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Preface

This book comprehends a compendium of ten chapters. Chapter 1 presents a
comprehensive introduction made by Prof. Dr. Russell R. Chianelli from Materials
Research and Technology Institute of the University of Texas at El Paso, covering
some fundamental aspects of metallic nanoparticles, transition metal sulfides and
carbides, and more related to catalytic process mainly with emphasis of energy
production in low contaminant liquid fuels and an ideal approach constituted by the
following steps: theory + synthesis + characterization + commercialization. Chapter
2 presents the synthesis of novel catalytic materials like titania nanotubes and tran-
sition metal carbides, nitrides, and sulfides by a group from the University Federal
do Ceard, Brazil, in collaboration with the Universidad Regional Amazdnica
(IKTAM). Chapter 3 is dedicated to computation methods using density functional
theory methods to describe electronic structure and other catalytic properties mainly
in transition metal sulfides with special emphasis on molybdenum disulfide (MoS,)
catalyst for hydroprocessing reactions. Chapter 4 corresponds to catalytic evalua-
tion and performance by laboratory test under hydroprocessing conditions, mainly
the effects of support over pure transition metal sulfide catalytic materials, as pre-
sented by a strong research group of Chemical Engineering Faculty of the
Universidad Nacional Auténoma de México at Mexico City Campus. Chapter 5
presents advanced electron microscopy methods for atomistic study of structure/
function relationships. Chapter 6 presents a novel approach developed by a group at
the University of Calgary in Canada for in situ upgrading by applying nano-catalyst
fluid injection at reservoir conditions. Chapter 7 presents a complete characteriza-
tion of spherical shape catalytic materials with an electron tomography technique
done in collaboration with Argonne National Laboratory and Instituto Mexicano del
Petrdleo. Chapter 8 presents the usage of ceria oxide metal doping materials for
methanol reforming and water split as presented by a group from the Instituto
Nacional de Investigaciones Nucleares in Mexico. Chapter 9 presents the photo-
catalytic activity of titanium oxide low-dimension materials which is a work contri-
bution by a group from Mechanical Engineering of the University of Houston,
USA. Chapter 10 presents a new family of ternary phase catalytic materials for
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hydrodesulphurization reactions by a group from the Chemistry Department of the
University of Texas.

The book corresponds to topics that have been addressed for more than 30 years
of science and experimentation on the physical and chemical study of catalytic
materials, reactions, electronic structure, characterization, and methods for the
development of fundamental aspects to produce low contaminant liquid fuels to
supply the worldwide energy demands. We believe this book presents a strong
basis for undergraduate, graduate, and early career researchers who are currently
dedicated to study physical and chemical catalytic low-dimension materials and
systems.

In the name of all author contributors, we thank specially the Springer Nature
publishers group for supporting our book proposal and for allowing us to publish this
compendium of chapters. We thank all the funding agencies and academic institu-
tions like the following: Consejo Nacional de Ciencia y Tecnologia, México; Canada
Foundation for Innovation (CFI); Institute for Sustainable Energy, Environment, and
Economy (ISEEE); Schulich School of Engineering at the University of Calgary;
Universidad Nacional Auténoma de México; Instituto Mexicano del Petrdleo;
Universidad Auténoma de Ciudad Judrez; and Instituto de Nanociencia de Aragon
(INA) of the Universidad de Zaragoza in Spain. We also thank the State Key
Laboratory of Coal Conversion of the Institute of Coal Chemistry funded by the
Chinese Academy of Sciences, Universidad Federal do Ceard, and CNPq grant num-
bers 473568/2012-8, 470793/2013-9 for their economical support, the Venezuelan
Institute for Scientific Research, the Universidad Regional Amazénica IKIAM at
Ecuador, the University of Houston, the University of Texas at El Paso, Argonne
National Laboratory, and the Instituto Nacional de Investigaciones Nucleares. The
compilation of this book was part of a research project funded by the Mexican
Science Council [CONACyT-México] under solicitation grant #177077 for SENER-
hydrocarbons administrated by Instituto Mexicano del Petréleo with internal register
#Y.61000.

Finally, we thank the reader for the interest in this scientific written material, and
we hope to achieve a positive impact on their specific research activities.

Ciudad de México, Mexico José Manuel Dominguez-Esquivel
Chihuahua, Mexico Manuel Ramos
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Chapter 1
One Brief Introduction to Catalytic
Materials

Russell R. Chianelli

The field of catalysis is an ancient scientific art practice that dates back centuries to
this day, as well described by Wismiak [1]. It was the need for ammunition in WWI
and the need for trucks, tanks, and aircraft that accelerated the development of mod-
ern catalytic technologies. Catalysis plays a fundamental role in petroleum refining
and basic petrochemical industries creating new routes in the development of indus-
trial processes [2]. Moreover, catalysis has become indispensable to the solution of
environmental pollution problems and therefore a positive impact on public health
[3]. Worldwide concerns for preservation of the environment have motivated the
development of “green” energy production in which the catalytic world plays an
important role on those catalyst-based technologies, by achieving a better utilization
of petroleum resources, to produce cleaner liquid fuels and derivatives to supply the
enormous demand for commercial and public transportation [4]; the latter has
caused great environmental concerns to make severe regulations mainly to lower
sulfur, nitrogen, and aromatic content in commercial liquid fuels, to achieve better
air quality mainly in large populated areas such as Shanghai, Mexico City, New York,
London, Frankfurt, Paris, and Sao Paulo among other large urban areas [5, 6].
Heterogeneous catalysts currently come in three forms: metals, oxides, and sulfides.
However, oxides and carbides are currently under study for similar catalytic pur-
poses and processes in novel applications [7-9].

The study of heterogeneous catalytic materials involves a multidisciplinary
approach:

Theory + Synthesis + Characterization + Commercialization

R. R. Chianelli (<)

Materials Research and Technology Institute, University of Texas at El Paso,
500W University Ave. Physical Science Building 201A, El Paso, TX, USA
e-mail: chianell @utep.edu
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2 R. R. Chianelli

In applying that strategy, it is essential to understand the relationship between
catalytic activity and its molecular and solid-state structure, meaning the catalyst
structure/function relationships for active and stabilized catalytic reactivity state.
Up to now, one can find in the literature several reports, including new methods of
synthesis, catalytic evaluation, and optimization of catalytic reaction conditions
[10-15]. Recent evidence dictates that catalytic activity and selectivity depend on
size and shape when compared with bulk composition of the catalytic material
[16-21]. The field of transition metal sulfide (TMS) catalysis arose in earnest after
the end of World War I (WWI), initiating a large-scale industrial use of catalysts to
produce nitrates because German regions were cut off by blockage from the guano
sources that were used to produce nitrates for explosives [22]. The introduction of
the catalytic Haber process to fix nitrogen is a well-known story [23]. Technological
advances leading to air and tank warfare at the end of WWI led to a race to produce
liquid fuels with local coal resources to reduce dependence on imported petroleum
with vulnerable supply lines. Following the lead of the Haber process researchers
investigated the hydrogenation of coal with metal catalysts. After processing the
metal had been converted to TMS catalytic materials. This was the beginning of the
field of catalysis by TMS; more technical details can be found as described by
Weisser and Landa [24]. The race to provide liquid fuel supplies produced intensive
research efforts particularly in countries like Germany and France; many research
efforts were made by I.G. Farbenindustrie (IGF) and Badische Anilin- und Soda-
Fabrik (BASF) in Germany and between 1920 and 1930 these companies tested
over 6000 catalysts [25]. Scientists such as Paul Sabatier, Friedrich Bergius, and
M. Pier were leaders in investigating the TMS for fuel and chemical production;
later P. Sabatier was considered the “Father of Modern Catalysis” for his early work
in TMS catalysis that led to a Nobel Prize in 1912 [26]. Bergius won the Nobel Prize
in 1931 for his work on coal hydrogenation. Much of the work in this period was
secret and appeared only in the patented literature. The field of petroleum process-
ing also arose in this period and the records became obscure during WWII reemerg-
ing primarily in the US and European petroleum industry after the war. Since that
time TMS catalysis for fuel upgrading has played a major role in petroleum cataly-
sis particularly in removing pollutants such as sulfur and nitrogen from liquid fuels.
TMS catalysts will continue to play an increasingly important role in fuel process-
ing as emphasis switches to cleaner and sustainable fuel supplies. In addition, TMS
catalyzes many other reactions that have not been thoroughly explored. The major
reactions catalyzed by TMS are hydrogenation of olefins, ketones, and aromatics;
hydrodesulfurization (HDS); hydrodenitrogenation (HDN); hydrodemetallation
(HDM); hydrocracking; dealkylation; and ring opening of aromatics. But the TMS
catalysts have many other uses as well, including reforming, isomerization of paraf-
fins, dehydrogenation of alcohols, Fischer—Tropsch and alcohol synthesis, hydra-
tion of olefins, amination, mercaptan and thiophene synthesis, and direct coal
liquefaction [27-31]. Also, transition metal sulfide catalytic materials when used for
hydrodesulfurization (HDS) process involving the removal of sulfur content in
crude oil petroleum feeds, after hours/days of operation, become more carbide due
to addition of carbon molecules at its surface, forming a molybdenum carbide phase
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(MoS,_,C)); this carbide effects have been studied and determined by meaning of
synchrotron techniques at Stanford Synchrotron Radiation Lightsource (SSRL) as
described by De la Rosa et al. [32].

The understanding and commercialization catalysis by metals were advanced sig-
nificantly by John H. Sinfelt at the Corporate Research Laboratory (CRL) of Exxon
Research and Engineering Company, in his book entitled “Catalysis: An Old but
Continuing Theme in Chemistry” [33]; Sinfelt who won President’s National Medal
of Science under President Jimmy Carter (1979), indicates a periodic trend for noble
metals and heptane hydrogenation; his work led to insertion of basic understanding
of catalysis by noble metals as supported on alumina oxides (Al,Os), which later
became a mainstay in the field of heterogenous catalysis until today [33] (Fig. 1.1).

An environmental breakthrough then occurred when petroleum companies were
required to take the Federal Test Procedures (FTP). A team at CRL led by Sam
Tauster created a three-way conversion (TWC) noble metal catalyst that solved the
problem and became standard in every automobile; their data is presented in Fig. 1.2.

Fig. 1.1 Left: Catalytic activity of group VIII noble metals for heptane hydrogenation activity vs.
periodic position. Right: Picture of John Sinfelt at Exxon Research and Engineering Labs in New
Jersey, USA. Images taken with rights and permissions from ref. [33]

Fig. 1.2 Data on 400
three-way conversion 350 E 3
(TWC) noble metal 3 1
catalyst, reprinted with the S 300 f & ]
permissions of Copyright© @ @ 3
(1978) from American § 250 | & 3
Chemical Society as @8 200 F ° _i
published in ref. [34] £ No P o ]
w romoler o
) 150 Lo W) i
100 { A * 0.5 wi% XNOx E
50 'l L L L L ] 1
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The catalytic activity can be related to surface defects in the crystallographic lat-
tice as described by Simkovich and Wagner [35]; its catalytic properties and stabil-
ity of ionic defects are determined by the bulk atomic configuration and its particular
electronic structure [36]; this means that electronic structure and crystallography of
stable TMS phases under catalytic environment need to be understood in order to
depict fundamental origins of catalytic effects in the metal sulfides and other bime-
tallic phases (i.e., core—shell platinum/palladium nanoparticles and clusters). In all
cases of reaction-stabilized catalytic materials it is essential to understand the struc-
ture of the catalysts and particularly of the interaction of multiple phases which
include promoters, as described by Ponec [37]. The catalytic platinum nanoparticles
were extensively studied by Sinfelt in order to understand reactivity and stability
under catalytic conditions for nitrogenation and oxidation reactions [10], coining a
term called polymetallic cluster catalysts [38]; his conclusions indicate that platinum
bimetallic catalytic particles were more active than bulk platinum catalyst as it is
presented in Fig. 1.3.

The insights into catalytic activity for commercial KX-130 (Exxon® commercial
product) which is highly dispersed platinum metal bimetallic catalysts versus plati-
num/alumina (Pt/Al,O;) reforming catalyst indicates that a highly paraffinic naph-
tha feedstock can be converted to a product of 102.5 research octane number at
500 °C and 11 atmospheres of pressure. Although the composition of KX-130 is
still proprietary it is the result of the study John H. Sinfelt Group VIII-Groupl1B
highly dispersed platinum metal bimetallic catalysts can be found extensively
described by Sinfelt [39]. Now, it is essential to mention that extensive studies as
completed in TMS catalyst lead to a special emphasis on the understanding of its
electronic structure and relationship to the crystallographic structure, and sulfur
vacancies for deep understanding of catalytic activity and selectivity. In doing so,
one study regarding periodic effects (electronic structure of d-electrons mainly) was
conducted, the underpinning for any fundamental understanding related to the

Fig. 1.3 Catalytic activity 10
of KX-130 vs. platinum
bimetallic catalysts; image
taken with rights and

permissions from ref. [38] 31 KX-130

A A.A_‘_‘_‘T
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electronic structure; a typical “volcano” plot between the HDS activity for dibenzo-
thiophene and the periodic position emerged and was found when achieving experi-
mental test, as shown in Fig. 1.4. Group VIII TMS such as Ru, Rh, Os, and Ir were
the most active as presented by Pecoraro and Chianelli [27]. Similar trends were
later observed for hydrogenation reactions and HDN, as well as for the hydrotreat-
ing of heavy gas oil. These trends are of fundamental relevance, because they
emphasize both the importance of the 4d and 5d electrons and the metal sulfur bond
strength in transition metal catalysts [27-29].

Those periodic trends as shown in Fig. 1.4 for hydrodesulfurization (HDS) of
dibenzothiophene molecule (DBT) in TMS catalytic materials were measured with
an exception of Curie temperature (7;) due to its radioactive nature, and indicate that
ruthenium and osmium are the most TMS catalytic active, as we first assigned to a
Pauling% “d-character” as presented in Fig. 1.5.

The stability and crystallographic composition of stabilized TMS catalyst
become more complex as bulk material becomes low-dimension nanoparticles; in
the case of binary systems, there are two main classes: (1) isotropic sulfides domi-
nated by group VIII sulfides where several structures exist in this group, such as
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Fig. 1.5 Plot to describe the Pauling% d-character for catalytic TMS materials, reprinted with
rights and permissions of ref. [28] [Copyright©1986, Elsevier Inc.]

pyrite (RuS,), pentlandites (Ni;S,), and others. The coordination of the metals in
this group by sulfur is generally sixfold symmetry, octahedrally arranged, but some
special structures, such as CooSg, can also contain mixed sixfold and fourfold tetra-
hedral coordination. Some structures, such as PdS and PtS, also contain metals in
distorted sixfold coordination. (2) The other layered sulfides predominate in groups
IV to VII except for MnS, which are isotropic. The main structural feature of this
class is a strong chemical anisotropy that greatly affects their catalytic properties;
per example molybdenite structure (MoS,), molybdenum is in trigonal prismatic
coordination. Other layered sulfides are octahedrally coordinated or distorted octa-
hedrally coordinated (ReS,) with the metal surrounded by six sulfur atoms. It should
also be noted that some TMS sulfides have structures that fall in between isotropic
and layered sulfides. Rh,S; is an example and others are completely amorphous,
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such as IrS, and OsS,. The question is this: What is the basis for these periodical
trends? Why do we have a correlation to Pauling% d-character as described before?
These questions are appropriate for all classes of catalysts, metals, oxides, and sul-
fides, and one answer can take us to the Sabatier’s principle [40], which describes
the case of the TMS, the metal-sulfur bond strength that states how strongly or
weakly the reacting molecules such as DBT can be reacting/bonding to the catalyst
near its surface, as presented in Fig. 1.6. The strength must be intermediate or the
reactant bonds too tightly and the products can’t leave; this led us to coin a term as
“Goldilocks effect,” as presented in Fig. 1.7, where a comparison of transition metal
sulfides with sulfur chemical bond strength in kcal/mol is shown.

The bond strength that is optimum is roughly 45 kcal/mol [40], providing a basis
for understanding the synergic effects of promoted systems such as a combination
between cobalt sulfide (CosSg) and molybdenite (MoS,), but also some other stoi-
chiometric combinations present no catalytic effect, and are usually classified as
non-promoted or “poison” species for both MoS, or WS, crystallographic
structures.

As seen in Fig. 1.7, a mixture of 50/50 between MoS, and Co,Sg can coexist and
it implies that what we called “contact synergy” occurred as originally suggested
by Delmon about 22 years ago [41]. At the moment, it is well understood that in
stabilized TMS catalytic materials both phases can exist, and this implies that in
the contact synergy mode the bond strength will average. In the case of MoS,/
Co,Sg, experiments and computer-assisted calculations estimate can be approxi-
mately 50 kcal/mole, meaning a relevance of electronic structure shared near
MoS,/Co,Sg interface promoting catalytic activity. The latter can be understood as
4d and 5d electron clouds with respect to “Pauling% d-character.” Thus, we can
schematically explain, as schematically shown in Fig. 1.8; the mechanism of pro-
motion or poisoning occurred due to electron affinity between two species in con-
tact [42]. However, as stated before the contact synergy between interactions of
both sulfide phases is implied.
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Fig. 1.8 Pauling% d-character schematic representation, in an attempt to describe the Goldilocks

effectin the electronic structure of catalytic TMS materials, adapted fromref. [42] [Copyright©1984,
Elsevier Inc.]
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1.1 Electronic Theory of the Promotion Effect

In the past, it was possible to demonstrate that synergy by contact is an electronic
effect through donation of electrons from promoter species such as cobalt (Co) or
nickel (Ni) into molybdenite sulfide structure (MoS,) arousing electron affinity
near the metal-sulfur bond; Harris and Chianelli reported that the periodic trends
of transition metal sulfide catalysts and the synergetic effects can be explained in
terms of the filling of the transition metal sulfides d-band, supporting a theoretical
approach in which several electronic factors appear to be related to catalytic activ-
ity; in other words: the orbital occupation of the highest occupied molecular
orbital (HOMO) [42]. Thus, experimental evidence indicates that to be a good
catalyst, the sulfide should have a HOMO filled with as many electrons as possi-
ble and be of t2g symmetry instead of eg. According to Berhault et al. a degree of
covalence in metal-sulfur bond and metal-metal can make one sulfur atom shared
between Co and Mo more basic and also more labile [43]. This result suggests an
enhanced quality of the active sites due to the electronic promotion by cobalt.
Harris et al. described in detail with earlier computer-assisted electronic structure
calculations and assumed that a nearly complete localization of electron density
in the metal t2g orbitals in RuS, and Rh,S; may be partly responsible for their
intrinsic high HDS catalytic activity [42]. And recently, using a combination of
computer-assisted density functional theory (DFT) numerical electronic structure
calculations and high-resolution transmission electron microscopy Ramos et al.
had depicted the promotion effect by proposing a “promotion interface model” as
presented in Fig. 1.9 [44] (more details about the DFT calculations are presented
in Chap. 3 of this book).

The proposed interface model is exactly an electronic promotion as predicted
before by theorizing experimental results. This model is supported by experiment
and is currently generally accepted in the catalytic community. It is also important
to consider how liquid fuel energy industry prepares the catalysts in operational
units; industrially speaking, TMS is sulfided directly in the hydrotreating unit in
the presence of hydrogen and sulfur-containing compounds; four different sulfid-
ing processes are used and are distinguishable accordingly both to the nature of
the sulfiding agent and to their in situ/ex situ modes of activation. Three of these
methods are in situ sulfidation (by the sulfur content of the crude oil feedstock
itself, H,S, dimethyl disulfide) and one is an ex situ mode (alkyl polysulfides
impregnated onto the oxidic precursor). The dimethyl disulfide process is the
most extensively used until nowadays. In the chemical reaction hydrodesulfuriza-
tion of dibenzothiophene, the catalysts synthesized with high-pressure hydrother-
mal method have achieved high conversion, generating the typical products of
HDS of DBT: biphenyl and cyclohexylbenzene; in many cases those mixtures of
metals have been extensively studied by the scientific catalytic community [15,
32, 39, 44].

Finally, this particular book is a compendium of many efforts from specialized
groups around the world dedicated to serve as theoreticians and experimentalists in
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Fig. 1.9 Computer-assisted molecular model proposed by Ramos et al. to determine the synergic
contact between cobalt sulfide and molybdenum disulfide in catalytic TMS materials (red circle
determines the direct bonding between cobalt and molybdenum atoms, which is considered as
d-electron promotion effect). Image adapted from ref. [44] [Copyrights© Royal Society of
Chemistry]

the field of catalytic materials and liquid fuels and other sources of energy
production. In the following chapters contributor authors will describe many similar
effects in the wide variety of catalytic subjects.
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Chapter 2

Synthesis of Novel Catalytic Materials:
Titania Nanotubes and Transition Metal
Carbides, Nitrides, and Sulfides

Davi Coelho de Carvalho, Josue Mendes Filho, Odair Pastor Ferreira,
Alcineia Conceicao Oliveira, Elisabete Moreira Assaf, and Yanet Villasana

2.1 Introduction and Scope

2.1.1 Overview

Catalysis is responsible for most of the advances in modern chemistry and industry.
Food, fuels, chemical, pharmaceuticals, plastic, fibers, and fertilizers are examples
of the impact of catalytic reactions on mankind, considering that chemical industry
has been built after paramount advances in catalysis science and technology for the
transformation of fossil and other resources into high-value products.

However, as the demand for efficient materials for catalytic processes has
increased rapidly over the last century, this caused a huge growth in the search for
new catalytic materials in comparison with the improvement of the traditional cata-
lysts. Recently, much attention has been paid to the preparation of novel catalytic
materials to address for challenging catalytic reactions and processes leading to
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environmental friendly technologies to meet current demand of products, energy,
and services in a situation of social and economic sustainability. Properties of new
catalytic materials depend on a large extent not only on the synthesis method, which
defines the catalyst surface structure and porosity, but also on the final treatments
such as calcinations which allow building their structures. The most important and
widely used methods are sol—gel, precipitation, impregnation, chemical vapor depo-
sition, mechanical mixtures, complexation, gelation, crystallization, hydrothermal
treatment, and ion exchange, among others. Through these methods, innovative
catalytic materials including metal organic framework (MOF), inorganic nanotubes
(INT), carbon nanotubes (CNT), hydrotalcites (HT), zeolites, perovskites, pnic-
tides, graphene, hierarchically porous materials, spinel oxides, hexaaluminates,
composite oxides, carbides, nitrides, sulfides, and so on have been studied. Supports,
precursors, promoters, and additives also have an essential role in catalytic material
synthesis since they can modify acid-base properties, metal-support interactions,
particle sizes and shapes, and surface species, and probably incorporate synergetic
effect, which subsequently have an impact on catalytic performance, in terms of
yields, stability, and selectivity.

Inorganic oxides have been used as catalytic supports due to their high thermal
stability and also their ability to preserve or enhance the properties of the bulk active
phase. Alumina, silica, titania, and zirconia are commonly used for an extensive vari-
ety of catalytic reactions as supports. Titanium functionalities generally provide
redox and acid-base properties, which can enhance the interactions between the solid
surface and hydrocarbon molecules, e.g., methane, carbon monoxide, and carbonyl
compounds, among others. The possible structures of the titanium can be included in
bulk TiO, in rutile or anatase phases and titanate nanotubes. Originally, interest in the
latter materials has been mainly focused on their use as gas sensors, water treatment,
solar energy cells, medicine, electrochemistry, hydrogen storage, and new catalysts
or catalyst supports and in environmental protection, as well. In this aspect, titanate
nanotubes with elevated textural properties are recently receiving a great deal of
attention by virtue of their specific structures and unique properties in adsorption
studies and catalytic supports. Since these solids were found to exhibit good catalytic
activity in reactions, other inorganic nanotubes such as vanadates, sulfates, selenides,
tungstates, molybdate nanotubes of silica, alumina, perovskites, ceria, and palladium
have been widely investigated and utilized for polymerization, photocatalytic activ-
ity, anodization, Knoevenagel reaction, oxidations, acid-base reactions, as well as
reduction of methyl orange and Cannizzaro reactions.

Furthermore, inorganic oxides with elevated surface areas have been widely used
as supports of conventional catalysts for the upgrading and transforming of crude
oil through hydrotreatment and hydrocracking reactions. Usually, these supports
consist of alumina, silica-alumina, or zeolites with a surface area of about 200 m>g".
Textural properties have significant incidence on the diffusion of reactants through
pores and active sites, particularly for voluminous molecules, as those present in a
complex matrix such as crude oil (resins and asphaltenes). On the other hand, the
active phase of these conventional catalysts is commonly based on transition metal
sulfides (TMS) of Mo, promoted with Co or Ni. However, processing of nonconven-
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tional crude oils (heavy or extra-heavy) differs substantially from processing of
conventional crude oils (medium and light crude oil), due to the presence of large
amounts of asphaltenes and high contents of S, N, and metals, which rapidly deac-
tivate these conventional catalysts, by sintering, poisoning, and pore mouth clog-
ging. As a consequence, some efforts have been made to improve deactivation
resistance of hydrotreatment catalysts in terms of S, N, metals, and coke resistance,
and also lifetime in the process, by changing active phases and textural properties of
supports. In this regard, recently carbides and nitrides have been considered as an
alternative for the hydrotreatment of heavy crude oils since they can successfully
perform hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions
and are more resistant to coke than conventional TMS.

For these reasons, the aim of this chapter is to discuss the synthesis of novel cata-
lytic materials and their application in a variety of catalytic processes, emphasizing
on the structure/function relationships obtained by titania nanotubes and also transi-
tion metal carbides and nitrides (TMC and TMN, respectively). These exciting
modern advances are moving from the fundamental and practical setting to the
pilot-plant stage. Thus, technologies are currently being developed that will enable
us to use these materials in catalytic plants by replacing the traditional catalysts. The
approaches for using titanate nanotubes as catalysts or catalyst supports include
some of the advantages such as their low cost, environmentally friendly aspects,
stability, and lifetime. TMC and TMN have shown to be resistant to severe deactiva-
tion and also being highly active during hydrotreatment and hydrocracking reac-
tions due to their resemblance with noble metals in terms of electronic properties.

This chapter sets out to demonstrate that the synthesis of novel catalytic materi-
als has driven the majority of the studies of catalysis up to now, rather than the
improvement of the benchmark catalysts; there are significantly more investigations
on the synthesis of new solids for catalytic reactions besides other applications.
Section 2.2 discusses the overall forecast for new catalytic materials related to this
approach. Section 2.2.1 discusses the methods of synthesis, as this provides the
basis for how to design innovative catalytic materials. Conventional solids are syn-
thesized by physical or chemical methods and these strategies are also widely uti-
lized to obtain newly porous materials. Inorganic nanotubes including titanate
nanotubes themselves are promising candidates to be industrial catalysts. Therefore,
Sect. 2.2.2 considers the general aspects concerning the inorganic nanotubes,
including their routes of production, which can be used as-synthesized or modified.
Also, the types of inorganic nanotubes, their characterizations, and some applica-
tions will be emphasized. Section 2.2.2.1 discusses the synthesis routes to obtain
titanate nanotubes describing their characterizations and their uses. Section 2.2.2.2
explains the reasons for what the as-synthesized titanate nanotubes can be applied
in the production of valuable chemical intermediates through reactions such as
polymerization, photocatalytic activity, anodization, Knoevenagel reaction, oxida-
tion and reduction of methyl orange, Cannizzaro reaction, CO oxidation, hydrofor-
mylation of vinyl acetate, and phenol oxidation. On the other hand, Sect. 2.2.3
discusses about catalytic profile of TMC and TMN and their generalities; moreover,
in next Sect. 2.2.3.1 synthesis, characterization, and applications are briefly
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described for bulk and supported TMC and TMN finally in Sect. 2.2.3.2 their
specific application as catalysts for the hydrotreatment of model molecules and
crude oil is discussed.

Finally, Sect. 2.3 provides the summary and conclusions for this chapter.
Significantly, this manuscript describes the fundamental chemistry on the methods
of synthesis to obtain catalysts, inorganic nanotubes, TMC, and TMN; their applica-
tions in catalytic reactions; and the needs for future new catalytic material
development.

2.2 Forecast for New Catalytic Materials

The constantly growing world demand for materials to be applied as catalysts has
shown that there is a need of improving the traditional catalysts or produce new
solids for catalytic reactions. Coupling this with rising instability in the price of
reactants, devices, preparation of the materials, and uncertainty of supply as well,
many research groups have been encouraged to other drivers in the search for
alternative routes to prepare materials. This search also includes a very important
multidisciplinary research scope for novel strategies for material syntheses, as
new catalytic materials [1-7]. Advances in computational chemistry and pursuit
for a deep understanding of factors involved during catalytic reactions have moti-
vated the development of methods to simulate an entire catalytic process consider-
ing thermodynamic parameters, leading to prediction of trends in reactivity and
performance, and then tailoring of catalytic structure, this being transduced into
savings in synthesis and catalytic tests [8§—14], as it will be seen in other chapters
of this book.

A close look in the search of new catalytic material theme over the past 10 years
reveals that the researches typically focused on the synthesis of innovative materials
to meet demand for experimental setups and technological aspects of the catalytic
reactions. Moreover, an aggressive growth is expected to continue, driven primarily
by investments in preparation of material domains after 2015 (Fig. 2.1).

If these growth speculations are met, new catalytic materials would account for
more than 19,519 publications of the catalytic field search by 2015. In other words,
hundreds of papers are expected to be published in this field. Noteworthy, the above-
mentioned projections have arisen based on the development and design of new
catalytic materials such as MOF, INT, CNT, hierarchically porous materials, HT,
zeolites, pnictides, graphene, perovskites, spinel oxides, hexaaluminates, graphene,
composite oxides, transition metal carbides, and nitrides [1-7, 11-17]. In addition,
the search is associated to the development of synthetic routes throughout the meth-
ods involving sol-gel, precipitation, impregnation, chemical vapor deposition,
mechanical mixtures, complexation, gelation, crystallization, nanocasting, hydro-
thermal treatment, temperature-programmed reaction with reactive gases, and ion
exchange, among others [17-25].
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Fig. 2.1 Forecast for the applications of new catalytic materials. The period is 20062015

2.2.1 Methods of Synthesis to Design New Catalytic Materials

According to the Schwarz et al. [20], the catalytic materials exist in various forms
and their preparations follow different protocols with a huge number of possible
synthesis routes, frequently larger than the number of known catalysts. Hence, it is
important to bear in mind that the new catalysts have been developed and shown
promise in solving challenges encountered by the hydrocarbon transformation reac-
tions in the industry. Therefore, as catalysis is the basis of the chemical industry
[21], the improvement of properties and the discovery of new functionalities for the
catalysts are achieved by a well-controlled and a better understanding of the prepa-
ration methods. Moreover, the idea of tailoring materials for specific applications
has been widely spread as a consequence of the need for new materials that can
handle challenging processes with a minimum of environmental impact, almost
reaching zero by-products and using abundant materials in the world, with the
vision of promoting the mitigation rather than adaptation to global climate change,
especially on those processes identified by their highly negative impacts on the
environment, as it occurs for the fuel and petrochemical industry [5, 26-31].

Thus, several methods have been developed in an attempt to attend these require-
ments including precipitation, impregnation, coprecipitation, sol-gel, chemical
vapor deposition, mechanical mixtures, nanocasting, complexation, gelation, crystal-
lization, hydrothermal treatment, and ion exchange, among others [1-7, 23, 32-39].

The most common methods used to prepare catalysts are divided into two fami-
lies, the precipitation and impregnation procedures, as illustrated in Fig. 2.2.
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- Method of impregnation

A: catalytic suppont
B: mpregnated metal
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B: precipitant solution

Fig. 2.2 Schematic representation of precipitation and impregnation routes to prepare catalysts

The precipitation from a homogeneous solution route is a technique based on the
fact that one or more soluble salts, which contain the metal of interest, are neutral-
ized by addition of a base for generation of precipitate or coprecipitate of the cor-
responding metal oxide gels [32]. As a result of the process, relative supersaturation
is kept low with phase separation from the homogeneous liquid solution. The result-
ing precipitate is transformed into the following preparation stages into new solid
phase through heating procedures, being the active catalyst. It has been claimed that
the precipitation route includes the variant coprecipitation through two or more salt
precursors used with ending calcination treatment steps, which transform amor-
phous precipitates to crystalline materials [20].

The classical impregnation route consists of the synthesis strategy whereby a cer-
tain volume of solution containing the precursor of the active element is contacted
with the solid carrier material (silica, alumina, magnesia, active carbon, titania, etc.)
[20, 32, 33]. The suspension is formed, being afterwards heated to remove the solvent
and to disperse the metal on the carrier [32]. When the volume of the metal salt solu-
tion taken by the carrier is either identical or lesser than its pore volume, the tech-
nique is designed as incipient wetness [20]. The impregnation route also comprises
different techniques such as ion exchange, deposition and grafting, among others.

The ion exchange consists of exchanging either hydroxyl groups or protons of
the carrier with cationic and anionic species in solution [32]. The adjustment of the
pH is a key factor to have an electronic interaction between the support and the
metal precursor.

The traditional sol-gel method consists of the formation of a sol followed by the
formation of gel [34]. This method is mainly based on the chemistry of hydrolysis
and polymerization reactions and uses colloidal dispersion or inorganic precursors
to produce novel materials. The method can use a wide variety of precursors, but the
alkoxides are the most commonly used. Moreover, the alkoxides react with nucleo-
philic reagents giving rise to new precursors that exhibit different molecular struc-
ture, functionality, and reactivity [32, 34].

Other methods to prepare catalytic materials, for instance chemical vapor depo-
sition, mechanical mixtures, nanocasting complexation, gelation, crystallization,
hydrothermal treatment, and ion exchange, are well described in the literature [20—
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Fig. 2.3 Schematic diagram showing the methods of blending, transforming, and mounting the
catalysts (adapted from ref. [20])

23, 32-43]. The main preparation routes are summarized in Fig. 2.3. These methods
allow defining the properties of the catalyst via blending, transforming, and mount-
ing steps to obtain the final catalyst to be applied in the reactions.

Importantly, through the abovementioned methods, novel materials such as metal
organic framework (MOF), inorganic nanotubes (INT), carbon nanotubes (CNT),
hierarchically porous materials, hydrotalcites (HT), picnides, zeolites, perovskites,
spinel oxides, hexaaluminates, graphene, composite oxides, and so forth have been
developed. The advantages and disadvantages of using these methods are shown in
Table 2.1.

Despite these catalyst preparation methods producing materials with advanta-
geous structural and porosity features, some of these synthetic routes require a
sequence of several complex processes, many of them not completely understood.

2.2.2 Inorganic Nanotubes: General Aspects

Synthesis of inorganic nanotubes (INT) has recently drawn considerable inter-
est in the research areas of solid-state chemistry and nanomaterials. The INTs are
nanostructured materials derived from layered inorganic compounds possessing
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Table 2.1 Distinct preparation methods to obtain new catalytic materials [20, 44—49]

Method of

synthesis Advantage Disadvantage

Coprecipitation Convenient, simple process, provides | Precipitate can be contaminated
[20, 44, 46] a large range of scale, can be highly | easily, can spend a long time to

selective and virtually quantitative

digest, to filter, or to wash the
precipitate

Impregnation [20,
44, 45]

Fast process, the excess solvent is
removed by drying easily and
addition of active precursor into the
porous carrier

Increasing the weight loading results
usually in lower solution pH,
carrying out support disruption and
substitution of ions into the support
lattice

Sol-gel [20]

Allows control of the textural
properties, homogeneity, and
chemical composition

Synthesis more complicated that
requires greater energy expenditure

Chemical vapor
deposition [20]

Fine-tuning of the pore size and using
low-pressure conditions to allow
direct deposition of the active
material onto catalyst material

Surface poisoning, dissolution, and
mainly redistribution of the active
material during activation of the
solid

Complexation The use of organic molecules with The removal of the organic
[20] several chemical functionalities is ingredient is very important during
important for formation of the the catalysis activation
three-dimensional network during the
sol—gel step
Crystallization Simple process and excellent purity | Variation of temperature can cause
[20] obtained after the crystalline growth | instability and difficulty to the
growth of the crystalline structure
Hydrothermal Low cost and simplicity of operation | Large amount of energy expended to

treatment [20, 49]

produce a little sample

Ion exchange [20,
44]

Able to modify the size and way until
achieving the internal pores

It is a prerequisite to keep the charge
compensating ions for stability of
the crystalline structure

structures comparable to those of graphite [43, 47]. For instance, Fig. 2.4 illustrates
the MX, (M = Ta, Zr, Mo, W, Cd, Nb, Hf; X = S, Se) metal dichalcogenides, which
are inorganic compounds with a metal-layered sandwiched structure between two
chalcogen layers, with the metal in a trigonal pyramidal or octahedral coordination
mode [43]. What makes these structures interesting is that they comprise unsatu-
rated bonds at the edges of the layers, similar to that presented in graphite. It is
important to figure out that especially in case of the dichalcogenide layers, there
is instability towards bendings and these solids have a high propensity to roll into
curved structures [43, 48].

