters (less than 1nm) were observed. Therefore, TEM images
of the Ni-Re catalysts showed a good dispersion of NiSO4 and ReOy, in spite of
some small clusters related to rhenium oxide.

Spectra of CO adsorption at 100 K and CyH4 reaction at room temperature on
the activated catalysts, which were pretreated at 473 K for 1 hour, were
recorded by means of in-situ FT-IR and UV-Vis-NIR spectroscopies. During the
thermal activation, symmetry of the [SO4]? anions decrease and eventually they
are expected to be covalently bonded either to the Ni?* or to the surface AI**
cations. Both Brgnsted and Lewis acid sites revealed stronger acidities in the
presence of sulfate modified alumni than in bare alumina, but the strength of
the acidity is not sufficient to stabilize carbocationic species leading to a
termination of the linear oligomerization reaction. Chain structures of the
products with reaction time were roughly estimated according to CH,/CHs ratio
calculated based on the vasym(CH2) and vasym(CHs3) bands in the FT-IR spectra.
This indicates that NiSOs sites act the role of dimerization and Re sites behave
the function of metathesis. In addition, [SO4]%> anions modify the acidity needed
for a dimerization reaction and they may also influence the electronic structure
of the Ni cation. Catalyst deactivation could be due to formation and absorption
of long-chain hydrocarbons, or slow displacement of sulfate anions from their

initial position connected to the Ni ions.
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6.

Deactivated catalysts seem not to be re-generated after our re-activation
process under air at 673 K. The FT-IR experiment was conducted to monitor the
change in the spectra during the re-activation process. Disappearance of the
bands at around 2800-3000 cm™ and the rise of the bands at 1590 cm™ indicate
that long-chain hydrocarbons deposited on the catalyst surface convert to high
unsaturated species or graphite-like components, which request a high
combustion temperature to be burned. However, TG-MS analysis reveals that
decomposition of nickel sulfate may occur and surface texture may be

destroyed at such high temperature.

7.2 Suggestions for the Future Work

Suggestions are given in terms of four aspects, 1) further investigation of oxidation

state of Ni during the ethylene dimerization reaction, 2) improving the catalytic

performance of the studied catalyst, 3) developing second regeneration catalysts and 4)

investigating methods for re-activation of the deactivated catalysts.

In this project, no reduction of Ni** ions on the activated 8-NiS catalyst was
observed by means of FT-IR, XPS or EPR. According to our proposed catalytic
cycle, the reduction may be induced in-situ by feeding with ethylene. Hence, to
affirm our hypothesis, it is suggested that the oxidation state of Ni ions on the
activated catalyst after dosing ethylene be measured in-situ by means of EPR.

Catalyst deactivation is mainly attributed to NiSO4 responsible dimerization
reaction. Moreover, from literature data, it is known that the product
distribution of the ethylene oligomerization reaction is affected by the reaction
temperature, pressure and GHSV!”’. Therefore, careful design of experiment
(DOE) is recommended for the next stage, which can provide a systematical
method to determine the relationship between experimental conditions
(factors) and yield of desired products (outputs of the process). By this,
optimizing experimental conditions could be easily achieved by using a suitable
software. However, it is necessary to point out that our continuous flow test rig
must be modified or renovated in order to meet the requirements of various

temperatures and pressures. For example, in our test rig, the reaction
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temperature must be higher than 323 K, otherwise the desired products (e.g.
butene) would condense in the reactor causing inaccuracy of the measurement.
The reason for catalyst deactivation is the long chain hydrocarbons blocking or
deactivating the active sites. Catalysts working in a slurry reactor with a proper
organic solvent may alleviate the catalyst deactivation, since formed oligomers
would quickly dissolve in the solvent. Zhang et al. reported a Ni(ll)/sulfated
alumina catalyst, prepared by an ion-exchange method, gave good 1-butene
(around 85%) and 1-hexene (about 10%) yield without any apparent
deactivation in the slurry reactor at temperature at or below 298 K and at near-
atmospheric pressure®. Moreover, they also found isomers of 1-butene and 1-
hexene generated with longer contact time of the dissolved oligomers with the
catalyst. According to the literature research, the Ni-Re catalyst has never been
tested in a slurry reactor system. Therefore, it is recommended that the Ni-
catalyst be further tested in a slurry reactor system, which may provide an
effective way of avoiding fast deactivation of the catalyst.

Generally, in reactions involving hydrocarbons and especially olefinic
hydrocarbons, the rate and extent of coke formation on metal oxide catalysts
increases with increasing acid strength and concentration®. However, Ni-
modified metal oxides without sufficient strength of acidity exhibit no activity
for ethylene dimerization in our case. Hence, it is essential to discover an
appropriate acid strength of the Ni-based catalysts for the ethylene
dimerization reaction. This means that the acidity of the catalyst is sufficient for
the reaction, but not so strong so as to accelerate catalyst deactivation. Acidity
of the Ni-based dimerization catalyst can be adjusted by modifications with acid
solutions (e.g. H2S04, H3PO4, H3BO3 and H;Se0a) or by varying the acidities of
support materials (e.g. Si/Al ratio of SiO;-Al,03). J. R. Sohn et al. concluded that
catalyst activities of NiO-TiO catalysts, modified with a series of acid solutions
for the ethylene dimerization and 1-butene isomerization reactions, were
dependent on their acid strengths'®. Moreover, they found Al,O3-promoted
NiSO4/SiO; catalyst showed a remarkably higher catalyst activity than non-
promoted NiSO4/SiO> catalyst'™ 2. However, all the catalysts reported by J. R.

Sohn et al. were tested in a conventional static system and the conversion of
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ethylene was determined only by following pressure changes. The deactivation
rate and the lifetime of the catalyst were not well studied by them. Therefore,
a systemical experimental plan, following up on the above studies from the
literature, could be established to investigate how acid strengths of the catalysts
affect the catalytic performances and deactivation rates.

4. During the re-activation process of the deactivated catalysts, long-chain
hydrocarbons depositing on the catalyst convert to highly condensed coke or
graphite-like species, which require a high combustion temperature. In fact,
those long-chain hydrocarbons were supposed to be gasified at a temperature
as low as 673 K under air as a gasify agent. The goal of removal of deposits at
low temperatures may be achieved, if the further conversion of the
hydrocarbons could be largely prevented during the re-activation process or
alternatively, the hydrocarbons could be quickly burned-off before they further
evolve. Therefore, adjusting heating rate or changing the gasify agent are
suggested in the next step of catalyst regeneration. Gasification rates are known
to occur in the following order 0;>H,0>H,'3. Therefore, choosing an
appropriate gasify agent and a proper dilution ratio are very important issues in

this case, since decomposition of nickel sulfate occurs at above 1013 K.
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Appendix A: List of Chemicals

All chemicals used for experimentation or analytical techniques were laboratory
grade. All chemicals were used as received. Details of the chemicals are listed in Table

Al.
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Table A1: Details of All Chemical Used

*synonym
: . M.W. : :
Chemical Regent Chemical formula CAS# Purity (%) Supplier
(9/mol)
Gamma-alumina v-Al203 101.96 SASOL
Nickel (Il)sulfate heptahydrate NiSO4-7H20 10101-98-1 | 280.86 >99.0 SIGMA-ALDRICH
Nickel nitrate hexahydrate Ni(NO3z)2-6H20 13478-00-7 | 290.79 >98.5 SIGMA-ALDRICH
Ammonia solution in water NH3-H20 25 Merck
Ammonium perrhenate NH4ReO4 13598-65-7 | 268.24 >99.0 SIGMA-ALDRICH
H-MF1-90 _ _
) SiOo/AlLO3 Std-Chemie
*ZSM-5 zeolite
Silica-alumina catalyst support, grade 135 SiO2/Al,03 1335-30-4 SIGMA-ALDRICH
Ammonium metatungstate hydrate (NH4)sH2W12040-XH20 12333-11-8 | 2956.30 >99.0 SIGMA-ALDRICH
Zirconium oxychloride octahydrate ZrOCl2-8H20 13520-92-8 | 322.25 >99.5 SIGMA-ALDRICH
Sulfuric acid H2S04 7664-93-9 | 98.08 95-97 Merck
Aluminosilicate mesostructured )
(Si02)0.9875(Al203)0.0125-xH20 | 1218-02-1 SIGMA-ALDRICH
MCM-41 (hexagonal)
Nitrogen N2 28 99.999 AGA
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Hydrogen

H>

2

99.999

AGA

Table A1: Details of All Chemical Used (continued)

Chemical Regent

Chemical formula

CAS#

M.W.
(g/mol)

Purity (%)

Supplier

Air

AGA

Ethylene

CoHg4

99.9

AGA

Calibration gas

99.9

Yara Praxair
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Appendix B: Procedures for the Catalyst Synthesis

a)
b)
c)
d)
e)
f)
g)
h)

B1: Procedures for Ni-ZSM-5 synthesis

Measure H-ZSM-5 (5.0g) and nickel nitrate hexahydrate (0.48g)
Make a solution of Ni(NO3), [0.02M] in de-ionized water (80g)

Mix the Ni(NOs), solution (40g) with H-ZSM-5 (5.0g) in a P.E. bottle
Stir the mixture in the P.E. bottle for 1 hour at room temperature
Place the bottle into water bath and keep it at 353K for 20hours
Filter out the residual, and wash it with enough demineralised water
Dry the precursors at 353K over the night

Calcinate the precursors at 823K for 6 hours

B2: Procedures for Ni-MCM-41 synthesis

Measure MCM-41 (2.0g) and nickel nitrate hexahydrate (0.48g)
Make a solution of Ni(NO3); [0.02M] in de-ionized water (80g)

Mix the Ni(NOs); solution (40g) with H-ZSM-5 (5.0g) in a P.E. bottle
Stir the mixture in the P.E. bottle for 1 hour at room temperature
Place the bottle into water bath and keep it at 353K for 20hours
Filter out the residual, and wash it with enough demineralised water
Dry the precursors at 353K over the night

Calcinate the precursors at 823K for 6 hours
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f)
g)
h)

j)

d)

f)

g)

h)

B3: Procedures for NiO-Zr0O,/S04* synthesis

Measure ZrOCl>-8H,0 (19.3g) and Ni(NO3),-6H,0 (5.8g)

Put ZrOCl;-8H;0 and Ni(NOs)2-6H20 into a flask with a magnetic stirrer and add
de-ionized water to 0.5L

When the solution is well mixed, use a burette to add ammonia solution droplet
by droplet. Meanwhile, use an acidity meter to measure the pH of the solution
and try to keep the pH value (pH=8) constant

Stir the mixture solution for 2 hours at room temperature

Filter out the residual by vacuum filter and wash it several times with de-ionized
water until no chloride ion is detected

Dry the powder at room temperature

Pour 30 ml of 0.5M H,SO4 onto powder sample (2g)

Filter out the precipitate again by vacuum filter and wash it several times

Dry the precursors at 373K overnight

Calcinate the precursors at 673K for 2 hours

B4: Procedures for NiO-ZrO,/WOs synthesis

Measure ZrOCl,-8H,0 (12.5g) and Ni(NOs).-6H,0 (7.8g)

Put ZrOCl;-8H20 and Ni(NOs)2:-6H20 into a flask with a magnetic stirrer and add
de-ionized water to 0.5L

When the solution is well mixed, use a burette to add ammonia solution droplet
by droplet. Meanwhile, use an acidity meter to measure the pH of the solution
and try to keep the pH value (pH=8) constant

Stir the mixture solution for 2 hours at room temperature

Filter out the precipitate by vacuum filter and wash it several times with de-
ionized water until no chloride ion is detected.