In recent years, these INTs have moved towards being the subject of intense
multidisciplinary studies in reason of their one-dimensional nanostructure, excel-
lent physiochemical properties, and versatile applications such as sensors, adsor-
bents, solar cells, catalyst supports, medicine, photocatalysis, drug delivery, and
electronics, among other applications [43, 47-52].
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Fig. 2.4 Comparison of the structures of (a) graphite and inorganic layered compounds such as
(b) NbS,/TaS;; (¢) MoS,; and (d) BN. In the layered dichalcogenides, the metal is in trigonal
either prismatic (TaS,) or octahedral coordination (MoS,). (Reproduced with permission from ref.

[43D)

Over the last two decades, the INTs have opened innovative research direction as
a challenge for synthesis of new catalytic materials. The most used methods to pro-
duce INTs for catalytic applications are (1) the arc discharge and laser ablation, (2)
sol-gel, (3) hydrothermal treatment, (4) assisted template method, and (5) electro-
chemical anodic oxidation. The main synthetic routes for INT production are sum-
marized in Table 2.2. As it can be seen, the metal dichalcogenides (e.g., MoS,,
MoSe,, and WS,) can be easily fabricated through the arc discharge, laser ablation,
as well as chemical reactions involving the stable oxides, such as MoO; and WO;,
upon heating [43]. The carbon nanotube template route is used to obtain INTs by
adsorbing the precursors on the outer walls of CNTs and covering it with inorganic
materials [51-53].

In case of the hydrothermal treatment method, it has been used for synthesizing
nanotubes from several metal oxides such as SiO,, Al,Os;, Na,Ti;0,-nH,0, V,0s,
Zn0,, PbTiO;, and BaTiO; [54-56].

The sol-gel method provides a new approach to the preparation of INTs, as for
silica, TiO,, Ga,03, and In,O;. Besides, the strategy based on the sol-gel route is
that of the oxide gels in the presence of surfactants or suitable templates form nano-
tubes. The coating of the CNTs with oxide gels is performed and then burning off
the carbon provides the formation of nanotubes and nanowires of a variety of metal
oxides including ZrO,, SiO,, and MoO; [54]. Another method is the layer-by-layer
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Table 2.2 Types of INTs produced by different routes [64—69]

Type of
nanotubes Synthetic strategy Refs.
Al,O; (1) Chips were electropolished to anodization in a solution containing | [64]

ethanol and HCIO,

(2) H,SO, was used in the first anodization step

(3) After the pulses in H,SO, electrolyte, the remaining aluminum
substrate was removed by wet chemical etching

CeO, (1) K, 33MngO,¢ nanowires and Ce(NO3); were transferred into [65]
Teflon-lined, during hydrothermal treatment process

(2) Product was rinsed with ethanol and deionized water, and dried in
air

PdCl, (1) Aqueous PdCl, was slowly added in solution containing Ag [66]
nanowires and NaCl, under vigorous stirring

(2) Product was washed with ethanol and water for removing AgCl and
NaCl

(3) Finally, reminiscent Ag was removed with addition of H,0,
solution

Si0O, (1) TEOS was added to the solution containing glycyldodecylamide [67]
(GDA) and ethanol and stirred at room temperature

(2) Product was washed with ethanol to remove the surfactant

(3) Aminopropyltriethoxylsilane (APTES) was added to a suspension
of toluene-containing silica nanotubes

(4) Solution was heated under reflux

Na,Ti;07-nH,O | (1) TiO, (rutile) was added in NaOH aqueous solution [68]
(2) Mixture was placed into Nalgene flask during 20 h at 110 °C
(3) Product was treated with distilled water and then centrifuged to
separate the powder (titanate nanotube)

MoS, (1) Large-surface-area MoS, atomic layers [69]
(2) Synthesized on SiO, substrates by chemical vapor deposition using
MoO; and S powders as the reactants

(LBL) assembly of the precursors on CNT templates in combination with subse-
quent calcination that has been developed to prepare porous SnO, and In,O; nano-
tubes [57].

Furthermore, the sol-gel chemistry can also be used to obtain oxide nanotubes in
the pores of alumina membranes. Through this method, MoS, nanotubes are also
synthesized by the decomposition of a precursor in the pores of an alumina mem-
brane [43, 55]. Also, cobalt, iron, nickel, and copper nanotubes have been synthe-
sized using polycarbonate membranes as templates [58].

The use of precursors via direct decomposition has been reported as a vastly
applied method to obtain the disulfide nanotubes. The selenide nanotubes are
obtained through H,Se reactions whereas the sulfide nanotubes are prepared from
MoS;, WS;, NbS,, and HfS,. Both molybdenum and tungsten dichalcogenides can
also be obtained through the decomposition of the precursor ammonium salt, such
as (NH,),MX, (X =S, Se; M = Mo, W) [43]. The types of INTs produced by differ-
ent routes are summarized in Table 2.2.
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The metal oxide nanotubes can also be prepared by the surfactant-assisted syn-
thesis combined with sulfidizing/selenidizing agent, with CdSe and CdS nanotubes
being good examples of the use of such method [59]. Nanotubes of other oxides
such as Er, Tm, Yb, and Lu have been prepared by the aforesaid template-mediated
reactions using dodecyl sulfate assemblies [60].

Importantly, the transition metal halides, oxides, and nitrides in layered struc-
tures as well as GeO, and GaN nanotubes are reported to be prepared by heating of
their salt precursors in air to vanish the water of crystallization, with the heating
under nitrogen flow being the final step to prepare the solids [59]. Moreover, nano-
tubes of both PbTiO; and BaTiO; can be better discussed elsewhere [61]. Boron
nitride nanotubes have also been prepared by coprecipitation and annealing routes
and striking an electric arc between HfB, electrodes in nitrogen atmosphere as well
[62, 63]. The polysiloxane nanotubes were synthesized via trifunctional organosi-
lanes, as reported elsewhere [63].

Similar morphologies of the INTs including nanowires, nanorings, nanowhis-
kers, nanofilaments, nanorods, and nanobelts have begun to emerge through the use
of the abovementioned methods [43, 63].

Among the discussed methods of synthesis, hydrothermal treatment is attractive,
since it allows the preparation by a simple route and is of low cost to design
catalysts.

Numerous investigations have been reported to ascertain how the INT synthesis
conditions affect their properties and thereby affect their catalytic performance.
Therefore, suitable characterizations of the crystal and/or textural structure features
of the INTs are essential in understanding their physicochemical properties. The
conventional measurements by TEM, SEM, Raman and FTIR spectroscopy, XRD,
TGA/DSC/DTA, and nitrogen physisorption isotherms give deep insight into the
structure, texture, and surface morphologies of the synthesized INTs [49-51, 53—
63]. Other techniques such as temperature-programmed desorption of CO, CO,, or
O, (TPD); temperature-programmed reduction of hydrogen (H,-TPR); extended
X-ray absorption fine structure (EXAFS); and X-ray photoelectron spectroscopy
(XPS) give information on the reducibility, defects, and oxidation state of metal and
oxygen elements of the INTs, which are indispensable properties to justify the effi-
ciency (inefficiency) of the catalysts in the reactions.

Despite the fact that INTs have not yet been applied in industry up to now and
there is still a long way to walk on before their commercialization, the easy avail-
ability, their potential for extensive applications, and tuneable physicochemical
properties make them bouncy materials for catalytic studies.

2.2.2.1 Titanate Nanotubes: Preparation, Characterization,
and Applications

Titanate nanotubes blossomed since the turn of the twentieth century led by pio-
neers such as Kasuga and coworkers [70, 71]. TNTs are 1D nanostructures consist-
ing of a layered structure with a hollow cavity (Fig. 2.5). The scrolling of an
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Fig. 2.5 Types of TNTs:
(a) single-layer nanosheets
and multilayer nanosheets

(b)

(a) (b)

exfoliated layered titanate nanosheet is formed in the nanotube structure through
hydrothermal treatment by folding nanosheets [71]. According to the figure, there
are two types of nanosheets that is to say, single-layer nanosheets, which are iso-
lated (100) planes of titanates (Fig. 2.5a), or multilayer nanosheets (Fig. 2.5b),
which are several conjugated (100) planes of titanates [71]. Additionally, both types
of nanosheets are very thin and could be found in both planar and curved shapes.
The TNTs can be prepared by the sol-gel, hydrothermal treatment synthesis, anod-
ization, atomic layer deposition, template assisted, and supercritical media, provid-
ing access to the fabrication of morphologically diverse TiO, nanomaterials
[72-75].

The hydrothermal treatment of TiO, is the simplest synthetic tool to obtain the
TNTs with low cost and harnesses and requiring neither expensive apparatus nor
special chemicals. The advantages of this technique are indeed enormous, since the
TNT’s unusual morphology and unique physicochemical properties can be easily
and flexibly controlled. The nanosheets are usually observed in the early stage of
preparation of TNTs or as a small impurity in the final product obtained via the
alkaline hydrothermal treatment [71]. Moreover, dimensions and morphology can
be controlled by adjusting the temperature and pressure parameters as well as the
alkaline concentration and synthesis time [76-78].

Many applications of the TNTs have burgeoned since then in photocatalysts, gas
sensors, photoluminescence, dye-sensitized solar cells, electrochemical capacitors,
water treatment, proton conduction, lithium inserting, hydrogen storage, catalysts
or catalyst carriers, medicine, proton transport, and adsorbents. The TNTs have
charted progress in these areas that have indeed become prosperous fields in the
discovery of new TiO,-nanotube materials [49, 70-76, 79].

This likely pursues from the certain degree of porosity associated with the high
surface areas of the solids in relation to the more straightforward understanding of
the superior adsorption capacities and thereby catalytic properties of the TNT
nanomaterials.
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2.2.2.2 Heterogeneous Catalysis Using Titanate Nanotubes

Titanium functionalities give redox and acid-base properties making the interac-
tions between the solid surface and hydrocarbons molecules easy. The structures
derived from titanium functionalities are TiO, in rutile or anatase phases and titanate
nanotubes. The catalytic applications of TNTs date back over 15 years and the evo-
lution of the chemistry of the TNTs, until very recently, has been more gradual.
Most of the studies on application of the titanate nanotubes in catalysis field are
devoted towards their uses as catalysts or catalyst carriers.

As catalysts, the moderate acid-base property can be considered as one of the
earlier attempts to use protonated titanate nanotubes in Friedel-Crafts alkylation of
toluene with benzyl chloride, photocatalysis, hydroxyalkylation/alkylation of
2-methylfuran and n-butanal from lignocelluloses, esterification, dye oxidation, and
hydrolysis of 2-chloroethyl ethyl sulfide [71, 80-83]. Despite that highly active
Lewis acid catalyst with active Brgnsted acid sites is often found, the TNTSs provide
the drawback of being not reusable for several times. Also, they have a much lower
catalytic activity than the traditional catalyst applied in title reactions.

The use of TNTs as catalyst carriers has been investigated for water gas shift
reaction, reduction of methyl orange, Knoevenagel reaction, isomerization of allyl-
benzene polymerization of methyl methacrylate, Cannizzaro reaction, CO oxida-
tion, hydroformylation of vinyl acetate and phenol oxidation, NO, storage/reduction,
and hydrotreating for ring opening of tetralin, among others [48, 64, 71-80, 84].
Some of them are depicted in Fig. 2.6. Another interesting feature is that the as-
synthesized titanate nanotubes can be in sifu transformed into active centers for
supported catalysts.

Thus, the unique physicochemical properties of TNTs seem to be imperative to
attend these reactions. In this sense, TNT materials with remarkable catalytic per-
formance have been obtained by virtue of the intercalation of metal cations in TNTs
and/or decoration of metal oxide nanoparticle procedures [71]. Thereby, the major-
ity of the studies reported on these reactions have demonstrated that the TNTs deco-
rated with CuO, La,0;, RuO,, NiO, ZnO, CeO,, NiO, MoOx, MnOx, Cs,0, and
SnO,, doped with boron or nitrogen nanoparticles, have outstanding performance as
acid-base catalysts. Indeed, insights into the redox ability of TNTs is displayed,
when the nanotubes contain Fe,05, ZnO, Au, Cr, As, Cd, Pd, Cu, Ce, Ru, Ni, and Pt
[42, 80-83, 85-93].

It is quite necessary to study the physicochemical features of the TNTs and their
effect on the reaction mechanisms. Though not addressed here, the disadvantages
associated to deactivation of TNTs in the reaction media due to diverse aspects as
pore blocking and/or coke formation are still in debate.

Of the applications available in catalysis, photocatalysis degradation of contami-
nants by TNTs has been widely investigated [71, 73, 94]. One remarkable advantage
of the TNTs is the elevated photocatalytic activity over counterparts of TiO,
nanoparticles. This is due to the shape-dependent structure of the TNTs associated
with their high surface-to-volume ratio and superior physicochemical properties
[95]. However, the usage of TNTs in photocatalytic applications suffers from intrin-
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Fig. 2.6 Some reported catalytic reactions using TNTs

sic disadvantages of photocorrosion, which greatly decreases their photoactivity
and photostability.

Clearly, the methods for synthesizing TNTs need to be optimized to develop the
technology for an active, selective, and stable catalyst and lastly a long-standing
challenge for their commercialization successfully. It should be kept in mind that
the capital cost savings can be gained through the preparation of large amounts of
TNT catalysts. The environmental friendly aspect is another factor that limits the
discarding needs of the industrial plants and also enhances the economic feasibility
of these materials as heterogeneous catalysts.

2.2.3 Transition Metal Carbides and Nitrides: General Aspects

TMC and TMN are known to be interstitial compounds where nonmetal atoms are
located at big interstitial sites of the cubic and octahedral prismatic structure of met-
als. These materials follow Higg’s rule which establishes that the formed structure
depends on the atomic ratios of metal and nonmetal elements [96].



2 Synthesis of Novel Catalytic Materials: Titania Nanotubes and Transition Metal... 27

Moreover, regarding structure and composition, it is important to mention that
carbon and nitrogen form compounds with all transition metals except late metals of
the second and third rows of the periodic table. TMC and TMN exhibit a variety of
structures depending on metals involved, varying from fcc to hex and hcp. These
structures are mainly determined by their electronic properties and their trends have
been found to be similar to those found for metals by the Engel-Brewer theory [97,
98]. Group 6 metals form structures similar to M,X (X = C, N), while groups 3-5
form structures like MX. It is also notable that compounds formed with early transi-
tion metals show structures such as MX and M, X, but in the late transition metals
the M;X and M, X stoichiometry prevailed (see Fig. 2.7). This increase in M/X ratio
when moving to the right of the periodic table represents a C and N rejection of the
metal and reflects a decrease in carbides and nitride stability in comparison to their
parent metals [99].

The discovery of new phases with unique properties has permitted to use TMC
and TMN in diverse areas, such as that reported by Yu et al. [99] in which an oxyni-
tride of V-Mo has more activity in the HDN of quinoline under industrial conditions
than the pure V or Mo nitrides, or a conventional NiMoS catalyst.

A) Face-centered cubic Hexagonal Close Packed Simple Hexagonal
(fee) (hep) (hex)

B)

P MC/MN M;C/M:N, [ M:C/M;N
B Mc, /MN,  M,C/M,N Non stable

carbide/nitride

Fig. 2.7 (a) Crystalline structures of TMC and TMN compounds. ® (Blue) = Metal; ® (Brown) = C o N.
(b) TMC and TMN compound stoichiometry. Reproduced with permission of refs. [100-102]
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2.2.3.1 Synthesis, Characterization, and Applications

Many methods have been developed for the synthesis of TMCs and TMNs, which
can be used to obtain materials with different physical properties, such as high or
low surface area. Also, bulk or supported materials can be prepared. For catalytic
applications, usually high-surface-area materials are desirable, being prepared at
moderate temperatures (see Table 2.3). Temperature-programmed reaction is a
method that consists of the treatment of a precursor compound with a stream of
reactive gas while increasing temperature uniformly (until around 700-800 °C).
Oxides, sulfides, nitrides, or other compounds can be used as precursors in this
method, while the reactive gas can be a mixture of a hydrocarbon (e.g., methane)
and hydrogen in order to obtain carbides, and ammonia for obtaining nitrides. This
reaction is usually carried out in a packed bed flow reactor with the precursor in the
form of powder or pellets, using a program for temperature which enables to bal-
ance synthesis and sintering, giving products with high specific surface areas [25,
103-106]. A better control of textural properties (surface area and pore size distri-
bution) and use of the active phase can be achieved by means of a support. Well-
dispersed phases of carbides and nitrides have successfully been prepared by
impregnation method to obtain oxidic precursors (as it was described earlier in
Sect. 2.2.2) and then applying the temperature-programmed reaction method [15,
25, 103-107].

Table 2.3 Synthesis methods for obtaining TMCs and TMNs with low surface areas (adapted
from ref. [108])

Reaction of metals or Carbides | M + 2C - MC + CO, Cr;C,, Mo,C,
metallic compounds with TcC, Fe;C, FesC,,
reactive gases Co,C, Ni;C
Nitrides | MO + NH; - MN + H,O + 1/2H, | Mo,N, TiN, ZrN,
HfN, VN, NbN,
W,N
Decomposition of metal Carbides | MC1 + H,C, - MC + HCl + ... TiC, TaC, HfC
halide vapors Nitrides | MCI + Ny/H, = MN + HCl + ... | TiN, VN, Re,N,
Fe,N, Fe,N, Cu;N
Decomposition of metal Carbides | W HfC, VC, WC
compounds (CO), +H,C, - WC + H,0 + CO
Nitrides | Ti (NR,); + NH; — TiN + ... TiN, Zr;N,
Temperature-programmed Carbides | MoO; + CH, + H, — Mo,C + ... Mo,C, MoC _,,
methods WC, WC,_,, NbC
Nitrides | WO; + NH; > W, N + ... Mo,N, MoN, VN
Utilization of high-surface- | Carbides | Mo(CO)¢/Al,0; = Mo,C/Al,O4 Mo,C/ALO;
area supports Nitrides | TiO,/SiO, — TiN/SiO, TiN/SiO,
Reaction between metal Carbides | M + C - MC Mo,C, W,C
oxide vapor and solid carbon | Nitrides | M + 1/2N, —» MN CoN, Ni;N,, TiN,
LaN
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Furthermore, Volpe and Boudart [104] used the temperature-programmed reac-
tion method to transform MoO; and WO; with NH; as a new path for the preparation
of bulk Mo,N and W,N with high surface areas (220 and 91 m?%g, respectively).
They revealed that this transformation is topotactic, since the (1 0 0) planes of Mo,N
are parallel to (0 1 0) planes of the MoO;, resulting in platelets of a highly porous
nitride that is pseudomorph of the MoOj;. Later Boudart with Lee et al. [106] syn-
thesized Mo carbide with a mixture or CH,/H,, starting from bulk MoO; and Mo,N,
obtaining 3-Mo,C (hcp; 50-100 m?%/g) and a-MoC,_y (fec; 200 m?/g). These materi-
als also exhibited pseudomorphism with precursors and topotactic changes. Later,
Ramanathan and Oyama [109] prepared a series of Mo, W, V, Nb, and Ti carbides
and nitrides by this method starting from metallic oxides and using CH,/H, (20%
v/v mixture) and NH; (100%).

Extensive studies regarding synthesis condition effect over active sites of these
materials were carried out by Nagai and coworkers [110-114]. Nitriding tempera-
ture variations conduct to a distribution of species y-Mo,N, f-Mo,N, 7, metallic Mo
and unreacted MoQO,. Low temperatures lead to high amounts of y-Mo,N. Increasing
temperature promotes y-Mo,N transformation to 3-Mo,Nj 73 and metallic Mo. Also,
it was noticed that the gaseous environment used during cooling to room tempera-
ture may affect product properties, since catalysts cooled in NHj; resulted in a more
active catalyst than that obtained when cooling with He. Surface properties of these
materials are influenced by synthesis conditions [115], and it has to be taken into
account that these materials are pyrophoric; thus, after their preparation, they must
be passivated in a mixture that contains 1% or less of O, with a noble gas [116].

TMC and TMN have many technological applications due to their great strength
and stability; they have been used as tools and they can handle severe conditions of
temperature and pressure (for example in rocket nozzles). Also, they can perform
optical, electronic, and magnetic functions [117—120]. These materials have also
been proven to be good catalysts for ammonia synthesis, hydrogenation, Fischer-
Tropsch, and reactions involving hydrogen adsorption, activation, and transfer, such
as hydrotreatment reactions (HDN, HDS, and others) [104]. They have also been
described to have similarities with noble metals and in some cases have resulted to
be more active, selective, stable, and resistant to deactivation and poisoning [104].

Due to earlier described properties, they have been attracting attention in research
and development for interesting applications in catalysis, electronics, and optics. In
this chapter, specific applications as catalysts for hydrotreatment of model mole-
cules and crude oil are discussed.

2.2.3.2 Applications as Catalysts for Hydrotreatment of Model Molecules
and Crude Oil

Hydrotreatment is a process that involves different reactions and carries out the
removal of S, N, and more, in the presence of hydrogen and an active catalyst. This
process is widely used in the oil industry and other chemical processes. Recently,
TMCs and TMNs have been considered as alternative catalysts for hydrotreatment
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since they are highly active and also resistant to high contents of S and N in feed-
stocks [16, 121-126]. Some efforts have been made to understand the active sites
responsible for this behavior, most of them based on hydrogen adsorption ability
[127, 128]. Also, particle size and temperatures have been considered for several
authors to be determining for the adsorption-activation-transfer of hydrogen and
catalytic performance of Mo and W carbides and nitrides. Noteworthy, in contrast
to conventional sulfide-based catalysts, researchers have found that TMCs and
TMNs with lower surface areas (large particle sizes) could lead to more active cata-
lysts [122, 128]. Furimsky [116] discussed a mechanism proposed by Li and
coworkers [129] for the adsorption activation and transfer of hydrogen over a sur-
face of Mo nitride (due to an extensive availability of data for nitrides in contrast to
carbides). This mechanism is summarized in Fig. 2.8.

First, heterolytic dissociation occurs over sites with Mo-N pairs, where blue box
represents N deficiency in a surface Mo atom. It should be noticed that these defi-
ciencies could be eliminated during passivation step and also be regenerated during
reduction (or activation) with H,. According to Nagai and coworkers [112, 113]
Mo,N prepared at high temperatures has low surface area and a high amount or
N-deficient Mo atoms on the surface. In addition, Guerrero-Ruiz and colleagues
[131] reported that hydrogen adsorption increases when particle size increases (and
surface area decreases) in the same Mo nitride. On the other hand, high amount of
surface Mo could lead to homolytic dissociation, obtaining Mo—H species, where
hydrogen can be easily transferred to reactant molecules due to the low strength of
the Mo—H bond. In this point, a migration of H into the subsurface and/or interstices
can occur, motivated by the force of the N-H bond [122]. Similarly, this behavior
could occur in the surface of Mo carbide since the bonding strengths of N-H and
C-H are in the same range [132].

o H (o) H C H H
H? H2 HZ
Mo-N = Mo-NH Mo-N = Mo-N Mo-Mo = Mo-Ma
Heterolytic Dissociation Pasivation-Reduction Homolytic Dissociation
[ | H S-H B S-H

Mo-Mo + H,S= Mo-Mo Mo-N +H,S = Mo-N-H

In the presence of H,S

m s H S-H
Mo-Mo + H, = Mo-Mo

H; Dissociation

After H; transfer

Fig. 2.8 Hydrogen activation and transfer over Mo nitride surface (adapted from refs. [116, 129,
130])
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Moreover, TMC and TMN have shown interesting surface properties during
hydrotreatment reactions, due to the presence (or formation) of H,S, which have led
to a surface modification obtaining a so-called sulfo-carbided or sulfo-nitrided spe-
cies, showing good performances, as it was reported by several research groups [16,
133-135]. Additionally, MoS, slabs have been found in samples of passivated, pre-
sulfided and promoted carbides and nitrides as it was reported by Villasana et al.
(see Figs. 2.9 and 2.10).

Scarcer information is available regarding the role of promoting metals in hydro-
gen adsorption, activation, and transfer over these materials. However, some studies
have shown that promoted carbide and nitride catalysts have shown better perfor-
mances than un-promoted compounds [136-139].

Fig. 2.9 HRTEM images of NiMo carbide (Ni/(Ni + Mo) = 0.33) after presulfiding: (a) NiMo
carbide particle and (b) MoS, slabs coverage over NiMo carbide particle (reproduced from ref.

[16])

Fig. 2.10 HRTEM images of NiMo nitride (Ni/(Ni + Mo) = 0.33) after presulfiding: (a) NiMo
nitride particle, (b) MoS, slabs in a particle agglomerate of particles in the NiMo nitride catalyst
(reproduced from ref. [16])
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Support role in the catalytic activity of these materials has yet to be investigated
and it could be compared to earlier reports of transition metal sulfides, in terms of
hydrogen migration, as it has been compared as a hydrogen reservoir [140, 141].

In these sense, Villasana [142] sustained earlier proposals of Furimsky [116], by
also suggesting that during passivation process a surface monolayer of transition
metal carbides and nitrides could be oxidized, and later, being sulfided (during a
presulfiding step), thus being converted into MoS, and WS,, based on results of
XRD, ECA, SEM, and HRTEM analysis, and also thiophene HDS and crude oil
hydrotreatment tests [15, 16, 143, 144]. Hence, it could have a key role in the activa-
tion and transfer of hydrogen to reactant molecules such as thiophene (model mol-
ecule) or asphaltenes (real feed), considering that both C and N attract hydrogen to
the inside of particles, due to earlier mentioned C—H and N-H bond strengths,
which could serve as hydrogen reservoir and promote catalytic performance. This
was corroborated by the results almost simultaneously reported by Oliveira et al.
[145] in which experimental and theoretical methods revealed the occlusion of
hydrogen inside the bulk of Mo carbide during synthesis and reactivity tests.

TMC and TMN have been proven during hydrotreatment of diesel, light and
heavy gas oil, and medium and extra-heavy crude oil, also with Carabobo crude oil
(Venezuelan extra-heavy crude oil) and Maya crude oil (medium crude oil) showing
good performances. Earlier reports revealed interesting results related to residue
conversion, change in asphaltene and resin content and nature, sulfur and metal
content, viscosity, API gravity, apparently due to cracking, HDS, and hydrogenation
over these materials [16, 107, 142-144, 146-1438].

Finally, due to their easy and low-cost synthesis method, transition from conven-
tional catalysts to TMC and TMN catalysts could be done relatively quick, since
they can be easily obtained by using common streams in the petrochemical industry
(i.e., CHy, H,, and NHj3) and will also be suitable in an already installed industrial
structure, since they have shown to be stable during severe conditions as industrial
processes demand [109].

2.3 Summary and Conclusions

This chapter provides a summary of the synthesis of novel catalytic materials
focused on titanate nanotubes and transition metal carbides and nitrides. Throughout
the discussion, the primary objective has been to describe the forecasts and the
method of synthesis to obtain innovative catalytic materials such as INTs, MOF,
picnides, graphene, hierarchically porous materials, spinel oxides, hexaaluminates,
composite oxides, and zeolites. The aims also included the aspects concerning the
fundamental chemistry of precipitation, sol—gel, impregnation, and ion exchange,
among other methods, for designing new catalytic materials. Among the INTsS, spe-
cial attention was given to the titanate nanotubes, whose unique properties allow
them to be applied in a variety of catalytic processes, e.g., polymerization, photo-
catalytic activity, anodization, Knoevenagel reaction, oxidations, reduction of
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methyl orange, and acid-base and Cannizzaro reactions, and as as-synthesized
catalysts or carriers. Also, the technical challenges of the synthesis that need to be
overcome to enable the commercial deployment of future novel catalytic materials
have been emphasized. Also, transition metal carbide and nitride synthesis, proper-
ties, and applications are discussed mainly focusing on their application in
hydrotreatment reactions.

In conclusion, the consolidated methods of synthesis of catalytic materials are
mature assessments, despite some remaining questions about the best method to
develop the exact solid properties to attend the mechanism of a specific reaction.
Interest in the use of inorganic “nanotubes,” TMC and TMN appears to be increas-
ing since these compounds are versatile as catalysts. Among the wide range of
methods discussed for the TNTs, the hydrothermal treatment one is largely applied.
Moreover, the TNTs are active selectives to the desired products and seem to have
stability for some reactions due to their high specific surface area, redox and acid-
base properties, and ion-exchange capacities. Nevertheless, there are still limita-
tions in the industrial use of TNTs in catalytic process at severe conditions such as
low recyclability, coking, and phase transformations. In order to overcome these
drawbacks, efforts have been made in synthetic strategies based on the need to
reduce total capital costs by developing processes with high product yields and
conversions.

On the other hand, TMC and TMN are promising materials in the petroleum
industry since they can accomplish several reactions over their non-fully understood
active sites, and also some recent modifications of surface species (Mo and W sul-
fide slabs) and the incorporation of promoters (such as Fe, Ni, and Co) could
enhance their performance in hydrotreating. This could lead to savings in operation
and handling of heavy feedstocks in terms of time manageability, solvent consump-
tion, catalyst poisoning, deactivation avoiding, and more, but there is still much
work to do in the understanding of reaction mechanism and their physical and
chemical surface behavior during hydrotreatment.
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Chapter 3

Theoretical Insights into the Electronic
Structure and Catalytic Activity

on MoS,-Based Catalyst

Xiaodong Wen, Tao Yang, Manuel Ramos, Gabriel A. Gonzalez,
and Russell R. Chianelli

3.1 Introduction

Hydrodesulfurization first came into practice during World War II in the production
of petroleum. One of the biggest movements in recent legislation for reduction of
sulfur in gasoline products was started by a speech at that time by the President of
the United States Mr. William Jefferson “Bill” Clinton on May 1, 1999, at White
House in Washington D.C. His announcement was to achieve 90% reduction of
sulfur content in automobile gasoline in the United States by the year 2004 as sug-
gested by Environmental Protection Agency (EPA), wherein parallel efforts were
underway around the world by other nations like France, Germany, and the United
Kingdom [1]. One can find more details about EPA document and environmental
justification around this important environmental legislation decision. Additionally,
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the document proposed for year 2004 to allow only 30 ppm of sulfur content in
liquid fuels mainly gasoline and diesel, and furthermore to achieve a 10 ppm of
sulfur content by year 2007. Now, as we have seen, fortunately the liquid fuel indus-
try has reached that important environmental target; however the regulation contin-
ues to achieve even lower sulfur content mainly in liquid fuels.

For that particular reason the liquid fuel industry had used for more than three
decades an alumina oxide-supported molybdenum disulfide catalyst, which is a
chalcogenide transition metal sulfide used in operation conditions of 150—160 psi at
hydrogen atmosphere and temperature ranges of 300-400 °C. The sulfur content in
crude oil of 1-5% is reduced to 0.1% for final liquid fuel products and more likely
the sulfur limits might be reduced to as low as 0.003-0.04%. Generally speaking,
catalysts used in industry are derived from oxides of elements of group 6, such as
Mo or W; group 9, such as Co; and group 10, such as Ni supported on different
matrix high-temperature and -pressure materials and compounds, although one of
most commonly used is alumina’s oxides. The catalytic activity is related to the
presence of sulfides of group 6 and group 9-10 elements having an important role
of using some promoters, like nickel or cobalt, to enhance its catalytic activity.
Along that particular direction, much effort has been devoted to research on both
HDS activity and electronic structure of those MoS,-based catalysts since 1920s,
regarding which one can find many references in the scientific literature. In those
mentioned reports, the main goal of understanding is the relationship of structure/
function and active phases, exploring reaction mechanism and electronic structure
of promoters (Co or Ni); the latter implies to apply several laboratory surface tech-
niques and methods such as extended X-ray absorption fine structure (EXAFS),
atomic force microscopy (AFM), high-resolution transmission electron microscopy
(HREM), infrared spectroscopy (IRS), X-ray photoelectron spectroscopy (XPS),
and temperature-programed reduction (TPR) among others. However, even with
those mentioned and reliable experimental characterization techniques, still many
questions had not been resolved about the chemistry and physical-chemistry of
those catalytic TMS materials, because of high complexity during hydrogenation
processes and in many cases a natural limitation of those characterization tech-
niques, when compared to reaction operational conditions at liquid fuel industrial
production.

In the past 22 years several computer-assisted theoretical approaches have been
developed as a complement for standard experimental characterization tools, mainly
applying a well-established density functional theory (DFT) approach. It is worth to
mention that DFT had been highly used in condensed matter physics to determine
electronic structure properties of solids, as well as in the pharmaceutical industry
for design of novel health-related molecules; lastly a strong approach has been
made with the aid of DFT in the material science field, causing DFT methods to be
used as a computer-assisted characterization technique, to be able to achieve predic-
tion on chemical reactions and deep understanding of electronic structure near the
ground state at Fermi level. In this particular chapter, we discuss theoretical approx-
imations completed on MoS,-based catalyst in combination with experimental data.
Specifically, geometrical stability of MoS,, Co(Ni) promoted MoS,, as well as
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carbide and oxide phase with a portion about HDS chemical mechanism description
all based on DFT methods.

3.2 MoS,; Catalyst Structure Prepared in Experiments

The preparation of hydrotreating catalysts can be done by a two-step pore volume
impregnation procedure or by co-impregnation. In the sequential pore volume
impregnation, y-Al,Os is impregnated with an aqueous solution of (NH,)sMo0,0,4,
followed by drying and calcination (heating in air). In a second step, the resulting
material is impregnated with an aqueous solution of Co(NOs), or Ni(NOs), and
dried and calcined. Alternatively, and preferentially used in the industry, all inor-
ganic materials are co-impregnated, and the resulting catalyst precursor is dried and
calcined. Several studies indicated that there are interactions between Mo and Ni or
Co in the oxide state. Thus, it is known that the order of impregnation and calcina-
tion—first Mo and then Co or Ni or vice versa—plays an important role in the activ-
ity of the final sulfide catalyst. Catalysts in which the support is impregnated first
with a solution containing Mo invariably have a higher activity. It has been sug-
gested that the nickel or cobalt cations interact with the polymolybdate phase by
forming a metal heteropolymolybdate [2]. The infrared absorption bands of NO
adsorbed on Co-Mo/Al,O; are shifted from those of NO on Co/Al,O; [3], and
Raman bands indicating polymeric molybdenum oxide species decrease in intensity
with increasing the cobalt loading in an oxidic Co-Mo/Al,O; catalyst [4]. These
results suggest that nickel or cobalt cations interact especially with the most poly-
meric molybdenum oxide species to form species in which nickel or cobalt and
molybdenum interact. The latter means that promoter cations stay near surface and
close to the molybdenum cations and are positioned to chemically form a Ni-Mo—S
bonding structure during sulfidation process. Additionally, the promoter ions inter-
act to a lesser extent with the support and thus can be more chemically active after
sulfidation.

After the impregnation, drying, and calcination steps, all oxide hydrotreating
catalysts are formed; thus, hydrotreating catalysts need to be sulfide in a mixture of
H,S with one or more sulfur-containing compounds such as H,S, CS,, dimethyl
disulfide, thiophene, and even elemental sulfur, depending on the preparation
method; in some occasions oil fraction can be used for sulfidation purposes as well;
this is called stabilization of the catalyst.

3.3 Electronic Structure of MoS,-Based Catalysts

In 2000, Li et al. [5] for the first time studied geometrical structure and electronic
states in MoS; clusters (Mo0,;Ss4) using computer-assisted ab initio approach as pre-
sented in Fig. 3.1. He was able to demonstrate that ab initio MO approaches were
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Fig. 3.1 The Mo,;Ss, cluster model (from ref. [6])

suitable to calculate electronic structure of the relatively large hexagonal MoS,
clusters with average initial size (15-20 A). The development when compared to
other computer-assisted theoretical approaches is based on simplifying the molecu-
lar structural models, with different chemical bonds between Mo and S atoms along
(001)-basal plane and in sulfur and molybdenum termination edges along the slab.
Then the MoS, slab is relaxed toward the edges, having a twofold coordinately
unsaturated sites (CUS) on corners with both electron-donating and -accepting
properties, predicting those sites as ideal for hydrodesulfurization (HDS) (and
HYD) reactions to occur. The twofold CUSs along edges (“reduced edges”) seem to
allow only HYD reaction to occur or CO hydrogenation. Binding molecules along
(001)-basal plane where majority of sulfur atoms are located requires high content
of hydrogen species. The unreduced (TOIO) edges do not seem to be potentially
active catalytically.