Dry the powder at room temperature

Impregnate the powder with an aqueous solution of (NHi)eH2W12040-XH20
(1.39)

Dry the precursors at 373K overnight

Calcinate the precursors at 673K for 2 hours
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B5: Procedures for NiSO4/y-Al,O3 synthesis

a) Calcinate around 10g of y-Al,O3 at 673K for 4 hours

b) Measure y-Al;03 (10g) and NiSQ4-7H,0*

c¢) Make an aqueous solution of NiSO4:7H,0

d) Puty-Al,03 into an Erlenmeyer flask with a stirring bar

e) Impregnate y-Al,O3 with the solution while keep the mixture well stirred
f) Stir the mixture for 24 hours at room temperature

g) Dry the precursors at 373K overnight

h) Calcinate the precursors at 673K for 2 hours

*the amount of NiSO4-7H,0 depends on the weight percentage of Ni needed for the

catalysts

B6: Procedures for Re,0,/y-Al,03 synthesis

a) Calcinate around 7g of y-Al,O3 at 673K for 4 hours

b) Measure y-Al,03 (4.5g) and NH4ReO4 (0.5537g)

c¢) Make an aqueous solution of NHsReO4

d) Puty-Al;03 into an Erlenmeyer flask with a stirring bar

e) Impregnate y-Al,03 with the solution of NH4sReOs while keep the mixture well
stirred

f) Stir the mixture for 24 hours at room temperature

g) Dry the precursors at 373K overnight

h) Calcinate the precursors at 673K for 2 hours
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a)
b)
c)
d)
e)
f)
g)
h)

j)
k)

B7: Procedures for NiSO,/SiO,-Al,03 synthesis

Calcinate around 5g of y-Al,0s at 673K for 4 hours

Measure SiO2-Al;03 (4g) and NiSO4-7H,0 (1.91g)

Make an aqueous solution of NiSO4:7H,0

Put SiO,-Al,03 into an Erlenmeyer flask with a stirring bar

Impregnate SiO;-Al;03 with the solution while keeping the mixture well stirred
Stir the mixture for 24 hours at room temperature

Dry the precursors at 373K overnight

Calcinate the precursors at 673K for 2 hours

B8: Procedures for NiSO;-ReO,/y-Al,03" synthesis

Calcinate around 7g of y-Al,0s at 673K for 4 hours

Measure y-Al;03 (4g), NiSO4-7H,0(1.91g) and NH4ReO4*

Make an aqueous solution of NiSO4-7H,0

Put y-Al;0s into an Erlenmeyer flask with a stirring bar

Impregnate y-Al,O3 with the solution while keep the mixture well stirred
Stir the mixture for 24 hours at room temperature

Dry the precursors at 373K overnight

Calcinate the precursors at 673K for 2 hours

Impregnate NiSOa4/y-Al,O3 of 4.6g with an aqueous solution of NHsReO4 while
keeping the mixture well stirred

Stir the mixture for 24 hours at room temperature

Dry the precursors at 373K overnight

Calcinate the precursors at 673K for 2 hours

fcatalysts with different impregnation order were prepared by the same methods

as mentioned above, but an aqueous solution of NHsReO4 was impregnated to y-Al,03

first followed by impregnation with an aqueous solution of NiSO4-7H,0.

*the amount of NHsReOs depends on the weight percentage of ReOx needed for the

catalysts
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Appendix C: Raw Data of Calibration on GC

Table C1: Raw experimental data of ethylene calibration on GC

Mass
concentration

of CoH4

Peak area

(Three parallel
measurements)

Mean

Standard
deviation

2.7

3.6

4.5

5.4

6.3

7.2

78785.0

81606.0

84132.0

123625.0

123299.0

122952.0

171058.0

171595.0

170680.0

214091.0

217468.0

219736.0

264476.0

262518.0

264327.0

320832.0

320314.0

317965.0

81507.7

123292.0

171111.0

217098.3

263773.7

319703.7

2674.9

336.6

459.8

2840.6

1090.0

1527.8
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Table C1: Raw experimental data of ethylene calibration on GC (continued)

Mass Peak area
concentration Standard
(Three parallel Mean deviation
of CoH4 measurements)
366303.0
8.1 360858.0 364088.0 2860.9
365103.0
410346.0
9.0 411966.0 414840.0 6432.1
422208.0
839114.0
13.5 831695.0 838094.7 5955.8
843475.0
1297003.0
18.0 1299837.0 1292;137' 1499.0
1297573.0
1790173.0
22.5 1819678.0 18097747' 16952.8
1819392.0
2389036.0
27.0 2391270.0 238‘;402' 10022.3
2372902.0
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Table C2: Raw experimental data of peak areas of components in the calibration

gas
Concentration Ethylene Concentration Propylene T-2-butene 1-butene C-2-butene
of C;H —— of C3He¢ and C4H
2 Peak area 3rie e Peak area

2691030.0 4441805.0 1995732.0 1763404.0 1801186.0

30.1 2732125.0 13.4 4514497.0 2031768.0 1779228.0 1824169.0
2710772.0 4460966.0 2018100.0 1765803.0 1801152.0

1628138.0 2679628.0 1156402.0 1019990.0 1053835.0

20.3 1622607.0 9.0 2755530.0 1179034.0 1043278.0 1078364.0
1614829.0 2739033.0 1172902.0 1041653.0 1074551.0

948979.0 1650022.0 708061.0 645006.0 675952.0

14.3 958015.0 6.3 1662742.0 713795.0 647474.0 679454.0

959858.0 1665899.0 714784.0 647131.0 684766.0

366097.0 625466.0 289396.0 267381.0 307811.0

8.5 363576.0 3.8 630078.0 283265.0 268383.0 306821.0

350575.0 611946.0 280207.0 264565.0 305322.0

195051.0 300692.0 145104.0 141525.0 171594.0

5.1 189059.0 2.3 300782.0 154934.0 144510.0 172098.0

191636.0 299980.0 152317.0 142931.0 179810.0

114482.0 192723.0 97218.0 95381.0 107738.0

3.7 115496.0 1.6 190436.0 98851.0 96492.0 118060.0

129228.0 182322.0 94275.0 94282.0 103730.0
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Table C2: Raw experimental data of peak areas of components in the calibration

gas (continued)

. Propylen T-2- 1- C-2-
Ethylene Concentration but but but
Concentration of of € utene utene utene
CoH4 T YoniL
Peak
CsHe and C4Hs Peak area
area
70252.0 103100.0 57558.0 52535.0 59147.0
2.6 64119.0 1.1 91314.0 51083.0 48674.0 55199.0
59997.0 87712.0 48751.0 47148.0 50245.0
29050.0 39245.0 25021.0 22877.0 24252.0
1.9 37299.0 0.9 46358.0 25915.0 25147.0 24974.0
37061.0 50303.0 28861.0 27700.0 30180.0
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Appendix D: Detailed Procedures for the FT-IR

Experiments

D1: Procedures for CO adsorption over the Ni-containing

1)

2)

3)
4)
5)
6)
7)
8)
9)

catalysts at room temperature

Make sure that there is no leakage in the line. Place sample holder into cell and
seal the windows.

Switch off V-4, V-5 and open the rest of valves and switch V-2 in a downward
position. Turn on the hydraulic pump.

Open cooling water system.

Wait until the pressure goes down to 1mbar.

Switch on the temperature controller and increase the temperature to 673K.
Wait for one hour until the temperature reaches 673K.

Decrease the temperature of the cell to room temperature.

Run one measurement to collect spectra of an activated sample.

Switch off V-7 and V8.

10) Open main valve of CO gas cylinder and adjust the regulator to 1 bar (if the

pressure is above 3bars, relief valve (V-3) will release excessive gas).

11) Wait for a couple of seconds until the buffer bottle (E-3) is filled by CO and close

the main valve of gas cylinder.

12) Slowly open the need valve (V-8). Close V-8 when the pressure goes up to 500

mbar. (spectra are collected followed by a desorption of CO)

13) Keep V-8 close, but open V-7 to pump the remaining CO gas.

14) Slowly open V-8. Close the V-8 when the pressure decreases by 10 mbar.

15) Repeat procedure 14) until the pressure in the cell is 1 mbar.

16) Switch off temperature controller and cooling water.
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D2: Procedures for CO and C;H,4 adsorption over the Ni-
containing catalysts at low temperature

1. CO adsorption on the activated catalysts

1) Place a pellet into part A (see Figure 5.3) of the in-situ cell. Seal the cell with
vacuum grease. Fill the liquid N2 container.

2) Close V-1, V-2, V-3, V-4, V-5, V-6 (see Figure 5.4) and switch on the hydraulic
pump and the turbo pump.

3) Slowly open V-1 and V-3.

4) Open V-2 until the pressure is below 5 mbar.

5) Close V-9 (see Figure 5.3) and connect the cell to the vacuum line.

6) Slowly open V-6 when the pressure is down to 0.1mbar.

7) Slowly open V-9 when the pressure is down to 0.1mbar.

8) Stick athermocouple on the part A of the cell and insert them into an oven. Cover
the oven with glass wool.

9) Wait until the pressure is below 0.01mbar.

10) Turn on the oven and increase the temperature by 50K every 15 minutes until
the temperature reaches 673K.

11) Wait for one hour at 673K.

12) Remove the oven and the thermocouple. Cool down the cell to room
temperature.

13) Fill the mercury cadmium telluride cryo-detector of IR with liquid N..

14) Close V-9 and V-6.

15) Transport and mount the cell to the IR. Meanwhile, cover the sample
compartment with a self-made glass door.

16) Adjust the cell in a best position and check the quality of the spectrum.

17) Collect one spectrum of the activated sample.

18) Connect a flask filled with CO to the vacuum line.

19) Open V-4, V-6 and pump off the gas carried by the CO flask.

20) Fill the inner tube of the cell (see Figure 5.3C) with liquid nitrogen.

21) Close V-1 and slowly open V-8. Close V-8 until the pressure is around 50 mbar in

the line.
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22) Open V-9 and spectra are recorded followed by desorption of CO.

23) Close V-9 and open V-1 to pump off all CO in the line.

24) Close V-1 and open V-9. (procedures 21) and 22) are the typical gas expansion in

order to reduce the pressure of CO in the cell)

25) Repeat procedures 21) and 22) and stop filling the liquid N, when the spectra

show no change.

26) Repeat procedure 21) and 22) as the temperature increases to room

1)
2)
3)
4)
5)

6)

7)

8)
9)

temperature until the pressure goes down to the vacuum level (0.01mbar).

C2Ha adsorption and desorption on the activated catalysts

Repeat procedure of catalyst activation in D2 from 1) to 17)

Connect a flask filled with C2Hs to the vacuum line.

Open V-4, V-6 and pump off the gas carried by the C,H4 flask.

Fill the inner tube of the cell with liquid nitrogen.

Close V-1 and slowly open V-8. Close V-8 until the pressure is around 15 mbar in
the line.

Open V-9 and warm up the cell to room temperature (spectra are collected every
2 minutes for 2 hours).

Close V-1, V-9 and slowly open V-8. Close V-8 until the pressure is around 50
mbar in the line.

Open V-9 and collect spectra every 2 minutes for 4 hours.

Keep ethylene in the line overnight and then pump off all ethylene in the cell and

line.
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Abstract A NiSO4/Re,O,/v-Al,Oj5 catalyst was prepared
by co-impregnation using an aqueous solution of NiSO,
and [NH4][ReO,], which catalyzes direct conversion of
ethene to propene at mild reaction condition (323 K,
1 atm). Catalyst deactivation may be caused by coke for-
mation. The two catalytic components appear to work
independently of each other.

Keywords Ethene - Propene - Co-impregnation - Nickel
sulfate - Rhenium oxide - y-Aluminum oxide

1 Introduction

Polyethylene (PE) and polypropylene (PP) are the back-
bone of the international petrochemical industry. The
major source of ethylene and propylene raw material is the
steam cracking process. However, the recent growth rate of
PE versus PP (3 vs 5 %) is not matching the ethylene to
propylene production ratio (2:1) [1].

The need for ‘on-purpose’ propylene technology has
brought about development of processes utilizing steam
cracker by-products as raw material. Examples are the
Lummus OCT process or the UOP/Total Petrochemical
OCP process [1]. However, if shale gas ethane is going to
be a future steam cracker raw material source, steam
cracker by-products can be expected to be very much less
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P.O. Box 203, Porsgrunn 3901, Norway

e-mail: klaus.j.jens @hit.no

R. D. Palcheva
Department of Chemistry, INGAP centre, Oslo University,
Blindern, P.O. Box 1072, Oslo 0316, Norway

available for propylene production. Thus in certain situa-
tions interest for direct conversion of ethylene to propylene
may arise. Furthermore, conversion of ‘bio-ethene’ in one
step to ‘bio-propene’ (the former derived from bioethanol)
could also be a future option for sustainable chemical
technology.

Recently, a bimetallic catalyst, Re,O;/NiO/B,05/Al,03
was reported in the patent literature for synthesis of pro-
pene from ethene claiming high propene selectivity [2]. In
a previous report, Ni-MCM-41 showed activity for con-
version of ethene to propene [3, 4]. For Ni-MCM-41, the
reaction mechanism was suggested to consist of two steps,
dimerization of ethene as the first step followed by
metathesis of the products, 2-butene and ethene as the
second step. Considering each step of above propene syn-
thesis, many studies have been devoted to dimerization and
metathesis, respectively. Ni supported on oxides as catalyst
for dimerization and oligomerization of olefins has been
studied widely [5-7]. Sohn and Park [8, 9] reported a series
of catalysts consisting of NiSO,4 on y-Al,O3 exhibiting high
ethene dimerization activity as compared to other Ni based
oxide catalysts. The authors concluded low valent Ni
combined with acidity to be responsible for the active
catalyst site. Furthermore, Wendt et al. [10, 11] studied the
mechanism and deactivation of a NiO-Al,0O5/SiO, dimer-
ization catalyst. They concluded that catalytically active
sites are formed from acid sites in conjunction with co-
ordinatively unsaturated nickel ions and that catalyst
deactivation is caused by coke formation. On the other
hand, Re,0/y-Al,0O5 is a well-known metathesis catalyst,
which is a low temperature (293-373 K) active and
selective metathesis catalyst [12, 13]. On this background,
we wish to report a dual site bimetallic catalyst, NiSO4/
Re,0,/y-Al,O5, for the direct conversion of ethene to
propene.
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2 Experimental Setup
2.1 Catalyst Preparation

A series of catalysts based on y-Al,O3 support containing
nickel sulfate and rhenium oxide were prepared by co-
impregnation. The precursors of nickel sulfate and rhenium
oxide were nickel(Il) sulfate heptahydrate (Sigma-Aldrich,
purity: >99.999 %) and ammonium perrhenate (Sigma-
Aldrich, purity: >99 %), respectively and used as received.
v-Al,O5; was impregnated by the incipient wetness method
with aqueous solutions of NiSO,4 - 7H,O and [NH,4][ReOy4]
in different order, each impregnation being followed by
drying over night at 378 K and calcination in air at 773 K
for 2 h. A summary of the prepared catalysts is given in
Table 1. Table 4 shows the elemental analysis of these
catalysts. The elemental analysis shows some deviation
from the catalyst synthesis stoichiometry, this could be due
to uneven impregnation of the catalyst particles (see
Fig. 3). We propose the composition of the fresh catalyst to
be NiSO4/Re;07/v-Al,03 based on the analysis stochiom-
etry (Table 4) and the synthesis procedure [13] of the
Rhenium function of the catalyst. The catalysts were acti-
vated in situ under nitrogen flow at 773 K for 2 h before
use. Table 1 summarizes the prepared catalysts; the cata-
lyst naming indicates the impregnation order and weight
percentage of active components contained by the catalyst,
for instance, 8 wt%-NiSO4/11 wt%-Re,0,/v-Al,0O3 mean-
ing the NiSO4 - 7H,0 (1.91 g) solution to be impregnated
first followed by [NH4][ReO4] (0.68 g) solution as the
second one—with 8 wt% Ni corresponding to the NiSO,/
v-Al,O5 part and 11 wt% Re,O; corresponding to the
whole catalyst, respectively.

2.2 Catalyst Characterization

BET surface area of catalysts was determined by single-
point measurement under atmospheric pressure and at

Table 1 Summary of prepared catalysts

Catalyst Abbreviation
8 wt%-NiSO,/y-Al,O3 8-Ni

10 wt%-Re,04/v-Al,03 10-Re

8 wt%-NiSO,4/1 wt%-Re,07/v-Al,03 8-Ni-1-Re
8 wt%-NiSO,/3 wt%-Re,07/v-Al,03 8-Ni-3-Re
8 wt%-NiSOy4/5 wt%-Re,0/v-Al,05 8-Ni-5-Re
8 wt%-NiSO4/8 wt%-Re,0/7-Al,03 8-Ni-8-Re
8 wt%-NiSO4/10 wt%-Re,0/7-Al,03 8-Ni-10-Re
8 wt%-NiSO4/11 wt%-Re,0/7-Al,03 8-Ni-11-Re
3 wt%-Re,0/8 wt%-NiSO,4/y-Al,04 3-Re-8-Ni
8 wt%-Re,0,/8 wt%-NiSO,/y-Al,03 8-Re-8-Ni

@ Springer

liquid nitrogen temperature (77 K) on a Flowsorb III-2310
apparatus. Furthermore, the SEM measurements were run
using a FEI Nova™ NanoSEM. The elemental analysis
was performed by Mikroanalytisches Labor Pascher, An
der Pulvermiihle 1, 53424 Remagen, Germany.

2.3 Catalytic Testing

Catalyst testing was determined at the range from 333 to
373 K in a fixed-bed reactor at atmospheric pressure. The
length and inner diameter of the fix-bed reactor was 60 and
1.27 cm respectively. The reactor was heated by heating
tapes wound around it; the reaction temperature is mea-
sured by a thermocouple positioned inside the catalyst bed.
The catalyst bed was made up of 2 g catalyst located in the
middle of the reactor and supported by silica—carbide
particles and quartz wool. The catalyst was heated from
room temperature to 873 K under nitrogen flow at 20 ml/
min and kept at that temperature for 2 h in order to activate
it. Subsequently the catalyst was allowed to cool down
under nitrogen to the reaction temperature, 323 K. Nitro-
gen as the dilute gas was mixed with pure ethene in a ratio
of 3:2 to a total GHSV of 2,682/h. The reaction product
was analyzed on a Trace GC Ultra equipped with HP-Al/
KCl column (temperature program: start 373 K for O min;
temperature ramp: 10 °C/min to 453 K; final hold time at
453 K for 0 min). The conversion of ethene and selectivity
of products were calculated as:

ethene in — ethene out

Ethene conversion = x 100 %

ethene in

desiredproduct
total products in gas phase
(propene, 1 - butene and 2 - butene)
x 100%

Selectivity =

Pulse reactor testing was performed in a tubular quartz
reactor (i.d. 8 mm) at 323 K and 1 atm pressure. The
catalyst (0.4 g) was diluted by vy-AlLO; (0.1 g). An
automated setup equipped with 4-way and 6-way VICI
VALCO valves was used. The 4-way valve was connected
to the loop in the 6-way valve. The 6-way valve was
equipped with a loop (0.25 ml) and used to send discrete
pulses of gas, with a continuous stream of He (10 ml/min),
to the reactor. In the experiment, the catalyst was activated
under inert gas (He) at 773 K for 2 h before use. After
activation, ethene pulses were sent to the reactor every
2 min, while the catalyst was cooled to 323 K. The test was
performed on the NiSO4/Re,0,/7-Al,03 and Re,O4/
NiSO4/v-Al,O5. Product was analyzed by an online mass
spectrometer (Pfeiffer Omnistar). Calibration values for
quantification of C,H,, C3Hg and C4Hg were found by
sending known pulse of these gases to an empty reactor
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preheated to 323 K and integrating the area under the peaks ~ Table 3 Catalytic performance of different catalysts
of m/z ‘28, 42 and 56, respectively. The conversion and Catalyst Surface Conversion _Selectivity
selectivity was calculated: area of ethene
2 Propene 1-Butene 2-Butene
. ethene in — ethene out (m7g) (%)
Ethene conversion = - 100 % (%) (%) (%)
ethene in
ropene out 3 1-ALOs 178 - - - -
Selectivity = — PIoP = 5% 5 % 100% §-Ni-I-Re 121 6l 19 16 64
(ethene in — ethene ou 8Ni-3-Re 121 63 27 17 57
8-Ni-8-Re 127 60 48 17 35
3 Results and Discussion 8-Ni-11-Re 114 55 49 18 32
3-Re-8-Ni 123 62 30 17 52
3.1 Catalytic Performance 8-Re-8-Ni 128 59 49 18 35

In this study, a series of catalysts with different loading of
active components and different impregnation order were
tested in a continuous flow catalyst test rig. A large number
of reports show ethane dimerization over NiSO,/y-Al,O3
and olefin metathesis over Re,O;/7-Al,O3 [8, 12]. As
shown in Table 2, initial tests were run to establish the
function of the single catalyst components, i.e. NiSO,/
v-Al,O3 (8-Ni; Table 1) and Re,0,/y-Al,O3 (10-Re;
Table 1). Both physical and chemical mixture (co-
impregnation) of two single component catalysts was used
for further tests to explore the components of the dual-
function catalysts, NiSO4-Re,0,/v-Al,O3. Compared with
the physical mixture, the chemical mixture method (co-
impregnation) demonstrates higher activity and similar
selectivity. Thus the two metal components seem to work
to a large extent independent of each other.

Table 3 shows catalytic performance of different co-
impregnated catalysts. The specific surface area of the
catalysts and y-Al,Oj3 (see Table 3) indicates that sintering
or pore blockage may have occurred during the catalyst
preparation procedure. Since the maximum reaction tem-
perature of the catalyst was 323 K, we do not expect the
catalyst to sinter during the catalyst reaction, pore blockage
by carbon formation can, however, not be excluded. Fur-
thermore, maximum yield of propene is achieved with
8-Ni-8-Re and 8-Re-8-Ni catalysts. This result is in

Table 2 Initial tests of single component catalysts and dual-function
catalysts

Catalyst Reactant ~ Main products Conversion
of ethene (%)

8-Ni C,H, Butene” 62

10-Re C,H, - -

Physical mixture®  C,H, Propene, butene® 48

8-Ni-10Re C,H, Propene, butene® 60

All results were collected after 10 min on-stream (atmospheric pres-
sure, 323 K, C,H,4:N, 3:2, GHSV: 3,682 h™)

? Two catalysts 8-Ni and 10-Re mixed 1:1 physically

® Butene includes 1-butene, T-2-butene and C-2-butene

All results were collected after 10 min on-stream (atmospheric
pressure, 323 K, CoH4:N, 3:2, GHSV: 3,682 hfl)
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Fig. 1 Catalytic performance in a pulse reactor test. (filled square,
filled triangle, filled star) 8 wt%-NiSO,4/8 wt%-Re,04/7-Al,03;
(open square, open triangle, open star) 8 wt%-Re,07/8 wt%-
NiSO4/v-Al,O3. (a) Selectivity of propene. (b) Conversion of
ethylene. (c¢) Selectivity of hydrogen

analogy to previous research [8, 9], since we selected a
nickel loading which was reported to give maximum
activity for ethene dimerization. With increasing Re,O4
loading, propene selectivity jumps from 19 to 49 %. It
seems that Re,O; loading relates to the capacity of the
metathesis step; the low Re,O; loading could not provide
enough sites for metathesis reaction, while the high loading
may cause a limitation of dimerization step. Moreover, the
small changes in 1-butene selectivity could be an evidence
that only 2-butene as an intermediate affects the yield of
propene.

Pulse reactor tests were carried out in order to study the
activation period of the catalysts. As shown in Fig. 1, the
conversion of the catalysts drops fast from 60 to 30 %
within 30 pulses of ethene followed by a leveling out to a
constant value. This could be interpreted in analogy to the
proposed mechanism [7, 8] for ethene dimerization on
NiSO4/Al,0O3 catalyst; it could be speculated that ethene
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Table 4 Elemental analysis for a series of Ni-Re catalysts

Catalyst Ni/y-Al,O3 Re/y-AlL, O3 S/y-AlL,O3 Ni/SO,*~ Coke/
(mol %) (mol %) (mol %) (-)? catalyst (wt%)

8-Ni 13 - - - -
10-Re - 4.2 - - -
8-Ni-1-Re 15 0.5 17 0.88 -
8-Ni-3-Re 14 1.4 14 1 -
8-Ni-5-Re 13 2.5 14 0.93 -
8-Ni-8-Re 13 3.8 12 1.08 -
8-Ni-11-Re 12 55 13 0.92 -
3-Re-8-Ni 16 1.7 17 0.94 -
8-Re-8-Ni 12 4.2 14 0.85 -
Used 8-Ni-8-Re - - - - 243
Used 8-Re-8-Ni - - - - 2.39

The mole percentage of Ni, Re, S was calculated based on the weight percentage determined by elemental analysis

2 Ratio of mole Ni to mole SO,>~

Fig. 2 Scanning electron micrographs for different catalysts by SEM. 8-Ni-8-Re (left); 8-Re-8Ni (right)

adsorption and product desorption reach an equilibrium on
the surface of the catalyst after a certain time, which is also
related to the desorption of the intermediates from the first
reaction step. Furthermore, a special feature of the catalysts
is high selectivity to product formation at mild reaction
conditions (323 K, 1 atm). Uneven speed of desorption
could be a reason for the selectivity curve fluctuation. The
differences between the pulse number of maximum con-
version and selectivity indicate that the rate of desorption is
much slower than the rate of adsorption. Alternatively, the
two consecutive reactions (dimerization and metathesis)
may work independently; it could take time for the inter-
mediate to find the right catalytic sites for continuous
reaction. Comparing two catalysts in different order, 8-Ni-
8-Re demonstrates a slight higher conversion and lower
selectivity than the 8-Re-8Ni catalyst, which could be

@ Springer

caused by the impregnation order influencing the interac-
tion of the impregnated components with the surface of the
catalyst.