Lauritsen et al. [7] have proven combining both DFT theoretical calculations and
experimentally that edges are responsible for catalytic reaction to occur, by map-
ping using scanning tunneling microscopy (STM) and correlating to metallic char-
acter near the edge of MoS, nanoclusters, understanding that MoS, has a high band
gap nature ~1.6—18 eV; thus, all clusters adopt their shapes according to the syn-
thetic conditions, e.g., triangles under heavy sulfiding conditions or truncated



3 Theoretical Insights into the Electronic Structure and Catalytic Activity... 45

Fig. 3.2 The STM images of the triangular and hexagonal MoS, cluster from Lauritsen et al.
(taken from ref. [7])

hexagons under more sulfur-reductive conditions resembling HDS conditions as
presented in Fig. 3.2.

Several theoretical models had been proposed to describe catalytic sites based on
computer-assisted DFT calculations in MoS,-based catalysts; Byskov et al. [6, 8, 9]
used a chain model containing a single S—-Mo-S slab constructed from two MoS,
prisms, while Raybaud et al. [10-14], Cristol et al. [15-19], and Sun et al. [20] used
larger models containing two S—Mo-S sheets exposing Mo and S edges alterna-
tively. However, both the chain model and the two-sheet model are repeated periodi-
cally along directions perpendicular to the edge surfaces, and they represent real
MoS,; structures partially solely, when compared to HRTEM experimental observa-
tions, that can be attributed partially to its periodicity and large systems not able to
hold on computer infrastructure at the time (less than 12 GB of RAM); in conse-
quence all those models having corners and edges should be revised to make the
approximation more close to real catalytic structures as observed under electron
microscopy conditions. Nowadays, with the advances in hardware and computa-
tional resources available in national laboratories in the United States, Mexico,
China, Canada, and Brazil, it is possible to migrate all the learned knowledge into
more bigger systems as presented in the literature for Mo,S, [21, 22], a-Mo;S¢ [23],
b-MosS¢ [24, 25], Mo5Se [26], a-Mo;S,4 [24, 27], b-Mo;S, [24, 27], Mo,S), [28],
MosSig [27], MosS1, [29], M0gS14 [24], MoS14 [28], M0oyS:5 [30], MoyeS 15 [28, 31,
32], M015S24 [32-34], M016S3, [35, 361, M015S36 [32], M016S35 [24, 37], and Mo,,Ss4
[5, 38], applying semiempirical methods [24-28, 31-33, 39, 40] and density func-
tional theory methods [5, 29, 30, 34-38, 41].

In 2005, it was possible to predict systematically various MoS, clusters that
might have occurred under real hydroprocessing reaction conditions using computer-
assisted thermodynamic approach and DFT as presented in Fig. 3.3 [39]. Our results
indicate that when adding sulfur to Mo edges an exothermic reaction occurs; mean-
time, when removing sulfur S near the edge an exothermic reaction occurs for 67
and 50% sulfur coverages. On the free energy basis set along a wide range of H,S/
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(a) (b)

Fig. 3.3 MoS, cluster models: (a) clusters with 0% sulfur coverage on the Mo edge (Mo;S,,
Mo,oS15, M016S35, M019S3, and Mo,;Ssy); (b) clusters with 100% sulfur coverage on the S edge
(Mo5S 14, M0yS,0, M016S3,, Moy5S35, and Mo,;Ss,); image taken from ref. [39]

H, ratios, it was found that there are two stable structures with 33 and 50% sulfur
coverages on the Mo edge by having 100% sulfur coverage on the S edge and one
stable structure with 67% sulfur coverage on the S edge by having 0% sulfur cover-
age on the Mo edge. Under fully sulfiding atmosphere or at a very high H,S/H,
concentration ratio a triangular shape MoS; structure exists with 100% sulfur cover-
age on Mo edge which is more stable than that with 100% sulfur coverage on S
edge; this was confirmed in agreement with scanning tunneling microscopy experi-
mental techniques.

Moreover, cluster models are based on periodic crystals as shown in Figs. 3.2,
3.3, and 3.4. Raybaud et al. [10, 11] and Cristol et al. [16] investigated the equilib-
rium sulfur coverage on MoS, edge surfaces, and found that sulfur atoms bind more
strongly to molybdenum atoms at S edge than at Mo edge; this indicates that those
sites are energetically unfavorable to obtain a sulfur coverage lower than 50% in
MoS, edge surfaces. Although it is possible to determine the energy and electronic
structure of Mo edge and S edge using chemical potentials of sulfur, these models
are not possible for the energy calculation of Mo edge or S edge independently,
because one calculation for periodic systems always yields an average surface
energy for both types of edges; in order to overcome that Schweiger et al. [40] cal-
culated surface energies of the individual edges of MoS, single-layer sheets using
large cluster models, and demonstrated that Mo edge is energetically the most stable
surface under realistic HDS conditions. His numerical computer-assisted calcula-
tions simulate Mo edge or S edge independently, but were not possible to show any
interaction between Mo and S edges in those cluster models, and results exhibit only
one type of edge in triangular shaped clusters with 0%, 50%, and 100% sulfur
coverage.
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b [6-3]

Fig. 3.5 The two-layer S-Mo-S slab models; image adapted from ref. [39]

A significant advantage when using periodic cluster models as shown in Fig. 3.5
to study MoS, surface is low computation cost when making those computations for
large MoS, periodic systems; in other words, this can be attributed to study one por-
tion considering as a seed for the complete system. Nonetheless, one need to stay
that highly dispersed supported MoS, catalysts can have a predominant sizes close
to 10-30 A [39, 41, 42], indicating that there should be two, three, or four Mo atoms
(or S pairs) on a corresponding edge plane, and the electronic properties of each Mo
atom (or S pairs) at different positions of the edge planes should be different [33].
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3.4 Electronic Structure of Cobalt and Nickel MoS,
Catalysts

The so-called promoted catalytic MoS,- or WS,-based materials are used to be
distributed on a high-surface-area alumina supports in nanoscaled particle form.
It has been established that MoS, crystallites present an average size in the order
of ~2-3 nm. Besides, theoretical and experimental evidence has shown that when
Co or Niis added into MoS, preparation a new electronic structure phase is formed
coined by others as “NiMoS” or “CoMoS” causing then an increase of catalytic
reactivity; however, just a small fraction of Co or Ni relative to Mo can be added
in terms of Goldilocks as stated in Chap. 1 (Fig. 1.10), meaning too much pro-
moter can lower catalytic HDS activity and poor quantities of promoters can
enhance the catalytic activity to a great extent, when compared with pure MoS,
crystallites.

One can find in the literature few studies about the location of promoters into the
MoS, molecular structure with active phases in catalysts to its reactivity [43, 44]
and experimental evidence indicates that Co is located along sulfur or molybdenum
edge causing a brim site effect (more metallic edges) as described by Lauritsen et al.
and presented in Fig. 3.6 [45].

In terms of electronic structure and catalytic reactivity the so-called Co-Mo-S
phase is one of the most interesting to study due to its high application in real
industrial catalyst and competes highly with other commercial formulas such as
NEBULA and STARS developed by Exxon research laboratories during 1990s.
The Co—Mo-S phase is nonstoichiometric with respect to the Co/Mo ratio, and no
unit cell can be defined in the crystallographic meaning. For instance in un-pro-
moted MoS, systems, it is well known that just sulfur termination edges are respon-
sible for catalytic HDS to occur; thus achieving a homogeneous cobalt promotion
is important during chemical synthesis. However, the precise origin of electronic
structure remains certainly unclear for other types of morphological configuration,
meaning, nanotubes, spheres, or aggregate Co-MoS, clusters. On the other hand,
one can find just a few structural studies to describe nickel-promoted systems;
some authors indicate that Ni-Mo—S phase has a similar structural molecular
composition as Co—Mo-S, but there is low experimental information available
confirming that.

With the aid of density functional theory methods it was possible to depict the
interaction between cobalt sulfide (Co,Sg) and molybdenum disulfide (MoS,) as
observed experimentally with the usage of HRTEM instrument [46]. Ramos et al.
were able to address an old question about this mixed Co,Sg/MoS, phase as formed
during hydrothermal synthesis from thiomolybdate salts; their findings were to
determine a epitaxial contact between MoS, edge and (111)-CoySg creating what
they have referred to as catalytical interface presented in Fig. 3.7. The following
question to answer once the model was proven and accepted in the scientific
community is to understand the possible catalytic sites proposing three different
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Fig. 3.6 Schematic Co-sulfide
drawing to depict the
location of cobalt and
nickel promoters. Top:
MoS; crystallites dispersed
over alumina oxide
support. Bottom: MoS,
single slab indicating
sulfur and molybdenum
termination edges (image
adapted from ref. [45])
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locations: sulfur—sulfur (S, S) sites, molybdenum—sulfur (Mo, S), and molybde-
num—molybdenum (Mo, Mo) to made a theoretical DFT-based study about transi-
tional states for one complete HDS reaction of dibenzothiophene model molecule;
in their findings it was possible to reveal that (S, S) edge site was the most active
adsorption of DBT molecule in consequence of removal of sulfur content. The most
important characteristic about Gonzalez et al.’s study is to use Halgren-Lipscomb
DFT-based algorithm to determine theoretically new ways to understand the Co,Sg/
MoS, bulk phase [45] as presented in Fig. 3.8 and later another study also by
Gonzalez et al. reflected the effect of stacking height of MoS, slabs over (111)-
CoyS; [47], also presented in Fig. 3.9. Those numerical transitional state computa-
tions mainly to understand hydrogen activation and stacking height effect (layers
(n), 1 <n < 4)in CoySg/MoS; interface model were carried out to determine overall
hydrogenation energies, a one-step process that occurs during HDS reaction, and
passivation or activation of the catalytic material under testing, in our case study,
focused solely on molybdenum-based catalyst.
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Fig. 3.7 (a) The resulting model interface between the layered MoS, (010) plane and the Co,Sg
(111) plane. The atoms are colored as follows: cobalt (blue), sulfur (yellow), and molybdenum
(green); (b) portion of the interface called “seed” from red dashed line used for DFT calculations;
(c) the side view for the model; one can observe a direct bonding between cobalt and molybdenum
atoms, causing an electronic donation as indicated from band structure plots as described in detail
in ref. [46] (image adapted from ref. [46])

(5-S) site

(Mo-Mo) site

Fig. 3.8 Portion used from MoS,/Co,Sg considered as a “seed model” to perform all Halgren-
Lipscomb transitional state numerical DFT computations. Sulfur atoms (yellow color), molybde-
num atoms (turquoise color), and cobalt atoms (blue color) (image adapted from ref. [45])
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Fig. 3.9 Molecular representation of stacking height effect from MoS,/Co,Sg bulk interface used
for hydrogen activation transitional state energy calculations, as described in detail in ref. [47] by
Gonzalez et al. (image adapted from ref. [47])

3.5 Electronic Structure of Carbide and Oxide MoS,
Catalysts

When MoS,-based catalysts undergo real hydroprocessing working conditions its
electronic structure becomes more complex, due to its direct exposition to high
temperature, pressure, and organic compounds, as contained in crude oil. One of the
problems found in fresh catalyst is its stability after first 10 h of operation condi-
tions, which is caused by carbonaceous species that “clog” the active sites during
hydrotreating. In 1982, Hallie et al. found an enhanced activity in HDS and HDN
conversion of a vacuum gas oil by using CS, instead of H,/H,S as the sulfiding agent
and early evidences for the structural carbon were proposed by Chianelli and
Pecoraro [48, 49]; ruthenium disulfide (RuS,) catalyst stabilized at 1000 h of opera-
tion conditions in pilot plant; their conclusions exhibited a carbide-phase RuS,_.C,
having carbon atoms attached or replacing sulfur atoms near edge or surface, as
depicted in Fig. 3.10. Moreover, Seiver and Chianelli [50] showed that layered tran-
sition metal sulfides such as MoS, and WS, catalysts can be carburized phase during
stabilization at operation conditions, in occasions indicating activation of hydrotreat-
ing catalysts can occur in presence of crude oil more efficient than in gas-phase
procedure. Hallie [51] has shown a strong dependency of the HDS activity on the
nature of the sulfiding agent (RSH, CH;—S—S—CH3, and CS,), which is in agreement
also with Chianelli and Pecoraro [48, 49] who found that the catalyst activity by
using (NR,),MoS, (R = alkyl group) as the precursor for catalyst preparation was
higher than that by using ammonium heptamolybdate (NH,);Mo,O,,. Later,
Kasztelan [52] suggested that replacing sulfur atoms at MoS, crystallite edges by
carbon can be confirmed using EXAFS techniques by crystallographic determina-
tion, which allowed Chianelli and Berhault [53] to propose a molybdenum carbide
phase as an important factor for the stability of active catalysts.
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Fig. 3.10 Schematic

representation of carbide HDS
phase in MoS,, presented —_—r
by Chianelli and Pecoraro
(image adapted from ref. conditions
[48])
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Furthermore, based on the existence of carbide phase in MoS, catalyst it was
possible to carry out DFT numerical calculations by replacing carbon atoms over
sulfur surface in Mo edge and S edge as well as in bulk phase as presented in
Fig. 3.11 [54]; proposed models were subjected to geometrical optimization and
binding energy computations, leading to the determination that carburization pro-
cess is more favorable than sulfidation in fresh catalysts. In sulfur surface having
different coverage, carbon replacement was found to be easier, over sulfur atoms,
and formation of CS and C, bridging units. In contrast, the replacement of carbon at
Mo edge containing sulfur-binding atoms was least energetically favorable; this
concludes an endothermic sulfidation of transition metal sulfides [55].

Furthermore, we have carried out systematic, similar approach to determine any
oxidation process over sulfur surface at molybdenum edges and sulfur edges using
MoS, molecular slab; a complete description is shown in Fig. 3.12 [56], where it
was possible to determine its thermodynamic stability; when comparing these oxi-
dation processes on surfaces, our results indicated that oxidation over a 100% sulfur
edge and 50% coverage is more favorable to happen than at molybdenum edges,
due to sulfur electronic affinity to accept-donor electronic charge to oxygen species.
The latter proves there are no evidence on the effects of coverage in oxidation over
sulfur edges, also our study indicate that oxidation over corner sites is more likeable
to occur than over line made of sulfur edges. Furthermore, when comparing this
oxidation process with carburization processes on similar surfaces, it was found that
oxidation is energetically feasible to happen than carburization defined by binding
energy results, as described in Fig. 3.12.
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Fig. 3.12 Complete computer-assisted DFT calculations for oxidation steps over sulfur edge with
100% sulfur coverage in MoS, slab molecular model (image adapted from ref. [56])
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3.6 Computer-Assisted Reaction Coordination of Organic
Molecules at MoS, Catalyst

3.6.1 DFT Calculations for Hydrogen Adsorption in MoS,
Catalyst

There is experimental evidence indicating that MoS, consumes large quantities of
hydrogen H, [57-59] during the operation HDS conditions, causing in many cases
the complete operation of liquid fuel production to exceed budgeting limitations.
The dissociation process of H, and the states of the adsorbed hydrogen on MoS,
until now are certainly unclear; it is possible to find in the literature two fundamen-
tal H, dissociation schemes: (1) heterolytic dissociation over sulfur vacancies to
yield Mo—-H and Mo-SH species and (2) homolytic dissociation over disulfide
groups to form Mo—SH groups [60]. In both cases, one computer assisted is found
in the literature for molecular coordinated complexes over (100)-MoS, and com-
pared with experimental evidence from EXAFS and TPR techniques presented by
Cristol et al. [16].

Other studies made an effort to determine the heterolytic character dissociation
of H, in surfaces of metal sulfides (MoS,, NiS,, and RuS,) with the formation of
metal hydrides and —SH groups [62, 63]. In Cristol et al. findings indicate that most
stable surface does not contain any coordinated unsaturated sites (CUS), and that
all heterolytic dissociation of H, forming Mo—H and —SH is always endothermic
without formation of new CUS over sulfur or molybdenum surface edges [16].
Travert et al. determined an ability to dissociate H, over surface which depends on
the metallic nature of Mo atom and coordination environment [17]; also Byskov
et al. studied hydrogen dissociation over edges composed by Co promoted on MoS,
slab, and found that sulfur atoms at those edges can move up to extract one hydro-
gen atom from the dissociating H, and transport it to the other side of the slab
where it diffuses on, in agreement with similar model reaction as proposed by
Bollinger et al. [64, 65], who also studied electronic states, in their particular clus-
ter model stating that dissociation and transfer as well formation of CUS, as it was
also computer by us on Mo,;Ss, cluster using similar density functional theory
methods as shown in Fig. 3.13, our model two different sites constituted by sulfur
and molybdenum edges for hydrogen adsorption are consider, in adsorption and
relative energies we have revealed that homolytic dissociation over sulfur edge hav-
ing a S—H group and heterolytic dissociation occurs with intersection of Mo and S
edges forming —SH and/or Mo—H bonds are more thermodynamically stable, our
computation for vibrational frequencies of S—H are in full agreement with experi-
mental data [66].
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Fig. 3.13 Theoretical description used for DFT computations of hydrogen H, adsorption over S
edge in MoS, slab molecular model (image adapted from ref. [66])

3.6.2 DFT Computations for Organic Molecules with Sulfur
Content Over MoS, Catalyst

The organic chemical composition of crude oil contains large amounts of com-
plex organic molecules containing sulfur and other heterogeneous atoms (oxy-
gen, nickel, vanadium, iron, among others). For that particular reason, it is
important to apply computer-assisted DFT numerical simulations to the adsorp-
tion of most sulfur compounds such as R-SH, R-S-R, thiophene, and
DBT. Experimental efforts have been dedicated to target the complex under-
standing of adsorption/desorption during HDS process. Usually an agreement
was stated to name those sulfur content molecules as non-heterocycles and het-
erocycles. Heterocycles are mainly composed of thiophenes with one to several
aromatic rings and their alkyl or aryl substituents like thiophene, BT, DBT, and
4,6-DMDBT. And it is found in the literature poor information and studies about
non-heterocycle sulfur molecules over MoS,-based catalysts. To achieve theo-
retical understanding of heterocycles in sulfur content molecules, thiophene has
been widely used as a molecular model for HDS due to its electronic structure
stability during DFT computations and direct comparison with laboratory HDS
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experimental batch reactions [12, 28, 30, 67-72]. One typical catalyst used dur-
ing HDS test is Al,O;-supported molybdenum catalysts promoted either with
cobalt or nickel; however, when attempting to compare computer-assisted DFT
calculations in that particular system it becomes highly complicated due to alu-
mina support matrix, along with location of adsorbed molecules over MoS, slab
catalyst model. However, some studies about adsorption of BT and DBT mole-
cules are using computer-assisted DFT theoretical framework presented in the
literature, as it is done by Yang et al. [31, 32] who studied adsorption of various
methylated DBT derivatives over molybdenum edge in Mo,,S;3 and Gonzalez
et al. [47] who studied the Co,S¢/MoS, interface model; in both cases the differ-
ences among substituted, non-substituted, and hydrogenated derivatives only
rely on molybdenum edges in agreement with Cristol et al. [19] who applied
similar approach.

3.7 Conclusion

In conclusion, from the studies made as well as information and data as found in
the literature it was possible to determine that by applying computer-assisted
numerical simulations which are based on density functional theory mathematical
framework it is possible to determine electronic structure and other catalytic prop-
erties near the equilibrium conditions at Femi level using molecular models for
MoS,- and cobalt/nickel-promoted and oxide and carbide catalytic systems. Results
indicate that those numerical simulations in many occasions can be directly corre-
lated to experimental data as found by extended X-ray absorption fine structure
(EXAFS), atomic force microscopy (AFM), High-resolution transmission electron
microscopy (HREM), infrared spectroscopy (IRS), X-ray photoelectron spectros-
copy (XPS), and temperature-programed reduction (TPR) techniques. Lastly, one
can recognize that the future of DFT computer-assisted simulations is to use large
systems (more than 40 atoms), mainly with the aid of high-performance computing
(HPC) as currently available in national laboratories worldwide, and also that com-
mercial code and open access code have been improved to make those calculations
more reliable, applying norm-conserving and ultrasoft pseudopotentials (local den-
sity approximation plus Hubbard LDA+U) and general gradient approximation
(GGA) in plane-wave basis sets to treat the systems as periodic boundary condi-
tions or localized isolated cluster species, when computing crystal geometrical
structure, vibrational frequencies, and magnetic moments in orbital coupled elec-
tronic configurations. For more discussion about basis set and numerical approxi-
mations, we recommend the reader a comprehensive textbook by Richard M. Martin
entitled: “Electronic Structure: Basic Theory and Practical Methods” (ISBN-13:
978-0521534406) [73].
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Chapter 4

Catalytic Materials

for Hydrodesulfurization Processes,
Experimental Strategies to Improve Their
Performance

Jorge Ramirez, Perla Castillo-Villalon, Aida Gutiérrez-Alejandre,
Rogelio Cuevas, and Aline Villarreal

4.1 Introduction

The production of clean liquid transport fuels requires highly active hydrodesulfur-
ization catalytic materials to achieve the set goals of low sulfur content in accor-
dance with worldwide environmental regulations that are pushing the limits for
nearly zero ppm of sulfur content in liquid fuels. The increasing use of feedstocks
with low quality, which contain higher concentrations of sulfur, nitrogen, metals,
and other contaminants, creates heavier demands on the catalytic materials used for
hydrodesulfurization, which must eliminate larger amounts of organic sulfur com-
pounds of low reactivity and other nitrogen compounds that inhibit hydrodesulfur-
ization and hydrogenation reactions.

The removal of sulfur from molecules of low reactivity takes place by two main
reaction routes: the direct desulfurization (DDS) and hydrogenation (HY). In that
sense, it is necessary to achieve a good understanding of the nature and chemical
behavior of the different active sites in the catalytic material, and of the factors that
influence activity and selectivity, concerning both direct desulfurization and hydro-
genation catalyst functionalities.

Most hydrodesulfurization catalytic materials are composed of MoS, crystallites
with addition of cobalt or nickel (Co, Ni) atoms to comprise a sulfide phase. For
commercial applications, due to high pressure and temperature reaction conditions,
the Co(Ni)Mo sulfide phase is usually supported on alumina oxide (Al,O3), as well
described by Topsge et al. [1].
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Experimental and theoretical evidence points out that active sites for sulfur
removal are located at sulfur vacancies at MoS, crystallite edges. Therefore, the
overall HDS reaction is structure sensitive in principle and the activity of the
catalytic material will be dependent on the crystallite size and edge termination
as presented using theoretical density functional theory-based studies by differ-
ent research groups [2-9]. Moreover, Lauritsen et al. presented a study using
scanning tunneling microscopy (STM) contrasted with computer-assisted DFT
simulations to determine the location of the Co promoter on MoS, low-size slabs,
allowing the understanding of “brim sites,” providing better knowledge of the
catalytic material [10, 11].

Furthermore, the same group lead by H. Topsge achieved one STM study to
determine any chemical interaction of sterically hindered dibenzothiophenes using
same triangular cobalt-promoted MoS, model particles under ultrahigh-vacuum
operational conditions. Dibenzothiophene (DBT), which is mainly used to test at
laboratory scale HDS catalytic materials, was adsorbed at edge sites located near
corners of the MoS, triangular nanostructure whereas the adsorption of
4,6-dimethyldibenzothiophene, which is a sterically hindered molecule, and is
mainly transformed through the hydrogenation route, took place on the so-called
brim sites located near the edge at MoS, crystallites [12]. These results suggested a
two-site reaction model for HDS of 4,6-DMDBT to occur, composed of hydrogena-
tion of the first aromatic ring taking place at brim sites and subsequent sulfur
removal of the hydrogenated intermediate at sulfur vacancies at the edge of the
MoS, particle. The optimization of a catalyst depends then on the rate-controlling
step in the sequence of reactions.

Now, sulfur molecules present in the different liquid fuels obtained from crude
oil can display different reactivity and complex chemical structures, making impor-
tant a high-quality design of HDS catalytic materials. For example, to obtain
ultralow sulfur diesel one must eliminate sulfur from refractory molecules like 4,6-
DMDBT and therefore the hydrogenating functionality of the catalytic material
should be enhanced because those molecules react mainly through the hydrogena-
tion reaction routes; in other words, a catalyst with a high hydrogenation/desulfur-
ization selectivity is necessary to achieve good catalytic performance. On the
contrary, for the hydrodesulfurization of fluid catalytic cracking (FCC) liquid gaso-
line, which contains sulfur aromatic compounds such as thiophenes and benzothio-
phenes, a low hydrogenation/desulfurization selectivity is required in the catalytic
material to enhance the direct desulfurization route and inhibit deep hydrogenation,
avoiding in this way olefin saturation, which is the main cause of hydrogen con-
sumption and octane loss, with economic benefits.

When the feed is mixed with low-value fractions, as occurs for diesel production
where sometimes light cycle oil is added to the feed, the catalyst must eliminate
sulfur in the presence of high concentrations of nitrogen and aromatic compounds,
which are poisons to both the hydrogenating and direct desulfurization sites of the
catalyst. From theoretical studies made using DFT methods, it was possible to
determine that basic heterocyclic nitrogen compounds strongly inhibit the hydroge-
nation route for HDS, which is the key step for achieving ultralow sulfur diesel,
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because the elimination of the most refractory sulfur-containing molecules like 4,6-
DMDBT is necessary, which mainly occurs through the hydrogenation routes [13].

The nature of the support matrix, mainly composed in commercial catalysts by
alumina oxides (Al,O;), can have great influence in the performance of the
hydrotreating catalyst. A support matrix with high chemical interaction allows uni-
form dispersion of the cobalt, nickel, and molybdenum precursor phases; however,
it can be detrimental to the degree of sulfidation of the final Ni- and Co-promoted
MoS,; nanoclusters. Some experimental studies using X-ray photoelectron spectros-
copy (XPS) indicate electronic binding of oxygen species from the Al,O; complex
matrix and molybdenum, which mainly occurs during the calcination process and
remains after the sulfidation step, made with hydrogen disulfide (H,S), giving rise
to the presence of oxysulfides in the final catalytic material. These partially sulfided
structures have low catalytic activity and have been named type I Co(Ni)-Mo-S
whereas the well-sulfided ones displaying high HDS activity have been named type
II Co(Ni)MoS structures [14]. A density functional theory study made to investigate
the origin of the activity differences between type I and type II MoS,-based struc-
tures in hydrotreating catalysts showed that indeed the presence of bridging oxygen
bonds between molybdenum and support matrix modifies the electronic properties
of the MoS,-supported phase [9].

Experimental evidence shows that the adequate choice of the catalytic support is
important since its chemical nature regulates the interaction between the Mo and Co
(or Ni) phases with the support matrix surface, playing an important role to achieve
high dispersion, sulfidation, and promotion of the MoS, nanoclusters and finally
high HDS activity in the transformation of complex organic sulfur molecules as
those present in crude oil. In our research group, some strategies used to prepare
highly active HDS catalysts consist of optimizing dispersion, sulfidation, and pro-
motion of the MoS, nanoclusters by using different supports, organic additives like
EDTA or citric acid, Mo and Co(Ni) heteropolycompounds as precursor salts, and
modification of the sulfidation methodology. In what follows some work performed
using these strategies is outlined.

4.2 Choice of the Catalyst Support

Experimental studies made by us revealed that the composition of the catalyst sup-
port matrix has an important effect on the dispersion of the active phase and plays
an important role in the extent of promotion and sometimes in the intrinsic activity
of Mo- and Co-promoted Mo sulfide particles [15, 16] improving HDS catalyst
performance.

With the aim of improving the performance of HDS catalysts, to produce ultralow
sulfur fuels, support materials with different metal-support interaction strength have
been tried during the past years [17-19]. Benefits in HDS activity for catalysts using
many different supports such as titanium dioxide (TiO,), zirconium dioxide (ZrO,),
magnesium oxide (MgO), pristine forms of carbon, cerium oxide (CeQ,), silicon



64 J. Ramirez et al.

oxide (Si0,), zeolites, MCM-41, SBA-15, natural mineral clays, and various mixed
oxides, TiO,—Al,O;, among others, have been reported. For more information, we
invite the reader to revise Ramirez et al. [16].

Earlier, Ramirez et al. [15] reported that the turnover frequency in thiophene
HDS is about 4.4 times higher for titania-supported than for y-alumina-supported
MoS,. To explain this important finding, electronic effects [15], orientation effects
[20], and promotion by Ti [21-23] have been proposed in the past. Theoretical
methods such as density functional theory (DFT) simulations have also been tried
to understand the structure and behavior of HDS catalysts supported on different
materials such as y-Al,O; or TiO, [24].

In a study that combined thiophene HDS activity and X-ray photoelectron spec-
troscopy on flat model systems of sulfided HDS Mo catalysts, Coulier et al. [23]
found that the sulfided Ti species can act as a promoter in the same way as Co and
Ni, although less effectively, confirming the original proposal of Ramirez et al. [21].
The fact that Ti in TiO, can act as an electronic promoter of the supported MoS,
explains the higher thiophene HDS activity and hydrogenation selectivity of Mo/
TiO, compared with Mo/Al,O;.

Another experimental study targeting at the effects of cobalt and nickel promot-
ers for molybdenum disulfide catalysts supported either on Al,O; or TiO, reported
on the hydrodesulfurization of thiophene (T), dibenzothiophene (DBT), and
4,6-dimethyldibenzothiophene (4,6-DMDBT) [25]. The study, that comprised dif-
ferent catalytic supports (TiO, and Al,O;) and reacting molecules (thiophene, diben-
zothiophene, and 4,6-DMSBT), showed that the greater activity displayed by Mo/
TiO, compared to Mo/Al,O; comes from a moderate increase in the direct desulfur-
ization capability but mostly from an increase in the hydrogenating character of the
catalyst due to the enhanced MoS, metallic character induced by TiO,, showing that
not only the overall HDS activity but also the HYD/DDS selectivity can be signifi-
cantly influenced by the nature of the catalytic support matrix. The hydrodesulfur-
ization rate constants for thiophene (T), dibenzothiophene (DBT), and
4,6-dimethyldibenzothiophene (4,6-DMDBT) over Mo, CoMo, and NiMo catalysts
supported on TiO, and Al,O; are displayed in Fig. 4.1 that shows that for the unpro-
moted catalysts there is a clear advantage in using titania instead of alumina as
matrix support, MoS, supported on titania being 4, 4.4, and 2.7 times more active in
the hydrodesulfurization of thiophene (T), dibenzothiophene (DBT), and
4,6-dimethyldibenzothiophene (4,6-DMDBT), respectively. However, promoted
systems display a different behavior. The magnitude of the promotional effect varies
with the reacting molecule and seems to be more effective when the reacting mol-
ecule is transformed through the direct desulfurization route, as in the case of thio-
phene and DBT. In contrast, for the hydrodesulfurization of 4,6-DMDBT, that takes
place mainly via the hydrogenation route, the promotional effect for Co(Ni)Mo/
TiO, is not observed, in spite of the fact that Mo/TiO, is 2.75 times more active than
Mo/AlO;, suggesting that the promotion effect expected from Co or Ni was already
achieved by the use of titania as support matrix.

For thiophene and DBT that undergo HDS mainly by the direct desulfurization
route, the promotional effect of Co or Ni for the TiO,-supported catalysts is clearly
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Fig. 4.1 Overall rate constant for the HDS of (a) thiophene, (b) dibenzothiophene, and (c)
4,6-dimethyldibenzothiophene over Mo, CoMo, and NiMo catalysts supported on Al,O; and TiO,.
Extracted from [25] with permission from Elsevier

observed: ~16 times for thiophene and ~3.7 times for DBT. Therefore, enhance-
ment of catalytic activity when using TiO, support matrix seems to be more effec-
tive for direct desulfurization reactions.

In the case of AlL,O;-supported MoS,, the promotional effects of Co or Ni are
clearly observed during HDS laboratory test runs for the three different reactant
molecules, and are much higher than those observed for TiO,-supported catalysts.

In the past we postulated that under HDS reaction conditions (high H, pressure
and temperature) TiO, could act as an electronic promoter [22], as found in an
experimental temperature-programmed reduction study of the sulfided materials
(TPR-S) made by Ramirez et al. [21]. The study showed that the number of
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coordinatively unsaturated sites (CUS), or sulfur vacancies, per Mo atom increased
with the Ti content. It was proposed that the increased number of sulfur vacancies
in the catalyst would be the result of an electronic promotion of Mo by Ti causing
the weakening of the Mo—S bond due to injection of electrons, coming from Ti**
centers, to the HOMO of Mo, occupying antibonding orbitals.

The fact that the promotion either with Ni or Co is smaller for Mo/TiO, than for
Mo/AlLO; systems [25] suggests that either the Mo species supported on TiO, are
more difficult to promote than those supported over alumina matrix or the optimum
value of the Mo—S bond energy was not reached with the electronic promotion of Ti,
and that some additional promotion coming from Ni or Co is required to achieve the
value of the metal-sulfur bond energy that optimizes the interaction between the
sulfur organic compound and the CUS active site. The electronic promotion must
have a limit, or a maximum according to the Sabatier principle, as explained by
Chianelli et al. for transition metal sulfides [26], because excessive weakening of
the metal sulfur bonds in MoS, would lead to an excessively weak interaction
between the sulfur compounds and the active phase. The results reported by Ramirez
et al. [27], showing that the reduction of Mo or W oxide phases supported on pure
TiO, or TiO,—AlL,O; materials takes place at lower temperatures than for pure
alumina-supported systems, are in agreement with the above explanation.

DFT investigations comparing the thermodynamic stability of MoS, particles
anchored by S edge and Mo edge on alumina and titania under HDS conditions
were presented by Costa et al. [28]. It was proposed that an edge-wetting effect
present in Mo/TiO, and not in Mo/AlLO; is at the origin of the smaller MoS, parti-
cles found for supported Mo on TiO,. Their results indicated that at HDS conditions
MoS, particles supported on anatase are edge-on with a trapezoidal shape exposing
only one sulfur edge and two Mo edges. However, the higher dispersion achieved by
the smaller particles is partly compensated by the number of Mo atoms buried in the
MoS;-anatase interphase (two sulfur edges and one Mo edge). Therefore, the num-
ber of exposed sulfur edge Mo atoms does not increase sufficiently to explain the
fourfold increase in thiophene HDS activity observed experimentally. Since the
variation in edge dispersion did not account for the observed results, an explanation
related to the intrinsic nature of the catalytic site was proposed.

Recently, Castillo-Villalén et al. [25] found experimentally, by CO adsorption
analyzed by FTIR spectroscopy, that the promotion of Mo by Co is more difficult
when Mo is supported on TiO, than when supported on Al,O;. Thus, the number of
promoted sites in CoMo supported on alumina is much higher than when supported
on TiO,. Additionally, UV-vis-NIR DRS electronic spectroscopy results indicated
that in the oxide precursors, more defective Mo oxidic particles in stronger interac-
tion with the support are formed on alumina than on titania. Since the alumina-
supported catalyst is better promoted, as the IR-CO results indicated, it was
postulated that the lower promotion of CoMo supported on titania compared to
CoMo/Al,O; has a structural origin and that the highly defective Mo oxide-phase
structure supported on alumina facilitates the incorporation of the promoter into the
crystalline lattice of MoS,. This finding is in line with the differences in MoS, struc-
ture predicted by DFT theory when the support changes from alumina to titania [28]
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since an edge-on MoS; structure found on TiO, would be more difficult to promote
than a flat defective structure on the alumina surface.

It is clear that the value of the specific hydrodesulfurization rate constant (per
gram of catalyst) for MoS, catalysts supported on different oxides is the result of
several contributions that affect not only the edge dispersion of the MoS, particles
but also the intrinsic activity of the different catalytic sites. The choice of the sup-
port matrix is therefore a key parameter in the preparation of highly active HDS
catalytic materials since its nature can affect the performance of the different active
sites in the catalyst. Moreover, it can affect the dispersion, the sulfidation, and the
redox process of the supported phases during catalyst preparation and under HDS
reaction conditions.