The catalyst deactivates rather quickly, possibly through
olefin adsorption on the catalyst surface leading to sub-
sequent coke formation. The coke formation is indirectly
shown through the hydrogen selectivity in this experiment;
since hydrogen production can be closely related to coke
formation. For further follow-up on coke formation, the
amounts of coke deposited on the used catalysts were
determined by elemental analysis. As shown in Table 4,
the weight percentage of coke in the used 8-Ni-8-Re and
8-Re-8-Ni catalysts are 2.43 and 2.39, respectively. The
large amounts of coke may be the reason of the fast
deactivation of the catalysts last-not-least taking into
account possible catalyst surface acidity due to the
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Fig. 3 SEM backscattered images and element distributions of different catalysts. 8-Ni-8-Re (/eff); 8-Re-8Ni (right)

presence of sulfate anions. From elemental analysis, the
roughly equal amount of Ni and S on the catalyst indicates
that loss of material is slight when synthesizing the cata-
lysts, although such decomposition could be assumed due
to decomposition of NiSO, to NiO and SO; at high
temperature.

3.2 Catalyst Characterization

As mentioned above, both 8-Ni-8-Re and 8-Re-8-Ni exhi-
bit a maximum yield of propene, however, a slight differ-
ence between conversion and selectivity aroused our
interest in the surface properties of these two catalysts.
From SEM micrographs in Fig. 2, it can be clearly seen
that the shape of the catalyst particles are round or oval and
catalyst particle sizes are approximate 50-150 pum. Particle
size distribution of 8-Ni-8-Re observed by SEM micro-
graphs seems to be more homogeneous than 8-Re-8-Ni,
although both catalyst particles reveal heterogeneous Ni
and Re distributions on the surface of the catalysts.

From Fig. 3, the bright spots of the backscattered ima-
ges indicate Re rich particles. Five spots were randomly
selected from each of the catalysts and used for EDS

analysis. As expected, the brighter spots are Re enriched
catalyst particles but still show a heterogeneous distribu-
tion on the surface of the catalysts. However, the Ni dis-
tribution seems better than the Re distribution. Low
solubility of the aqueous solution of ammonium perrhenate
may be a possible reason for the heterogeneous distribution
of Re. Comparing the element distribution of two catalyst
particles, the first impregnated component always seems to
have a more even distribution than the last one.

4 Conclusion

The dual component bimetallic catalyst, NiSO4/Re,O;/
v-Al,O3, catalyzes the direct conversion of ethene to pro-
pene at mild reaction conditions (323 K, 1 atm). It may be
concluded that the two catalyst functions work indepen-
dently for dimerization and metathesis. The yield of the
catalyst for propene is approximate 29 %, which is superior
to other metal based catalysts [3, 4]; however the present
catalyst deactivates fast under our reaction conditions. The
reason for catalyst deactivation may be coke formation on
the surface of the catalyst.
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Abstract

A series of NiS@ReQ/Al,Oz catalysts were synthesized by a co-impregnatiahock tested in
the conversion of ethylene to propylene at milddibons, and thoroughly characterized by FT-
IR, DR UV-Vis-NIR, XPS and ESR spectroscopies. antjgular, the attention was focused on the
NiSO; function, which is directly involved in ethylen@rerization/isomerization to 2-butylene,
but also drives the catalyst deactivation. It wasntl that the sulfate anions increase the surface
acidity of alumina, and simultaneously influence #tectronic properties of the Ni sites. Indeed,
thermal activation of the catalyst promotes thenfation of covalent bonds between the sulfate
anions and the Ki or AI** cations, while keeping constant the +2 oxidatitatesof the Ni sites.
The initial steps of the ETP reaction were invesig by FT-IR spectroscopy in the presence of
ethylene, which revealed the initial acid-catalyfesnation of branched oligomers. The sulfate
anions are involved in the reaction. Catalyst deatton could be due to formation and absorption
of long-chain oligomers, or slow displacement offae anions from their initial position

connected to the Ni ions.

Keywords
Ethylene dimerization, ethylene-butylene metathgwigpylene, Nickel sulfate, Rhenium oxide,

Brgnsted acidity, Lewis acidity.



1. Introduction

Ethylene and propylene are key petrochemical ngldilocks produced by steam cracking of
hydrocarbons; propylene being a by-product of ethglproductiod.Recently, the average global
growth rate of polypropylene has overtaken thgtalyethylene creating a supply/demand gap for
propylen€? Furthermore, as oil and gas is substituted byesha$ derived ethane, the propylene
gap is expected to widen. Hence there is a needifect conversion of ethylene to propylene
(ETP). Several technologies based on differentysttahave been developed for this purpose. In
all the cases, two consecutive reactions havekeptace, dimerization/isomerization of ethylene
to 2-butene, and successive metathesis of thefeshylene with the produced 2-butene to give
propylene. The two cascade reactions can be pegfbimy the sequential use of two different
catalysts. For example, the Lummus OCT proéehs, reverse of the Phillips Triolefin process,
can combined with a dimerization step to convehylenhe to propylene by a dual reactor
dimerization — metathesis reaction system, therddtased on MgO and supported W catal{sts.
However, it would be highly desirable to reducestlsiomplex process to a single reactor
technology, using a single catalyst with a dualcfiom. Such a process would also open a
sustainable and ‘compact’ route to bio-ethanol\@etipropylene. Early studies have shown
molybdenum and tungsten supported metal oxidesrwert ethylene to propylene at low yiétd.
” Ni exchanged zeolit€s!® metal oxide catalysts, NiO-R@7/B20s-Al 203! 12and a Ni-AISBA-
15/MoQs-SiO;—Al 03 catalyst mix2 are also active in the ETP reaction.

Recently, we reported a highly selective Nif&&Q/y-Al.O3 catalyzed tandem reaction of
ethylene dimerization/metathesis to propylene atl monditionst* Our system contains in the
same catalytic body two components well known lieirtrespective functions. As a matter of fact,

nickel-based solid ethylene dimerization catalystgée been known for a long tirh&he highly



active cocatalyst free low temperature Ni&EAI203 dimerization catalyst was first reported by
Cai'® and Soh#*8 twenty years ago, although the nature of the adites at a molecular level
and in particular the role of [S{F is still little understood. On the other hand, ReO7/y-Al 203
function represents a typical olefin metathesislgat operating at low temperature in the range
of 293K to 393K!%23 Although highly selective in the ETP reaction, dNiEQs/ReQJ/y-Al 203
catalyst suffers from fast deactivation, which iiveh by the ethylene dimerization step. Hence,
insight into the NiS@based ethylene dimerization step is needed.

We now report for the first time a systematic expental study on the NiSIReQ/y-Al03
catalyst and concentrate especially on the MiSt@. The investigation on the molecular nature of
the active dimerization site is carried out by neeasf in-situ FT-IR and UV-Vis-NIR
spectroscopies, following the course of thermaalgat activation and includes subsequent CO
adsorption and reactivity in presence eH& The DR UV-Vis-NIR data are complemented with
XPS and ESR measurements. This approach allowstoniogi the changes occurring in the
coordination structure of the transition metal Nes, in the population of the surface hydroxyl
groups ony-Al»,Os, as well as in the symmetry of surface jFOanions during the catalyst
activation. Furthermore, IR spectra of CO adsoraed00 K on a series of activated catalysts
reveal indirect information about the oxidationtstaf the Ni sites and the strength of the acid
sites (Brgnsted and Lewis). Finally, the time-reed| experiments during reaction withHG
provide a possibility to understand the dimerizatioitiation reaction and gain insight into the

catalyst deactivation.



2. Experimental
2.1 Catalysts’ preparation

Catalysts based opAl20s containing nickel sulfate and rhenium oxide werepared by the
co-impregnation method. The detailed synthetic gdoces have been described in the previous
papert* The precursors of nickel sulfate and rhenium oxigee nickel (1) sulfate hexahydrate
(Sigma-Aldrich, purity:>99.99%) and ammonium perrhenate (Sigma-Aldrichitysue 99%)
and used as received. The catalysts with sepaatéiye components were prepared in the same
way and impregnated with an aqueous solution ofQMi6H0, (NH:)SQs (Sigma-Aldrich,
purity: > 99%), [NHiJ[ReOs] and Ni(NG)2- 7HO (Sigma-Aldrich, purity>99%), respectively.
Table 1 shows the prepared catalysts and the pomdsg abbreviations, which indicate the
different impregnation order and the nominal weigétcentage of active components contained
in the catalysts. For instance, 8-Ni-8-Re meanstti@ NiSQ+7H-O solution was impregnated
first, followed by [NHj][ReOq] solution, with 8 wt% Ni corresponding to the NiS©AI Oz part
and 8 wt% ReOx corresponding to the whole catalgspectively.

Table 1. Summary of the catalysts synthetized and investitym this work.

Catalyst Abbreviation

8Wt%-NiSO«/8wt%-ReCu/y-Al20s  8-Ni-8-Re
8wit%-ReCu/8wit%-NiSOaly-Al203  8-Re-8-Ni

8wt%-NiSQaly-Al 203 8-NiS
8wt%-(NH4)2SCaly-Al 203 8-S

10wi%-ReC/y-Al 203 10-Re

8wt%-NiO/y-Al 203 8-NiO




2.2 Methods
2.2.1 FT-IR spectroscopy

In situ FT-IR experiments have been performed withdual aim to characterize the catalysts
and to follow the reaction with ethylene. FT-IR sppa were recorded in transmission mode on a
Bruker Vertex 70 spectrometer equipped with a ngrcadmium telluride cryo-detector, at a
resolution of 4 cm. The general procedure was as follows. A thirf:sgbporting wafer of the
catalyst, placed in an infrared cell designed lmaaln-situ temperature treatment and gas dosage,
was activated under vacuum at 673 K for 1 hourlREBpectra were collected during the thermal
treatment at regular temperature interval. The RBpectrum of the activated catalyst was then
collected at room temperature. In order to chareet¢he surface properties of the catalysts, CO
adsorption experiments were performed at 100 Kthi®aim, CO was sent into the cell at room
temperature, followed by cooling to 100 K. FT-IRespra were collected at the maximum CO
coverage and for successive controlled gas evacusteps, up to the complete desorption of CO.
The reactivity of the catalysts towards ethyleneoam temperature was investigated by dosing
ethylene at an initial equilibrium pressure efk = 10 mbar and collecting FT-IR spectra at
regular time intervals for 2 hours. The equilibripressure was then increased ¢eHP= 40 mbar
and the reaction was monitored for another 2 hours.
2.2.2 Diffuse Reflectance (DR) UV-Vis-NIR spectwpgc

DR UV-Vis-NIR spectra were collected on a VariamyCa000 instrument, at spectral resolution
of 2 nm. Approximately 1 g of sample was introdug®d a cell equipped with a suprasil quartz
window specially designed for in-situ gas dosadee $amples were outgassed in-situ overnight

and successively degassed at 673 K for 2 hourdJIRis-NIR spectra of the activated catalysts



were collected at room temperature before and egaastion with ethylene at room temperature
overnight.
2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS analysis of the catalyst sample was conducteth@\xis Ultr&-P XP spectrometer (Kratos
Analytical). The XPS spectra were taken by usingoohromatic Al Kt radiation, at pressures of
6*108 Torr - 6*10° Torr in the analysis chamber. The instrument rggm was determined as
the full width at half maximum (FWHM) of the Ag gelpeak. The fresh catalyst sample was
outgassed in the analysis chamber followed bytinasstivation under nitrogen flow at 473 K and
673 K for 1 hour.

2.2.4 Electron spin resonance (ESR)

ESR measurements were performed at both room temaperand liquid nitrogen temperature
using aX-band Bruker EleXsySES60 spectrometer anspecial designed cell for in-situ
evacuation and heat treatment. The sample wasasativunder vacuum at 673K for 2 hours before
being cooled to room temperature for measurements.

2.2.4 Analysis of deactivated catalysts

Powder samples of deactivated catalysts were aatdnom a self-designed static reactor after
24 hours ethylene reaction at 323 K. After reagttbe reactor was cooled down in an ice-water
bath and CECl> was injected into the reactor to dissolve theldlelproducts. The extraction was
analyzed by GC-MS. The GC-MS instrument was anekgil’890A gas chromatograph coupled
with a 5975C mass spectrometepllof solution was injected each time by an automiduid

sampler and analyzed by a HP-PLOB@JKCI column.



2.3 Catalyst testing

Catalyst testing was performed in the range of B3® 373 K in a fixed-bed reactor at
atmospheric pressure. The length and inner diarétée fixed-bed reactor was 60 cm and 1.27
cm respectively. The reactor was heated by hetdes wound around it; the reaction temperature
was measured by a thermocouple positioned inseledtalyst bed. The catalyst bed was made up
of 2 grams catalyst located in the middle of thecter and supported by silica-carbide particles
and quartz wool. The catalyst was heated from rteanperature to 873 K under nitrogen flow at
20ml/min and kept at that temperature for 2 homsrder to activate it. Subsequently the catalyst
was allowed to cool down under nitrogen to the tieademperature, 323 K. Nitrogen as dilute
gas was mixed with pure ethylene in a ratio of t8:2 total GHSV of 2682-h The reaction
product was analyzed on a Trace GC Ultra equippéd & HP-PLOT A}O3z/KCI column
(temperature program: start 373 K for 0 min; terapge ramp: 1®/min to 453 K; final hold
time at 453 K for 0 minute). The conversion of étmg and the selectivity to products were
calculated as:

_ ethylene in-ethylene out
ethylene conversiorr . *100%
ethylene in

desired product
total products in gas phase
(propylene, 1-butylene and 2butylene)

*100%

selectivity=

3. Results and Discussion
3.1 Catalytic performance

A series of catalysts were tested in a continutmyg feactor and their performances are shown
in Table 2. 8-Ni-8-Re and 8-Re-8-Ni catalysts exhgimilar performance. Interestingly, the 8-

NiS catalyst demonstrates a strong activity forylethe dimerization, while 8-NiO shows no



activity without modification with [SG)%. Besides, it is no surprise that 10-Re as a typiedin
metathesis catalyst has no product to be detedted @xposed to ethylene feed. This observation
supports our earlier findiAfyabout the roles of the active metal sites, whieeeNi function is
responsible for the dimerization reaction and tleeféhction catalyzes the metathesis reaction.
Moreover, [SQ]? plays an essential role in the ETP reaction wheobably three active sites;
ReOx, a Ni cation as well as a [§®promoted acid site are involved.

Table 2. Catalytic performance of different catalysts*.

Ethylene Selectivity (%)
Catalyst  Conversion
(%) Propene 1-butylene 2-butylene
8-Ni-8-Re 60 48 17 35
8-Re-8-Ni 59 49 16 35
8-NiS 62 - 14 86

“All results were collected after 10 minutes on-atme(atmospheric pressure, 323 KH&N?
3:2, GHSV: 3682 i)

3.2 Effects of thermal activation on vibrationaldaglectronic properties of the catalysts

All catalysts have been subjected to a completetspseopic characterization both before and
after thermal activation at 673 K. The FT-IR spactf all the samples are dominated by
physisorbed water (broad absorption band in théd37@500 cri region due to the(OH)
vibrational mode, and a band at 1635aduie to théd(HOH) vibrational mode). Activation at 673
K causes substantial changes in the FT-IR spetaiatbe catalysts. Figure 1a shows the evolution
of the FT-IR spectra during thermal activationtfoe 8-NiS catalyst as an example, while Figure
1b and Figure 1c show the FT-IR spectra of allatiévated samples in the 3900 — 3000'and

1600 — 1200 cr regions, respectively. During the activation, figsically adsorbed water is

10



removed, as testified by the disappearance di(ftH®H) absorption band at 1635 2rand by the
gradual decrease of th€OH) absorption band (Figure 1a). In t{@©H) region, five absorption
bands are clearly observed in the spectrum of aetivalumina, which reveal the presence of both
bridged (more acidic) and terminal (less acidiciifoxyl species, in agreement with previous
studies?* 2°In contrast, for all the other activated sampbedy a weak and broad absorption band
is observed in the(OH) region around 3500 chindicating that the remaining hydroxyl groups
at the alumina surface are still H-bonded.

Interestingly, for all the Ni-containing catalystsd for the 8-S sample, the disappearance of the
absorption bands assigned to physically adsorbedrisaccompanied by the appearance of a
well-defined band just below 1400 dnfFigure 1c). The connection between the two pheram
is demonstrated by a clear isosbestic point ard4id® cm' (Figure 1a). This band is assigned to
the asymmetric stretching vibration of the [$Oanion, whose symmetry decreases upon water
removal. Indeed, an [S{3" anion in perfect tetrahedral environment givesirmle v(SQy)
asymmetric vibration band around 1100 ctfiHowever, this band splits into multiple bands upon
decreasing the symmetry on all the Ni-containinmm@as (i.e. by going from an ionic to a
covalently bonded sulfate), thesy{SQs) mode being expected near 1400%camd thevsym(SQu)
mode around 1200 chfand hence covered by the out-of-scale absorpfibalk alumina)’ The
FT-IR spectrum of activated 8-S sample shows welingd bands in this spectral region, which
indicate the presence of two kinds of s¢pecies, namely monodentate species (accounting fo
the bands at 1403 and 1426-8nand bidentate species (accounting for the band8&i, 1284
and 1244 cm).?’ Hence, we can conclude that dehydration at 673lses a change in the
symmetry of the sulfate anions in all the sulfasachples. Small differences are observed in the

width and position of the corresponding absorphiands among the different samples, indicating
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that the surroundings of the [9® anions is not exactly the same and it is likefluenced by the

presence of the metal phases.

b) c)
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Figure 1. Part a) FT-IR spectra of the 8-NiS catalyst caldaduring the thermal activation from
room temperature to 673 K. Parts b) and c): FTpBctra of all the investigated samples after
thermal activation at 673 K, in the 3900-3000'camd 1600-1200 crhregions, respectively.

Complementary information was obtained by meandDBf UV-Vis-NIR, XPS and ESR
experiments. Figure 2a shows the DR UV-Vis-NIR #$geof all the samples before activation.
Generally speaking, the very intense (often ousazfle) absorptions above 26000cane due to
charge-transfer transitions. The bands observétki26000 — 8000 chregion are assigned to d-
d transitions. Finally, the narrow and weak absonstin the NIR region (8000 — 4000 2jrare
due to the combination and/or overtones of vibraionodes involving mainly OH groups. The
UV-Vis-NIR spectra of bare alumina and 8-S do nmdab in the UV and Vis region, but only
weak bands are observed around 7000 and 5109 wiich are assigned respectively to the
v(OH)+56(HOH) and 2(OH) vibrational modes related to physisorbed wakbe spectrum of 10-

Re shows a very intense absorption in the UV-re¢admmve 30000 crj, easily ascribed to the

12



charge-transfer transition of rhenium oxiddén contrast, the spectra of all the samples cointgi
nickel display three well defined bands in the oagof d-d transitions, centered around 8650 cm

I (band 01, 3Ax¢(F)—3T2¢(F)), 13700 — 15050 cm (band 02, 3Axy(F)—3T1¢(F) and
3A2¢(F)—1Eg(D)), and 25260 crh (band O33A2¢(F)—3T14(P))2°3! The same three bands are
observed in the spectrum of a Ni£6H0 reference sample at 8500, 14100 — 15300 and 25800
cmtl. Hence, DR UV-Vis-NIR spectroscopy provides evitkethat the Nit cations in the Ni-
containing samples display a 6-fold coordinatiod #rat all the coordination vacancies are filled
by water molecules?

As for the FT-IR spectra described above, alsoDlReUV-Vis spectra greatly change upon
thermal activation, and in particular those of daenples containing the nickel phase. Figure 2b
shows the evolution of the DR UV-Vis spectra foN& as an example, whereas the spectra of
the other activated samples are reported in Fi§dreAfter outgassing 8-NiS overnight at room
temperature, a small fraction of physically adsdriater is removed, resulting in a blue shift of
all the d-d bands and in the decrease of the banttte NIR region due to OH vibrations. After
activation at 673 K, most of the water is remov@ahultaneously, the d-d bands greatly change,
both in position and in intensity. The new spectiarnmdicative of the presence ofNsites with
a symmetry lower than in the hydrated sample, alagy to what is reported by Cornet et&lor
a similar NiO/AbOs sample activated at 723 K, but at difference withworks of both Cai et &
and Sohn et al’; who reported reduction of Nito Ni* by calcination of a NiS&y-Al.Os catalyst

at 873 K.
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Figure?2. Part a): DR UV-Vis spectra of all the investigasaanples in the hydrated form. Part b):
DR UV-Vis spectra of the 8-NiS catalyst in (1) tgdrated form, (2) after degassing overnight at
room temperature, and (3) after thermal activasio673 K.

In order to better clarify the oxidation state lod iNi sites after catalyst activation, we analyzed
the 8-NiS catalyst also by XPS and ESR spectroscbpg Ni 2p XPS spectra of fresh and
activated 8-NiS catalyst are shown in Figure 3a $pectrum of the fresh catalyst (Figure 3a,
spectrum 1) shows the Ni @pand Ni 2p,2core level lines at 856.8 and 875.0 eV, and th&esha
up satellites at the typical 6 eV binding enerdfedénce relative to the corresponding main liffes.
This line pattern is attributed to the presenc&liéf ions ony-Al20s, and is in good agreement
with the results reported by Dufresne et’and Nikolova et ai® The spectrum of 8-NiS does not
change after calcination for 1 hour at 473 K (FegBa, spectrum 2). A slight peaks shift to lower
binding energy of about 0.4 eV is observed afterrttal activation at 673 K (Figure 3a, spectrum
3). This shift indicates a small change in the tetexc structure of the Ni ions, likely as a
consequence of the changes occurring to the adjaa#ate ions or surface hydroxyl groups, but

is not compatible with the reduction ofNio Ni* sites. Indeed, the energy difference of Ni/2p
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lines for reference Nivs NP*species is approximately 2.3 eV, as reported foAINDs or Ni/SiOp
systems’: 38Hence, in the adopted experimental conditionsNifesites preserve their oxidation
state also after catalyst activation. This is farttonfirmed by the ESR measurements. Indeed, the
ESR spectrum of activated 8-NiS catalyst (Figuresplectra 2 and 3) is the same as for the fresh

catalyst, despite a higher resolution obtained bgisurement at liquid nitrogen temperature. This

indicates that Niis not produced during catalyst activation at 873
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Figure 3. Part a): Ni 2p XPS spectra of 8-NiS (1) as m&ethermally activated at 473 K, and
(3) thermally activated at 673 K. Part b): ESR $gzeof 8-NiS (1) as made, (2) thermally activated
at 673 K and measured at room temperature anti¢Bntlly activated at 673 K and measured at
liquid nitrogen temperature.

Taken together, the in situ FT-IR and DR UV-Visaldiscussed above indicate that thé*Ni
sites in hydrated samples display a 6-fold coottnawith all the coordination vacancies filled

by water molecules. The [S[5 counter-anions are in turn solvated by water moéscand not
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directly coordinated neither to the Ninor to the AY* cations. Upon thermal activation,
coordinated water is gradually lost, implying threation of some coordination vacancies around
the NP+ sites, which however retain their oxidation sta@®,confirmed by both XPS and ESR
spectroscopy. Simultaneously, it is expected tharhall fraction of the At sites at the alumina
surface are dehydroxylated and behave as strongsls#@s. As a consequence, at least a fraction
of the adjacent [S§? ions are covalently bonded either to thé*Mr to the surface At cations,
with a resulting decrease of symmetry and an erdraant of the covalent character. A schematic
representation of hypothetical structures preserhe surface of S{AI-0s and NiSQ/AI20s is
proposed in Chart 1, in analogy to what was propbyeSaur et af’ where M represents theNii

or AI®* surface sites. In addition, the covalently bondedfate groups might be partially
protonated by the surface OH groups, as suggestdtkiliterature, and in agreement with our
observation of an enhanced Brgnsted acidity fdagd catalysts (vide infra). As suggested by
Davydov et al®? the Bransted proton might be delocalized oveothgen atoms of the covalent

sulfate groups, as shown in Chart 1.

o
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0 o 0 o 0
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Chart 1. Schematic representation of hypothetical strestyresent on surface of 881,03 and
NiSO«/Al-0Os after dehydration at 673 K, where M representsNi& or AI** surface sites. In
addition, the covalently bonded sulfate groups g partially protonated by the surface OH
groups.
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3.3 Probing the surface properties of the activatathlysts by means of FT-IR spectroscopy of
CO adsorbed at 100 K

In the next step, we investigated the surface ptgseof our catalysts by means of in-situ FT-
IR spectroscopy of CO adsorbed at 100 K. This neetias been widely applied to investigate Ni-
containing catalyst¥48 since it allows determination of the Ni oxidatietate in different
conditions, according to th€CO) modes of the carbonyl complexes. Furthernmibie strengths
of both Lewis and Brgnsted acid sites can be sanathusly probed, since CO is also able to
interact at 100 K with both the non-coordinated*ALewis acid) surface sites and hydroxyl
groups (Brgnsted acid) at the surface of acid ystsl forming=AlI3*--CO adducts angAl-
OH---CO adducts, respectively. The sequence oRFpkctra of CO adsorbed at 100 K on all
the investigated samples as a function of the G@rege §) is shown in Figure 4. In all the cases,
the insets report the evolution of the FT-IR speeatrthev(OH) region.