4.2.1 Catalyst Support Materials for Hydrodesulfurization
of FCC Gasoline

Gasoline, one of the most widely used transport fuels, is a complex mix and in this
way the gasoline pool receives contributions from a variety of refinery streams,
including light straight run naphtha, isomerate, alkylate, FCC naphtha, and hydro-
cracker gasoline. Of these cuts, FCC naphtha is typically the largest volume compo-
nent of the gasoline pool (30-40% v/v); moreover, FCC naphtha is responsible for
about 80-95% of the total sulfur because it contains up to 2.5 wt% sulfur [29]. In
contrast, the straight run naphtha, isomerate, and alkylate streams are very low in
sulfur (<1 ppm S). Sulfur content is important because of environmental issues.
Consequently, to achieve low sulfur content in the final fuel and meet environmental
regulations like Tier 3 [30], the sulfur in the FCC naphtha incorporated to the gaso-
line pool must be reduced to 20-30 ppm. On the other hand, FCC naphtha contrib-
utes significantly to octane number due to its high content of olefins, up to 20 wt%
[31], and aromatic compounds.

There are various process alternatives to decrease the sulfur content in FCC
naphtha; among them one can either (a) pretreat the feed to the FCC unit, which is
an expensive solution because of the high volume to pretreat, or (b) post-treat only
the FCC product fraction that will be added to the gasoline pool (the so-called FCC
naphtha).

The FCC naphtha fraction contains mainly thiophenic sulfur compounds of high
reactivity and therefore, it is possible to attain during hydrotreatment sulfur levels
below 10 ppm without great difficulty. In fact, it would be sufficient to operate at
higher pressure and/or temperature to achieve low sulfur levels. However, under
these more severe operating conditions, if allowed by thermodynamics, the hydro-
genation reactions are enhanced and an important decrease in the olefin content,
from 20 to 60 vol% to approximately 2 vol%, can take place, leading to a decrease
of up to 10 octane numbers in the final gasoline [31]. Therefore, the key of this
technology lies in the possibility to achieve high hydrodesulfurization (HDS)
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minimizing the hydrogenation (HYD) reactions. There are two possibilities to solve
this challenge: one is to understand the effect of the process variables, pressure (P),
temperature (7), and liquid hourly space velocity (LHSV'). The other is the devel-
opment of catalytic materials able to perform high hydrodesulfurization with mini-
mum hydrogenation.

To analyze the possibility of obtaining low sulfur and high RON in the hydrode-
sulfurization of FCC naphtha, a laboratory study was conducted on the effects of
changing the operating HDS conditions (7, P, LHSV) on the RON and sulfur con-
tent of the product, using a commercial CoMoAlLOj; catalyst, and a feed of stabi-
lized FCC naphtha (original RON = 69) added with the proper amount of thiophene
to reach 1000 ppm S. Both the experimental design and statistical analysis were
performed using Statgraphics software.

A multiple response surface methodology and a Box-Behnken-type experimen-
tal design [32] were used to analyze two responses, the remaining sulfur content
(is) and the RON, as a function of three operating variables (factors in statistical
nomenclature): LHSV = 3, 6, and 9 h™!; temperature = 270, 300, and 330 °C; and
pressure = 440, 480, and 520 psia leading to a total of 27 experiments. However,
using the methodology Box-Behnken only 16 experiments were necessary to ana-
lyze the system.

In an attempt to illustrate the effect of three variables (LHSV, 7, P) in a two-
dimensional field, Fig. 4.2 shows an example of the effects obtained for each vari-
able when the other two remain constant.

To help understand the effect of 7, P, and LHSV, on the process, a surface
response analysis was made by building a piecewise desirability function (6) that
expresses the desirable response for a combination of the process variables as a
value of one if the response achieves some fixed desirable value. In this case, 6 = 1
if less than 30 ppm of sulfur is achieved in the processed naphtha: an intermediate
value between 0 and 1 if the response factor is in the interval 1000-30 S ppm, and a
value of zero if the response is equal or greater than the initial value. A maximiza-
tion was used for the RON whereas a minimization was established for the remain-
ing sulfur content in the product.

(a) For RON maximization, a loss of four RON units was considered acceptable
with a RON lower limit of 65. In this case, the desirability function (6) was
defined as

0 if y does not reach RON,

— |: y_RONLL
RON’-RON,,
1 if ¥ >RON’

} if RON,, <y <RON’

'LHSV is the ratio of the hourly volume of oil processed to the volume of catalyst.
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Fig. 4.2 Effect of temperature, pressure, and LHSV on the sulfur content (blue) and RON (black)
after the hydrotreating of stabilized FCC naphtha with 1000 ppm S

where y is the RON after HDS processing, RONy; is the lower acceptable
RON limit, and RON? is the initial RON (in this case RON = 69).

(b) For the minimization of the remaining sulfur content (¥ s), considering
1000 ppm of S in the feed and setting the desirable lower limit of sulfur (S, ) at
30 ppm. In consequence, the desirability function () was defined as

1 if ys is lower than S,
S QO
5= {Sys__sso} if S, <ys<8’
LL
0 if ys>8°

where (¥ s) is the product sulfur content after HDS processing and S° is the
initial sulfur concentration in ppm.

An optimization for the responses under the operating variables was made with
the restrictions that the process must reach at least: RON >65, and S content
<30 ppm. The best performance was obtained at LHSV = 6.75 h~!. Using this fixed
LHSYV, the surface response for RON and remaining product sulfur was obtained for
the different values of 7 and P (see Fig. 4.3).

The results of this example show that with a conventional CoMo HDS catalyst it
is not possible, through the optimization of the operating conditions, to comply with
the sulfur specification of 30 ppm S, maintaining simultaneously a desirable high
octane number.
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Therefore, a complete solution to the issue of obtaining clean FCC gasoline with
high RON needs both the optimization of the process variables and the developing
of hydrodesulfurization catalytic materials with high HDS/HYD selectivity ratio.
To this end, several studies have been made in the past using catalysts with basic
support matrixes to inhibit the transport of hydrogen and achieve HDS/HYD selec-
tivity ratios higher than those obtained with active phases supported on alumina.

In an early study, Shimada et al. [33] analyzed the effect of using CoMo catalysts
supported on MgO on the activity for hydrocracking (HYC) diphenylmethane. With
MgO being a basic support the observed decrease in hydrocracking activity was an
expected result. Nonetheless, an interesting result was that the MgO-supported cata-
lyst showed a significant decrease in the hydrogenation activity. In another work,
the same group confirmed this result using 1-methyl-naphthalene as reactant [17].

However, MgO in dry conditions has a surface area of around 200 m?g but is a
highly hygroscopic material and in the presence of water it is easily transformed
into Mg(OH),, which has a low surface area of about 2 m?/g, and is therefore not a
good matrix support for the HDS catalyst. Several approaches have been used in the
preparation of HDS catalytic materials to compensate this problem: (i) producing
MgO with high surface area [34], or (ii) using nonaqueous preparation methods to
avoid the hydration of MgO [35]. However, such preparations are more expensive.
A third approach has been to use a catalyst support matrix different from MgO, over
which magnesia can be grafted or dispersed.

Supports of magnesia grafted on the surface of alumina were also investigated
with the hypothesis that the hygroscopic behavior of pure magnesia could be
avoided once magnesia is bonded to alumina through Mg-O-Al bridges. This
approach hopes to preserve the high surface area provided by alumina.

Figure 4.4a shows the behavior of NiMo catalysts supported on alumina modi-
fied with different amounts of magnesia (NiMo/MgO(x)/Al,0;), where x = mono-
layers of MgO. It should be noted that the NiMo active phase chosen for this study
presents a stronger hydrogenating function than the most suitable CoMo formula-
tion. Catalysts were tested on two different reactions at atmospheric pressure: thio-
phene hydrodesulfurization and cyclohexene hydrogenation. The results showed
that addition of magnesia to alumina produced a strong decrement in cyclohexene
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hydrogenation while the HDS of thiophene presented only a slight decrement. The
decrement in the hydrogenation reaction was five times higher than the decrement
of the desulfurization reaction, leading to an improved HDS/HYD ratio (Fig. 4.4b).
For NiMo catalysts supported on Al,O;—MgO mixed oxides with different
x = MgO/MgO + Al,O; molar ratios (0.0, 0.05, 0.25, 0.5, 0.75, and 1.0) [36], tex-
tural stability to the presence of water and high HDS/HYD ratio were found by
Solis et al. [37] for low MgO contents (<0.25% mol). The catalysts however
displayed a tendency to form nickel molybdate and NiO-MgO solid solution, taking
away a significant amount of the Ni necessary to promote the MoS, phase.
Magnesium is not the only additive that confers basic properties. The possibility
of modifying the alumina support with alkaline oxides has also been investigated.
The addition of Li or K oxides to the alumina support of commercial catalysts
caused a decrease in the hydrogenation and hydrodesulfurization activities.
However, as in the case of magnesia, the decrease in HDS was less pronounced,
leading to an improved HDS/HYD selectivity [38]. The addition of barium to the
alumina support also caused the same behavior, a decrease in both rates of HDS and
HYD but with an increase in the HDS/HYD selectivity [39]. In contrast, Miller et al.
[40] reported no effect on the activity or HDS/HYD selectivity with addition of Ce
to MoS,/Al,O; or K to CoMo/Al,Os. Likewise, supports of different kinds as hydro-
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talcites have been used with success to improve the HDS/HYD selectivity ratio
during the hydrodesulfurization of cracked naphtha [41].

Although the addition of alkaline earth oxides like MgO to alumina improves the
HDS/HYD selectivity ratio, a decrease in the HDS activity is also caused to some
extent because the Ni or Co promoters can form a stable phase with the support
matrix. To overcome this problem, the combined use of alkaline-earth oxides as
basic additives, heteropolycompounds as active-phase precursors containing Mo
and Ni or Co promoter, and chelating agents to avoid the interaction of the Ni or Co
promoter with the support matrix has been analyzed. Trejo et al. [42] used an aque-
ous impregnation with a chelating agent (CyDTA) to preserve or improve the HDS
activity in CoMo catalysts supported on alumina modified with different amounts of
MgO. The combination of potassium, citric acid, and a heteropolyacid, H;PMo;,0.,
was also used in the preparation of selective KCoMoP/Al,O; catalysts for the
hydrotreating of FCC gasoline [43, 44].

Although several industrial processes based on catalysts with high HDS/HYD
selectivity are offered (ScanFinning by Exxon-Mobil or Prime G by Axens), the
research in this field continues since more restrictive environmental regulations are
expected in the near future.

4.3 Improving HDS Catalytic Materials with the Use
of Chelating Organic Additives

Alumina is widely used as a support for industrial hydrodesulfurization (HDS) cata-
lysts of Co(Ni)-promoted molybdenum sulfide. The current challenge is to improve
the alumina-supported catalysts in order to fulfill the requirements of production of
clean transportation fuels [1, 19, 45]. The use of organic additives such as chelating
agents during the preparation of Co(Ni)Mo HDS catalysts helps to improve their
catalytic performance; according to literature, the use of a chelating agent during
the catalyst preparation can lead to an increase in the number of Co(Ni)MoS pro-
moted sites in the final catalyst [46—48]. It has been explained that the interaction of
the chelating agent with the promoter produces a stable complex that sulfides at
temperatures similar or higher than those required to sulfide oxidic Mo, facilitating
the formation of the mixed Co(Ni)MoS phase and minimizing the formation of
isolated phases of Ni or Co sulfide [49-52]. According to these results, the use of a
chelating agent results in an enhanced promotion. However, a more detailed expla-
nation of the effect of a chelating agent is convenient to better understand the char-
acteristics of the active sites and to enable further improvements of the catalytic
systems. It is not the purpose of this section to make a review of all chelating agents
used in the preparation of HDS catalyst, but to make instead a detailed analysis of
the effect of two chelating agents (ethylenediaminetetraacetic acid -EDTA- and cit-
ric acid -CA-) in Mo and CoMo HDS catalysts, with the aim of thoroughly under-
standing which of the changes induced by the use of the chelating agent has a real
influence on the HDS behavior.
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The CoMoS phase model, extensively used to analyze and explain the catalytic
properties of hydrodesulfurization catalysts, is very useful to achieve this goal. This
model is supported by experimental results that revealed the presence of Co atoms
in MoS, crystallites, that is, the CoMoS phase, and is now accepted that such struc-
tures govern the catalytic activity of promoted catalysts [53-55]. Recently, scanning
tunneling microscopy (STM) experiments and density functional theory (DFT)
were used to demonstrate that in the most stable CoMoS phase, Co substitutes Mo
at the edges of MoS, particles [2, 4, 11, 56, 57]. Some important characteristics of
the active phase are still a subject of debate, for example, the local structure of the
cobalt atoms on the edges of the MoS, crystallites. Based on nuclear magnetic reso-
nance (NMR) and X-ray absorption near edge structure (XANES) analysis of pro-
moted catalysts supported on different materials, several local structures where the
Co atoms are bonded to five and/or six sulfur atoms in the CoMoS phase have been
proposed [58—64].

Controversially, the combination of experimental and theoretical techniques
revealed that the coordination number of Co in the CoMoS phase can be four instead
of five or six. In particular, based on experimental results using STM or FT-IR of
CO combined with DFT calculations, it was proposed that the Co atoms that substi-
tute Mo on the edges of MoS, crystallites are fourfold coordinated with either tetra-
hedral, pseudo-tetrahedral, or square planar structure depending on the sulfur
coverage, type of substituted edge (S or Mo), and promotion degree [11, 57, 65, 66].

It is not surprising that the FT-IR of CO can provide experimental evidence to
achieve such type of information of the catalytic materials. The IR analysis of
adsorbed NO or CO probe molecules is a technique widely used to study unpro-
moted and promoted binding sites in HDS catalysts [67—70], including those pre-
pared with organic additives such as the chelating agents, because the absorbance
and features of the IR spectrum of the adsorbed molecule provide information on
the amount and electronic characteristics of the binding sites. Several important
issues in sulfided catalysts have been discussed with the IR analysis of probe mol-
ecules, sometimes in combination with other techniques. For example, IR studies of
adsorbed NO with EXAFS showed that the adsorption sites are located in the MoS,
edges instead of on the basal planes [71]. Better results were obtained with CO
adsorption because it can distinguish Mo—S unpromoted sites from CoMoS pro-
moted ones. On sulfided Mo/Al,O; catalysts, Mo—S binding sites are associated
with a strong band at 2110 cm~" (Mo in Mo edge) with a weak, broad component at
2070 cm~' (Mo in S edge). The intensity of the bands correlates well with the HDS
activity of the unpromoted catalysts [72—74]. For sulfided CoMo/Al,O; catalysts, a
new strong band at 2070 cm~!, which intensity is in line with the catalytic activity
[75], corresponds to CO adsorbed on promoted sites.

The nature of the promoted sites (Mo or Co) and its local structure (tetrahedral,
pseudo-tetrahedral, or square planar) is not clearly established by the features of the
experimental IR spectrum alone. The information available from the spectrum is
that the corresponding CO band on promoted sites appears at a different frequency,
shifted from the bands corresponding to the adsorption on unpromoted Mo-S sites
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(2110 cm™") and Co sites in cobalt sulfide (2094 cm™!). DFT calculations were
needed to propose the structures of the promoted sites mentioned above [65].

To improve the current supported catalysts it is important to know the local
geometry of Co on the edges of the MoS, crystallites, to better understand and
explain how the catalysts behave in reaction conditions. Even more important is to
establish if the structure of Co has or not a significant impact on the catalyst activity.
This is the subject of the following sections.

4.3.1 Effect of EDTA in the Electronic and Structural
Characteristics of the CoMoS Site and Catalytic
Performance of Co-promoted Mo/Al,O; Catalysts

A detailed analysis of the FT-IR spectra of CO adsorbed on a series of catalysts
(Mo/Al1,05, CoMo/Al,O; (without EDTA) and CoMo-E/Al,O; (using EDTA during
preparation)) was useful to study the effect of the chelating agent EDTA in the pro-
motion of CoMo catalysts [76].

It was observed that the absorbance of the peak of CO adsorbed on CoMoS sites
(at ~2072 cm™") [76] in the IR spectra is bigger in CoMo-E/Al,Os, compared to the
CoMo/Al,O; catalyst (see Fig. 4.5). The evaluation of the number of sites and the
absorption coefficient indicated that the more intense absorbance is not related to a
greater amount of adsorbing sites, but instead to a bigger absorption coefficient in
CoMo-E/ALO;: ecomos (CoMoO-E/ALLO3) ecomos (CoM0/ALO;) = 1.9 [76]. This result
needed an interpretation of the CO spectra different to the traditional one, because

Fig. 4.5 1R spectra of CO
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catalysts at ~100 K and i 2054
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it was regularly assumed that at each CO vibration frequency on sulfided catalysts
(at 2072 cm™' in this case) corresponds to the same value of CO absorption
coefficient.

The observed change in the magnitude of the absorption coefficients must arise
from differences in the electronic interaction between the probe and the
CoMoS adsorbing site. It was proposed in [76] that the CO absorption coefficient
changes with the local structure of the surface atoms to which the probe is adsorbed.

The experimental fact that the absorption coefficient of CO adsorbed on CoMoS
sites in CoMo/Al,Oj; is different to that of CO adsorbed on CoMo-E/Al,O; indicates
that at least part of the surface where CO is adsorbed on the catalysts has metallic
character or that sites with metallic character are in the vicinity of the CO-adsorbing
sites [77]. Otherwise, no changes in absorbance could be detected. This inference of
metallic character in MoS, crystallites can be well supported by repeated reports of
the metallic character of cobalt-substituted edges and at the S layer at the top of
MoS, crystallites, observed with STM experiments and explained by DFT calcula-
tions [57].

In the case of adsorption on metallic surfaces, the IR selection rule states that a
vibrational mode will be IR active only if there is a nonzero projection of the
dynamic dipole moment along the surface normal [78]. In other words, the magni-
tude of the absorption coefficient will depend on the inclination of the adsorbed
molecule with respect to the surface normal. The effect is considered to apply to
particles down to a few nanometers in size [79, 80], or even to metal carbonyl clus-
ters [81], and has been observed in experiments performed in transmission IR spec-
troscopy [82, 83].

DFT calculations of different possible local structures of Co or Mo in
Co-promoted MoS, crystallites showed that the fully promoted MoS, crystallite
exposes cobalt atoms in fourfold coordination with tetrahedral structure in the S
edge and square planar structure in the Mo edge [65]. For the non-fully promoted
MoS, crystallite, where both Mo and Co are exposed on the edges, it was found that
in the S edge Mo and Co are fourfold coordinated in tetrahedral structure and that
in the Mo edge Mo is fourfold and fivefold coordinated, while Co is fourfold coor-
dinated and presents pseudo-tetrahedral structure. That is, Mo and Co have a tetra-
hedral or pseudo-tetrahedral structure, except in the fully promoted Mo edges,
where Co has a square planar structure.

The use of the chelating agent leads to higher promotion and presumably to
higher proportion of CoMoS sites with Co in square planar structure in fully pro-
moted Mo edges of the MoS, crystallite in CoMo-E/Al,O; [76]. In this type of Co
local structure the adsorption of CO can be perpendicular to the surface, resulting in
an increased absorption coefficient, compared to a hindered adsorption in Co or Mo
with tetrahedral or pseudo-tetrahedral local structure that projects a smaller part of
the dynamic dipole into the surface normal. Then, the increased absorption coeffi-
cient in CoMo-E/Al,O; can be related to a bigger proportion of Co in a square pla-
nar local structure in the better promoted catalyst [76].
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In this interpretation of an experimental fact (the increased absorption coefficient
with the use of EDTA as chelating agent) an important issue of the IR analysis of
CO adsorbed on Co-promoted molybdenum catalysts is revealed: the correct quan-
tification of adsorption sites requires the proper assignation of the absorption coef-
ficient for each catalyst.

It is important to highlight that the analysis of CO adsorbed on the several pos-
sible structures of the CoMoS sites provided by DFT calculations allowed to under-
stand that the Co atom is the adsorption site, and that as the promotion is enhanced
with the use of EDTA as chelating agent more Co in square planar local structure is
found in the surface of the MoS, crystallites.

The effect of this change in local structure, consequence of the addition of EDTA,
in the catalytic activity was analyzed with the HDS of thiophene, dibenzothiophene,
and 4,6-dimethyl dibenzothiophene [76]. TOF values are presented in Table 4.1.

The ratio (TOF of CoMoS)/(TOF of MoS) indicated that the addition of EDTA
does not have a significant effect on the HDS of thiophene or DBT, meaning that the
change in local structure to square planar in the catalysts prepared with EDTA does
not have an impact on the HDS of thiophene or DBT: these molecules are trans-
formed independently of the local structure of the promoted site. In the case of 4,6-
DMDBT, the TOF’s ratio changes with the use of EDTA, from 5.2 in CoMo-E/
Al O; to 4.4 in CoMo/AlOs. Apparently, with this sterically hindered molecule, the
change from tetrahedral and/or pseudo-tetrahedral to the open square planar struc-
ture induced by the use of a chelating agent as EDTA has a positive effect on the
hydrodesulfurization of 4,6-DMDBT.

In summary, the IR analysis of adsorbed CO indicates that the use of EDTA as
chelating agent during preparation induces changes in the structure of the CoMoS
sites in supported catalysts. These changes have no effect on the TOF of thiophene
or DBT, while a positive one is observed in the case of 4,6-DMDBT.

Table 4.1 Turnover frequency for the HDS reaction of S-containing molecules

TOF x 10? TOF x 10? %
(Mo-S site, s71) (Co-Mo-S site, s7') TOF,
4,6-DMDBT Mo 0.11 — -
CoMo - 0.49 4.4
CoMo-E - 0.58 5.2
DBT Mo 0.23 - -
CoMo - 4.02 17.1
CoMo-E - 4.18 17.7
T Mo 3.26 - -
CoMo - 91.7 28.1
CoMo-E - 91.3 28.0

Taken from [76] with permission from Elsevier
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4.3.2 Effect of Citric Acid in the Characteristics and Catalytic
Performance of Non-promoted and Co-promoted
Molybdenum HDS Catalyst

The use of chelating agents in the preparation of Mo-based catalysts can lead to
other modifications in the characteristics of the active phase (besides that in the
structure of the CoMoS sites with the use of EDTA explained above), such as the
sulfidation extent, edge dispersion, amount of adsorbing sites, level of promotion,
and stacking of MoS, crystallites [84, 85]. It is important to understand if the
changes in the active phase have a significant impact on the HDS catalytic activity.
The study of the effect of citric acid (CA) in alumina-supported unpromoted and
Co-promoted Mo catalysts was used to analyze which of the changes induced by the
presence of the chelating agent have more influence on the HDS catalytic activity.
To this end, two series of catalysts with increasing amounts of CA (CA/metal = 0,
1, and 2) were prepared, one of unpromoted Mo catalysts (Mo—CA(0)/AL,O;, Mo—
CA(1)/Al,05, and Mo—CA(2)/AL,03), and a second one of catalyst promoted with
Co (CoMo—-CA(0)/Al,O3;, CoMo—CA(1)/Al,03, and CoMo—CA(2)/Al,O5). The cal-
cination step during preparation was avoided to preserve the effect of the organic
agent until sulfidation. For comparison, two calcined catalysts were prepared (Mo/
Al,O; and CoMo/AlO;) [86].

The effect of CA on the amount and nature (MoS or CoMoS) of adsorbing sites
was studied with infrared spectroscopy of adsorbed CO. The results in Table 4.2
show that CA causes a slight decrease in number of adsorbing sites in the case of
unpromoted catalysts. In contrast, in the case of Co-promoted catalysts the use of
CA has two important consequences: (a) the amount of total adsorbing sites (MoS
and CoMoS) is strongly increased, mainly due to an approximately fourfold enlarge-
ment of CoMoS sites; (b) in the catalysts prepared with CA, the proportion of
CoMoS site is increased: in CoMo—-CA(1)/Al,0; and CoMo—-CA(2)/Al,0O5 almost
all adsorbing sites are promoted ones.

It is observed in Table 4.3 that the absorption coefficients of catalysts prepared
without citric acid are small (21.7 = 3.7 cm pmole™") compared with those of cata-

Table 4.2 Amount (pmole/g.,) and percentage of active sites in sulfided catalysts evaluated with
FT-IR of adsorbed CO

Mo-S sites Co-Mo-S sites Total sites
Mo/Al,04 155 - 155
Mo-CA(0)/Al,04 170 - 170
Mo-CA(1)/Al,04 110 - 110
Mo-CA(2)/AL,0; 118 - 118
CoMo/AlL,O4 62 (47.7%) 68 (52.3%) 130
CoMo—CA(0)/Al,O5 37 (26.4%) 103 (73.6%) 140
CoMo-CA(1)/Al,04 10 (5.4%) 175 (94.6%) 185
CoMo-CA(2)/Al,04 11 (4.2%) 253 (95.8%) 264

Taken from [86] with permission from Elsevier
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Table 4.3 Absorption £ of Co—

coefficients (cm pmole™") of Mo-S sites

Sa(t)af‘ydsst(s’rbed on sulfided CoMo/ALO,—(2067 cm) 243
CoMo-CA(0)/AL,0-—(2067 cm™") | 19.1
CoMo-CA(1)/A1,05—(2067 cm™") | 32.8
CoMo-CA(2)/A1,05;—(2067 cm™) | 27.9

Extracted from [86] with permission from Elsevier

lysts prepared with CA (30.4 + 3.5 cm pmole!). As in the case of catalysts prepared
with EDTA, the absorption coefficient of CO for CoMoS sites increases in the cata-
lysts prepared with CA even though the vibration frequency of CO remains at
2067 cm™!, suggesting differences in the local structure of Co in the CoMoS site.
The increase in the absorption coefficient of adsorbed CO can be explained through
a greater proportion of fully promoted Mo edges in the MoS, crystallites with Co
in square planar structure. In contrast, the lower absorption coefficient of CO in
catalysts prepared without CA indicates that CO is adsorbed on Co with tetrahedral
or pseudo-tetrahedral structures, present in partially promoted Mo edges and also in
S edges.

The sulfidation extent is also affected by the presence of CA in the catalyst prep-
aration. From temperature-programmed sulfidation experiments (TPS) of catalysts
sulfided at 10 K/min, it was found that the total S/Mo ratio increases from 1.3 and
1.0 in Mo/Al,0; and Mo—CA(0)/Al,O; to S/Mo ratios of 2.1 and 2.2 for Mo—CA(1)/
AlLO; and Mo—-CA(2)/Al,0;3, respectively. Also in Co-promoted catalysts, the S/
(Mo + Co) ratio increases from 1.0 and 0.7 in CoMo/Al,0; and CoMo—-CA(0)/Al,04
to 1.7 and 2.0 for CoMo-CA(1)/Al,0; and CoMo—CA(2)/AL,O;. Temperature-
programmed reduction of sulfide experiments (TPR-S) also pointed to a better sul-
fidation of unpromoted and Co-promoted catalysts with CA. In the reduction
patterns of unpromoted and Co-promoted molybdenum sulfide (see Fig. 4.6 for
TPR-S patterns of promoted catalysts), the reduction of stoichiometric MoS, begins
at 452 K and continues until 1233 K. At the final temperature of the experiment the
reduction is still in progress, but the S/Mo ratio in the case of unpromoted catalysts
and the S/(Mo + Co) ratio in the case of promoted ones increase with the CA content
(Table 4.4). These results evidence that the introduction of CA during the prepara-
tion of the catalysts induces a better sulfidation.

Using the TPR-S experiments, the value of AH® of reduction of MoS, in the cata-
lysts can be calculated from a plot of 1/T versus In[H,S], like the one presented in
Fig. 4.7 [87]. The results, reported in Table 4.4, showed that the introduction of Co
renders the MoS, crystallite more defective and therefore more reducible in surface
and bulk in catalysts with and without CA.

As explained above, several characteristics of the Mo-based catalysts change
with the addition of an organic agent as CA. Their catalytic performance was evalu-
ated in the HDS of DBT and 4,6-DMDBT to identify which of the changes is impor-
tant to the activity. DBT is a good choice to probe the level of promotion of MoS,
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Fig. 4.6 TPR-S patterns of
promoted sulfided
catalysts. (a) CoMo/Al, O3,
(b) CoMo—CA(0)/Al,0s,
(c) CoMo—CA(1)/AL,05,
(d) CoMo—CA(2)/AL,0;.
Reprinted from [86] with
permission from Elsevier

Table 4.4 S/Mo, S/(Mo + Co)
ratios, and AH® 4 from TPR-S
experiments
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Temperature (K)
S/Mo, S/(Mo + Co) | AH°. (Ki/g
(IT + IIT) atS)
Mo/ALO, 0.5 79
Mo-CA(0)Y/ALO; | 0.4 70
Mo-CA(1Y/ALOs |09 715
Mo—CAQJALO; | 1.4 70
CoMo/ALO; 0.7 46
CoMo-CA(O)ALO; | 0.8 64
CoMo—CA(1)/ALO; | 1.0 68
CoMo-CA(2)/ALO; | 1.3 60

The enthalpy of reduction was calculated from the H,S
evolution in region III. Extracted from [86] with permis-

sion from Elsevier

crystallites, since it is transformed through the hydrogenation route as well as the
direct desulfurization one over unpromoted MoS,, while in the promoted catalysts
the former is predominant. The measurement of activity in the 4,6-DMDBT mol-
ecule helps to evaluate if the changes induced by the use of CA have an influence
on the HDS of refractory molecules that occur mainly through the hydrogenating

path [88].

Table 4.5 reports the results of rate constants in both HDS reactions. In the case
of unpromoted catalysts, no significant increase is observed in the rate constants
with the presence of CA in the HDS of DBT. The TOF values (obtained from the
measurement of the number of adsorption sites in the IR analysis of CO) are small
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Fig. 4.7 Plot of In[H,S]
versus 1/7 of the TPR-S
pattern of CoMo—CA(2)/
Al,O;. The linearization in
1034-1206 K is pointed
out by the dotted straight
line. Reprinted from [86]
with permission from
Elsevier
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Table 4.5 Turnover frequency (TOF) and rate constant for the HDS of dibenzothiophene

Rate constant x 10!

TOF x 10*> (Mo-S

TOF x 10* (Co-Mo-S

(em? Gyorco ' 87 sites, s7) sites, s71)

Mo/Al,O4 0.81 0.14 -
Mo-CA(0)/ 12 0.18 -
ALO,

Mo-CA(1)/ 1.0 0.26 -
ALO,

Mo-CA(2)/ 12 0.29 -
ALO,

CoMo/Al,O5 5.9 - 2.7
CoMo—CA(0)/ | 8.1 - 22
AlLO;

CoMo-CA(1)/ |11.6 - 2.3
AlLO;

CoMo-CA(2)/ |15.3 - 2.1

A1203

Taken from [86] with permission from Elsevier

for the unpromoted catalysts and do not considerably change with the use of citric
acid. This means that the modifications induced by citric acid, as the increase of the
sulfidation extent, have little or no effect on the catalytic activity of the MoS site.
On the contrary, the incorporation of CA in promoted catalysts leads to an approxi-
mately threefold increase in the rate constant. However, the change in the TOF value
is not significant. The result indicates that the change in the local structure from
mainly tetrahedral (catalysts with no CA) to mainly square planar (catalysts with CA)
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Table 4.6 Turnover frequency (TOF) and rate constant (k) for the HDS of
4,6-dimethyldibenzothiophene

kx 10" (cm® | TOF x 102 (Mo—S | TOF x 10 (Co—
Snosco | ST | sites, s71) Mo-S sites, s7)
Mo/Al,O4 0.96 0.17 -
CoMo/Al,O4 1.1 - 0.38
CoMo-CA(1)/AlL,04 2.1 - 0.41
CoMo-CA(2)/Al,04 2.5 - 0.33

Taken from [86] with permission from Elsevier

and the greater sulfidation extent induced by CA have little influence on the intrinsic
activity of the catalytic site. Therefore, the increase in the rate constant with CA is
related to an increase in the number of promoted active sites.

The incorporation of Co to the MoS, phase does not significantly change the
HDS activity in 4,6-DMDBT. However, the use of CA duplicates the rate constant
(Table 4.6). The fact that the TOF does not change considerably with the incorpora-
tion of the promoter or with the addition of CA indicates that the higher sulfidation
level of the catalysts prepared with CA, which favors the formation of the more
hydrogenating type II and brim active sites, does not affect substantially the intrin-
sic activity of the catalytic site.

In conclusion, these two examples show that both EDTA and CA induce changes
in the sulfided catalysts. The IR analysis of adsorbed CO in catalysts prepared with
and without EDTA showed that the absorption coefficient is not the same in both
cases, revealing that the electronic structure is different. It was proposed that the
local structure of Co in the edges of the MoS, crystallite changes with the use of
EDTA. The same was observed in catalysts prepared with CA, but this is not the
only characteristic that may be modified with the use of a chelating agent. The study
of promoted and unpromoted catalysts prepared with CA was useful to understand
that the increase in the rate constant with CA is related to an increase in the number
of promoted active sites, and that the other characteristics that change with the use
of the chelating agent, as the Co local structure and sulfidation extent, have less
influence on the catalytic behavior of sulfided catalysts.

4.4 Co(Ni)-Mo(W)-Based Heteropolycompounds as Catalyst
Precursors

The synthesis of highly active hydrodesulfurization catalysts depends significantly
on the level of promotion reached during catalyst preparation. To achieve a higher
number of promoted Co(Ni)-Mo(W)-S sites, it is desirable for the Co(Ni) and
Mo(W) atoms to be as close as possible during the activation step of the catalyst.
An interesting alternative to achieve this is the use of a single precursor salt that
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already contains in its structure both atoms, Mo(W) and Co(Ni), in the desired ratio,
instead of using two different salt precursors, one for Mo(W) and one for Co(Ni), as
in the conventional HDS catalyst preparation procedure. Several experimental
works concerning the use of Mo(W) heteropolycompounds (HPC) with different
structures as precursor salts for the preparation of HDS catalysts are reported in the
scientific literature.

In a recent review, Nikulshin et al. [89] and references therein reported the use of
several polyoxometalate structures to prepare hydrotreatment catalysts: Lindqvist
MM’ 0,9]%~, Keggin [XM,04]"", Anderson [XM:O,,H¢]"~, Dawson
[XuM 5041, Strandberg [X,M;s0,3]"~, or Waugh [NigMo00Os,]%~, where M(M') is a
metallic cation and X is a nonmetallic one. However, the most frequently used
heteropolymolybdates (heteropolytungstates) for the preparation of catalysts for
deep HDS are heteropolyacids with Keggin, Dawson, or Anderson structures, and
their Co(Ni) salts [90, 91].

Alumina-supported catalysts synthesized using polyoxometalate structures have
mainly been evaluated in the HDS of thiophene and dibenzothiophene [92, 93], and
some catalysts supported on mesoporous silica (HMS) have been tested in the HDS
of dibenzothiophene [94] and only a few in the HDS of a refractory compound like
4,6-DMDBT or real mixtures such as straight run gas oil (SRGO) or a mixture of
SRGO with LCGO [95]. In all cases whatever the polyoxometalate structure used to
prepare the catalyst, the performance was better than for similar catalysts prepared
from conventional precursors such as ammonium heptamolybdate and nickel or
cobalt nitrate.

One of the drawbacks of the use of heteropolycompounds as impregnating salts
for the preparation of HDS catalysts is the low stoichiometric Co(Ni)/Mo atomic
ratio, which is below the optimal value (0.49) reported for catalysts synthesized
using conventional precursors. Some authors have used reduced Keggin-type HPCs
to increase the stoichiometric Co(Ni)/Mo ratio from 0.125 to 0.29. In laboratory
tests of the hydrodesulfurization of thiophene and 4,6-DMDBT HDS, catalysts pre-
pared with heteropolycompounds showed conversions 10 and 29% higher than their
counterparts prepared using conventional precursors, respectively. The higher HDS
activity of the catalysts prepared with HPCs was related to an increment in the num-
ber of Co-promoted molybdenum sites produced by the close interaction between
cobalt and molybdenum in the Keggin structure during the catalyst activation (sul-
fidation) process [92, 96].