The FT-IR spectra of CO adsorbed on bare alumingu(€ 4a) display two main(CO)
absorption bands, which are completely reversipenwdegassing at 100 K. The first one, centered
at 2154 cmt at Omax is attributed to CO adsorbed on the surface hydrgroups?
Correspondingly, a perturbation of th@H) bands is observed (inset in Figure 4a). Thisdo
slightly shifts up to 2160 crhupon decreasing and disappears fast. The second band, centered
at 2186 crt atOmay, is assigned to the CO adsorbed on the coordalgtinsaturated At ions.
This band blue shifts up to 2202 ¢mpon decreasing the CO coverage and it is moistaas at
low temperature, withessing a higher strength tdraction. The shift with decreasifigs due to
the vanishing of the lateral interaction betweejae@eht CO molecules, as widely documented in

the literature?®: 51
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Figure 4. Evolution of the FT-IR spectra of CO adsorbed @ K over different samples as a
function of CO coverage, froico = 30 mbar (dark grey) tbco = 102 mbar (black). All the
spectra are reported after subtracting the speatfithe sample prior CO dosing. The insets show

the evolution of the spectra in th@OH) region: activated catalyst (black), after C@sarption
(dark grey) and stepwise outgassing (light grey).
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Similar FT-IR spectra were obtained for CO adsorethe 8-S sample (Figure 4b), except that
the two mainv(CO) absorption bands are shifted at higher vateaspared to bare alumina and
display a different relative intensity. In partiaul the band attributed t8Al-OH- - - CO adducts is
observed at 2168 ctmat Omax and shifts to 2177 ctat Omin. Correspondingly, the broadOH)

band downward shifts by approximate 70%crithis behavior witnesses an enhanced Brgnsted
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acidity for sulfated alumina, as widely reporteditarature?’ It is worth noticing that, although
low temperature CO adsorption measures a mediumk-Beansted acid strength, other methods
indicate a much larger acidity>* The absorption band assigned=al3*--- CO adducts goes from
2203 cm' at Omax to 2212 crmt at Omin, indicating that the AF sites are stronger Lewis acid sites
than in bare alumina. This is in agreement withieareports>? 5°

The effect of the rhenium phase on the surface eot@s of the catalysts is much less
pronounced than that of sulfates. The FT-IR speuft@O adsorbed on 10-Re (Figure 4c) almost
exhibit the same behavior as pure alumina, exé¢gtthe band assigned #AI3* - - CO adducts
is less intense relative to that duest8l-OH---CO adducts. This indicates that the Rplase
partially covers the alumina surface.

In contrast, the FT-IR spectra of CO adsorbed dhSB{Figure 4d), 8-Ni-8-Re (Figure 4e) and
8-Re-8-Ni (Figure 4f) catalysts are substantialffedent from those discussed above. Three main
absorption bands are observed in all the threescase

1) The most intense absorption band is centeredndr@202 cnt at Omax and undergoes a
pronounced shift upon decreasihdown to about 2214 ctmatOmin. This band, which is also the
most resistant to a decreasdjnis assigned to CO adsorbed on coordinatively tunst@d N#*
sites3? 46.56and overlaps with the band ascribee:stl 3+ - - CO adducts.

2) The band centered around 2162'cat 6max Which shifts to about 2170 chat Omin, is
assigned teEAI-OH- - - CO adducts. The Bragnsted acidity of théasgr hydroxyl groups is very
weak, suggesting that the effect of sulfate an@mnthe properties of alumina is weaker in presence
of the nickel phase than on sulfated alumina.

3) In addition, a broad band centered around 2143is observed in all the three cases, which

is easily removable upon decreasin@his band is attributed to physisorbed CO, astifies that
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an increase in the complexity of catalyst formwalaticreates new opportunities for CO
physisorption.

It is important to point out that in all the threases no absorption bands are observed in the
2100 — 2080 crh and 2140 — 2130 ctnregions, where N{CO), complexes are expected to
contribute3® 57 in well agreement with DR UV-Vis-NIR, XPS and ESRta. Hence, we can
conclude that Niis not formed during the catalysts’ activationor experimental conditions.
Similarly, no absorption bands attributable to Gi3@bed on Re cations (2500 — 1800}@re
observed in the spectra of 8-Ni-8-Re and 8-Re-8FNe intensity of the bands attributed=all-
OH---CO adducts and to physisorbed CO relativhdbdf CO adsorbed on the?Nications is
lower for 8-Re-8-Ni and 8-Ni-8-Re compared to 8-Nidhich suggests that the rhenium phase
deactivates or replaces some Brgnsted sites.

Finally, it is interesting to observe that on 848l ai containing catalysts adsorption of CO
causes a perturbation of the absorption band ammdrd400 cm, previously ascribed to the
vasyr{ SQy) vibrational mode of covalently bonded sulfateup® (Figure 5). This band downward
shifts by around 10 crthat Omax, but the shift is reversible upon CO removal. Tdliservation
suggests that the sulfate groups play an actieinotiefining the ligand sphere of both*Nand
Al3* Lewis sites, and are flexible enough to allow ¢hérance of an additional molecule such as

CO.
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Figure5. FT-IR spectra of 8-S, 8-NiS, 8-Re-8-Ni and 8-NR8-samples before (black) and after
(grey) adsorption of CO at 100 K in the 1600-1260'cegion, where theasyn{SQu) vibrational
mode of covalently bonded sulfate groups is obskrve

3.4 Reactivity towards £, followed by spectroscopic methods

Successively, the reactivity of all the catalystsvdrds ethylene at room temperature was
investigated by means of in situ FT-IR and DR U\&¥pectroscopies, aimed to understand the
initiation step and the deactivation mechanism.IRBpectra were recorded in the presence of
ethylene at room temperature at a time resolutiédhminutes and the reactivity was followed for
12 hours. For barg-Al20s, 8-NiO and 10-Re samples no changes were obsanvie FT-IR
spectra before and after introduction of ethylendicating that these samples are not active in
ethylene conversion, in agreement with previousilte$* In contrast, FT-IR spectroscopy
revealed that the 8-S, 8-Ni, 8-Ni-8-Re and 8-Ret@dtialysts are active towards ethylene. Hence,
the presence of sulfate anions seems fundamentiEvelop activity towards ethylene at room

temperature. Figure 6 shows the time-resolved F$gé&tra collected within the first 4 hours of
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reaction of 8-S, 8-Ni, and 8-Ni-8-Re with ethylgeguilibrium pressure d&ns4 = 10 mbar within
the first 2 hours, increased to 40 mbar in theassgive 2 hours). It is evident that the three gatsll
behave in a different way, the 8-S being the mosdrde one.

Starting the discussion from 8-S (Figure 6a and &bomplex series of absorption bands
gradually grow up in the presence of ethylene datiing the formation of saturated alkyl groups,
and certainly of methyl groups. The spectra areattarized by three resolved absorption bands
in thev(CHy) region at 2960 crh(vasyr{CHs)), 2928 cmt (vasyn{(CH2)) and 2871 cr (vsyn{CHs)),
along with a broad band due to thgyn{CH2) vibrational mode (a doublet at 1477 and 1468 cm
). Moreover, two bands are grasped at 1383 and @86 dverlapped to the intense bands due to
the vibrations of the sulfate anion, which are gesd to thedsyn(CHas) vibrational mode of
>C(CHs), species, and therefore are indicative of brancfirlg addition to these absorption
bands, two weak bands are observed around 167lacich 1618 cm, which are likely due to
v(C=C) vibrational modé$ %8 All the above-mentioned absorption bands grothatsame rate
along the whole investigated time interval, exclptthe band at 1618 cf which appears
immediately after contact with ethylene and thenams almost constant during the reaction. As
a whole, the time-resolved FT-IR spectra indichformation of branched oligoméfs®°As a
final observation, the very intenggyn{SQs) absorption band originally centered around 1460 c
1 gradually downward shifts during the reaction thiy¢ene, indicating that the [S{3- anions are
perturbed by the reaction products. In contrasgjneat changes are observed inw{@H) region
(not shown), where only the shoulder around 3716 @reroded in favor of a band centered
around 3650 crf indicating that reactivity has to be ascribedntyato Lewis and not Bronsted

acidity.
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It is well known that sulfated alumina displaysdaciproperties and in general the presence of
sulfate anions enhances the catalytic activitywiéna in acid-catalyzed reactions, such as olefin
oligomerization and skeletal isomerizatirt® The accepted mechanism involves the formation
of carbocationic speciés.%4Carbocations may be generated in a number of viryslyving both
Brognsted acid sites and Lewis acid sites. The ptsdformed in the initiation stage are the
thermodynamically more stable secondary or tertanpocations, and this explains why branched
species are observed in our experiments. Propagatiolves the repeated additions of ethylene
to the carbocationic center, which in principle maigrate well away from the site of initial attack.
Carbocations are very reactive species and, innabsef super-acids, they terminate fast. The
principal mechanism for termination is a chain-gfan process involving deprotonation of the
carbocationic end-group by an incoming monomereditly the anion ([S{* in our case).
Sulfated alumina is not sufficiently acid to stat®lthe carbocationic species and this justifies th
observation of vinyl terminations(C=C) bands around 1650cin Moreover, it is also clear that
sulfate anions play a vital role not only in enhiagahe acidity of alumina, but also in guiding the
termination process. The involvement of the JBOanions in the reaction is testified by the
perturbation of the corresponding absorption bands.

A different spectra evolution is observed for b®tNiS and 8-Ni-8-Re catalysts. At short contact
time, the FT-IR spectra are very similar to thobsayved for 8-S catalyst, although less intense,
witnessing the acid-catalyzed formation of brancleigomers. However, after about 30-40
minutes the absorption bands associated to viloi@timodes involving CEHgroups start to grow
faster (and slightly shift to lower wavenumber \ed) than those related to €groups. The
phenomenon is more evident for 8-NiS than for 8MNrRe. As a consequence, the spectra collected

after 40 minutes of reaction resemble those ofhalip hydrocarbons with linear chain-like
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structure and a few branches. Simultaneously,ew(@=C) region the band at 1671 grgrows
at a higher rate than that at 1618%nhe intense absorption band around 1400 astribed to

vasyn{SQy) vibration downward shifts even more than for 88 sample.
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Figure 6. Time-resolved FT-IR spectra collected during rneacof ethylene at room temperature
with 8-S, 8-NiS, and 8-Ni-8-Re catalysts. a), o)l @y display the 3100 — 2700 @mregion, where
v(CHy) absorption bands are observed. b), d) and f) sthew2000 — 1300 ciregion, where

v(C=C), 5(CHyx) andv(SQy) bands contribute to the spectra. The insets zoame 1700 — 1600
cmt region, where the bands are attributed(©=C).
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The CH/CHs intensity ratio may give a rough estimation of #tmicture of the oligomeric
products’® 8 To this aim, the FT-IR spectra collected duringykne reaction on the three
catalysts were analyzed by curve-fitting in the 8602700 crt region, by using five gaussian
curves centered at 2960 @r{vasynr{CHz)), 2930 cmt (vasynr{CH2)), 2900 cmt (v(CH)), 2871 crrt
(vsym(CHg)), and 2853 cr (vsym(CH2)). A CH2/CHjs ratio was calculated based on thgn(CHy)
andvasyn{CHs) bands at 2960 and 2930 ¢rand the extinction coefficient @{CHs)/e(CHy) is
chosen as approximately 2.2 obtained from a reteremeasurement of n-heptane in £2€lt is
important to notice that the GKCHs ratio only reflects an average value for a compliskibution
of all the products and not a single product. Acréase in the CHCHs intensity ratio indicates
that the aliphatic chains are becoming longer &8 leranched. In contrast, if the aliphatic chains
are short or more branched, the £8Hs ratio is low. The evolution of the GKCH;z ratio as a
function of the reaction time is shown in FigureFar 8-S, the CHCHzs ratio maintains at
approximate one during the whole reaction timejcaithg that the nature of the branched
oligomers remains constant. Attempts to extractgreducts of reactions failed, in that only
ethylene was detected in the extraction solutioende, the acid catalyzed oligomerization

products are difficult to extract, possibly becaageationic interaction with the catalyst surface.
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Figure 7. Evolution of the CEH/CHa ratio versus reaction time as determined by ttedyars of
the FT-IR spectra collected during reaction of kthg (10 mbar) at room temperature over 8-S,

8-NiS and 8-Ni-8-Re catalysts.

In contrast, for 8-NiS and 8-Ni-8-Re the @8Hs ratio stays constant only during the first 40
minutes of reaction, followed by an increase, npymounced for 8-NiS than for 8-Ni-8-Re. The
different starting CH/CHzs ratios of 8-NiS and 8-Ni-8-Re reflect the produofsthese acid-
catalyzed reactions in dependence on the functimesdl sites, which well supports the previous
catalytic tests in a continuous flow reactor shayvmainly butylene on 8-NiS and abundant
propylene on 8-Ni-8-Re in the first 15 minutes. 3&elata also indicate that after 40 minutes of
reaction long-chain aliphatic hydrocarbons starbéoformed and stick to the surface of both
catalysts. These long hydrocarbon chains (whiclstatde also after prolonged degassing at room
temperature) would be responsible for the fasttilegion previously observed in catalytic tekts.
Formation of long-chain oligomers with a few braeslon 8-NiS has been confirmed by GC-MS

analysis of spent catalyst extracted in,CH solution (273 K) after two hours reaction in canta
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with ethylene at room temperature. The long chain aliphatic products could be formed by an
ethylene oligomerization reaction and a side dimerization/oligomerization reaction of olefinic
products. Since Ni sites are responsible for formation of linear olefin products, it is believed that
the long chain products are mainly attributed to the Ni sites. The comparatively little-increased
rate of the CH/CHs ratio for 8-Ni-8-Re shows the formation of shorter chain length or more
branched by-products, which indicates well the function of the Re sites for metathesis.

The same experiment was followed by means of DR UV-Vis-NIR spectroscopy, which however
reveals only very small changes during ethylene reaction at room temperature. Figure 8 shows the
most relevant DR UV-Vis-NIR spectra for the 8-NiS sample as an example. Similar spectra were
collected for the other catalysts as shown in Figure S2. Upon ethylene dosage in the reaction cell,
very few changes are observed in the DR UV-Vis-NIR spectrum: the d-d bands centered around
7000 and 17000 cinslightly decrease in intensity, while the charge transfer band around 35000
cnt increases. Accordingly, the coordination environment of the Ni sites changes only slightly in
presence of ethylene. This observation which seems in contrast with the expected increase in the
ligand field around the Ni sites upon ethylene adsorption might be explained in terms of ligand
displacement, i.e. ethylene displays other ligands (the sulfate anions) originally present around the
Ni sites, in agreement with the FT-IR results. After prolonged reaction time, a weak band appears

around 25000 criy which may be assigned to a carbocationic conjugated olefinic doublé%ond.

67
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Figure 8. DR UV-Vis-NIR spectra of (1) 8-NiS after activation, (2) immediately after dosage of
ethylene, (3) after an overnight reaction in presence of ethylene at room temperature. The insert
shows spectra after subtraction of spectrum (1).

5. Conclusion

We have carried out a systematic spectroscopic investigation of the molecular structure and
functions in a bimetallic NiS#ReQ/y-Al 03 catalyst which performs the direct conversion of
ethylene to propylene at mild reaction conditions (323 K, 1 atm). Our own and literaturétesults
15, 17conclude that ethylene is dimerized/isomerized to 2-butylene over a site requiring both Ni and
sulfate ions, while the Re sites are responsible for the ethylene-butylene metathesis reaction,
resulting in the tandem production of propylene. Albeit highly selective, the catalyst deactivates

fast. Since deactivation is driven by the ethylene dimerization reaction, in this work we put focus
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on the molecular investigation of the Nig§Xe, with the aim to understand the changes occurring
at the NiSQ sites during the catalyst activation, and in presence of ethylene.

A series of NiS@ReQ/Al,Os catalysts differing in the relative amount of the two functions
were synthetized, tested in the ETP reaction, and thoroughly characterized by means of FT-IR, DR
UV-Vis-NIR, XPS and ESR spectroscopies, before and after thermal activation. It was found that
the sulfate ions play an essential role in increasing the acidity of {0g fAlrface (as demonstrated
by FT-IR spectroscopy of CO adsorbed at 100 K), and also in influencing the electronic structure
of the Ni cations. During thermal catalyst activation the sulfate ions are covalently bonded either
to Ni’* or/and AP* cations. Unexpected and in contrast to earlier refjortshe Ni cations retain
the +2 oxidation state also after the catalyst activation step, as shown directly by DR UV-Vis-NIR,
ESR and XPS analysis, and indirectly by FT-IR spectroscopy of CO adsorbed at 100 K.

FT-IR experiments performed in presence of ethylene at room temperature and low pressure (40
mbar) allowed to monitor the initial steps of the reaction on the different catalysts. It was proved
that sulfated alumina promotes the slow formation of branched oligomers through a carbocationic
mechanism. These are the only products detected by FT-IR spectroscopy during the first 30
minutes of reaction (i.e. when the catalysts work). The sulfate ions covalently bonded t& the Ni
(or AI**) sites are partially displaced during the reaction, as testified by the perturbation of the
corresponding IR absorption bands. In presence of thiefiliction, formation of long chain
hydrocarbons is observed at longer reaction times. We conclude that deactivation of the NiSO
ReQ/Al 203 catalysts is mainly the consequence of absorption of higher linear ethylene oligomers
or due to Ni* sites not being anymore in interaction with the sulfate ions. Improvements in the
catalyst lifetime could be achieved by limiting the mobility of the sulfate anions or utilizing another

reactor technology, such as e.g. a slurry re&ttor
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Abstract

Catalyst deactivation is a well-known issue for most industrial catalyst technologies. We have
recently reported a NiSEReQ/y-Al.Oz catalyst for tandem conversion of ethylene to propylene
at mild conditions. However, the catalyst deactivated fast due to coking of the catalytic nickel
function. We ascribed deactivation of the NiBEAI>Os ethylene dimerization catalyst to
adsorption of hydrocarbons on the catalyst surface. This work investigated oxidative regeneration
of the NiSQ/y-Al20zpart of the NiS@-ReQ/y-Al 20z catalyst. An attempt was made to regenerate
the deactivated catalyst by purging with synthetic air in the temperature range of 298 to 673 K.
The entire regeneration process was monitored and recorded by FT-IR and TG-MS. Long chain
hydrocarbons deposited on the catalyst evolve and convert to highly condensed coke species,
which need temperature higher than 673 K to be burned. However, regeneration temperatures
higher than 673 K may destroy catalyst surface texture and cause decomposition of nickel sulfate.
Hence, the catalyst could not be regenerated by purging synthetic air. It appears that the failure of

catalyst regeneration could also be due to the destruction of the active nickel dimerization site.
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1. Introduction

Catalyst deactivation is inevitable and costly fimwst industrial processes, despite significant
efforts to postpone, alleviate or avoid the iss@atalyst change out requires process shutdown
leading to potential product revenue loss in comtdam with personnel and material costs.
Consequently, catalyst deactivation and regeneradia topic of great interest.

The discovery of the olefin metathesis reactionviges flexibility for production of various
important olefing: 3 The first industrial olefin metathesis processil(ipls Triolefin Process) was
operated 1966-1972 for conversion of propylene tlyylene and butylent.As demand for
propylene increased, the Lummus OCT process ad#pietechnology to produce propylene in
the reverse directionThe OCT technology is often combined with the isteaiacking process,
but it meets the problem of butylene shortage ipleryed in a light gas (ethane) steamcracker.
However, additional butylene capacity can be adijedsing the ethylene dimerization reactfon.

Heterogeneous Ni-based ethylene dimerization/oleyaration catalysts have been known for
a long time; NiO supported on silica was first reépd active for the ethylene oligomerization
reaction eighty years ago by K. Morikaw&everal studi€s® have been devoted to the nature of
the active Ni sites and the role of acid sites ttuéheir significance for catalytic performance,
while other reporfs 1 12 concluded that catalyst deactivation is mainlyiaited to strong
adsorption of products (hydrocarbons) on activésssiHowever, regeneration studies of the
deactivated Ni-containing catalysts are seldomntego

Coke deactivated catalysts are usually regenetdayetiurning of coke in the presence of
oxidative reactants (e.g..Q H0, etc.)*® Although removal of carbon with oxygen is gensrall
very rapid, air/N regeneration is typically employed in industrialogesses (e.g. catalytic

cracking, hydro-treating process and catalytic mafng), in order to avoid hot spots or over



heating temperatures that could modify surface structures or destroy the cdatalpkie
combustion temperatures are closely related to its C/H faffor example, metal-catalyzed
hydrogen-rich residue can be removed with steam at temperatures below 673 K. In contrast,
carbonaceous deposits having a more graphic structure or less reactive properties may require
temperatures above 973 K. Such high regeneration temperature may be accompanied by sintering
or destruction of the catalyst surfdce.

For NiSQ/y-Al20s catalysts, little is known about the deactivation mechanism, although this
catalyst class has been reported several times for giving high ethylene dimerization*&ctivity.

In our FT-IR studied® we found that deactivation of the NiS@Al.Os catalyst was accompanied

by formation of long aliphatic hydrocarbon chains depositing on the catalyst surface. Generally,
for reactions involving hydrocarbons and especially olefinic hydrocarbons, the rate and extent of
coke formation on metal oxide catalysts increases with increasing acid strength and concéntration.
However, Ni-modified metal oxides without sufficient acid strength exhibit no activity for ethylene
dimerization!® as also observed in our case.

Deposition of hydrogen-rich residues can be easily reversed by gasification with air at around
600 K! 2° Therefore, we investigated regeneration of spent catalysts by purging a deactivated
catalyst with a mixture of nitrogen (79%) and oxygen (21%) at 673 K. The long chain
hydrocarbons, being hydrogen rich, were expected to be burned off in synthetic air at a temperature
of around 600 K. TG-MS analysis and FT-IR were used to monitor the process of catalyst
regeneration. Lastly, a HRTEM study was conducted to analyze elemental distribution and surface

morphology of the regenerated catalyst.



2 Experimental setup
2.1 Catalyst preparation

NiSOu/ y-Al 203 catalysts were preparédy an incipient wetness impregnation methedl ;03
was impregnated with an aqueous solution of NiS&O (Sigma-Aldrich, purity=99.999%)
followed by drying overnight at 378 K and calcination in air at 673 K for 2 hours. A system of
catalyst naming introduced in this report; catalyst naming indicates the nominal weight percentage
of nickel corresponding to the whole catalyst. For instance, 8-NiS means the catalyst containing
8wt% of Ni.

2.2 Catalyst characterization

Thermal gravimetric analysis (TGA) of fresh and deactivated catalysts have been carried out in
a Rheometric Scientific STA 1500 instrument. This TGA was equipped with an online mass
spectrometer (Pfeiffer Omnistar), which enables analysis of the effluent gas by scanning mass from
1 to 100 m/z. Around 20mg of each sample was used and heated to 1273 K with a heating rate of
5 K/min either in a pure nitrogen flow or in a flow of oxygen (21%) and nitrogen (71%) mixture
(synthetic air).

In situ FT-IR experiments have been performed in the transmission mode. Spectra were recorded
by a Bruker Vertex 70 spectrometer equipped with a mercury cadmium telluride cryo-detector
equipped with a Harrick in-situ FT-IR cell. %) and nitrogen (79%) was introduced a temperature
program executed from 323 K to 673 K. The catalyst was degassed overnight under nitrogen flow
at room temperature followed by thermal activation at 673 K for 2 hours. The activated catalysts
was cooled down to 323 K and then ethylene (5ml/mins) was sent to the cell for 2 hours in order
to completely deactivate the catalyst. After that, nitrogen (10ml/mins) was sent to the cell to

remove all residual ethylene and other physisorbed products. Next, a mixture of oxygen (21%) for



4 hours. Finally, ethylene (5ml/min) was fed to the cell again. To remove trace amounts of water
in the experimental gases, a cooling trap of dry ice was added before the cell.

High resolution electron microscopy (HRTEM) was carried out on a Jeol 3010-UHR electron
microscope operating at 300 kV equipped with a LaB6 filament and with an Oxford Inca Energy
TEM 300 EDS X-rays analyzer by Oxford Link. The powder samples were ground in an agate
mortar and deposited on a copper grid covered with a lacey carbon film. The analyzed regenerated
catalyst sample constituted the regenerated pellet of the deactivated catalyst from the FT-IR
experiment.