Recently, the optimal Co/Mo ratio has been achieved using a cobalt salt of the
dimer Co,Mo0,,03H,*~ with Anderson structure as impregnating precursor for
CoMo catalysts supported on alumina, titania, and zirconia and tested in the HDS of
thiophene. For all the CoMo catalysts, whatever the support, the best performance
was obtained for those prepared with the cobalt salt of the Co,M0,,03,H,5~ dimer
[97]. The superior performance of the catalyst prepared with the dimer was related
to the higher dispersion achieved with this preparation method, and to the better
cobalt promotion associated to the preservation of the Anderson structure during the
catalyst preparation.
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4.4.1 Stability of the Supported Polyoxometalate Structure
4.4.1.1 Stability During Support Impregnation

An important aspect to be considered, during the catalyst synthesis, is the stability
of the heteropolyacid (HPA) or heteropolycompound (HPC) during the impregna-
tion of the support. Several materials have been used to support both types of pre-
cursors (HPA and HPC), and their thermal stability depends on the surface
characteristics of the support matrix and on the metallic load. Greater stability is
achieved when the HPC is impregnated on a support matrix with an isoelectric point
(IEP) <7, for example, on titania [98], silica [97], or silica-containing mesoporous
materials like MCM-41 [99] and SBA-15 [100]. For alumina- and zirconia-
supported catalysts where the support IEP is >7, the HPA structure is not preserved
after impregnation due to the stronger interaction between the electronegative
molybdophosphate anions and the electropositive Zr and Al cations, which contrib-
ute first to its distortion and then to its breakdown during the impregnation process
[94]. To overcome this problem, Griboval et al. [101] proposed the use of a cobalt
salt of the reduced Keggin HPA for the preparation of cobalt-promoted alumina-
supported HDS catalysts. The preservation of the HPA molecular structure after
impregnation was corroborated by Raman and NMR analysis. The higher stability
of the reduced salt at a pH value near the isoelectric point of the alumina support
(IEP = 8) avoids the interaction of cobalt atoms with the support, preventing the
formation of the inactive CoAl,O, spinel, allowing for a higher number of cobalt
atoms to be available for the formation of the active CoMoS mixed phase, as dem-
onstrated in [70].

In another work, Ramirez et al. [96] used a less interacting support like SBA-15
with 0—15 wt% of titanium oxide grafted on the surface to prepare NiMoP HDS
catalysts, using phosphomolybdic acid and nickel citrate as precursors for the active
phase. The use of the heteropolyacid led to catalysts with higher HDS activity in the
HDS of 4,6-DMDBT than those prepared conventionally with ammonium heptamo-
lybdate, nickel nitrate, and phosphoric acid. The observed changes in catalytic
activity were related to a twofold increase in the activity of the catalytic sites.
Additionally, it was found that grafting TiO, to the surface of the SBA matrix stabi-
lizes and preserves the ordered structure of the latter during the calcination process,
and the structure of the heteropoly anion in the impregnation step [92].

4.4.1.2 Stability Under Thermal Treatment

The preparation of HDS catalysts with MoS, structures well promoted by Co or Ni
requires to maintain the Ni(Co) and Mo elements close to each other. Therefore, the
structure of the heteropolycompound must be preserved up until the catalyst is acti-
vated by sulfidation. The calcination of the active-phase precursor salts, which is
normally applied before activating the catalyst by sulfidation, must be avoided when
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using heteropolycompounds as active-phase precursors since this step is detrimental
to the structure of the HPC and therefore to the promotion and final performance of
the catalyst, as reported by Romero-Galarza et al. [70] for alumina-supported
CoMoP catalysts. For the case of CoMoP HDS catalysts prepared by impregnating
alumina with an aqueous solution of a reduced heteropolycompound with Keggin
structure, Co;,PMo;,04, Fig. 4.8 reveals that the catalytic activity of the uncalcined
catalyst was 1.33 times higher than the calcined one. This effect was related to a
higher number of Co-promoted molybdenum sites that were quantified by CO
adsorption experiments (Table 4.7).

In summary, the improvement in HDS activity when using polyoxometalate
structures as precursors for the synthesis of Co(Ni)Mo hydrotreatment catalysts is
related to maintaining stable the structure of the heteropolyoxometalate up until the
activation step in order to achieve high promotion of the molybdenum species after
the sulfidation process. The good performance of the HDS catalysts prepared with
polyoxometalate structures can be explained because molybdenum and cobalt(nickel)

Fig. 4.8 Pseudo first-order 14 -

reaction rate constants for 12 J
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catalysts. HDS of r':: 08 4 i
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and 1200 psig of hydrogen. S 06 -
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degrees. Adapted from [70]

with permission of Elsevier 0
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Table 4.7 Quantitative analysis from CO adsorption experiments and pseudo first-order rate
constants for CoMoP/Al catalysts prepared at different calcination temperatures

kx 10* | Mo sites 2110 cm™ CoMo sites 2070 cm™! Total sites
Catalyst (s™H (mol/g.,) x 10° (mol/g.,) x 10° (mol/ge,) x 10°
CoMoP/ 1.19 2.6 3.6 6.2
Al-D
CoMoP/ 0.94 3.0 2.7 5.7
Al350
CoMoP/ 0.86 1.7 2.0 3.7
Al400
CoAHM/ 0.47 1.8 1.6 34
Al400

HDS of 4,6-DMDBT after 6 h of reaction at 7 = 320 °C and 1200 psig of hydrogen. D = dried
catalyst, 350 and 400 are the calcination temperatures in Celsius degrees. AHM Ammonium hep-
tamolybdate

Extracted from [70] with permission of Elsevier
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are part of the same compound structure, and this avoids the formation of inactive
phases formed by the interaction of the promotor atoms with the support frame-
work, and favors the formation of a greater number of promoted sites in the Co(Ni)—
Mo-S nanoclusters.

4.5 Sulfidation Methodology

The final step in the preparation of supported hydrodesulfurization catalysts is the
transformation of the active-phase oxide precursors into sulfides. The operating
conditions at which the sulfidation process takes place have crucial importance in
the active-phase morphology and catalytic performance as shown by several authors
[1, 102-106].

The sulfidation of the oxide catalyst precursors can lead to two different types of
promoted structures in CoMo/Al,O; catalysts named “type I and “type I1.” “Type
I”” structure displays low HDS activity and is typical of molybdenum sulfide inter-
acting with the alumina support through Mo-O-Al bridges. The other structure
called “type II”" has high HDS activity and is obtained when the sulfidation of the
oxide precursor is complete, and Mo and Al are not bonded.

Most of the studies on sulfidation have been made at laboratory scale, with sul-
fidation usually carried out flowing a gaseous stream of H,S/H, through the catalyst
bed at atmospheric pressure and temperatures ranging from 573 to 723 K. In con-
trast, industrial sulfidation involves the use of high pressures and liquid sulfiding
agents (i.e., dimethyl disulfide) [107, 108], where also temperature and H,S concen-
tration gradients in the catalyst bed must be accounted for in the sulfidation proce-
dure [109].

The sulfidation-reduction of supported Mo oxide species supported on alumina
to produce supported MoS, is well known and has been studied by several authors
[102, 110-112]. The first systematic study of the sulfidation of MoOj; supported on
alumina was made by Arnoldy et al. [110] (see Fig. 4.9).

In general, the sulfidation-reduction process can follow two transformation
routes: (a) oxygen-sulfur exchange in Mo® oxide species followed by reduction, or
(b) reduction of Mo oxide species followed by sulfidation as Fig. 4.9 shows. The
O — S exchange (I) in Mo%* species is an easy process that takes place without
change in the structure, and occurs at temperatures lower than 500 K. In this pro-
cess, the reaction consumes H,S and releases water. The reduction of partially or
fully exchanged species consumes hydrogen and releases H,S. The suggested route
for the sulfidation of hydrodesulfurization catalyst is to achieve first full sulfidation
of the Mo%* species at low temperatures and then increase the temperature to reduce
MoS; to MoS,.

The reduction of oxide Mo® to Mo** species involves a change of structure and
occurs at higher temperatures, consuming H, and producing water. The subsequent
sulfidation of reduced Mo** oxide species is not easy and may be at the origin of the
presence of partially sulfided species of low activity in the final catalyst.
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Fig. 4.9 Sulfidation paths for supported MoO5/Al,O;. Adapted from [110] with permission from
Elsevier

According to literature [111], better levels of sulfidation are achieved when the
major part of the H,S consumption takes place before Mo®* is converted into Mo**
[113]. Arnoldy et al. suggested that full exchange of oxygen by sulfur in Mo®" spe-
cies at low temperatures can be achieved by using a low heating rate (1 K/min)
during sulfidation. This will give time to do the exchange of oxygen by sulfur at the
lower temperatures and then, at the higher temperatures reached at the end of the
heating ramp, perform the reduction of Mo® to Mo*". This is especially relevant
since strong support interactions and small particle size could slow down the sul-
fidation kinetics of Mo and Ni [114, 115].

During temperature-programmed reduction or sulfidation (TPR or TPRS) exper-
iments carried out to analyze the reduction or sulfidation behavior of the supported
species, it must be considered that the reduction or sulfidation peaks associated to
the different species can overlap significantly due to the presence of highly defec-
tive surface species making difficult the interpretation of the thermogram traces.

With the aim of studying the role of the sulfidation process in the case of hydrode-
sulfurization catalysts prepared with or without an organic additive (citric acid),
Villarreal et al. [116] prepared and tested NiMo/Si0,/Al,O; hydrodesulfurization
catalysts using/or not citric acid as additive and 4 wt% SiO, grafted on y-Al,O; as
support. The use of citric acid can increase the level of promotion, reduce the metal-
support interaction, and enhance the hydrogenation/desulfurization selectivity due
to the better sulfidation of the catalysts [84, 86, 112, 114, 117-119]. To investigate
the effect of the sulfidation heating ramp on the catalyst activity and selectivity,
NiMo/Si0,/Al,0; catalysts prepared with or without citric acid (CA) were tested in
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the hydrodesulfurization of 4,6-DMDBT using different rates of heating during sul-
fidation (1, 3, 10 K/min), as displayed in Fig. 4.10.

As shown in Fig. 4.10, the catalysts with and without citric acid (CA/NiMo and
NiMo) increase their HDS activity when the sulfidation heating ramp is slow. For
the catalyst with citric acid the activity increased 100% when the heating ramp went
from 10 to 1 K/min. Furthermore, the effect of the slow heating rate was higher
when citric acid was used because the slower heating rate avoided the rapid decom-
position of the organic and preserved the metal dispersion [86, 120, 121].

Using temperature-programed sulfidation (TPS) it was possible to evaluate the
consumption of H,S (Table 4.8). For both catalysts, with and without citric acid, the
amount of H,S consumed before the main peak of H,S production was greater when
slow heating rates were used,

k x 10%(cm*atMo s)

Heating rate during sulfidation (K/min)

Fig. 4.10 Catalytic activity of NiMo/SiO,/Al,O; and CA/NiMo/SiO,/Al,O; in the HDS of 4,6-
DMDBT (593 K and 1200 PSI) previously sulfided in a flow of H,S/H, (15% vol.) at 673 K heating
at 1, 3, and 10 K/min. Reprinted from [116] with permission from Elsevier

Table 4.8 H,S consumption, and sulfidation levels (S/Mo) for NiMo/SiO,/Al,O; and CA/NiMo/
Si0,/ALO; catalyst

Heating rate during sulfidation | H,S consumption S/Mo atomic
(K/min) (mmols)* ratio*
NiMo/SiO,/ALO5 | 1 0.41 1.73
3 0.32 1.36
10 0.15 0.64
CA/NiMo/SiO,/ 1 0.41 1.75
ALO; 3 0.38 1.64
10 0.33 1.43

Calculated at the end of the TPS experiment
Adapted from [116] with permission from Elsevier
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These results show that although the sulfidation is not complete, a slower rate of
heating leads to better sulfidation levels and improved catalytic activity, probably
because it favors the sulfidation of Mo®" species before its reduction to Mo*.
Accordingly, the catalysts sulfided with a slow heating rate consume the most part
of H,S at low temperatures. Oxysulfidic species, resulting from partial sulfidation,
are difficult to sulfide and are known as type I species with low HDS activity [114,
122].

To study the effect of the sulfidation methodology in NiMo catalysts prepared
from Keggin heteropolyacids supported on alumina grafted with 4 wt% TiO, or
Si0, (TiO,/Al,O; or SiO,/ALO;), the catalysts were sulfided in one or two steps
using in all cases a heating ramp of 1 K/min and the following temperature pro-
grams: (a) 673 K for 4 h, (b) 563 K for 4 h, and (c) a first plateau at 423 K for 2 h
followed by a second plateau at 563 K for 3 h. After sulfidation, the activity of these
catalysts was tested in the HDS of 4,6-DMDBT.

The pseudo first-order reaction rate constants and the individual hydrogenation
and direct desulfurization rate constants are presented in Table 4.9. Sulfiding directly
from ambient to 673 K is the worst procedure leading to lower global activities and
also lower hydrogenation and direct desulfurization individual rate constants. The
best procedure seems to be the use of a two-temperature-step sulfidation. In this
case, regardless of the support, the global activity is the highest.

Low-temperature sulfidation or sulfiding in two steps seems to increase slightly
the hydrogenation rate constant. In contrast, clear increases in the direct desulfur-
ization constant are observed when sulfiding at lower temperature or in two steps.
In the analysis of these results, no account was taken of the changes in dispersion
caused by the different sulfidation temperatures.

The above results indicate that to obtain more active HDS catalysts it is conve-
nient to establish a sulfidation procedure that allows the largest exchange of S in the
low-temperature region, before reducing Mo. This will enhance the sulfidation of
the catalyst and the formation of more active type II catalytic sites, leading to a
higher activity, particularly when the catalysts are prepared using organic additives,
such as citric acid [86, 115, 118, 123-125].

Table 4.9 Rate constants (k) in the HDS of 4,6-DMDBT (593 K and 1200 PSI), catalysts were
sulfided in a flow of H,S/H, (15% vol.)

kx 102 kiyp kpps

Catalyst Sulfidation program cm’/at Mo-s | cm’/at Mo—s | cm?/at Mo-s
NiMoP/TiO,/Al,0; |(a) 673 K,4h 0.83 0.65 0.18
(b)563 K, 4h 1.10 0.89 0.21
(c)423K,2h;563K,3h | 1.24 0.84 0.40
NiMoP/SiO/AlL,O; | (a) 673 K,4h 0.59 0.52 0.07
(b) 563 K,4h 0.70 0.57 0.13
(c)423K,2h;563K,3h 0.80 0.60 0.20
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4.6 Final Comments

The performance of supported hydrodesulfurization catalysts is highly sensitive to
the preparation method. Important improvements in activity and selectivity can be
achieved through the selection of the catalyst support, the use of organic additives,
and the use of different precursor salts, particularly heteropolycompounds that
include in their structure the adequate ratio of Co(Ni) to Mo. It is also clear that the
procedure used for activating hydrodesulfurization catalysts by sulfidation can
substantially change the catalyst performance. The use of a slow heating ramp
(1 K/min) or several ramps during the sulfidation procedure can help to achieve
higher extents of sulfidation and consequently more active catalysts.

Hydrogenation and hydrodesulfurization reactions take place at different active
sites located in different parts of the active-phase nanoparticle. Therefore, the par-
ticle morphology influences the activity and hydrogenation/desulfurization selectiv-
ity of the catalysts. Thus, careful attention must be paid to the consequences of
changing the catalyst preparation procedure since, given the different nature of the
desulfurization and hydrogenation active sites, a change that benefits one type of
site can be deleterious to the other. Generally, a combination of strategies is required
to achieve high-performing HDS catalysts.

Acknowledgements We acknowledge Facultad de Quimica-UNAM, PAIP 5000-9072, for finan-
cial support.

References

1. H. Topsge, B.S. Clausen, F.E. Massoth, Hydrotreating catalysis, in Catalysis, ed. by A. J.
R. Boudart, M., (Springer-Verlag, Berlin Heidelberg New York, 1996), pp. 1-269. https://doi.
org/10.1007/978-3-642-61040-0_1

2. L.S. Byskov, J.K. Ngrskov, B.S. Clausen, H. Topsge, DFT calculations of unpromoted and
promoted MoS,-based hydrodesulfurization catalysts. J. Catal. 187, 109-122 (1999). https://
doi.org/10.1006/jcat.1999.2598

3. P. Raybaud, J. Hafner, G. Kresse, S. Kasztelan, H. Toulhoat, Ab Initio study of the H,—H,S/
MoS, gas—solid interface: the nature of the catalytically active sites. J. Catal. 189, 129 (2000).
https://doi.org/10.1006/jcat.1999.2698

4. P. Raybaud, J. Hafner, G. Kresse, S. Kasztelan, H. Toulhoat, Structure, energetics, and elec-
tronic properties of the surface of a promoted MoS, catalyst: an ab initio local density func-
tional study. J. Catal. 190, 128143 (2000). https://doi.org/10.1006/jcat.1999.2743

5. H. Schweiger, P. Raybaud, G. Kresse, H. Toulhoat, Shape and edge sites modifications of
MoS, catalytic nanoparticles induced by working conditions: a theoretical study. J. Catal.
207, 76-87 (2002). https://doi.org/10.1006/jcat.2002.3508

6. H. Schweiger, P. Raybaud, H. Toulhoat, Promoter sensitive shapes of Co(Ni)MoS nano-
catalysts in sulfo-reductive conditions. J. Catal. 212, 33-38 (2002). https://doi.org/10.1006/
jecat.2002.3737

7. S. Cristol, J.F. Paul, E. Payen, D. Bougeard, S. Clémendot, F. Hutschka, Theoretical study
of the MoS, (100) surface: a chemical potential analysis of sulfur and hydrogen coverage.
2. Effect of the total pressure on surface stability. J. Phys. Chem. B 106, 5659-5667 (2002).
https://doi.org/10.1021/jp0134603


https://doi.org/10.1007/978-3-642-61040-0_1
https://doi.org/10.1007/978-3-642-61040-0_1
https://doi.org/10.1006/jcat.1999.2598
https://doi.org/10.1006/jcat.1999.2598
https://doi.org/10.1006/jcat.1999.2698
https://doi.org/10.1006/jcat.1999.2743
https://doi.org/10.1006/jcat.2002.3508
https://doi.org/10.1006/jcat.2002.3737
https://doi.org/10.1006/jcat.2002.3737
https://doi.org/10.1021/jp0134603

90

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J. Ramirez et al.

. M.V. Bollinger, K.W. Jacobsen, J.K. Ngrskov, Atomic and electronic structure of MoS,

nanoparticles. Phys. Rev. B 67, 085410 (2003). https://doi.org/10.1103/PhysRevB.67.085410

. B. Hinnemann, J.K. Ngrskov, H. Topsge, A density functional study of the chemical differ-

ences between type I and type II MoS,-based structures in hydrotreating catalysts. J. Phys.
Chem. B 109, 2245-2253 (2005). https://doi.org/10.1021/jp048842y

S. Helveg, J.V. Lauritsen, E. Laegsgaard, 1. Stensgaard, J.K. Ngrskov, B.S. Clausen,
H. Topsge, F. Besenbacher, Atomic-scale structure of single-layer MoS, nanoclusters. Phys.
Rev. Lett. 84, 951-954 (2000). https://doi.org/10.1103/PhysRevLett.84.951

J.V. Lauritsen, S. Helveg, E. Lagsgaard, I. Stensgaard, B.S. Clausen, H. Topsge,
F. Besenbacher, Atomic-scale structure of Co-Mo-S nanoclusters in hydrotreating catalysts.
J. Catal. 197, 1-5 (2001). https://doi.org/10.1006/jcat.2000.3088

. AXK. Tuxen, H.G. Fiichtbauer, B. Temel, B. Hinnemann, H. Topsge, K.G. Knudsen,

F. Besenbacher, J.V. Lauritsen, Atomic-scale insight into adsorption of sterically hindered
dibenzothiophenes on MoS, and Co-Mo-S hydrotreating catalysts. J. Catal. 295, 146-154
(2012). https://doi.org/10.1016/j.jcat.2012.08.004

A. Logadéttir, P.G. Moses, B. Hinnemann, N.Y. Topsge, K.G. Knudsen, H. Topsge,
J.K. Ngrskov, A density functional study of inhibition of the HDS hydrogenation pathway by
pyridine, benzene, and H,S on MoS,-based catalysts. Catal. Today 111, 44-51 (2006). https://
doi.org/10.1016/j.cattod.2005.10.018

R. Candia, O. Sgrensen, J. Villadsen, N.-Y. Topsge, B.S. Clausen, H. Topsge, Effect of sul-
fiding temperature on activity and structures of Co-Mo/Al,Oj; catalysts. II. Bull. Soc. Chim.
Belg. 93, 763-773 (1984). https://doi.org/10.1002/bscb.19840930818

J. Ramirez, S. Fuentes, G. Diaz, M. Vrinat, M. Breysse, M. Lacroix, Hydrodesulphurization
activity and characterization of sulphided molybdenum and cobalt-molybdenum catalysts.
Comparison of alumina-, silica-alumina- and titania-supported catalysts. Appl. Catal. 52,
211-224 (1989). https://doi.org/10.1016/S0166-9834(00)83385-0

. J. Ramirez, F. Sanchez-Minero, Support effects in the hydrotreatment of model molecules.

Catal. Today 130, 267-271 (2008). https://doi.org/10.1016/j.cattod.2007.10.103

H. Shimada, T. Sato, Y. Yoshimura, J. Hiraishi, A. Nishijima, Support effect on the catalytic
activity and properties of sulfided molybdenum catalysts. J. Catal. 110, 275-284 (1988).
https://doi.org/10.1016/0021-9517(88)90319-3

M. Breysse, J.L. Portefaix, M. Vrinat, Support effects on hydrotreating catalysts. Catal.
Today 10, 489-505 (1991). https://doi.org/10.1016/0920-5861(91)80035-8

A. Stanislaus, A. Marafi, M.S. Rana, Recent advances in the science and technology of
ultra low sulfur diesel (ULSD) production. Catal. Today 153, 1-68 (2010). https://doi.
org/10.1016/j.cattod.2010.05.011

H. Shimada, Morphology and orientation of MoS, clusters on AL,O; and TiO, supports and
their effect on catalytic performance. Catal. Today 86, 17-29 (2003). https://doi.org/10.1016/
S0920-5861(03)00401-2

J. Ramirez, L. Cedeilo, G. Busca, The role of titania support in Mo-based hydrodesulfuriza-
tion catalysts. J. Catal. 184, 59-67 (1999). https://doi.org/10.1006/jcat.1999.2451

J. Ramirez, G. Macias, L. Cedefio, A. Gutiérrez-Alejandre, R. Cuevas, P. Castillo, The role
of titania in supported Mo, CoMo, NiMo, and NiW hydrodesulfurization catalysts: anal-
ysis of past and new evidences. Catal. Today 98, 19-30 (2004). https://doi.org/10.1016/j.
cattod.2004.07.050

L. Coulier, J.A.R. van Veen, J.W. Niemantsverdriet, TiO,-supported Mo model catalysts:
Ti as promoter for thiophene HDS. Catal. Lett. 79, 149-155 (2002). https://doi.org/10.102
3/A:1015312509749

C. Arrouvel, M. Breysse, H. Toulhoat, P. Raybaud, A density functional theory comparison of
anatase (TiO,)- and y-Al,Os-supported MoS, catalysts. J. Catal. 232, 161-178 (2005). https://
doi.org/10.1016/j.jcat.2005.02.018

P. Castillo-Villal6n, J. Ramirez, R. Cuevas, P. Vazquez, R. Castafieda, Influence of the sup-
port on the catalytic performance of Mo, CoMo, and NiMo catalysts supported on Al,O;


https://doi.org/10.1103/PhysRevB.67.085410
https://doi.org/10.1021/jp048842y
https://doi.org/10.1103/PhysRevLett.84.951
https://doi.org/10.1006/jcat.2000.3088
https://doi.org/10.1016/j.jcat.2012.08.004
https://doi.org/10.1016/j.cattod.2005.10.018
https://doi.org/10.1016/j.cattod.2005.10.018
https://doi.org/10.1002/bscb.19840930818
https://doi.org/10.1016/S0166-9834(00)83385-0
https://doi.org/10.1016/j.cattod.2007.10.103
https://doi.org/10.1016/0021-9517(88)90319-3
https://doi.org/10.1016/0920-5861(91)80035-8
https://doi.org/10.1016/j.cattod.2010.05.011
https://doi.org/10.1016/j.cattod.2010.05.011
https://doi.org/10.1016/S0920-5861(03)00401-2
https://doi.org/10.1016/S0920-5861(03)00401-2
https://doi.org/10.1006/jcat.1999.2451
https://doi.org/10.1016/j.cattod.2004.07.050
https://doi.org/10.1016/j.cattod.2004.07.050
https://doi.org/10.1023/A:1015312509749
https://doi.org/10.1023/A:1015312509749
https://doi.org/10.1016/j.jcat.2005.02.018
https://doi.org/10.1016/j.jcat.2005.02.018

4 Catalytic Materials for Hydrodesulfurization Processes, Experimental Strategies... 91

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

and TiO, during the HDS of thiophene, dibenzothiophene, or 4,6-dimethyldibenzothiophene.
Catal. Today 259, 140-149 (2015). https://doi.org/10.1016/j.cattod.2015.06.008

R.R. Chianelli, G. Berhault, P. Raybaud, S. Kasztelan, J. Hafner, H. Toulhoat, Periodic trends
in hydrodesulfurization: in support of the Sabatier principle. Appl. Catal. A Gen. 227, 83-96
(2002). https://doi.org/10.1016/S0926-860X(01)00924-3

J. Ramirez, A. Gutierrez-Alejandre, Characterization and hydrodesulfurization activity of
W-based catalysts supported on Al,O;-TiO, mixed oxides. J. Catal. 170, 108-122 (1997).
https://doi.org/10.1006/jcat.1997.1713

D. Costa, C. Arrouvel, M. Breysse, H. Toulhoat, P. Raybaud, Edge wetting effects of y-Al,O5
and anatase-TiO, supports by MoS, and CoMoS active phases: A DFT study. J. Catal. 246,
325-343 (2007). https://doi.org/10.1016/j.jcat.2006.12.007

T.G. Kaufmann, A. Kaldor, G.F. Stuntz, M.C. Kerby, L.L. Ansell, Catalysis science and
technology for cleaner transportation fuels. Catal. Today 62, 77-90 (2000). https://doi.
org/10.1016/S0920-5861(00)00410-7

P. Gripka, O. Bhan, W. Whitecotton, J. Esteban, Catalytic strategies to meet gasoline sul-
phur limits. Digit. Refining Process. Oper. Maintenance (2015). www.digitalrefining.com/
article/1001120

C. Song, An overview of new approaches to deep desulfurization for ultra-clean gaso-
line, diesel fuel and jet fuel. Catal. Today 86, 211-263 (2003). https://doi.org/10.1016/
S0920-5861(03)00412-7

G.E.P. Box, J.S. Hunter, W.G. Hunter, Statistics for Experimenters: Design, Innovation, and
Discovery, 2nd edn. (John Wiley & Sons, Inc., Hoboken, NJ, 2005)

H. Shimada, M. Kurita, T. Sato, Y. Yoshimura, T. Hirata, T. Konakahara, K. Sato, A. Nishihima,
Support effect on the hydrocracking activity of molybdenum catalysts. Chem. Lett. 13, 1861—
1864 (1984). https://doi.org/10.1246/c1.1984.1861

T. Klicpera, M. Zdrazil, High surface area MoOs/MgO: preparation by the new slurry impreg-
nation method and activity in sulphided state in hydrodesulphurization of benzothiophene.
Catal. Lett. 58, 47-51 (1999). https://doi.org/10.1023/A:1019036724583

T. Klicpera, M. Zdrazil, Synthesis of a high surface area monolayer MoO,/MgO catalyst in a
(NH,)sMo0,0,4/MgO/methanol slurry, and its hydrodesulfurization activity. J. Mater. Chem.
10, 1603-1608 (2000). https://doi.org/10.1039/b001375g

T. Klimova, D. Solis Casados, J. Ramirez, New selective Mo and NiMo HDS catalysts
supported on Al,0;-MgO(x) mixed oxides. Catal. Today 43, 135-146 (1998). https://doi.
0rg/10.1016/S0920-5861(98)00142-4

D. Solis, T. Klimova, J. Ramirez, T. Cortez, NiMo/Al,0;—-MgO(x) catalysts: the effect of the
prolonged exposure to ambient air on the textural and catalytic properties. Catal. Today 98,
99-108 (2004). https://doi.org/10.1016/j.cattod.2004.07.024

D. Mey, S. Brunet, C. Canaff, F. Maugé, C. Bouchy, F. Diehl, HDS of a model FCC gaso-
line over a sulfided CoMo/Al,O; catalyst: Effect of the addition of potassium. J. Catal. 227,
436447 (2004). https://doi.org/10.1016/j.jcat.2004.07.013

R. Zhao, C. Yin, H. Zhao, C. Liu, Effects of modified Co-Mo catalysts for FCC gasoline
HDS on catalytic activity. Pet. Sci. Technol. 22, 1455-1463 (2004). https://doi.org/10.1081/
LPET-200027756

J.T. Miller, W.J. Reagan, J.A. Kaduk, C.L. Marshall, A.J. Kropf, Selective hydrodesulfuriza-
tion of FCC naphtha with supported MoS, catalysts: the role of cobalt. J. Catal. 193, 123-131
(2000). https://doi.org/10.1006/jcat.2000.2873

C. Sudhakar, Selective hydrodesulfurization of cracked naphtha using hydrotalcite-supported
catalysts, Patent 5,851,382, 1998

F. Trejo, M. Rana, J. Ancheyta, CoMo/MgO-Al,O; supported catalysts: an alterna-
tive approach to prepare HDS catalysts. Catal. Today 130, 327-336 (2008). https://doi.
org/10.1016/j.cattod.2007.10.105

P. Nikulshin, D. Ishutenko, Y. Anashkin, A. Mozhaev, A. Pimerzin, Selective hydrotreating
of FCC gasoline over KCoMoP/AlL,O; catalysts prepared with H;PMo,,04: Effect of metal
loading. Fuel 182, 632-639 (2016). https://doi.org/10.1016/j.fuel.2016.06.016


https://doi.org/10.1016/j.cattod.2015.06.008
https://doi.org/10.1016/S0926-860X(01)00924-3
https://doi.org/10.1006/jcat.1997.1713
https://doi.org/10.1016/j.jcat.2006.12.007
https://doi.org/10.1016/S0920-5861(00)00410-7
https://doi.org/10.1016/S0920-5861(00)00410-7
http://www.digitalrefining.com/article/1001120
http://www.digitalrefining.com/article/1001120
https://doi.org/10.1016/S0920-5861(03)00412-7
https://doi.org/10.1016/S0920-5861(03)00412-7
https://doi.org/10.1246/cl.1984.1861
https://doi.org/10.1023/A:1019036724583
https://doi.org/10.1039/b001375g
https://doi.org/10.1016/S0920-5861(98)00142-4
https://doi.org/10.1016/S0920-5861(98)00142-4
https://doi.org/10.1016/j.cattod.2004.07.024
https://doi.org/10.1016/j.jcat.2004.07.013
https://doi.org/10.1081/LPET-200027756
https://doi.org/10.1081/LPET-200027756
https://doi.org/10.1006/jcat.2000.2873
https://doi.org/10.1016/j.cattod.2007.10.105
https://doi.org/10.1016/j.cattod.2007.10.105
https://doi.org/10.1016/j.fuel.2016.06.016

92

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

J. Ramirez et al.

. D. Ishutenko, P. Nikulshin, A. Pimerzin, Relation between composition and morphology of
K(Co)MoS active phase species and their performances in hydrotreating of model FCC gaso-
line. Catal. Today 271, 16-27 (2016). https://doi.org/10.1016/j.cattod.2015.11.025

D.D. Whitehurst, T. Isoda, I. Mochida, Present state of the art and future challenges in the
hydrodesulfurization of polyaromatic sulfur compounds. Adv. Catal. 42, 345-471 (1998).
https://doi.org/10.1016/S0360-0564(08)60631-8

J.AR. van Veen, E. Gerkema, A.M. van der Kraan, P.A.J.M. Hendriks, H. Beens, A *’Co
Mossbauer emission spectrometric study of some supported CoMo hydrodesulfurization
catalysts. J. Catal. 133, 112-123 (1992). https://doi.org/10.1016/0021-9517(92)90189-O

R. Cattaneo, F. Rota, R. Prins, An XAFS study of the different influence of chelating ligands
on the HDN and HDS of y-Al,Os-supported NiMo catalysts. J. Catal. 199, 318-327 (2001).
https://doi.org/10.1006/jcat.2001.3170

AlJ. van Dillen, R.J.A.M. Terorde, D.J. Lensveld, J.W. Geus, K.P. de Jong, Synthesis of
supported catalysts by impregnation and drying using aqueous chelated metal complexes.
J. Catal. 216, 257-264 (2003). https://doi.org/10.1016/S0021-9517(02)00130-6

M. Sun, D. Nicosia, R. Prins, The effects of fluorine, phosphate and chelating agents
on hydrotreating catalysts and catalysis. Catal. Today 86, 173-189 (2003). https://doi.
org/10.1016/S0920-5861(03)00410-3

G. Kishan, J.A.R. van Veen, J.W. Niemantsverdriet, Realistic surface science models of
hydrodesulfurization catalysts on planar thin-film supports: the role of chelating agents in the
preparation of CoW/SiO, catalysts. Top. Catal. 29, 103—110 (2004). https://doi.org/10.1023/
B:TOCA.0000029792.45691.d4

M.S. Rana, J. Ramirez, A. Gutiérrez-Alejandre, J. Ancheyta, L. Cedefio, S.K. Maity, Support
effects in CoMo hydrodesulfurization catalysts prepared with EDTA as a chelating agent.
J. Catal. 246, 100-108 (2007). https://doi.org/10.1016/j.jcat.2006.11.025

N. Frizi, P. Blanchard, E. Payen, P. Baranek, M. Reibeilleau, C. Dupuy, J.P. Dath, Genesis
of new HDS catalysts through a careful control of the sulfidation of both Co and Mo atoms:
Study of their activation under gas phase. Catal. Today 130, 272-282 (2008). https://doi.
org/10.1016/j.cattod.2007.10.109

C. Wivel, R. Candia, B.S. Clausen, S. Mgrup, H. Topsge, On the catalytic significance of a
Co-Mo-S phase in Co-Mo/AlO; hydrodesulfurization catalysts: combined in situ Mossbauer
emission spectroscopy and activity studies. J. Catal. 68, 453-463 (1981). https://doi.
org/10.1016/0021-9517(81)90115-9

H. Topsge, B.S. Clausen, R. Candia, C. Wivel, S. Mgrup, In situ Mossbauer emission spec-
troscopy studies of unsupported and supported sulfided Co-Mo hydrodesulfurization cata-
lysts: evidence for and nature of a Co-Mo-S phase. J. Catal. 68, 433-452 (1981). https://doi.
0rg/10.1016/0021-9517(81)90114-7

N.-Y. Topsge, H. Topsge, Characterization of the structures and active sites in sulfided Co-Mo/
Al,O5 and Ni-Mo/Al,O; catalysts by NO chemisorption. J. Catal. 84, 386—401 (1983). https:/
doi.org/10.1016/0021-9517(83)90010-6

P. Raybaud, Understanding and predicting improved sulfide catalysts: Insights from first
principles modeling. Appl. Catal. A Gen. 322, 76-91 (2007). https://doi.org/10.1016/j.
apcata.2007.01.005

J.V. Lauritsen, J. Kibsgaard, G.H. Olesen, P.G. Moses, B. Hinnemann, S. Helveg,
J.K. Ngrskov, B.S. Clausen, H. Topsge, E. Lagsgaard, F. Besenbacher, Location and coor-
dination of promoter atoms in Co- and Ni-promoted MoS,-based hydrotreating catalysts.
J. Catal. 249, 220-233 (2007). https://doi.org/10.1016/j.jcat.2007.04.013

M.J. Ledoux, O. Michaux, G. Agostini, P. Panissod, CoMo sulfide catalysts studies by metal
solid NMR: the question of the existence of the chemical synergy. J. Catal. 96, 189-201
(1985). https://doi.org/10.1016/0021-9517(85)90372-0

M.J. Ledoux, On the structure of cobalt sulfide catalysts. Catal. Lett. 1, 429-431 (1988).
https://doi.org/10.1007/BF00766202

S.M.A.M. Bouwens, J.A.R. van Veen, D.C. Koningsberger, V.H.J. de Beer, R. Prins, Extended
X-ray absorption fine structure determination of the structure of cobalt in carbon-supported


https://doi.org/10.1016/j.cattod.2015.11.025
https://doi.org/10.1016/S0360-0564(08)60631-8
https://doi.org/10.1016/0021-9517(92)90189-O
https://doi.org/10.1006/jcat.2001.3170
https://doi.org/10.1016/S0021-9517(02)00130-6
https://doi.org/10.1016/S0920-5861(03)00410-3
https://doi.org/10.1016/S0920-5861(03)00410-3
https://doi.org/10.1023/B:TOCA.0000029792.45691.d4
https://doi.org/10.1023/B:TOCA.0000029792.45691.d4
https://doi.org/10.1016/j.jcat.2006.11.025
https://doi.org/10.1016/j.cattod.2007.10.109
https://doi.org/10.1016/j.cattod.2007.10.109
https://doi.org/10.1016/0021-9517(81)90115-9
https://doi.org/10.1016/0021-9517(81)90115-9
https://doi.org/10.1016/0021-9517(81)90114-7
https://doi.org/10.1016/0021-9517(81)90114-7
https://doi.org/10.1016/0021-9517(83)90010-6
https://doi.org/10.1016/0021-9517(83)90010-6
https://doi.org/10.1016/j.apcata.2007.01.005
https://doi.org/10.1016/j.apcata.2007.01.005
https://doi.org/10.1016/j.jcat.2007.04.013
https://doi.org/10.1016/0021-9517(85)90372-0
https://doi.org/10.1007/BF00766202

4 Catalytic Materials for Hydrodesulfurization Processes, Experimental Strategies... 93

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Co and Co-Mo sulfide hydrodesulfurization catalysts. J. Phys. Chem. 95, 123-134 (1991).
https://doi.org/10.1021/j100154a028

S.M.A.M. Bouwens, FB.M. van Zon, M.P. van dijk, A.M. van der Kraan, V.H.J. de Beer,
J.AR. van Veen, D.C. Koningsberger, On the structural differences between alumina-
supported CoMoS type I and alumina-, silica-, and carbon-supported CoMoS type ii phases
studied by XAFS, MES, and XPS. J. Catal. 146, 375-393 (1994). https://doi.org/10.1006/
jcat.1994.1076

J.T. Miller, C.L. Marshall, A.J. Kropf, (Co)MoS2/alumina hydrotreating catalysts: an EXAFS
study of the chemisorption and partial oxidation with O,. J. Catal. 202, 89-99 (2001). https://
doi.org/10.1006/jcat.2001.3273

M.W.J. Crajé, S.P.A. Louwers, V.H.J. de Beer, R. Prins, A.M. van der Kraan, E.X.A.E.S. An,
Study on the So-Called “Co-Mo-S” phase in Co/C and Co-Mo/C, compared with a Mdssbauer
emission spectroscopy study. J. Phys. Chem. 96, 5445-5452 (1992). https://doi.org/10.1021/
71001922048

L. van Haandel, G.M. Bremmer, E.J.M. Hensen, T. Weber, The effect of organic additives and
phosphoric acid on sulfidation and activity of (Co)Mo/Al,O; hydrodesulfurization catalysts.
J. Catal. 351, 95-106 (2017). https://doi.org/10.1016/j.jcat.2017.04.012

A. Travert, C. Dujardin, F. Maugé, E. Veilly, S. Cristol, J.F. Paul, E. Payen, CO adsorption
on CoMo and NiMo sulfide catalysts: a combined IR and DFT study. J. Phys. Chem. B 110,
1261-1270 (2006). https://doi.org/10.1021/jp0536549

Y. Zhu, Q.M. Ramasse, M. Brorson, P.G. Moses, L.P. Hansen, C.F. Kisielowski, S. Helveg,
Visualizing the stoichiometry of industrial-style Co-Mo-S catalysts with single-atom sen-
sitivity. Angew. Chem. Int. Ed. Engl. 53, 10723-10727 (2014). https://doi.org/10.1002/
anie.201405690

F. Maugé, J.C. Lavalley, FT-IR study of CO adsorption on sulfided Mo/Al,O; unpromoted
or promoted by metal carbonyls: titration of sites. J. Catal. 137, 69-76 (1992). https://doi.
org/10.1016/0021-9517(92)90139-9

N.-Y. Topsge, A. Tuxen, B. Hinnemann, J.V. Lauritsen, K.G. Knudsen, F. Besenbacher,
H. Topsge, Spectroscopy, microscopy and theoretical study of NO adsorption on MoS, and
Co-Mo-S hydrotreating catalysts. J. Catal. 279, 337-351 (2011). https://doi.org/10.1016/j.
jcat.2011.02.002

J. Ramirez, P. Castillo, L. Cedeio, R. Cuevas, M. Castillo, J.M. Palacios, A. Lopez-Agudo,
Effect of boron addition on the activity and selectivity of hydrotreating CoMo/Al,O; catalysts.
Appl. Catal. A Gen. 132, 317-334 (1995). https://doi.org/10.1016/0926-860X(95)00166-2
A. Romero-Galarza, A. Gutiérrez-Alejandre, J. Ramirez, Analysis of the promotion of
CoMoP/AlL,O; HDS catalysts prepared from a reduced H-P-Mo heteropolyacid Co salt.
J. Catal. 280, 230-238 (2011). https://doi.org/10.1016/j.jcat.2011.03.021

H. Topsge, R. Candia, N.-Y. Topsge, B.S. Clausen, On the state of the Co-Mo-S Model. Bull.
Des Sociétés Chim. Belges. 93, 783-806 (1984). https://doi.org/10.1002/bscb.19840930820
J.B. Peri, Computerized infrared studies of Mo/Al,O; and Mo/SiO, catalysts. J. Phys. Chem.
86, 1615-1622 (1982). https://doi.org/10.1021/j100206a028

J. Bachelier, M. Tilliette, M. Cornac, J.C. Duchet, J.C. Lavalley, D. Cornet, Sulfided Co-Mo/
Al,O; catalysts: carbon monoxide chemisorption and surface structures. Bull. Soc. Chim.
Belg. 93, 743-750 (1984). https://doi.org/10.1002/bscb.19840930816

B. Miiller, A.D. van Langeveld, J.A. Moulijn, H. Kn6zinger, Characterization of sulfided Mo/
Al,O; catalysts by temperature-programmed reduction and low-temperature Fourier trans-
form infrared spectroscopy of adsorbed carbon monoxide. J. Phys. Chem. 97, 9028-9033
(1993). https://doi.org/10.1021/j100137a03 1

F. Maugé, A. Vallet, J. Bachelier, J.C. Duchet, J.C. Lavalley, Preparation, characterization,
and activity of sulfided catalysts promoted by Co(CO);NO thermodecomposition. J. Catal.
162, 88-95 (1996). https://doi.org/10.1006/jcat.1996.0262

P. Castillo-Villalén, J. Ramirez, R. Castafieda, Relationship between the hydrodesulfurization
of thiophene, dibenzothiophene, and 4,6-dimethyl dibenzothiophene and the local structure


https://doi.org/10.1021/j100154a028
https://doi.org/10.1006/jcat.1994.1076
https://doi.org/10.1006/jcat.1994.1076
https://doi.org/10.1006/jcat.2001.3273
https://doi.org/10.1006/jcat.2001.3273
https://doi.org/10.1021/j100192a048
https://doi.org/10.1021/j100192a048
https://doi.org/10.1016/j.jcat.2017.04.012
https://doi.org/10.1021/jp0536549
https://doi.org/10.1002/anie.201405690
https://doi.org/10.1002/anie.201405690
https://doi.org/10.1016/0021-9517(92)90139-9
https://doi.org/10.1016/0021-9517(92)90139-9
https://doi.org/10.1016/j.jcat.2011.02.002
https://doi.org/10.1016/j.jcat.2011.02.002
https://doi.org/10.1016/0926-860X(95)00166-2
https://doi.org/10.1016/j.jcat.2011.03.021
https://doi.org/10.1002/bscb.19840930820
https://doi.org/10.1021/j100206a028
https://doi.org/10.1002/bscb.19840930816
https://doi.org/10.1021/j100137a031
https://doi.org/10.1006/jcat.1996.0262

94

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

92.

J. Ramirez et al.

of Co in Co-Mo-S sites: Infrared study of adsorbed CO. J. Catal. 294, 54-62 (2012). https://
doi.org/10.1016/j.jcat.2012.07.002

M. Osawa, K.-I. Ataka, K. Yoshii, Y. Nishikawa, Surface-enhanced infrared spectroscopy:
the origin of the absorption enhancement and band selection rule in the infrared spectra of
molecules adsorbed on fine metal particles. Appl. Spectrosc. 47, 1497-1502 (1993). https://
doi.org/10.1366/0003702934067478

J. Fan, M. Trenary, Symmetry and the surface infrared selection rule for the determination of
the structure of molecules on metal surfaces. Langmuir 10, 3649-3657 (1994). https://doi.
org/10.1021/1a00022a044

N. Sheppard, J. Erkelens, Vibrational spectra of species adsorbed on surfaces: forms of vibra-
tions and selection rules for regular arrays of adsorbed species. Appl. Spectrosc. 38, 471-485
(1984). https://doi.org/10.1366/0003702844555133

R.G. Greenler, D.R. Snider, D. Witt, R.S. Sorbello, The metal-surface selection rule for infra-
red spectra of molecules adsorbed on small metal particles. Surf. Sci. 118, 415-428 (1982).
https://doi.org/10.1016/0039-6028(82)90197-2

S.F.A. Kettle, The metal surface selection rule: its extension to transition metal carbonyl
clusters. Spectrochim. Acta A Mol. Biomol. Spectrosc. 54, 1639-1643 (1998). https://doi.
org/10.1016/S1386-1425(98)00091-2

Y. Nishikawa, K. Fujiwara, T. Shima, A study of the qualitative and quantitative analysis of
nanogram samples by transmission infrared spectroscopy with the use of Silver Island films.
Appl. Spectrosc. 45, 747-751 (1991)

M. Osawa, M. Ikeda, Surface-enhanced infrared absorption of p-nitrobenzoic acid deposited
on Silver Island films: contributions of electromagnetic and chemical mechanisms. J. Phys.
Chem. 95, 9914-9919 (1991). https://doi.org/10.1021/j100177a056

N. Rinaldi, T. Kubota, Y. Okamoto, Effect of citric acid addition on the hydrodesulfuriza-
tion activity of MoO;/Al,0; catalysts. Appl. Catal. A Gen. 374, 228-236 (2010). https://doi.
org/10.1016/j.apcata.2009.12.015

N. Rinaldi, K.A.-D. Usman, T. Kubota, Y. Okamoto, Preparation of Co—-Mo/B,05/Al,0;
catalysts for hydrodesulfurization: effect of citric acid addition. Appl. Catal. A Gen. 360,
130-136 (2009). https://doi.org/10.1016/j.apcata.2009.03.006

P. Castillo-Villalén, J. Ramirez, J.A. Vargas-Luciano, Analysis of the role of citric acid in
the preparation of highly active HDS catalysts. J. Catal. 320, 127-136 (2014). https://doi.
org/10.1016/j.jcat.2014.09.021

P. Afanasiev, On the interpretation of temperature programmed reduction patterns of transi-
tion metals sulphides. Appl. Catal. A Gen. 303, 110-115 (2006). https://doi.org/10.1016/j.
apcata.2006.02.014

F. Bataille, J.-L. Lemberton, P. Michaud, G. Pérot, M. Vrinat, M. Lemaire, E. Schulz,
M. Breysse, S. Kasztelan, Alkyldibenzothiophenes hydrodesulfurization-promoter effect,
reactivity, and reaction mechanism. J. Catal. 191, 409—422 (2000). https://doi.org/10.1006/
jcat.1999.2790

P. Nikulshin, A. Mozhaev, C. Lancelot, P. Blanchard, E. Payen, C. Lamonier, Hydroprocessing
catalysts based on transition metal sulfides prepared from Anderson and dimeric Co,Mo, -
heteropolyanions. a review. C. R. Chim. 19, 1276-1285 (2016). https://doi.org/10.1016/].
crei.2015.10.006

J. Liang, M. Wu, P. Wei, J. Zhao, H. Huang, C. Li, Y. Lu, Y. Liu, C. Liu, Efficient hydrode-
sulfurization catalysts derived from Strandberg P-Mo-Ni polyoxometalates. J. Catal. 358,
155-167 (2018). https://doi.org/10.1016/j.jcat.2017.11.026

. N. Al-zaqri, A. Alsalme, S.F. Adil, A. Alsaleh, S.G. Alshammari, S.I. Alresayes, R. Alotaibi,

M. Al-Kinany, M.R.H. Siddiqui, Comparative catalytic evaluation of nickel and cobalt sub-
stituted phosphomolybdic acid catalyst supported on silica for hydrodesulfurization of thio-
phene. J. Saudi Chem. Soc. 21, 965-973 (2017). https://doi.org/10.1016/j.jscs.2017.05.004

A. Griboval, P. Blanchard, E. Payen, M. Fournier, J.L. Dubois, Alumina supported HDS
catalysts prepared by impregnation with new heteropolycompounds. Comparison with cata-


https://doi.org/10.1016/j.jcat.2012.07.002
https://doi.org/10.1016/j.jcat.2012.07.002
https://doi.org/10.1366/0003702934067478
https://doi.org/10.1366/0003702934067478
https://doi.org/10.1021/la00022a044
https://doi.org/10.1021/la00022a044
https://doi.org/10.1366/0003702844555133
https://doi.org/10.1016/0039-6028(82)90197-2
https://doi.org/10.1016/S1386-1425(98)00091-2
https://doi.org/10.1016/S1386-1425(98)00091-2
https://doi.org/10.1021/j100177a056
https://doi.org/10.1016/j.apcata.2009.12.015
https://doi.org/10.1016/j.apcata.2009.12.015
https://doi.org/10.1016/j.apcata.2009.03.006
https://doi.org/10.1016/j.jcat.2014.09.021
https://doi.org/10.1016/j.jcat.2014.09.021
https://doi.org/10.1016/j.apcata.2006.02.014
https://doi.org/10.1016/j.apcata.2006.02.014
https://doi.org/10.1006/jcat.1999.2790
https://doi.org/10.1006/jcat.1999.2790
https://doi.org/10.1016/j.crci.2015.10.006
https://doi.org/10.1016/j.crci.2015.10.006
https://doi.org/10.1016/j.jcat.2017.11.026
https://doi.org/10.1016/j.jscs.2017.05.004

4 Catalytic Materials for Hydrodesulfurization Processes, Experimental Strategies... 95

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

lysts prepared by conventional Co-Mo—P coimpregnation. Catal. Today 45, 277-283 (1998).
https://doi.org/10.1016/S0920-5861(98)00230-2

A. Pimerzin, A. Mozhaev, A. Varakin, K. Maslakov, P. Nikulshin, Comparison of citric acid
and glycol effects on the state of active phase species and catalytic properties of CoPMo/
ALO; hydrotreating catalysts. Appl. Catal. B Environ. 205, 93-103 (2017). https://doi.
org/10.1016/j.apcatb.2016.12.022

B. Pawelec, S. Damyanova, R. Mariscal, J.L.G. Fierro, 1. Sobrados, J. Sanz, L. Petrov, HDS
of dibenzothiophene over polyphosphates supported on mesoporous silica. J. Catal. 223,
86-97 (2004). https://doi.org/10.1016/j.jcat.2004.01.018

P.A. Nikulshin, A.V. Mozhaev, A.A. Pimerzin, V.V. Konovalov, A.A. Pimerzin, CoMo/Al,O;
catalysts prepared on the basis of Co,Moo-heteropolyacid and cobalt citrate: effect of Co/Mo
ratio. Fuel 100, 24-33 (2012). https://doi.org/10.1016/j.fuel.2011.11.028

J. Ramirez, A. Gutiérrez-Alejandre, F. Sanchez-Minero, V. Maclas-Alcdntara, P. Castillo-
Villalén, L. Oliviero, F. Maugé, HDS of 4,6-DMDBT over NiMoP/(x)Ti-SBA-15 cata-
lysts prepared with HsPMo,,0y4. Energy Fuel 26, 773-782 (2012). https://doi.org/10.1021/
ef201590g

C.I. Cabello, EM. Cabrerizo, A. Alvarez, H.J. Thomas, Decamolybdodicobaltate(11r) hetero-
polyanion: structural, spectroscopical, thermal and hydrotreating catalytic properties. J. Mol.
Catal. A Chem. 186, 89-100 (2002). https://doi.org/10.1016/S1381-1169(02)00043-2

S. Damyanova, J.L.G. Fierro, Structural features and thermal stability of titania-supported
12-molybdophosphoric heteropoly compounds. Chem. Mater. 10, 871-879 (1998). https://
doi.org/10.1021/cm970639a

L.R. Pizzio, P.G. Vizquez, C.V. Caceres, M.N. Blanco, Supported Keggin type heteropoly-
compounds for ecofriendly reactions. Appl. Catal. A Gen. 256, 125-139 (2003). https://doi.
0rg/10.1016/50926-860X(03)00394-6

L. Lizama, T. Klimova, Highly active deep HDS catalysts prepared using Mo and W hetero-
polyacids supported on SBA-15. Appl. Catal. B Environ. 82, 139-150 (2008). https://doi.
org/10.1016/j.apcatb.2008.01.018

A. Griboval, P. Blanchard, L. Gengembre, E. Payen, M. Fournier, J.L. Dubois, J.R. Bernard,
Hydrotreatment catalysts prepared with heteropolycompound: characterisation of the oxidic
precursors. J. Catal. 188, 102-110 (1999). https://doi.org/10.1006/jcat.1999.2633

Y. Okamoto, A. Kato, N.R. Usman, T. Fujikawa, H. Koshika, I. Hiromitsu, T. Kubota, Effect
of sulfidation temperature on the intrinsic activity of Co-MoS, and Co—WS, hydrodesulfur-
ization catalysts. J. Catal. 265, 216-228 (2009). https://doi.org/10.1016/j.jcat.2009.05.003
Y. Gochi, C. Ornelas, F. Paraguay, S. Fuentes, L. Alvarez, J.L. Rico, G. Alonso-Nuiez, Effect
of sulfidation on Mo-W-Ni trimetallic catalysts in the HDS of DBT. Catal. Today 107-108,
531-536 (2005). https://doi.org/10.1016/j.cattod.2005.07.068

B.M. Vogelaar, N. Kagami, T.F. van der Zijden, A.D. van Langeveld, S. Eijsbouts,
J.A. Moulijn, Relation between sulfur coordination of active sites and HDS activity for Mo
and NiMo catalysts. J. Mol. Catal. A Chem. 309, 79-88 (2009). https://doi.org/10.1016/j.
molcata.2009.04.018

V.P. Fedin, J. Czyzniewska, R. Prins, T. Weber, Supported molybdenum—sulfur cluster com-
pounds as precursors for HDS catalysts. Appl. Catal. A Gen. 213, 123-132 (2001). https://
doi.org/10.1016/S0926-860X(00)00894-2

W. Qian, A. Ishihara, Y. Aoyama, T. Kabe, Sulfidation of nickel- and cobalt-promoted molyb-
denum-alumina catalysts using a radioisotope *S-labeled H,S pulse tracer method. Appl.
Catal. A Gen. 196, 103—110 (2000). https://doi.org/10.1016/S0926-860X(99)00454-8

C. Geantet, J.-M.M. Millet, Design of Heterogeneous Catalysts, 1st edn. (Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2009). https://doi.org/10.1002/9783527625321

M. Tang, H. Ge, W. Fan, G. Wang, Z. Lyu, X. Li, Presulfidation and activation mechanism of
Mo/Al,Os catalyst sulfided by ammonium thiosulfate. Korean J. Chem. Eng. 31, 1368-1376
(2014). https://doi.org/10.1007/s11814-014-0053-z

T.C. Ho, S.C. Reyes, Design of catalyst sulfiding procedures. Chem. Eng. Sci. 45, 2633-2638
(1990). https://doi.org/10.1016/0009-2509(90)80152-5


https://doi.org/10.1016/S0920-5861(98)00230-2
https://doi.org/10.1016/j.apcatb.2016.12.022
https://doi.org/10.1016/j.apcatb.2016.12.022
https://doi.org/10.1016/j.jcat.2004.01.018
https://doi.org/10.1016/j.fuel.2011.11.028
https://doi.org/10.1021/ef201590g
https://doi.org/10.1021/ef201590g
https://doi.org/10.1016/S1381-1169(02)00043-2
https://doi.org/10.1021/cm970639a
https://doi.org/10.1021/cm970639a
https://doi.org/10.1016/S0926-860X(03)00394-6
https://doi.org/10.1016/S0926-860X(03)00394-6
https://doi.org/10.1016/j.apcatb.2008.01.018
https://doi.org/10.1016/j.apcatb.2008.01.018
https://doi.org/10.1006/jcat.1999.2633
https://doi.org/10.1016/j.jcat.2009.05.003
https://doi.org/10.1016/j.cattod.2005.07.068
https://doi.org/10.1016/j.molcata.2009.04.018
https://doi.org/10.1016/j.molcata.2009.04.018
https://doi.org/10.1016/S0926-860X(00)00894-2
https://doi.org/10.1016/S0926-860X(00)00894-2
https://doi.org/10.1016/S0926-860X(99)00454-8
https://doi.org/10.1002/9783527625321
https://doi.org/10.1007/s11814-014-0053-z
https://doi.org/10.1016/0009-2509(90)80152-5

96

110

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

J. Ramirez et al.

. P. Arnoldy, JLAM. van den Heijkant, G.D. de Bok, J.A. Moulijn, Temperature-
programmed sulfiding of MoO,/AL,O; catalysts. J. Catal. 92, 35-55 (1985). https://doi.
org/10.1016/0021-9517(85)90235-0

T. Weber, J.C. Muijsers, J.H.M.C. van Wolput, C.P.J. Verhagen, J.W. Niemantsverdriet, Basic
reaction steps in the sulfidation of crystalline MoO; to MoS, , as studied by X-ray photoelec-
tron and infrared emission spectroscopy. J. Phys. Chem. 100, 14144-14150 (1996). https://
doi.org/10.1021/jp961204y

C. Bara, A.-F. Lamic-Humblot, E. Fonda, A.-S. Gay, A.-L. Taleb, E. Devers, M. Digne,
G.D. Pirngruber, X. Carrier, Surface-dependent sulfidation and orientation of MoS, slabs
on alumina-supported model hydrodesulfurization catalysts. J. Catal. 344, 591-605 (2016).
https://doi.org/10.1016/j.jcat.2016.10.001

H. Farag, Effect of sulfidation temperatures on the bulk structures of various molybdenum
precursors. Energy Fuel 16, 944-950 (2002). https://doi.org/10.1021/ef0102972

L. van Haandel, G.M. Bremmer, E.J.M. Hensen, T. Weber, Influence of sulfiding agent
and pressure on structure and performance of CoMo/Al,O; hydrodesulfurization catalysts.
J. Catal. 342, 27-39 (2016). https://doi.org/10.1016/j.jcat.2016.07.009

L. van Haandel, M. Bremmer, P.J. Kooyman, J.A.R. van Veen, T. Weber, E.J.M. Hensen,
Structure-activity correlations in hydrodesulfurization reactions over Ni-promoted
Mo, W 1.S:/ALO; Catalysts. ACS Catal. 5, 7276-7287 (2015). https://doi.org/10.1021/
acscatal.5b01806

A. Villarreal, J. Ramirez, L. Cedefio-Caero, P. Castillo-Villalon, A. Gutiérrez-Alejandre,
Importance of the sulfidation step in the preparation of highly active NiMo/SiO./Al,O5
hydrodesulfurization catalysts. Catal. Today 250, 60-65 (2015). https://doi.org/10.1016/].
cattod.2014.03.035

T. Kubota, N. Rinaldi, K. Okumura, T. Honma, S. Hirayama, Y. Okamoto, In situ XAFS
study of the sulfidation of Co—Mo/B,0s/Al,0; hydrodesulfurization catalysts prepared by
using citric acid as a chelating agent. Appl. Catal. A Gen. 373, 214-221 (2010). https://doi.
org/10.1016/j.apcata.2009.11.023

J. Escobar, M.C. Barrera, A.W. Gutiérrez, J.E. Terrazas, Benzothiophene hydrodesulfurization
over NiMo/alumina catalysts modified by citric acid. Effect of addition stage of organic mod-
ifier. Fuel Process. Technol. 156, 33-42 (2017). https://doi.org/10.1016/j.fuproc.2016.09.028
L. van Haandel, E.J.M. Hensen, T. Weber, FT-IR study of NO adsorption on MoS,/Al,O;
hydrodesulfurization catalysts: effect of catalyst preparation. Catal. Today 292, 67-73
(2017). https://doi.org/10.1016/j.cattod.2016.07.028

A.V. Pashigreva, G.A. Bukhtiyarova, O.V. Klimov, G.S. Litvak, A.S. Noskov, Influence of
the heat treatment conditions on the activity of the CoMo/Al,O; catalyst for deep hydrode-
sulfurization of diesel fractions. Kinet. Catal. 49, 812—-820 (2008). https://doi.org/10.1134/
S50023158408060062

H. Li, M. Li, Y. Chu, F. Liu, H. Nie, Essential role of citric acid in preparation of efficient
NiW/ALO; HDS catalysts. Appl. Catal. A Gen. 403, 75-82 (2011). https://doi.org/10.1016/j.
apcata.2011.06.015

E.J.M. Hensen, V.H.J. de Beer, J.A.R. van Veen, R.A. van Santen, A refinement on the notion
of type I and II (Co)MoS phases in hydrotreating catalysts. Catal. Lett. 84, 59-67 (2002).
https://doi.org/10.1023/A:1021024617582

P. Blanchard, C. Lamonier, A. Griboval, E. Payen, New insight in the preparation of alumina
supported hydrotreatment oxidic precursors: a molecular approach. Appl. Catal. A Gen. 322,
33-45 (2007). https://doi.org/10.1016/j.apcata.2007.01.018

L. Bing, A. Tian, J. Li, K. Yi, F. Wang, C. Wu, G. Wang, The effects of chelating agents
on CoMo/TiO,—Al,0O; hydrodesulfurization catalysts. Catal. Lett. 148, 1309-1314 (2018).
https://doi.org/10.1007/s10562-018-2331-6

Y. Zhang, W. Han, X. Long, H. Nie, Redispersion effects of citric acid on CoMo/y-Al,05
hydrodesulfurization catalysts. Catal. Commun. 82, 20-23 (2016). https://doi.org/10.1016/j.
catcom.2016.04.012


https://doi.org/10.1016/0021-9517(85)90235-0
https://doi.org/10.1016/0021-9517(85)90235-0
https://doi.org/10.1021/jp961204y
https://doi.org/10.1021/jp961204y
https://doi.org/10.1016/j.jcat.2016.10.001
https://doi.org/10.1021/ef0102972
https://doi.org/10.1016/j.jcat.2016.07.009
https://doi.org/10.1021/acscatal.5b01806
https://doi.org/10.1021/acscatal.5b01806
https://doi.org/10.1016/j.cattod.2014.03.035
https://doi.org/10.1016/j.cattod.2014.03.035
https://doi.org/10.1016/j.apcata.2009.11.023
https://doi.org/10.1016/j.apcata.2009.11.023
https://doi.org/10.1016/j.fuproc.2016.09.028
https://doi.org/10.1016/j.cattod.2016.07.028
https://doi.org/10.1134/S0023158408060062
https://doi.org/10.1134/S0023158408060062
https://doi.org/10.1016/j.apcata.2011.06.015
https://doi.org/10.1016/j.apcata.2011.06.015
https://doi.org/10.1023/A:1021024617582
https://doi.org/10.1016/j.apcata.2007.01.018
https://doi.org/10.1007/s10562-018-2331-6
https://doi.org/10.1016/j.catcom.2016.04.012
https://doi.org/10.1016/j.catcom.2016.04.012

®

Check for
updates

Chapter 5

Electron Microscopy Techniques to Study
Structure/Function Relationships

in Catalytic Materials

Alvaro Mayoral, Paz del Angel, and Manuel Ramos

5.1 Introduction

Electron microscopy instruments have become standard tools for the understanding
of structure/function relationships at atomic level in matter, mainly when studying
complex crystallographic structures in both fresh and spent catalytic materials.
Scanning electron microscope (SEM) is mostly used for understanding surface
characteristics with high magnification varying from 20x to about 300,000x and
spatial resolution of 10 to 100 nm; however, modern versions of SEM claim spatial
resolution of ~1 nm at 30 kV of operational voltages [1]. And scanning and trans-
mission electron microscopes (STEM/TEM) are mainly used to obtain crystallo-
graphic information on matter [2], including Z-atomic contrast, interlayer distances,
dislocations, morphology, turbostracity (curvatures), and inclusive temperature
dependence reactivity under nanometric scale bar resolution [3, 4]. One important
feature when using STEM/TEM units is the capacity of achieving spectroscopy
studies to determine chemical surface’s compositions by applying energy-disperse
or energy electron-loss spectroscopies [5, 6]. However, many other interesting
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phenomena can be observed to be studied related to inelastic scattering [7], electron
radiation damage [8], in situ phase formation [9, 10], and optical design which goes
more along the lines of developing modern techniques and applications in STEM/
TEM; here we focus solely on the usage of this powerful tool to understand struc-
ture/function relationships on catalytic materials, with special emphasis on layered
chalcogenides for hydrodesulfurization, zeolitic support, bimetallic tungsten-
zirconia oxides, and “in situ operando” carburization effects on cobalt-promoted
molybdenum disulfide (Co/MoS,) and electron holography. In this particular chap-
ter we present three different cases of study on the heterogeneous catalytic zeo-
lites: This material is to be encountered among the most important heterogeneous
catalysts, especially for petroleum refining [11]. They were discovered in the year
1756 and are described as crystalline aluminosilicates, having a three-dimensional
porous network composed by SiO, and AlO, tetrahedral, as shown in Fig. 5.1a [12].
These tetrahedrals are linked to each other through oxygen bridges (Fig. 5.1b, ¢)
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Fig. 5.1 (a) Basic unit, the tetrahedron with the “T”” atom in the center, in blue, surrounded by four
oxygens. (b) Two tetrahedra linked by O bridges. (¢) Four-member ring (top) and six-member ring
bottom. (d) Schematic representation of the secondary building units (SBUs)
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leading to the formation of the secondary building units (SBUs), Fig. 5.1d, that
finally are interconnected into the three-dimensional space forming the final mate-
rial composed by channels and/or cages. The structural parameters of these solids
confer them exceptional properties for different catalytical processes.

Probably, the most direct one can be extracted from the chemical formula of
zeolites, in which due to the different charges of Al (3+) compared to Si (4+) each
Al unit introduces a negative charge into the framework that needs to be compen-
sated by cations in order to achieve an electroneutral framework. These cations can
be partially or totally exchanged, giving as a result that one of the major applica-
tions of zeolites is the ability to soften the water by removing Ca®* [13]. Another
important characteristic of zeolites of interest in catalysis refining is the case of the
acidity that they exhibit when the cation that compensates the charge is a proton that
can act as Bronsted centers [14]. On the other hand, the relative lattice instability
that is associated to the presence of Al** favors migration of Al outside the lattice
framework generally denoted as extra framework aluminum especially when the
materials are rich in Al content and are subjected to thermal treatments in the pres-
ence of steam or other chemicals. The species generated are believed to be respon-
sible to give zeolites Lewis acidity, conferring zeolites Brgnsted and Lewis acid
sites ascribed to the OH groups between Al and Si tetrahedra and extra framework
aluminum, respectively. One of the first examples of industrial application of zeo-
lites dates to 1953 when Union Carbide commercialized synthetic zeolites for
industrial separation and purification purposes, starting for the drying of natural gas
[13]. Few years later, the same company marketed the process for normal isoparaf-
fin separation, being the first time where molecular sieves were used in a bulk sepa-
ration reaction. In 1962, zeolite X was introduced by Mobil Oil as a cracking
catalyst. Fluid catalytic cracking (FCC) is the most important process in refineries
to improve the yields of gasoline resulting in the treatment of liquefied petroleum
gas (LPG) distillate and C3 olefin in the presence of zeolite Y and ZSM-5. Rare
earth metals containing zeolite Y are employed for octane making, as the metal
incorporation enhances the hydrothermal stability retaining the activity within the
FCC regenerator [14]. Meanwhile, ZSM-5-based material is employed to enhance
the octane number of paraffin and aromatic rich gasoline which is produced through
a control of the Si/Al ratio of the porous matrix. Tungstate Zirconia (WO;-Zr0,):
The chemical solid acids such as sulfated zirconia (SO,—ZrO,) or tungstate zirconia
(WOs—ZrO,) have received significant attention in the last decade due to their cata-
lytic properties, which come mainly from their chemical acidic features. These solid
catalysts offer several advantages over liquid acids; for instance, these materials are
not corrosive like sulfuric or hydrofluoric acids and require no extra separation pro-
cesses [15]; mainly as described in the literature, tungstate zirconia has been used in
reactions that will require an acid function as catalyst according to Hino and Arata
[16]. Tungstate zirconia has been assessed in several reactions such as isomerization
of alkanes [17], esterification and transesterification [18, 19], acetylation of alco-
hols and phenols [20], dehydration of alcohols [21], and alkylation reactions [22].
From these studies, it is clear that the modification of zirconia by tungsten oxide
produces dispersed WO, clusters that are responsible for creation/formation of
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Fig. 5.2 Schematic drawing representation of mono-tungstates (blue circle), poly-tungstates
(green circle), Zr-WO; clusters (red circle), and WO; crystallites (without circle) supported on
ZrO, surfaces (image taken from ref. [14])

active acid sites [23-25]. Different WO, species have been proposed to coexist on
the surface, from mono- and poly-tungstate species up to the formation of WO,
clusters and WOj; crystallites as it is presented in Fig. 5.2 [26]. The morphology
features on those structures have been studied by different characterization tech-
niques, including electron microscopy and spectroscopic techniques, allowing to
determine important information regarding the dispersion, nanostructure, and
domain size of the WO, species on zirconia supports.

The size and structure of the WO, species are as shown in Fig. 5.3; different acid
sites of WO, species can nucleate growth over zirconia matrix, ranging from mono-
to poly-tungstate species. Lewis and Brgnsted sites can interplay a role with the
matrix support causing one solid-state acidic catalytic material [27].

Layered Transition Metal Sulfides: These are used commercially to produce low-
contaminant liquid fuels at oil refineries, due to its natural capacity to perform
hydrotreatment catalytic reactions leading to removal of sulfur content molecules
during fluid catalytic cracking (FCC) process [28]. The removal of those sulfur
chemical compounds is desired to achieve a less atmospheric pollution due to com-
bustion, also known as a reduction on emissions [29]. The layered solid-state struc-
ture of molybdenum disulfide (MoS,) catalytic material has been studied with high
success by X-ray crystallography, scanning, tunneling, and transmission electron
microscopy [30, 31]; its structure consists of S-Mo—S chemical bonds forming hex-
agonal arrays with space group hexagonal R3m maintained stacked along
c-crystallographic direction with van der Waals weak bonding; experimentally and
theoretically an interlayer distance of ~6.2 A was found as it is presented in Fig. 5.4.
Having a weak van der Waals chemical bonding between layers has made this mate-
rial also attractive for its usage as low- and high-temperature material for mechani-
cal lubrication [32]. MoS, has a semiconducting electronic structure with theoretical
band gap of ~1.9 eV and experimental value of ~1.6 eV; however as it has been
demonstrated when it is combined with cobalt or nickel atoms the semiconducting
nature changes into metallic as confirmed by many authors [33, 34]; this change on
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Fig. 5.3 Representation of Lewis and Brgnsted sites, from mono-tungstate to poly-tungstate spe-
cies (image taken from ref. [27])

Molybdenum Edge

Sulfur Edge

Fig. 5.4 Molecular models for molybdenum disulfide catalytic material. Left: R3m space group
lattice witha = b=3.16 A and ¢ = 18.4 A parameters and angles of a = #= 90° and y = 120°. Right:
Side view of large-array lattice showing (001) basal plane and indicating sulfur and molybdenum
edge terminations

electronic structure is caused due to direct bonding between metal and metal (Co—
Mo, Ni—Mo), as described by Topsge et al. [35], leading to electron donation as
described in detail by Ramos et al. [36], having cobalt atoms occupying 1/8th at
octahedral sites and 1/2 at tetrahedral sites; however, when it comes to chemical
catalytic activity, theoretical and experimental evidence dictates that just at the pres-
ence of dangling bonds in (1010) and (1010) edge planes are the responsible for
accommodate Co or Ni atoms as well for breaking of sulfur compounds to occur
[28], having basal (0001) plane as insert for adsorption/reaction of chemical com-
ponents during FCC process.

On the other hand, the structure/function relationships as observed by electron
microscopy techniques determine that with a variation of chemical precursors and
synthesis method MoS, can be packed in spheres, triangular prism, and nanorods
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[37] and flowerlike [38]. Moreover, by using ultra-resolution TEM instruments it
has been possible to determine atomistic observations of (0001) basal plane, edges,
dislocations, and (1010) plane surfaces with high accuracy [31], and with the aid of
special sample holders that enable to perform “in situ operando” experimentation it
has been possible to make direct observation of carbonization in fresh Co/MoS,
catalytic material at 350—450 °C which are operational temperatures during hydro-
processing reactions [39]. As well, electron beam radiation damage during observa-
tions made at 80, 120, and 200 kV in single MoS, layers, as described by Garcia
et al. [9] and Casillas et al., was able to estimate “in situ” experimental evidence of
mechanical resilience even at 120 nN of external applied force during TEM obser-
vations [40].