3 Resultsand discussion
3.1TGA analysis of fresh and deactivated catalyst

The TGA analysis of the fresh catalysts is shown in Figure 1. The catalysts were stored in small
vials and exposed to air after preparation, so that the N\a8@ Re® on the catalysts were in a
hydrated state. Weight loss6fAl .0z at 373-473 K is attributed to the loss of physisorbed water
and surface hydroxyl groups. The thermogravimetric (TG) curve of 8-NiS shows two clear areas
of weight loss; one below 673 K and the other one above 1003 K. M. Maneva et al. reported that
thermal dehydration of NiSO7HO to monohydrate NiSOH>O occurs stepwise over a wide
temperature range from 353 to 758Kl he last coordinated water molecule is evolved at around
623 K and the anhydrous nickel sulfate is stable within a broad temperatur&.rénge the
NiSOs: 7HO TG-curve, they also found a distinct weight loss caused by decomposition of
anhydrous nickel sulfate to nickel oxide at a temperature range of 1013-321 T HKsidering our
case, the weight loss of the catalyst in the first region (below 673K), is mainly due to the evolution
of water molecules from the hydrated nickel sulfate beside water losg{fdsD3. The weight

loss above 1003K could result from decomposition of anhydrous nickel sulfate. Thermal analysis



indicates that the catalyst seems stable up approximately 950 K and that thermal stability is
dominated by the decomposition temperature of anhydrous nickel sulfate.

100

——-ALOs

——8NiS e
- 1000
95 4

- 800
90

Weight loss, %
Temperature, K

|
[0}
o
o

85

- 400

g0 f0———+—F4—7—7—7—
0 20 40 60 80 100 120 140 160 180
Time (mins)

Figure 1: TGA analysis of activation processyeAl.Oz and 8-NiS under pure nitrogen flow.

It was concluded from previous FT-IR restiltthat catalyst deactivation is due to long chain
hydrocarbons blocking the active sites. Therefore, in the following stage, effort was concentrated
on the regeneration of the 8-NiS catalyst. A common way to remove hydrocarbons is to burn them
under Q or air at 623 K-873 K.As this burn-off process is an exothermic reaction, burning under
pure oxygen easily leads to a sudden temperature increase in some part of the catalyst that may
result in catalyst sintering or decomposition of NiSBence, a mixture of oxygen and nitrogen
in terms of their compositions in air was applied. Initially, TGA analysis coupling with the MS
detector was performed on deactivated 8-NiS catalysts. Moreover, a blank experiment was
performed under the same condition as well.

The TG-curve trend of fresh 8-NiS (Figure 2) obtained in an atmosphere of synthetic air is very
similar to the 8-NiS curve collected under pure nitrogen flow (Figure 1). The loss of coordinated
water from hydrated nickel sulfate and hydroxyl groups from th®durface proceeds over a

wide temperature range. Moreover, weight loss at above 1003 K could be attributed to



decomposition of anhydrous nickel sulfate, since the decomposition temperature is known to be
around 1013-1173 R

Furthermore, the MS signals of fresh 8-NiS, showed several high-intensity mass-to-charge lines
which could be attributed to nitrogen, oxygen and impurities of these gases below 44 m/z; their
intensities kept constant during the entire process. Moreover, it is necessary to point out that a
weak signal present at 44m/z was due to trace amounts0h@@ mixing gas (@and N). This
signal remained at a steady level during the experiment. Furthermore, no signalasfdS&R
was detected from 1013 K to 1073 K in the test. In the TG-curve, the decomposition process may
have corresponded to a wide temperature range since a high heating rate (5 K/min) was applied in
this experiment. Decomposition of anhydrous nickel sulfate was not complete at the temperature
ranging from 1013 K to 1073 K and possibly only very small amounts of anhydrous nickel sulfate
decomposed. Therefore, the resulting 8@d SQ gas mixture was probably below the detection

limit of the MS detector.
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Figure2: TGA analysis of re-activation process of the deactivated 8-NiS catalyst and fresh catalyst

(blank test) under mixing flows of nitrogen (79%) and oxygen (21%).



The TG-curve of deactivated catalyst in Figure 2 can be divided into three regions according to
the rate of the weight loss. During the first 60 minutes, the temperature increases from room
temperature to around 633 K and the weight loss is mainly associated to loss of water molecules.
During this period, considerably weaker signals were observed in the range of 45-100 m/z and the
signal at 44m/z stays at the same level as that of fresh 8-NiS in the blank test. This indicates that
desorption or burning of deposited hydrocarbons does not occur during this period. The mass scans
of the effluent gas from the re-activation of deactivated 8-NiS in 80-150 minutes are plotted in
Figure 3. In the middle period (80-120 minutes), several signal groups are mainly present at 54,
56, 70 and 84m/z. These signals could be assigned to fragments of hydrocarboridgeQgHgs,
and GHay, revealing that the weight loss is largely due to desorption and of these carbon species.
In the third period (120-150 minutes), the £€gnal (44m/z) increases from 80 to 150 minutes
and rises sharply in the last 130-150 minute period. In fact, this observation is unexpected, because
hydrogen-rich hydrocarbons are expected to burn under air at temperatures around 08 K.
combustion temperature of coke depends on its location (external vs. internal deposits) and
composition (i.e., H/C ratio). Hydrogen-poor coke species need a higher combustion temperature
than the hydrogen-rich componefitsThe TG-MS analysis indicates that long-chain oligomers
may convert further to highly condensed carbon species with low C/H ratios during the
regeneration process, since oxidation of hydrocarbons only start at a quite high temperature above
723 K. However, it seems such high temperatures could damage or destroy surface texture of the

catalysts and might even cause decomposition of nickel sulfate.
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Figure 3: MS scanning (44-100m/z) of the effluent gas from the reactivation of deactivated 8-NiS

catalyst in 80-150 minutes.

3.2FT-IR study on the re-activation process of the deactivated catalyst

In order to determine the structural change of the hydrocarbons during catalyst re-activation, a
FT-IR experiment was carried out. Figure 4 shows spectra of deactivated catalyst in the
regeneration process. The pellet of the 8-NiS catalyst was first thermally activated at 673 K for 2
hour under vacuum followed by deactivation by a two-hour exposure to a pure ethylene flow
through the in-situ cell at 323 K. After that, the deactivated catalyst was heated from 323 K to 673
K under a flow of synthetic air. As mentioned, burning of hydrocarbons is an exothermic reaction
and NiSQ becomes unstable above 950 K. Thus, in order to avoid destruction of the surface
structure on the catalyst during the re-activation process, the maximum re-activation temperature
was only set up to 673 K. After the regeneration process, the pellet was removed from the cell and
sent to HRTEM measurement. The spectra are shown in Figure 4a; bandg@ihevibrational
region (2800-3000 cr) are assigned to the asymmetric vibration of s@Hd -CH- (2960 and

2871cmt) groups, the symmetric vibration of -GEind -CH- (2930 and 2853cr) groups. These
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CHx groups are indicative of long chain aliphatic hydrocarbons deposited on the catalyst during
catalyst deactivation. These bands decrease and finally disappear with increasing regeneration
temperature. However, these deposited hydrocarbons are not desorbed from the catalyst surface.
They evolve and convert to coke, namely, carbonaceous species deficient in hydfogenof

bands at low frequency from 1300 to1700'aiee dramatically accompanying the disappearance

of the bands in the(C-H) vibrational region. At low temperature (323 K-473 K), two bands at
1672 and 1465 ct originating from the(C=C) and3(-CH.-) bands increase gradually. At high
temperature (473 K-673 K), a band at 1598cimcreases remarkably. This band reflects the
complex nature of coke, which is assigned to highly unsaturated carbonaceougerid¢s

graphite deposit® It can be speculated that side reactions (e.g. cracking) occur at high
temperature generating highly condensed coke on the catalyst surface. Therefore, high temperature
is necessary to remove this coke. In additionvtbg(SQs) band at around 1400 chis shifted
downward by 20 cr with increasing regeneration temperature, probably due to perturbation by
the accumulated coke. In the previous FT-IR and DR UV-Vis-NIR sttfdiesias concluded that
deactivation of the NiSfy-Al>Os catalysts is due to the formed hydrocarbons not only blocking

the active sites but also hindering the interaction betwegnaNd [SQ?]. In this case, the shift

of vasyr{SQu) band indicates clearly that the bonding of*Nind [SQ?] becomes very weak in

this re-activation process.
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Figure4: FT-IR spectra of activation of the deactivated catalyst under synthetic air with increasing
temperature from 323K to 673K (323K (black), 373K (dark grey), 473K (grey), 573K (light grey)
and 673K (green)). a) display the 3000 — 2800 region, wi&el) absorption bands are
observed. b) show the 1800 — 1200-cmegion, wherev(C=C), §(CHyx) and v(SQs) bands

contribute to the spectra.

In order to verify the unsuccessful re-activation of the deactivated 8-NiS catalyst, the
regeneration process was repeated and followed by sending an ethylene flow (5ml/min) to the re-
activated catalyst. The spectra of the fresh and the re-activated 8-NiS after two-hour ethylene
reaction is shown in Figure 5. From the figure, it is evident that the fresh 8-NiS exhibits a high
activity, since the four intense CHx bands reveal the adsorption of abundant products on the
catalyst surface. On the contrary, the four bands show rather low intensities for the re-activated 8-
NiS catalyst, which indicates that the re-activated catalyst performs a quite low activity. Therefore,

it is concluded that the deactivated 8-NiS catalyst could not be regenerated by purging synthetic
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air at 673K. Considering that NiSOwvas well distributed on the catalyst surface befor
deactivation/regeneration, it is speculated thatrédgeneration failure could be due to further
evolution of the hydrogen-rich hydrocarbons to hygtondensed coke and the weak interaction

between Ni* and [SQ?] perturbed by coke formed in the re-activationqess.

= Fresh catalyst
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Figure 5: FT-IR spectra of 8-NiS after two-hour reactiordanan ethylene flow (5ml/min). a)

The fresh catalyst (black); b) The re-activatealyat (grey).

3.3 Catalyst morphology

A series of catalysts were measured by HRTEM atiemblconditions. Figure 6(a) shows
HRTEM images of suppomt-Al.Oz material as reference. No observation of agglotesrand
clusters were observed in the HRTEM image of frégkiS (Figure 6(b)) demonstrating good
dispersion of NiS@on y-Al20s. Figure 6(c-g) show HRTEM images of deactivatedi8-after
regeneration as well as mapping of C, Ni and S etgs 8-NiS catalyst sample was directly
collected from the FT-IR experiment of spent catlyegeneration. By comparison with the
HRTEM images of fresh catalyst, the dark spoth@éHHRTEM images in Figure 6 are assigned
to coke formation during catalyst regeneration veiyimthetic air at 673 K. This observation is

consistent with the IR spectra of 673 K regeneratgdlyst (Figure 4).
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Figure6: HRTEM images of (a) freshAl20s in a hydrate state, (b) fresh 8-NiS in a hydrate state,
(c-d) deactivated 8-NiS after reactivation at 673K under a mixture of oxygen (21%) and nitrogen

(79%); mappings of C (C), Ni (D) and S (E) elements.
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4 Conclusion

We have previously reported a NigReQ/y-Al.O3 catalyst which catalyzes conversion of
ethylene to propylene by a dimerization-metathesis tandem reaction at mild cortditiongver,
the catalyst deactivates quite fast by coking which is due to thesMe@d ethylene dimerization
function. For NiSQ@/y-Al203 catalysts, little is known about the deactivation and regeneration
mechanism, although these catalysts have been reported to exhibit high ethylene dimerization
activity.> 13 To the best of our knowledge, we report for the first time an attempt to regenerate
spent NiSQ@/y-Al20s ethylene dimerization catalyst by coke burn-off.

During catalyst regeneration using synthetic air, the long-chain hydrocarbons adsorbed on the
catalyst surface evolve to highly unsaturated species or graphite-like residues with the increasing
re-activation temperatures. The highly condensed species or graphite-like residues require a high
combustion temperature. TG-MS data shows that the evolved coke on the deactivated catalyst
starts to burn above 723 K and the burning rate increases with temperature. It seems that the coke
deposited on the 8-NiS catalyst needs to be burned at higher temperature, e.g. >673 K, which may
either damage the surface texture of the catalyst or cause decomposition of nickel sulfate. It appears
that the failure of catalyst regeneration could also be due to the destruction of the active nickel

dimerization site.
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