5.2 Characterization Methods for Catalytic Materials

Considering the great importance of zeolites in both industrial and academic fields
several characterization methods have been developed to gain knowledge of the
structural features. X-ray diffraction (XRD) is one of the most extended methods for
understanding crystallographic structure of those materials as it is sensitive to long-
range order of the periodic framework. However, there are many aspects that can
influence the XRD patterns such as structural defects, crystallite size, purity of the
phase, or cationic site occupation. Thus, the ideal requirement to apply this tech-
nique would be a clean crystalline material that would lead into sharp high-resolution
patterns. Initially, X-ray diffraction was used as a first test to check if the material
had been done or if the crystallization process had gone up to completion. Nowadays,
it also encompasses lots of information regarding the structure of the material.
Many of the advances in the structural information derived from zeolitic science are
the direct result of the improvement of the powered X-ray equipment, and of course
the combination with other characterization techniques such as nuclear magnetic
resonance (NMR), neutron diffraction, or electron microscopy. The typical steps
that one can follow in order to determine the crystal structure can be described as
follows: (i) obtain a suitable sample, (ii) collect the data, (iii) determine a trial struc-
ture using ab initio methods, and (iv) refine the data. Neutron scattering (NS) is a
unique method that allows to study the structure and the dynamics of a great variety
of materials at molecular and at atomic level. For the case of zeolites [41], NS is
being used to obtain structural information using powder diffraction to complemen-
tary X-ray diffraction data [42]. Information on crystal growth [43] can also be
extracted by small-angle neutron scattering (SANS) or the dynamical studies on the
adsorption of molecules can be followed with inelastic scattering (INS) and/or
quasi-elastic NS (QENS). As already mentioned, zeolites can be synthesized or
modified to obtain their protonic form which are used in acid catalysis and a good
example of their Brgnsted acidity was the possibility of protonating water [44].
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By INS, the experimental data of the vibrational spectra can be compared with
simulated ab initio and to determine the location of the acid sites of even high-silica
zeolites at the atomic level [45]. On the other hand, QENS can be employed to study
the molecular diffusion of zeolites; this parameter is of particular importance as
catalytical applications as shape-selective catalysis or separations are governed by
the molecular diffusion along the pores of the reactants [46, 47]. Solid-state nuclear
magnetic resonance (NMR) is a powerful characterization method as it provides
information of the local environment of specific atoms and their surroundings,
which are directly involved in active catalytic sites by observing a variety of the
magnetically active nuclei of the framework and extra framework species [48, 49].
In addition, this technique of analysis can be used to assist X-ray diffraction meth-
ods for structural elucidation. In zeolites the Si atoms are coordinated to four oxy-
gens forming the tetrahedra giving a series of peaks which can be attributed to SiO,
in five different environments depending on the number of AlO, units to which they
are coordinated allowing the determination of the Si/Al ratio [47].

5.2.1 Transmission Electron Microscopy for Sensitive
Materials

One of the most advanced methods in order to gain zeolitic information is based on
transmission electron microscopy (TEM), which can provide unique information
on several organic and especially inorganic solids as it is the only method that
offers direct images of the material, combined with diffraction information and
spectroscopic analyses. The major limiting factor that one can encounter when try-
ing to apply this technique is related to the high energetic flux of electrons that is
irradiated onto the materials. There are two main beam damage factors that limit
the lifetime of matter under the electron beam: (i) knock-on damage [41] and (ii)
radiolysis [41]. Knock-on damage consists of the disruption of the framework due
to the displacement of the atoms conforming the structure; there is usually a thresh-
old value and below that the material remains fairly stable. However, zeolites and
their derivate suffer from radiolytic damage [48—53] which consists of the ioniza-
tion of chemical bonds of elements and cannot be overcome by reducing the accel-
erating voltage. This difficulty has limited the studies on zeolitic catalysts in
comparison with other inorganic solids. Despite the difficulties related to the low
stability, transmission electron microscopy (TEM) can provide very useful infor-
mation [54-59] as follows: (1) it provides direct images of the framework, (2) it
allows structural solution, (3) it is the best method for studying defects or inter-
growths, (4) it provides information of elements incorporated into the frameworks,
or (5) it combines diffraction and imaging studies together with spectroscopic
chemical analyses.
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5.2.2 Ultrastable ZY, FAU, with Iridium Incorporated

With the implementation of the spherical aberration correctors (Cs correctors) in the
early year 2000 [60-62], sub-angstrom could be readily available in commercial
equipment and since then matter has been observed and analyzed at an atomic level
in a good range of solids. Unfortunately, for beam-sensitive materials, this crucial
technological innovation was not correlated with an improvement on the quality of
the data that could be extracted due to their low lifetime under the electron beam.
Consequently, a great effort was concentrated on a careful control of the electron
beam in order to preserve the framework intact with the intention of obtaining
images with the maximum resolution possible. In fact, it was in 2010 when the first
report on high-resolution aberration corrected electron microscopy applied to a zeo-
lite was reported [63]. In this work, the determination and location of individual
metal atoms and clusters within the pores of ultrastable delaminated HY were pre-
sented by aberration-corrected STEM. This imaging method, which is sensitive to
the atomic number Z, allowed, combined with a deep image processing, the obser-
vation of Ir atoms. Figure 5.5a shows the experimental Cs-corrected STEM-HAADF
image where the anchored Ir atoms are located over the zeolitic framework, which
includes, inset, the Fourier-space band-pass filtered data to make the Ir atoms more
clearly visible along the [011] direction with respect to the zeolitic framework. Due
to the low signal-to-noise ratio of the images, they were treated under real-space
averaging after Fourier filter, a method that has been used for biological materials;
the data extracted is depicted in Fig. 5.5b, which was obtained by using the unit cell
extracted with real-space averaging. This method is useful for periodic features and
therefore it reveals the zeolite crystal structure, but unfortunately it omits the
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Fig. 5.5 High-resolution images of zeolite-supported metal species; (a) Cs-corrected STEM-
HAADF image showing (white rectangle) the Ir* atoms denoted by white circles. (b) Image

obtained after using the average unit cell obtained with real-space averaging. The same region
where the Ir* was present is marked by a red rectangle with the Ir positions marked by red circles
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iridium atoms. For that reason the Ir species shown in Fig. 5.5a were superimposed
onto the image obtained by real-space averaging (Fig. 5.5b, marked by a square).
These experimental data were correlated with STEM-HAADF simulations along
the same orientation in order to associate the single Ir* positions with the active
zeolitic framework.

5.2.3 Silver-Loaded LTA Zeolite

Silver-loaded zeolites (LTA) have been under study using electron microscopy tools
as well, and even when it is possible to determine observations at atomic level to
depict incorporation of heavy metals into the framework we can find in the literature
that a clear image of neither zeolitic member rings nor framework has not been
completed with high accuracy. During 2011, a report concerning high-resolution
imaging of different zeolite materials was completed on aluminum-rich zeolite LTA
Si/Al = 1 [53, 59]. The mentioned study focused on most beam-sensitive frame-
works to be imaged; the results obtained from bare zeolite A, with sodium as coun-
terion and after ion exchange with AgNO;, led into the formation of silver species
within the pores; Fig. 5.6a depicts the atomic resolution image of the initial Na-LTA
orientated along the [001] direction, where the alpha cages appear as empty cages,
in black, while the “T”” atoms, Si and Al, appear in white; the study allowed to deter-
mine for the first time an extremely beam-sensitive material with a resolution allow-
ing to identify T atoms which compose framework and to clearly identify its location
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Fig. 5.6 (a) Cs-corrected STEM-HAADF image of Na-LTA zeolite, where the “T” atoms can be
identified, the simulated data top right and the structural model superimposed perfectly matched
with the experimental data obtained. (b) Silver ion-exchanged LTA zeolite, where the Ag* atoms
appear brighter and do not allow the clear visualization of the zeolitic framework. The simulated
data, top right, and the model constructed matches with the experimental data acquired
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and coordination precision. Moreover, to correlate experimental results images cor-
responding to framework were subjected to molecular and TEM simulation as
shown on the inset; the molecular model of those framework channels has silicon
(Si) atoms in dark blue color, aluminum (Al) in light blue, and oxygen (O) in red.
Now, having an excellent ion exchange capability in silver-loaded zeolites, the sil-
ver atoms were introduced by chemically replacing sodium through a liquid-phase
wet chemistry reaction, followed by a dehydration of the material; by doing that
there is a coloring change from white to orange as observed due to dehydration; the
latter is attributed to formation of silver clusters within zeolite pores. Using high-
resolution transmission electron microscopy, it was possible to find atomic resolu-
tion to confirm octahedral silver clusters (~6 atoms) located inside sodalite (SOD)
cages of the zeolite and that they were encapsulated within a cube formed by 8 sil-
ver cations as described in Fig. 5.6b. As completed in starting material, all images
were compared to molecular modeling along with TEM simulations, as shown in
the inset of Fig. 5.6b, with high success to determine the correlation between experi-
ment and theoretical models.

5.2.4 Cluster Formation Inside SSZ-23 Zeolite

As mentioned in the work completed by Mayoral et al. [56, 59], it was found in the
literature more emphasis on performing advanced electron microscopy techniques
in zeolites and zeotypes [57, 59, 64—66]; this can be attributed to influence of the
high energetic electronic flux, which is considered to be the first step of metal nucle-
ation and can be monitored using Cs-corrected STEM fast-throughput units. And by
using this proven technique it was possible to achieve a study of Ir complexes which
were introduced into one-dimensional porous system of SSZ-23 zeolites [67]; this
material has a one-dimensional channel system with 14-ring pores (0.87 x 0.64 nm);
such large pores facilitated their observation in comparison with the structures
imaged previously; however, rather than using low-dose techniques, it was decided
to make high-dose approach method with very short exposure times to prove that
electron dosage in TEM instrument can provide information about localization and
to track any dynamic motion of individual metallic ions as encountered within the
pores of a zeolites. It was possible to determine that iridium (Ir) was incorporated
on the channels of SSZ-23 in the form of monoatomic atomic species; images were
recorded over the same region with no interval time in between by employing a total
acquisition time of 5 s on each, allowing us to make observations of three different
phenomena as remarked in colors blue, orange, and green circles in Fig. 5.4. Left
side of Fig. 5.7a corresponds to the initial image while on right side the image cor-
responds to the same region 25 s later. The crystallographic simulations of three
observed scenarios are shown in Fig. 5.7b—d along (100) and (010) crystallographic
projections; a closer look of experimental images is presented in Figs. 5.7e—j. All
observations made suggest that in all cases as represented in blue and orange a clear
channel confinement is observed, limiting iridium atoms to move free. All
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Fig. 5.7 Left: (a) Cs-corrected STEM-HAADF images along the (010) projection after 5 s (left)
and 30 s (right). (b—d) Simulated framework with the three possibilities of metal location along the
(010) and (100) projections corresponding to 5 s (left) and 30 s (right). The Ir is colored according
to the circles in Fig. 5.4a. (e—g) Crystallographic simulated data along the (010) projection with the
zeolitic framework superimposed for the first 5-s image. (h—j) Same simulation after 30 s of imag-
ing. The white arrows correspond to the diameter of the SSZ-53 channels. Right: (a) Intensity
profile obtained along the white arrow plotted over the atomic resolution Cs-corrected STEM-
HAADF image of ETS-10 in its sodium form along the [110] orientation. The structural model is
shown superimposed. (b) Eu-EST-10 material. Same intensity analysis plotted over the white
arrow plotted over the Cs-corrected STEM-HAADF image along the same orientation. (¢) Same
analysis carried out over the white rectangle from the Na material. (d) The correspondent analysis
after ion exchange

observations made are clear experimental data of initial steps for metal cluster for-
mation, which in fact can be considered as catalytic sites for different chemical
reactions, including reforming, oxidation, and Fischer-Tropsch. A proven evidence
of tracking down cluster formation, using high electron beam dosage and low
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exposure time in combination with computer-assisted molecular simulations, pro-
vides great insights into nanotechnology revolution mainly for studying heavy met-
als; for example gold, an ancient metallic element, has regained immense attention
in the materials community, due to its diverse catalytic properties in the nanoscale
form [68, 69]. However, the location of gold atoms can be studied in complex zeo-
lite systems such as NaY (FAU type) [66]; this observation technique can allow us
to see dispersed gold nanoparticles over the crystalline matrix support allowing us
to provide some chemical quest and answers of catalytic sites as isolated gold com-
plexes. It is possible to assume that despite the difficulties associated to the low
stability of zeolites, aberration-corrected STEM has been positioned as an indis-
pensable technique to understand heavy metal-loaded zeolites and even to solve
new structures [70]. Due to the intrinsic nature of STEM-HAADF of forming
images where the contrast is highly sensitive to the atomic number, heavy metals
can be observed using these bright contrast techniques, as described elsewhere.
However, when it comes to achieving observation of lighter cations, the imaging
technique can become quite difficult and on occasions tedious and complicated, as
they do not “shine” under electron beam interaction as in the case of metallic clus-
ters. A scientific report published in the year 2016 indicates first TEM observations
of light cations inside pore channels of titanosilicate (ETS-10) zeolitic systems,
through Cs-corrected STEM instrument. The chemical structure of ETS (Engelhard
Corporation titanosilicate) materials consists of octahedral and tetrahedral coordi-
nated titanium atoms, where the Ti atoms are made of Si and Ti chemicals linked by
oxygen (O) bridges. Those solids had been highly attractive due to ion exchange
capabilities as every Ti unit introduces two negative charges into the complete zeo-
lite framework, causing physical and chemical properties ideal for applications in
photochemistry, hydrogen membrane separation, and catalysis as presented in the
literature [71-73]; also, ETS-10 has a monoclinic crystallographic structure, with
space group C2/c and unit cell parameters a = 21.00, b = 21.00, ¢ = 14.51 A;
f=111.12° and a = y = 90.00° and pore dimensions of 4.9 A x 7.6 A, formed by
chains of TiOg and SiO, containing 12-membered rings (MR), 7MR, and 3MR [74].
ETS-10 was subjected to ion exchange for the introduction of rare earth metals with
the intention of synthesizing a material with luminescent properties [42]. Figure 5.7a
shows the intensity analysis of the aberration-corrected image of Na-ETS-10
recorded along the [110] orientation. The intensity profile recorded along the white
arrow reveals a very intense maximum in the center that corresponds to the Ti col-
umn and two very weak signals that are associated to lighter elements. The struc-
tural model is superimposed allowing the visualization of all atoms forming the
framework with atomic resolution, where Si appears in dark blue, Ti in light blue,
and O in red. However, after ion exchange the intensity profile recorded along the
same sites has significantly changed (Fig. 5.7b). For the europium-loaded ETS-10 it
is clear that Eu cations can have occupied sites where an initial weak signal is
detected corroborating the presence of Na* within the 7MR. In addition, it can also
be observed that a distance is decreased revealing that Eu replaces Na only at spe-
cific sites over the matrix. When moving to a different observation region over the
framework as presented in Fig. 5.7c, d, it was possible to observe how electron
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contrast significantly changed; Fig. 5.7c corresponds to an intensity analysis carried
out over atoms denoted by a white rectangle in the initial Na-ETS-10 material.

Four different signals can be identified which corresponds to four different Si
atomic columns, where intensity variations are owed to the different number of Si
atoms along those columns. When ion exchange took place, Fig. 5.7d, again, the
contrast suffered from severe change and the distance measured went from 1.44 A,
corresponding to the Si atoms, to 2.48 A that is attributed to a distance between Eu
and Si columns. This observation is in agreement with the possibility that the Eu
replaced the Na sites which were too close to porous framework and therefore could
not be distinguished due to a presence of Si; however, when ion exchange occurred
the strongest scattering factor of the metal incorporated allowed the visualization of
the cations at those specific sites.

5.3 TEM and STEM Survey on Tungstate Zirconia
(WOs-Zr0,)

One important characterization tool to be used in the past two decades when it
comes to determine direct observations of active catalytic species is high-resolution
electron microscopes in transmission and scanning mode. Lately, it was found that
active sites in tungstate zirconia catalysts have a chemical formula of Zr-WO, mix
oxide clusters with diameter size of ~0.8—1 nm [26, 75, 76], and state-of-the-art
instruments having resolutions below of 1 A allow us to achieve direct observations
of WO, active components on those complex catalytic materials. Furthermore,
Cs-corrected TEM units can provide experimental evidence to describe possible
catalytic mechanisms as involved during chemical processes over those materials as
described by Pennycook et al. [77-79]. Though, due to fragile nature of those par-
ticular systems, on occasions it becomes very difficult to achieve good quantifica-
tion of size and distribution of small metallic clusters as distributed along the
support matrix, the latter occurs due to image contrast which depends mainly on
particle orientation, internal structure, electron imaging conditions, and other
parameters to be adjusted during observations to not cause electron radiation dam-
age over the solid-state catalytic matrix/cluster. Thus, HRTEM can have two main
matters: (1) The image is formed from interference of electrons waves, resulting the
“phase-contrast” image [80]. This case does not ensure correspondence between the
image contrast and the actual atomic columns. (2) The illuminating electron beam
is not local, because a region of several nanometers is illuminated and is not possi-
ble to obtain individual atomic chemical analysis. However, fortunately one signifi-
cant difference between HRTEM and STEM modes is usage of electron probe
(STEM) as compared to spot size in TEM. The local analysis can be performed by
using a focused nanometer-sized electron probe, and also be stopped at any point
over the solid under observation. Moreover, high-angle annular dark field (HAADF-
STEM) can be more sensitive to differentiate chemical elements, depending on their
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corresponding atomic number, a mode usually called as “Z contrast” [80, 81]. A
challenge in HRTEM and STEM is the direct observation of active catalytic species.
It has been recently pointed out that the active sites in tungstated zirconia catalysts
are Zr—-WO, mixed oxide clusters with diameters around ~0.8—1 nm, which were
only found in highly active catalyst samples [26, 75, 76]. With the introduction of
aberration correctors in HRTEM and STEM with resolutions below 1 A, now it is
possible to observe directly WO, active components in tungstated zirconia catalysts.
The STEM technique, particularly by using the high-angle annular dark field
(HAADF-STEM) mode, is useful in this type of samples, due to the difference in
atomic number between Zr and W, which produces an adequate contrast and facili-
tates the observation of these clusters. Although this catalytic system remains under
investigation, several groups of researchers have found important results by means
of the aberration-corrected HRTEM and STEM [26, 75, 76, 82], identifying cata-
lytic species at atomic level by direct observation of tungsten oxide structures atom
by atom in this system. The aberration-corrected high-resolution transmission elec-
tron microscopy (AC-HRTEM) is one of the most useful tools for visualizing the
nanostructure of heterogeneous catalysts at atomic level, allowing the understand-
ing of the mechanisms occurring within the catalytic processes. The optimum focus
conditions, also called the extended Scherzer focus, commonly used in HRTEM
imaging (also known as phase-contrast imaging), provide a direct projection of the
atomic structure along the beam direction [78]. The visibility of small nanoparticles
or clusters generally increases with the defocus value; those variations of the image
contrast are related to a dependence of the lens transfer function on the defocus
value, which means that at certain special frequencies the relative contrast of the
small clusters is enhanced whereas the phase-contrast imaging of the lattice fringes
of the support is suppressed [77, 78, 82]. As presented in Fig. 5.8, when observation
of WO, species in Cs-TEM is the variation of image contrast and a focus change,
called a serial focus, as it is presented in Fig. 5.8a corresponding to WO,—ZrO, cata-
lyst under underfocus condition, the WO, clusters appear as black spots and are
marked by arrows. By focusing over the same region as presented in Fig. 5.8b, it is
possible to observe under minimum contrast that WO, clusters almost disappeared,
and in Fig. 5.8c it was obtained using overfocus condition; it was possible to see
WO, clusters appear as bright spots. The WO, cluster circled in the three images is
an example of what could happen during the observation under different defocus
conditions: underfocus, focus, and overfocus.

In order to understand or to achieve image difference, a series of focuses were
obtained for allowing to make identification of WO, species, as presented in
Fig. 5.9a which is an image obtained with underfocus conditions, and complete
defocus was used in order to distinguish all clusters. Figure 5.9b corresponds to an
image obtained under optimum focus conditions (extended Scherzer focus) near the
minimum focus, but still in underfocus conditions. The inset shows the projection
of the W atoms; in this case, as it was explained before, the projected atoms appear
as black spots. The W and Zr atoms are at the same height, so they compete in con-
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Fig. 5.8 HRTEM images of WO,—ZrO, catalysts obtained under different focus conditions: (a)
Underfocus condition WO, clusters appear as black spots indicated by arrows; (b) focus condition
(minimum contrast) WO, clusters are almost not observed; and (¢) overfocus condition WO, clus-
ters appear as bright spots (white ring circle)

trast. The image as presented in Fig. 5.9c was obtained under likewise region (cor-
responding to Fig. 5.9b), but under overfocus conditions. The inset image shows the
projection of W atoms; in this case, the projected atoms appear as white spots [83].
The bottom part of the image shown in Fig. 5.9c, marked with black arrows, contin-
ues under underfocus conditions (black WO, clusters).

Using similar electron microscopy conditions, with different focus conditions in
Fig. 5.10a, an image of WO,—ZrO, catalyst is obtained with underfocus conditions,
showing WO, clusters as marked with circles and arrows; WO, species are localized
over the sample; it was possible to use optimal focus condition to achieve an image
as presented in Fig. 5.10b; some features are dark columns of W atoms as pointed
out using white arrows. TZ was identified as tetragonal zirconia with zone axis
[010] (FFT inset), where a small WO; crystallite (atomic planes of 2.4 Aand2.29A)
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Fig. 5.9 HRTEM images of WO,—ZrO, catalysts: (a) WO, clusters with underfocus conditions
(black spots), (b) with underfocus conditions, but near the minimum contrast, where the W atoms
are in black; (¢) overfocus conditions, but near the minimum contrast, where the W atoms appear
as white spots. Figure 5.4c having white arrows corresponds to overfocus region and black arrows
to underfocus region to differentiate the resolution in between modes (adapted from ref. [82])

is anchored over zirconia surface. Unfortunately, the high zirconia contrast does not
allow the clear observation of WO, species. In Fig. 5.10c, WO, species conform
different arrays over zirconia (TZ); with orientation (zone axis of [—120]) having a
better localization of tungsten atoms, it is remarkable that all images were obtained
using underfocus conditions.

Now, using Cs-STEM mode with high-angle annular dark field (HAADF) and
bright-field (BF) modes and electron probe ~1 A at resolution of ~0.8 A, contrary to
conventional TEM in STEM mode there is no wave interference between electron
beam and solid sample under study due to setup of optical system on the instrument
[77,79, 80, 84]. The latter plays an important role and advantage because it allows
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Fig. 5.10 (a) HRTEM image of the WO,—ZrO, catalyst obtained with underfocus conditions,
which shows the WO, clusters marked with circles and arrows; (b) WO, species form dark columns
of W atoms (white arrows). TZ was identified as tetragonal zirconia with zone axis [010] (FFT
inset), where a small crystallite of WO, (atomic planes of 2.4 and 2.29 A) is anchored on the zir-
conia surface; and (¢) WO, species forming different arrays on zirconia (TZ), where the zirconia
orientation (zone axis [—120]) makes possible a better localization of the W atoms. In all the cases,
the images were obtained with underfocus conditions (figure adapted from ref. [82])

observers to make interpretation of results directly from acquired images, making it
possible to localize atoms as distributed along amorphous and crystalline matrix of
low-dimension materials [77, 79, 80, 84]. The one condition that allows to distin-
guish two chemical elements in terms of its Z-contrast can allow to determine
chemical elements according to its particular atomic number from a list of eight
positions in the periodic table [79]; knowing the Z-contrast effect, it is possible to
determine chemical composition in tungstate zirconia (WO;—ZrO,) system, since
tungsten (W) has an atomic number of 74 while zirconium (Zr) and oxygen (O) own
atomic numbers of 40 and 8, respectively; therefore W is noticeable in HAADF-
STEM mode as is supported over zirconia matrix. Unlike HRTEM, HAADF-STEM
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images give direct information about the atomic projection along the beam direction
[77,79, 80, 84]. The visibility of small nanoparticles or clusters is generally obtained
at precise focus with a very short field depth. The variations in the image contrast
are related to the defocus value, which means that at certain focus a region of the
sample is observed, but as the focus is changed a different depth in the sample is
observed, and therefore another region of the solid. These features are shown in the
STEM images of WO,—ZrO, catalysts as presented in Fig. 5.11; in those HAADF-
STEM images WO, is observed as white spots, homogeneously distributed over
zirconia, as presented in Fig. 5.11a, c, having a great variety of WO, species ranging
from mono-tungstates to poly-tungstates. The BF-STEM images of the same regions
(Fig. 5.11b, d, respectively) are just complementary information, where WO,
appears as black spots.

The white circles compare the same WO, species in both modes; in some regions
WO, only is possible to distinguish by using HAADF-STEM mode, and then one
can observe that images as obtained by HAADF-STEM have better Z-contrast. For
images as presented in Fig. 5.12, along a different region in the same catalytic sam-
ple but at higher magnification, HAADF-STEM and BF-STEM can provide more
information about location and coordination of WO, species. The experience dic-
tates that HAADF-STEM can provide more detailed information about localizing
WO, species while BF-STEM more about crystallinity of zirconia matrix, as mono-
tungstated (white squares) to poly-tungstated species with different sizes (white
circles) as presented in Fig. 5.12 (smaller clusters of WO, species of sizes ~<1 nm).

We provide in Fig. 5.13 HAADF-STEM and BF-STEM images of the WO, —
ZrO, catalytic material; it was possible to determine several poly-tungstates at the
edge of the zirconia matrix as marked using white arrows; the insets show with high
resolution one of poly-tungstate clustering (white circle), as mono-tungstate species
can be observed (white squares), which provides optical evidence of interaction of
tungstate with the zirconia support matrix.

5.4 Cobalt-Promoted MoS, Catalytic Materials by TEM

The morphology aspects of this catalytic material have been studied extensively by
Ramos et al. using both scanning and transmission electron microscopy techniques,
as presented in Fig. 5.9 [36], and there is extensive evidence of its versatility mean-
ing, to achieve different morphological configurations (i.e., nanotube, spherical,
triangular clusters, and rag layered), which depends solely on chemical precursors
and synthesis methods; usually due to its low mechanical properties, the material is
mixed with high-temperature supports like alumina oxide (Al,O;) [85], ceria oxide
(CeO0s), and zirconia oxide (ZrO,) [86] to create pellets for catalytic evaluation dur-
ing fluid catalytic cracking of crude oil. In our study, powder catalytic material was
prepared from ammonium tetrathiomolybdate (NH,),MoS, mixed with CoCl, in
aqueous solution and then a bimetallic precursor is decomposed at 300 °C for 2 h in
50 mL of purified water to achieve 1200 psi of hydrostatic pressure in batch
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Fig. 5.13 Series of STEM images corresponding to WO,—ZrO, catalytic material. (a) HAADF-
STEM image; several WO, species anchored on the zirconia support are observed along its edge;
(b) BF-STEM image; in this mode WO, species compete in contrast with the support. In the insets,
for example, several species are shown: one WO, cluster (marked with circles) with an array of
atoms, a mono-tungstate (small white squares), and a poly-tungstate growing up along atomic
planes of the zirconia support (marked with arrows in the insets)

hydrothermal reactor as described by Siadati et al. [87], using approximately 0.05 g
of the black Co/MoS, powder diluted into 20 mL of isopropanol to make a homoge-
neous grey solution, and one drop was placed in conventional 200-mesh lacey holey
carbon grid and dried at room temperature. The TEM observations were made using
a FEI® Tecnai TF20 operated at 200 kV and equipped with CCD camera, STEM
unit, high-angle annular dark-field (HAADF) detector, and X-Twin lenses with a
resolution of ~2 nm. Images were processed using Gatan© Digital micrograph®
computational package. It was possible to determine MoS, layered structurer “typi-
cal fringes” with interplanar distance of ~6.2 A corresponding to d o) basal plane
as shown in Fig. 5.14; one of the features to be observed was the interaction of
cobalt sulfide (Co,Sg), corresponding to (111)-cleavage plane, as described in detail
before [36]; using Gatan® digital micrograph© package it was possible to make
some measurements over hexagonal lattice obtaining a 7.24 A versus 7.37 A found
to have experimental value, confirming a preferential exposition of the (111) plane
for Co,Ss, also found using similar technique by Geantet et al. [88].

By mapping the region of interest, it was possible to observe other features like
bending curvatures known as “turbostratic,” in many cases pointed as ideal reactive
sites due to its changes in electronic structure [89] as presented in Fig. 5.15.

Furthermore, using digital information from TEM observations, it was possible
to build a molecular model using density functional methods of computer-assisted
package. The model indicates a synergistic contact between (010)-MoS, plane and
(111)-Co,Ss planes, to create a unique chemical direct bonding between Mo and Co
species formed by thiocubane clusters. The proposed interface molecular model
was subjected to Mulliken population analysis [90] to determine any electronic
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Fig. 5.14 (a) Transmission electron microscopy image indicating the interaction of both MoS,
and Co,S; as stacked (dotted red square). The yellow-dotted square indicates cobalt sulfide phase.
(b) A high-resolution TEM image shows hexagon packing lattice for cobalt sulfide, which is pre-
sented in the molecular model of (111)-Co,Sg (blue: cobalt, yellow: sulfur) (image adapted with
copyrights and permission of Ramos et al. RSC© Catal. Sci. Technol., 2012, 2, 164—178)

Fig. 5.15 Left: TEM image showing highly distorted MoS, layers as characteristic of 0.62 nm
fringes. It is possible to determine elongated layers with some bending as caused due to chemical
interaction with Co,Sg substrate forming an interface. Right: It is possible to observe some strong
bending effects among MoS, layers with some fractures as presented in the inset (image adapted
with copyrights and permission of Ramos et al. RSC© Catal. Sci. Technol., 2012, 2, 164-178)
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Fig. 5.16 Left: (a) Molecular model constructed from crystallographic information obtained by
TEM,; the model called “interface” is made by using (101)-plane of MoS, and (111)-plane of Co,Sg
using computer-assisted density functional methods. Atoms as presented in ball-stick type with
colors as sulfur (yellow), molybdenum (green), and cobalt (blue). (b) Only one portion of the
interface was used to perform electronic structure DFT computations as indicated by red dashed
line. (c¢) This image presents a close-up look at thiocubane cluster indicating direct bonding
between Co and Mo atoms. (d) This image presents another view of interface model; here it is
possible to determine stacking height effects. Right: Experimental TEM and simulated TEM
images obtained from direct observations and using molecular interface model; by using ImageJ
open-source package, it was possible to determine the height of slabs, indicating the epitaxial
contact between planes of both crystallographic bulk molecular structures (image adapted with
copyrights and permission of Ramos et al. RSC©O Catal. Sci. Technol., 2012, 2, 164-178)

structure modification by synergic contact of two specific crystallographic groups,
and its correlation with catalytic activity for hydrodesulfurization purposes; DFT
Mulliken population analysis indicates electron charges of +0.49 to +0.53 in Mo
atoms at the interface, as presented in Fig. 5.16. Mo charge is +0.61 for 2H-MoS,
bulk layers, indicating that direct bonding among Co and Mo caused electron dona-
tion charge from cobalt to molybdenum. On contrary, the cobalt atoms as located in
the cubic array bond to Mo have more negative (or less positive) charges (—0.07 and
+0.03) in comparison with bulk Co,Sg values of +0.16. Moreover, as a consequence
Co on first neighbors’ bonding to Mo coordinated in thiocubane cluster has more
positive electron charge values of +0.28 to +0.30 and second Co first neighbors have
more negative values when compared to CoySg bulk —0.15 and —0.07; more details
are found in Ramos et al. [90].
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5.5 In Situ Carbonization Effects in Co/MoS, Catalytic
Materials by TEM

The carbide phase in catalytic materials plays an important role due to its attribution
to lower catalytic activity, by blocking active sites due to addition of carbon species
[91]. For that reason, it is important to achieve a deep understanding about this car-
bonization process and fortunately this can be possible by using TEM by applying
in situ operando techniques [92], especially with the newly designed sample holders
and TEM grids [93]. Here, a representative experiment in situ operando TEM was
conducted to determine the atomistic role of carbon as contained on lacey TEM grid
for fresh Co/MoS,-unsupported catalyst by heating in temperature range of
25-450 °C with a ramp rate of 150 °C/min using a Gatan-628 equipped with water-
cooling system. For comparison, experiment was conducted using otherwise condi-
tions with a lacey silicon grid. The first TEM images of the Co/MoS, catalyst at
25 °C show typical layered MoS, structure by detecting typical fringes correspond-
ing to (1 0 10)and (101 0)edge planes stacking along d(y,, spacing ~6.3 A as
shown in Fig. 5.17a, including proposed molecular model. From images, it was
possible to determine bundles of intermingled MoS, layers stacked over c-axis
direction; the TEM technique allowed to determine poorly crystalline MoS, stacks
in direct contact with Co,Sgy which was also detected and observed on this

MoS, Profile

Fig. 5.17 (a) Typical TEM image for fresh Co/MoS,-unsupported catalyst at 25 °C. (b) Zoom
over MoS, layers as determined by black fringes; it was possible to observe a direct contact with
the (111)-Co,S; as observed in typical honeycomb-like structure. (¢) Digitalized distance profile of
MoS, interlayers 6.3 A (image adapted with copyrights and permission of [39] Ramos et al.
Elsevier© Ultramicroscopy, 127, (2013), 64-69)
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Fig. 5.18 High-resolution TEM image of the Co/MoS,-unsupported catalyst after heating at
300 °C for 3 min; using lacey Cu/C grid and Gatan-628 holder with cooling water, partial bending
effects were observed over MoS, layers causing cracks of (111)-plane of bulk CoySg (image
adapted with copyrights and permission of [39] Ramos et al. Elsevier© Ultramicroscopy, 127,
(2013), 64-69)

hydrodesulfurization catalytic low-dimension material as studied utilizing similar
TEM approach and instrument operational conditions [39].

The visualization of hexagonal lattice arrangement its characteristic of
(111)-planes of CoySs, in a second step after temperature reached 300 °C at a rate of
150 °C/min and kept it for 3 min; allows to observed morphological changes of
fringes stacked over (111)-planes to form Co/MoS, phase as presented in Fig. 5.18;
indeed relevant cracks are clearly observed mainly over the Co,Sg region with typi-
cal bending effects of MoS, layers; this effect can be highly attributed to the pres-
ence of carbon as contained in TEM grid, which in the case of lacey silicon grid was
not found ruling out other factors, such as slight pressure of residual water; this
bending effect in fresh MoS, catalytic material by the presence of carbon was previ-
ously observed by Berhault et al. through EXAFS technique [94], leading to the
formation of carbide-like MoS, entities (named “structural carbon’) [94]; this car-
bonization effect is attributed to be the main cause of low catalytic performance
under hydroprocessing reactor conditions due to high concentration of hydrocarbon
species as contained naturally in crude oil; by using two main experimental tech-
niques EELS and NEXAFS it was previously demonstrated that carbon is incorpo-
rated between edges of MoS; layers by replacing and/or boning to sulfur atoms [95,
96]. The carbon replacement/bonding near the edge of MoS, is possible due to pos-
sible low sulfur coordination of Mo sites; on the contrary a completely sulfur-
coordinated Mo site located on (002)-basal planes can be more difficult to be
reduced due to strong bonding and poor space to nucleate allowing poor replacement
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of structural carbon [96]. Now, the intrinsic tendency of molybdenum sulfide to cre-
ate bending curvatures (even under absence of carbon content) is attributed to make
strain effects at curved edges causing site defect very similar to the ones detected at
edge planes [97]. Moreover, the presence of the cobalt promoter can induce high
reducibility on MoS, phase through donation of electrons from Co to Mo as
described by Ramos et al. [36] that can be the one main cause to accelerate edge
carburization even at hydroprocessing operational conditions [95].

To confirm that bending effects as observed at 300 °C are caused by carbon reac-
tion as contained in lacey TEM grid with fresh unsupported Co/MoS, catalytic
material under observation the temperature was set to 450 °C and left for 10 min at
that temperature; the observations showed that one clear tendency of bending is
detected when looking at extremities of MoS, fringes as indicated in Fig. 5.19; by
digitally measuring the distance between these two spots a decrease from 66 A to
36 A and finally to 28 A is obtained only 1 min at 450 °C confirming a rapid ten-
dency of MoS, layers to bend when temperature and carbon content are placed,
making an “in situ” TEM observation for the first time of bending MoS, slabs.
Lastly, a formation of carbon sphere fullerene-like and of copper nanoparticles was
also evidenced on different TEM images after heating at 450 °C as presented in
Fig. 5.20a, b; it is possible to observe a strong interaction of carbon sphere with
remaining MoS, layers due to poor insertion with now as-formed Co/MoS,C, phase.

The amount of carbon to be incorporated as carbide-like entities is therefore
limited and probably a high proportion of the amorphous carbon coming from the
TEM grid cannot be converted into carbide moieties leading to their agglomeration
into different nanostructures; moreover, lacey carbon TEM grids have copper con-
tent between box windows and formation of big copper nanoparticles (~70 nm)
presenting some twinning defects, suggesting a relatively slow formation for copper

Time (min)

Fig. 5.19 Sequence of three in sitt HRTEM images observed at 450 °C for 1 min. Here a rapid
bending effect can be clearly visualized leading to a partial closing of the nanostructure under
investigation and characterized by a decrease of the distance between the two slab extremities
indicated by red arrows from 6.6 nm to 3.6 nm and finally 2.8 nm in less than 1 min (image and
caption adapted with copyrights and permission of [39] Ramos et al. Elsevier© Ultramicroscopy,
127, (2013), 64-69)
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Fig. 5.20 (a) Formation of a large carbon sphere in close interaction with MoS, slabs. (b)
Formation of a copper nanoparticle showing some twinning planes and remaining near Co/MoS,C,
moieties (image and caption adapted with copyrights and permission of [39] Ramos et al. Elsevier©
Ultramicroscopy, 127, (2013), 64—-69)

nanoparticles during heating experimentation as presented in Fig. 5.20, which are
produced if growth rate is sufficiently slow to allow compensation by exposition of
low surface energy {1 1 1} facets as described in detail by Ajayan and Marks [98],
which lacey TEM grid behavior was shown previously by “in situ” operando heat-
ing experiment by Zhang and Su [99] and using similar Gatan-628 holder and lacey
200-mesh Ted Pella® holey carbon grids which observed formation of copper-
twinned nanoparticles.

For comparison the same in situ heating experiment was conducted using the
same solution of fresh Co/MoS, catalytic unsupported material and lacey silicon
copper TEM grid under otherwise conditions at 300 °C < 7 < 450 °C as described
before; this was performed to achieve observation regarding catalytic layer evolu-
tion while heating now in the absence of a carbon source. The results indicate that
contrary to preceding experimentation case for which bending effects were clearly
observed due to formation of Co/MoS,C, phase, for a silicon TEM grid at tempera-
tures of 300 °C all MoS, layers appear highly stacked along the c-axis direction and
exhibit mainly flat morphologies with very limited (if any) curvature effects as
shown in Fig. 5.21a. By continuing heating the system to reach 450 °C the appear-
ance of cracks was observed for MoS, layers leading to a limited destacking but still
without any significant bending effect, Fig. 5.21b. By making prolonged heating at
450 °C up to 5 min, it was possible to observe an increase of cracking over MoS,
slabs in a higher frequency still leading to a limited destacking. MoS, layers remain
still straight without any visible bending effects as compared when carbon content
is present. Furthermore, some isolated Co,Sg nanoparticles without interaction with
MoS, were clearly observed showing a rapid loss of the interaction between both
crystallographic phases of cobalt with molybdenum sulfides. This particular physi-
cal and chemical phenomenon was not observed previously at 450 °C for fresh Co/
MoS, sample during heating procedure using lacey carbon TEM grid confirming a
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Small isolated CogSg
particles

Fig. 5.21 (a) Results from heating using similar otherwise conditions and sample preparation for
fresh Co/MoS, catalytic material over lacey silicon TEM grid from Ted Pella, Inc.©, which reveals
cracks at MoS, layers in addition to formation of isolated Co,Sg cubic nanoparticles. (b) TEM
image showing one large nanocrystal (~150 nm) of cobalt silicide is observed to be formed after
prolonged heating at 450 °C for 5 min (image and caption adapted with copyrights and permission
of [39] Ramos et al. Elsevier© Ultramicroscopy, 127, (2013), 64-69)

higher stability of the carbide Co/MoS,C, phase at high temperatures. This is also in
agreement with previous results showing that the stabilized active phase under HDS
conditions creates a MoS, carbide phase [37, 94, 100]. Lastly, as presented in
Fig. 5.21b, some cobalt silicide crystals of about 150 nm were also observed after
heating the fresh Co/MoS, catalytic sample using lacey silicon TEM grid at 450 °C
for 5 min. Such an effect was in situ observed previously by van Gurp et al. [101]
by heating Co films in the presence of Si wafers at temperatures comprised between
400 °C and 550 °C.

5.6 Conclusions

In summary, in this chapter we present different cases of study using advanced elec-
tron microscopy methods for morphological, crystallographic, and microstructural
analysis of diverse low-dimension catalytic materials. Results for zeolites indicate a
complex chemical structure with low stability as they disintegrated within seconds
of observation due to beam radiation damage; however, by controlling electron
beam it was possible to subtract relevant information about heavy metals as incor-
porated, to which corresponds to active sites resolving with high degree of accuracy
possible new structures as never reported in the literature; moreover location of light
counterions was also obtained. For case study of tungsten oxide (WQ,) catalytic
materials supported over zirconia it was possible to identify by AC-HRTEM and
AC-STEM the atomistic interaction about both WO; and ZrO, bulk low-dimension
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species; using underfocus to overfocus techniques extraordinary imaging digitaliza-
tion and acquisition were possible with minimum sample damage during TEM and
STEM observations, allowing a rapid interpretation about catalytic structure/func-
tion relationships. Lastly, by using high-resolution TEM technique, it was possible
to determine catalytic atomistic structure for hydroprocessing catalytic material,
indicating that activity is related to synergic bulk contact between MoS, and Co,Sg
crystallographic phases. By using digital information from TEM imaging, a pro-
posed molecular model called “interface” was built and subjected to computer-
assisted numerical simulations using density functional theory methods (DFT).
Results indicate a direct chemical bonding between cobalt and molybdenum species
to form a thiocubane cluster, and Mulliken population analysis reflects an electron
donation from cobalt into molybdenum making the complete electronic structure
more electro-reactive, in high agreement with results found in the literature [14].
Furthermore, a complete “in situ” TEM heating experimentation was completed for
same solid hydroprocessing catalytic powder; results indicate the formation of Co/
MoS,C, phase due to chemical reactivity of fresh catalyst with amorphous carbon
contained in lacey holey 200-mesh TEM grid, causing bending effects and cracks in
MoS; layers and (111)-CoySs, respectively, at 350 °C; in contrast with formation of
cobalt silicide nanoparticles when experiment was conducted using otherwise tem-
perature, beam radiation dosage, electronic settings, and conditions for fresh Co/
MoS, catalytic material in amorphous silicon TEM grid, observations made also
indicate cracks of MoS, layers.
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Chapter 6
In Situ Upgrading via Hot Fluid
and Nanocatalyst Injection

Carlos E. Scott, Lante Carbognani-Ortega, and Pedro Pereira-Almao

6.1 Introduction

The International Energy Agency has estimated that world energy demand will rise
33% by 2040 [1]. Even though there are signs that a transition to lower carbon fuels
and technologies is already happening, the estimated share of these will rise to only
25% (from current 19%) in 2040 [1].

Under this scenario the exploitation of all possible energy resources will be nec-
essary to keep pace with this ever-increasing world energy demand. Thus, hydrocar-
bons will continue to have an important share of the global energy mix, and heavy
crude oils and bitumen, given the magnitude of their resources, are expected to have
a more significant role.

Heavy, extraheavy oil and natural bitumen are originated from degradation of
conventional oil, mainly by bacterial action [2]. They can be defined as petroleum
or petroleum-like materials that are very viscous liquids or semisolids at reservoir
conditions and are found naturally in porous and fractured media [3]. Bitumen
deposits are also called tar sands, oil sands, or bituminous sands. These oils are
characterized by their high viscosity, high density (low API gravity), and high con-
centrations of nitrogen, oxygen, sulfur, and heavy metals.

It has been reported that 70% of the world total oil reserves are in the form of
heavy (H) and extraheavy (XH) oil and bitumen (see Fig. 6.1) which are usually
called “unconventional oil,” with the other 30% corresponding to conventional oil
[4]. Worldwide trends indicate that the supply of conventional oil has been declining
and will continue to diminish in the future.
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Fig. 6.1 Total world oil . i
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25%

Fig. 6.2 Resource triangle for crude oil

Even though H/XH oils and bitumen represent a huge amount of total oil
resources, nowadays they are only a small share of the world oil production.
However, due to the huge deposits worldwide they are getting a higher proportion
of the market. In recent years recovery and refining processes are being technologi-
cally modified to be able to cope with heavier crude oils.

The current low oil price scenario has brought out the need to improve heavy oil
and oil sand recovery technologies. Figure 6.2 shows a resource triangle for crude
oil. As indicated before, conventional oil reserves have higher quality which makes
their production and processing more profitable; however, these are dwindling. In
contrast, there are huge reserves of unconventional oil but the recovery is more dif-
ficult and they require higher oil prices and more sophisticated technologies in order
to make their exploitation economically feasible.
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Table 6.1 Heavy and Type of oil | Viscosity/cp® | API gravity/®
(é(trSa]heavy oil and bitumen Heavy <10.000 10-20
’ Extraheavy | <10,000 <10
Bitumen >10,000 <10

“Viscosities are referenced to original reser-
voir temperature

PAPI gravity = [(141.5/specific grav-
ity)—131.5]. Specific gravity is referenced to
15.6 °C (60°F) and atmospheric pressure

In this scenario, in situ (or downhole) processing has been proposed as a way of
producing synthetic oils from heavy oils and bitumen directly in the reservoir, thus
reducing energy demands for field hydroprocessing and decreasing emissions.

Also, to be transported heavy oils require additional treatments due to their large
viscosities (see Table 6.1) [2, 3]. These treatments most commonly consist of either
heating or diluting with solvents to decrease the viscosity. Blending the heavy oils
with a less viscous hydrocarbon, such as light crude oils, naphtha, kerosene, and
condensate, is common practice; however, as much as 30% in volume of diluents is
usually needed. This dilution practice is problematic because of the necessity to
increase pipeline capacity and the high costs of the diluents. Even though recycling
of diluents can be a solution, a large investment to install a recovery process
(e.g., distillation) and additional pipeline for transporting the solvent back to the
production facilities is then required. This is why nowadays in situ upgrading devel-
opments’ main target is to get an important and permanent viscosity reduction, as
well as a moderate increase in API gravity, instead of high-residue-fraction conver-
sions. Thus producing a synthetic crude oil that is pipelinable (without the need of
diluent addition) is a possibility that offers many advantages over thermal recovery
processes (like steam-assisted gravity drainage, SAGD). In thermal recovery pro-
cesses energy is applied to produce the oil by viscosity reduction but once on sur-
face the oil recovers its viscosity and does not meet specifications to be pipelined.
In contrast, in situ upgrading (ISU) produces a permanent reduction in viscosity and
the oil recovered could have the viscosity required to be transported without any
further treatment.

A group of researchers at the Schulich School of Engineering (University of
Calgary) have developed and patented [5—7] a process called hot fluid injection or
in situ upgrading technology (ISUT) via nanocatalyst that focuses on reducing the
environmental footprint of heavy oil production by enhancing the upgrading of bitu-
men or heavy oil directly in the reservoir. In addition to the granted Canadian pat-
ents, the in situ upgrading technology (ISUT) has been filed for protection in the
United States, Mexico, Colombia, China, Russia, and Brazil. In situ upgrading is a
paradigm shift with the potential to transform the heavy crude oil recovery and
upgrading part of the energy business.

This work is a description of the different aspects as well as the historical devel-
opment of the technology.
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6.2 The In Situ Upgrading Process

As described in the patents [5—7], this technology integrates the enhanced recovery
and in reservoir catalytic upgrading of bitumen based upon the application of nano-
catalytic technology. It consists of separating the heaviest fraction of the oil at the
surface and producing catalytic nanoparticles suspended in this fraction. The heavy
oil fraction, which is typically a vacuum residue (VR), is produced at temperatures
between 320 and 360 °C and then catalytic nanoparticles (dispersed and in that
heavy residue) are produced by a patent pending device [8] and mixed with rela-
tively small volumes of hydrogen that solubilizes in a good proportion in the heavy
hydrocarbon. This cocktail is injected into the reservoir carrying heat (due to its
temperature), thus converting the heavy hydrocarbon to lighter fractions (some of
which act as solvent) and gases, ultimately increasing the recovery of the oil in
place. The nanocatalyst is retained in the reservoir and remains active anywhere
from several months to a few years. The catalyst is only added for a period of time
required to create a “catalytic bed” in the reservoir and the heavy residue is kept in
a loop and converted to a lighter oil in every pass. The produced upgraded oil does
not contain residue (which is continuously separated at the surface and reinjected)
and can therefore be regarded as a high-quality synthetic bitumen/oil that meets
pipeline specification without the need of diluent from the start of the operation.
There is also no need for processing the oil at the surface, which is a required
energy-intensive step for most of the current upgrading schemes.

It has also been estimated that in situ processing yields higher rate of return when
comparing nanocatalytic ISUT with production by SAGD followed by surface
upgrading [9]. This is expectable since in thermal recovery processes energy is
applied to produce the oil (by viscosity reduction) but once on surface the oil par-
tially recovers its viscosity and energy needs to be added again in the upgraders to
produce a permanent reduction in viscosity (as well as improvement of other char-
acteristics). Performing only one thermal treatment for both recovery and upgrading
in the reservoir may lead to a substantial reduction in energy consumption that will
also be beneficial from the point of view of emissions. Also, by producing a pump-
able oil energy consumption used for diluent recovery and transportation is saved.

The process, with some variations, can be applied to different heavy oil reser-
voirs like oil sands, heavy mobile oil, and heavy oil naturally fractured reservoirs,
and in different configurations like double-pair well (injector-producer) and huff
and puff.

Figure 6.3 shows one of the possible configurations for an oil sand reservoir
utilizing a SAGD configuration, and co-injection of steam.

For a catalytic ISU process to be feasible it is important that:

1. The catalyst has a high activity in order to speed up the upgrading reactions at
lower temperatures and pressures that are usually attainable in the reservoir.

2. The catalytic particles can be injected and placed in the reservoir (along with any
other needed additive) in such a way that good contact between the catalyst, co-
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Fig. 6.3 ISUT process configuration for SAGD-type production well [10]

reactants (for example hydrogen), and oil in the heated zone of the reservoir is
obtained. This means that the catalytic particles should be able to navigate
through the porous media around the injector well.

In order to meet the preceding requirements, the following aspects have been
thoroughly researched, and are presented in the next sections:

e Thermodynamics

e The catalysts: particular attention paid to the particle size, composition, and
activity

» Transport of particles in porous media

* Hydrogen: important for the production of stable products and avoiding coke
formation

» Reaction kinetics
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6.3 Thermodynamics

The goal of the ISUT process is to convert the vacuum residue fraction inside the
reservoir. Even though downhole upgrading can be done using longer residence
times, compared to those used in refineries, temperature and pressure are generally
lower. Hydrotreating of VR requires temperatures in the range of 380-450 °C and
pressures of 120—160 bars, conditions which are difficult to get down hole. It is then
important to know which hydrotreating reactions are thermodynamically feasible at
“in-reservoir” conditions. However, heavy oils and bitumen are a complex mixture
of organic compounds with a very wide variety of structures, composition, molecu-
lar sizes, and physical properties, which makes any thermodynamic determination
time consuming. Then, four hypothetical molecules, that can be representative of
the typical fractions considered in VR (i.e., saturates, aromatics, resins, and
asphaltenes), were defined and used in thermodynamic calculations (see Fig. 6.4)
[9, 11, 12]. The structures are only hypothetical and in no way they are intended to
be actual molecules present in natural bitumen or heavy oil.

Saturates (S) CHa

Aromatics (Aro)

Fig. 6.4 Hypothetical model molecules representing the SARA fractions in a VR for thermody-
namic evaluation [9, 11, 12]
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Fig. 6.5 Gibbs free energy for asphaltenes cracking under different conditions [11]

Gibbs free energies were calculated using a group contribution method, to deter-
mine which cracking reactions were spontaneous in the range of 150-
350 °C. Different reaction routes were explored and it was determined that thermal
cracking, in the presence of steam or hydrogen, and hydrogenation of aromatics
were the most viable pathways for temperatures achievable during in situ upgrad-
ing. Similar trends to the one shown in Fig. 6.5 (for asphaltenes) were obtained for
the other fractions. The implication of these results is that in situ upgrading using
hydrogen is the most promising alternative since hydrocracking is feasible for all
heavy fractions in the 250-350 °C range. Thermal cracking (no hydrogen) of the
alkyl chains in resins and asphaltenes becomes significant at temperatures above
300 °C, but with the concomitant production of olefins [9] and coke precursors.

6.4 Nanocatalyst Preparation and Activity

From thermodynamic calculation it was determined that carbon-carbon bond cleav-
age in the presence of hydrogen was the most appropriate way of cracking (hydro-
cracking) the VR fraction under reservoir conditions. However, how fast the
reactions proceed in the directions proposed is not inferred from thermodynamics;
only the spontaneity is assured. It is well known that the rate of a reaction is gener-
ally increased by increasing the temperatures, but most effectively and selectively
by the use of catalysts.

Nanocatalysts are particularly suited for in situ upgrading since the particles are
small enough (10-100 nm) to navigate through the porosity of the reservoir without
any permeability impairment of the same, and they have very large surface area and
hence very high activity. From the preceding, an initial strong effort was dedicated



136 C. E. Scott et al.

to find the ways of producing nanoparticles and the most suitable way of injecting
them into the reservoir while leading to a good contact between the particles and
the oil.

Thus, Vasquez [13] carried out the preparation of Co-Mo and Ni-W catalysts in
a continuous system, by mixing two water-in-oil (W/O) emulsions containing the
metallic salt precursors, and thermally decomposing the mixture to produce the
solid catalysts dispersed in the hydrocarbon media. A base lubricant oil was used as
hydrocarbon medium, because its transparency allowed the determination of the
sizes of the dispersed solids by dynamic light scattering (DLS). It also has an initial
boiling point higher than catalyst preparation temperature, thus avoiding a signifi-
cant fractionation of the oil during the thermal treatment of the emulsions. A portion
of the solids dispersed in the oil were separated by centrifugation and washed with
toluene. Solids thus obtained were characterized by temperature-programmed
reduction (TPR), X-ray diffraction (XRD), and scanning electron microscopy
(SEM). Solids with different Ni/(Ni + W) and Co/(Co + Mo) atomic ratios were
prepared. The activity of the catalysts, for thiophene hydrodesulfurization (HDS)
and toluene hydrogenation (HYD), was determined in a continuous-flow microreac-
tor. Particles with diameter between 150 and 650 nm, as determined by DLS, were
obtained. The XRD patterns showed them to be amorphous and the main compo-
nents were Mo and Co sulfides (for the Co-Mo series) and Ni and W sulfides (for
the Ni-W series). Typical volcano curves, usually observed in hydrotreating reac-
tions for this type of solids, were obtained for the hydrogenation of toluene (see
Fig. 6.6) using presulfided particles. The activity maxima for HYD were found at
Ni/(Ni + W) and Co/(Co + W) atomic ratios of 0.5 and 0.33, respectively [9, 13].

Thompson et al. [14, 15] using a similar preparation method studied the effect of
the decomposition temperature on particle size in the synthesis of molybdenum
ultradispersed (UD) catalysts from water-in-oil emulsions in a continuous-flow
system in two different configurations: horizontal reactor and vertical reactor.
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Fig. 6.6 Toluene hydrogenation using Co-Mo and Ni-W bulk catalysts [13]
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The particles obtained were characterized by DLS, SEM, and XRD, and their
activity in toluene hydrogenation was determined.

DLS characterization results indicated that the horizontal configuration produces
particles with less dispersivity. Particle size increases from 98.5 to 658.9 nm with
increasing decomposition temperature from 498 to 598 K. SEM results indicate that
the particle diameter determined by DLS is in fact the result of agglomeration of
smaller primary particles of 30-50 nm in diameter (see Fig. 6.7). Also, according to
XRD, the original particles obtained are a mixture of MoO, and MoOs (in this prep-
aration no sulfiding agent was added); however, after the toluene hydrogenation
reactions with the as-prepared solids, the particles are converted to a new active
phase, possibly molybdenum carbide. The results also suggest that the mechanism
of particle size increase is most likely caused by physical agglomeration and not
crystal growth [15].

Contreras et al. [16, 17] prepared nanoparticles of Ni, Mo, and NiMo using ther-
mal decomposition of transient emulsions (emulsions that are sustained by the
energy supplied to create them, but when the energy source is cut off the emulsion

Fig. 6.7 Scanning
electron microscope
images of particles
produced from (a) VR at
523 K and (b) 498 K [15]
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tends to break in a short time frame), which were immediately decomposed after
being formed in a continuous-flow system. In these preparations the dispersant used
was base lubricant oil and no surfactant was added, thus producing a suspension of
particles in the hydrocarbon media. This type of preparation was explored since
injection of emulsions, or hydrocarbons containing surfactants, in a sand pack leads
to partial plugging of the core (see Sect. 5). The study was done taking into consid-
eration different parameters for the preparation of the transient emulsions, like the
concentration of the precursor metallic salts, water percentage, use of surfactant,
and intensity of mixing the various solutions. The characterization was done via
DLS and transmision electron microscopy-energy dispersive spectroscopy (TEM-
EDS). Also, the HDS of vacuum gas oil (VGO), with the nanoparticles produced
directly in the VGO, was evaluated.

It was found that the prepared particles had average diameters, determined by
DLS, in the range of 150-500 nm (depending on the conditions used for the prepara-
tion); however, the primary particle size observed by TEM was around 35 nm, indi-
cating that the particle size obtained by DLS is the result of agglomeration of smaller
particles. Freshly prepared particles contain mainly carbon, molybdenum, and oxy-
gen, which suggests that the particles are mostly molybdenum oxide (carbon comes
from the preparation matrix). A synergetic effect was observed for the hydrodesul-
furization (HDS) of the VGO, which confirms the results found by Vasquez [13]. The
high-resolution transmission electron microscopy (HRTEM) of the particles after
reaction shows the characteristic laminar structure of MoS, (Fig. 6.8).

The relationship between particle size (for molybdenum sulfide) and HDS activity
was also studied [18]. Particles were prepared by addition of polyvinylpyrrolidone
(PVP) in different concentrations to a solution of ammonium tetrathiomolybdate and

Fig. 6.8 HRTEM image
of NiMo particles after
reaction [16]
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Table 6.2 MoSx particle Particle size/

diameter and HDS conversion Catalyst (nm) HDS/%

(16, 18] MoS,-PVP (0.5) |13 = 1 4
MoS,-PVP (0.02) | 136 + 32 28
MoS,-PVP (0.01) |400 = 130 30
MoS,-PVP (0) 10,200 + 2000 | 18

then acidifying with a sulfuric acid solution to precipitate nanoparticles of MoS;
(which is easily converted to MoS, by thermal treatments). This methodology was
chosen (instead of transient emulsion) in order to produce particles with a well-
defined and narrow distribution of sizes. The prepared particles were characterized
by DLS, TEM, XRD, and X-ray photoelectron spectroscopy (XPS), and tested in
the HDS of a vacuum gas oil (VGO). A correlation between particle diameter and
HDS conversion (see Table 6.2) was observed; thus for particles with sizes around
13 nm, the % of HDS was double than that of bulk molybdenum sulfide and also
significantly higher when compared with particles with sizes around 100—-400 nm.
It was also observed that particle morphology can have an important influence in
their activity.

This result shows the importance of having the smallest particle size possible to
get the best activity for in situ upgrading applications.

6.5 Flow of Nanocatalyst Through Porous Media

Scientific literature on the flow of nanoparticles in porous media is scarce, in par-
ticular when the particles are suspended in hydrocarbons like the ones targeted in
the ISU process.

Different ways of preparing and introducing the ultradispersed catalyst (UDC) in
the processes have been proposed [19]:

1. Dispersion of fine powder in the hydrocarbon media.

2. Water-in-oil emulsion where oil-soluble salts of the precursors are dissolved in
the aqueous phase. The emulsion is decomposed during the processing of the
heavy feedstock, which produces the metallic precursors that are then converted
to the active species during the hydroprocessing.

3. Solubilization of lipophilic metal compounds in the feed: During the processing
of the feedstock these oil-soluble compounds are converted into the catalytically
active species.

For downhole upgrading introduction of water-in-oil emulsion is normally
proposed.

For the ISUT process it is required that the catalytic particles are placed in the
formation where the upgrading reactions can be speeded up, which implies that they
have to flow through the porous media without any impairment of the reservoir’s
permeability. The propagation of submicrometer-sized catalytic particles in the
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porous media was studied by Zamani et al. [20]. Initially, the propagation of molyb-
denum particles suspended in heavy vacuum gas oil (HVGO) at room temperature
was studied. For the preparation of the dispersed catalytic particles in the oil a sur-
factant was added during the emulsification stage. It was found that nanodispersed
particles can propagate through the sand without causing permeability damage;
however, the presence of any residual surfactant (left in the catalytic suspension)
produced the emulsification of the original connate water which caused a pressure
drop not related to the deposited particles. It was also found that between 10 and
20% of the injected catalyst remained deposited in the sand pack and that the
retained particles cannot be removed by flowing HVGO. The retention of the par-
ticles was irreversible and attributed to adsorption on the surface of the sand. In a
continuation work [21] the effect of sand bed temperature, salinity of the brine, and
permeability of the pack, in the propagation of the catalytic particles, was also stud-
ied. HVGO was again used for the suspension of the particles but for this study no
surfactant was added during the nanodispersion preparation. No significant changes
were found in relation to the previous paper [20]. In particular, increasing the sand
pack temperature to 150 °C did not show any adverse effect on the behavior of the
propagation of the catalyst.

Rendon [11] studied the flow and deposition of catalytic tri-metallic particles
(Ni-Mo-W) using a sand pack that simulates a sandstone reservoir, under upgrading
conditions (i.e., temperatures between 320 and 340 °C and in the presence of 500
psig of hydrogen). The suspension was prepared using Athabasca bitumen (ATB)
and the reactivity of ATB and deasphalted oil (DAO) on the sand pack, where the
catalyst had already been deposited, was also tested.

It is reported that at higher temperatures and longer residence times the percent-
age of particles retained in the sand pack increases and that the retention is irrevers-
ible in agreement with the work by Zamani et al. [20, 21]; however, under the
conditions tested no catalyst was found in the products collected suggesting total
retention of the particles injected.

Also, a model for the transient deposition and suspension of nanoparticles
immersed in viscous media was developed [22-27]. This is important because dur-
ing the injection of the nanocatalysts in the reservoir any particle deposition in the
injector tubbing should be avoided. The time-dependent concentration of particles
deposited in confined horizontal cylindrical channels or flowing through horizontal
cylindrical channels was obtained with the model, the aim being to estimate the
maximum size of the particles that allows them to remain suspended in the liquid
hydrocarbon. Correlations between the model and experimental results, using dif-
ferent types of nanoparticles, showed good fittings. Also, the model predicts that for
a suspension of MoO; particles in Athabasca bitumen flowing in pipes at tempera-
tures between 340 and 380 °C, those with diameters below 150 nm are unlikely
deposited in the channels (see Fig. 6.9, where the normalized particle concentration
in the bottom of the pipe against particle diameter is presented). The importance of
using nanoparticles of catalyst for ISU applications is put in evidence.

The kinetics of agglomeration of Fe,O; nanoparticles suspended in oil was also
investigated [27, 28]. The variation of the particle diameters with time at different
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Fig. 6.9 Effect of MoO; particle diameter (dispersed in Athabasca bitumen) and temperature on
its deposition when flowing through pipes [27]

temperatures and concentrations was studied. It was found that particles agglomer-
ated until a critical diameter was reached which depends on the particle concentra-
tion and temperature. A kinetic model was developed which accurately reproduces
the experimental results (error <5%). Finally, activation energies suggest that the
agglomeration process is mainly physical, i.e., adhesion of particles resulting from
collisions rather than chemical bonding through reconstruction of smaller crystals
into large ones, in agreement with the previous report [15]. Rodrigues-DeVecchis
et al. [29] determined the size of the catalytic particles suspended in bitumen using
nanoparticle tracking analysis (NTA). The particles were also deposited in a sand
pack using temperature, pressure, and residence times similar to those proposed in
the ISUT process. It was found that the particles formed and suspended in the bitu-
men had an average diameter of 110 nm (mode) and that 80% of the particles have
diameters between 57 and 176 nm. The suspension was passed through a sand pack
using a vertical unit in upflow configuration in order to do the catalyst deposition on
the sand. The deposition was done at 300 °C with a residence time of 24 h during
9 days. After the deposition step the unit was opened and sand samples were taken
at different positions along the pack for TEM analyses. Catalytic particles were
observed in all the samples and the average diameter was smaller at the entrance
(85 nm) than at the exit (165 nm) with sizes similar to those determined in the bitu-
men suspension by NTA. EDX analysis was used to assure that the measured par-
ticles corresponded to catalyst and not to any other mineral deposited in the pack
during the experiment, for example vanadium and iron originally in the oil. It was
found, in agreement with previous work [11], that all the metal added as catalyst
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Fig. 6.10 Metal content evolution in the liquid products during catalyst deposition [29]

was retained in the sand pack. Figure 6.10 [30] shows the concentration of the added
metals in the effluents collected after passing several pore volumes through the sand
pack (the concentrations at 0 MB represent the amount of catalytic metal in the
catalyst-bitumen suspension). The effect of the temperature and residence time on
the catalyst deposition has also been investigated [30] and it was found that inde-
pendent of the residence time and temperature more than 95% of the particles are
retained attached to the sand.

The effect of type of mixer (static and high shear) and the sulfiding agent (ammo-
nium sulfide and thiourea) on the particle size and composition of the catalyst, sus-
pended in bitumen, has also been studied [31]. The particle sizes were determined
using NTA and the composition by XPS. Particles with varying sizes (80-200 nm)
were obtained with the smaller ones being the ones prepared using high shear mix-
ers and ammonium sulfide. Even though in the particles obtained with both sulfid-
ing agents (ammonium sulfide and thiourea) the metals were not completely
sulfided, the use of thiourea produced a higher proportion of the metals as sulfides
(the rest present as oxides).

6.6 Athabasca Bitumen Upgrading at Low-Severity
Conditions

6.6.1 Batch Reactor Experiments

One important aspect of the ISUT process is the injection of hydrogen along with
the heavy hydrocarbon containing the nanocatalytic particles suspended. Catalyst
and hydrogen are both important since pure thermal processes inevitably lead to the
formation of coke and olefins that have the tendency to polymerize and produce
gums, which can have negative effects on reservoir permeability and quality of the
oil produced.



6 In Situ Upgrading via Hot Fluid and Nanocatalyst Injection 143

The amount of hydrogen used is very low compared to what is normally used in
refineries, and an important proportion is solubilized in the oil [32-34]. The combi-
nation of the hydroprocessing/hydrotreating catalyst and hydrogen, along with the
relatively low temperatures used in the process, reduces the possibility of coke and
coke precursor formation by saturation of the free radicals formed. It also produces
the partial removal of organosulfur compounds and asphaltenes. Thus, the hydro-
cracking of bitumen using ultradispersed nanocatalysts at conditions of pressure,
residence time, and temperature that can be obtained in reservoirs when using the
ISUT process has produced very promising results.

Galarraga et al. [35, 36] carried out the hydrocracking of Athabasca bitumen at
low-severity conditions, using Ni-Mo-W (1000 wppm) tri-metallic catalytic parti-
cles dispersed in the oil. The preparation of the catalytic dispersions was done using
a methodology similar to previously reported [37—41]. Water-in-oil (w/o0) emulsions
were produced by addition of aqueous solution of the metals to a mixture of bitu-
men and surfactant previously homogenized. Two types of feeds were used for the
upgrading experiments. The first type was charged in the batch reactor almost
immediately after preparation (fresh emulsions). The amount of water determined
in these emulsions was around 4.4—4.3 wt. %. The second type (dry emulsions) was
obtained by letting the freshly prepared emulsions to stand for 8 h at 313 K with
stirring. The amount of water in these feeds was reduced to less than 0.5 wt. %.
Then the reactor (batch) was charged with the emulsion and the hydrocracking of
the bitumen was performed (593—-653 K, 2.5 MPa of hydrogen, 5-69 h, 500 rpm).

The products obtained from reactions using dry emulsion showed an increase in
the residuum and sulfur conversions from 45 to 56% and 17.5 to 37.5%, respec-
tively, when compared to those obtained from fresh emulsions. Also, the amount of
coke is reduced from 1.3 to 0.2%, as well as the microcarbon residue (MCR) from
14.6 to 11.1%, when dry emulsions were used. It is suggested that the water present
in the fresh emulsion is released during the reaction consequently reducing the
hydrogen partial pressure, thus possibly having a detrimental effect on the catalysts,
and on the conversion. Increasing the reaction temperatures (623—-653 K) leads to a
rapid increase in residue conversion and, at all temperatures tested, as the reaction
time increases the conversion levels off and reaches a pseudo state of equilibrium.
In summary, it was found that upgrading of Athabasca bitumen using relatively low
temperature and hydrogen pressure is possible provided that long reaction times are
used. Conversions up to 56% of the residuum fractions with important decrease in
the viscosity and a significant reduction of the amount of coke produced (in relation
to a thermal non-catalytic upgrading), as well as sulfur and MCR, in the final syn-
thetic bitumen were observed. Also, transmission electron microscopy (TEM) of the
solid collected after the reaction (380 °C and 5.8 h) evidenced the presence of two
distinctive type of particles. Relatively large (500-1000 nm) and black particles
were assigned to coke, while the smaller ones (<200 nm) were considered to be
catalytic particles by comparison with a sample of catalyst prepared by decomposi-
tion of an emulsion but not submitted to reaction conditions (see Fig. 6.11).
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Fig. 6.11 TEM microphotographs of catalysts: (a) obtained by direct decomposition; (b) obtained
after HCK reaction [35]

Reactions were also carried out, at near in-reservoir conditions, in the presence
of a sand matrix (SiO, > 98%). It was found that the incorporation of sand has a
beneficial impact on the vacuum residue fraction conversion [36].

6.6.2 Continuous Flow in Sand Packs at ISUT Conditions

Several works have been carried out using vacuum gas oil (VGO) [42, 43], deas-
phalted oil (DAO) [11], bitumen [11, 44], and VR [44, 45]. Rendon [11] injected
Athabasca bitumen (AB) containing the ultradispersed catalyst and found that using
a hydrogen flow equivalent to 90 stdem?® per cm?® of bitumen is enough to trigger
hydrotreating reactions when long residence times are used (18-74 h) at 320-
340 °C. It was also shown that once the catalyst is deposited over the sand grains the
reaction continues without the need of further injection of ultradispersed catalyst.
The sand with the deposited particles acts as a fixed bed of catalyst. Deasphalted oil
was also used as feed and injected into the sand pack with catalytic particles already
attached to it at 320 °C and residence times of 74 and 108 h. Conversion of the resi-
due fraction of the DAO of around 25% was obtained for the most severe condition,
indicating the effectiveness of the catalytic particles deposited in the sand to pro-
mote hydrotreating reactions of bitumen and DAO at ISUT conditions.

Coy [44], using similar conditions as in the previous work [11], evaluated the
injection of bitumen and VR to a sand pack (SiO, > 98%). In this case VR was used
to suspend the catalytic particles which were injected to the sand (simulating a sand-
stone reservoir) in order to produce a sand-supported catalytic bed. The amount of
catalyst deposited was 0.14-0.23 wt. % of the sand weight. After the initial catalyst
deposition step, VR and hydrogen were injected continuously at residence times
spanning from 133 to 377 h for several pore volumes and finally bitumen and hydro-
gen were injected for several additional pore volumes (always using the same
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catalyst/sand pack). In total around 70 pore volumes of the different feeds were
injected. A thermal run (no catalyst) using VR was also carried out in order to deter-
mine whether any observed VR conversion was attributable to the presence of the
catalyst. At similar conditions (24-27 h of residence time and 301-304 °C) the VR
conversion was around 20 percentage points higher (21.7-23.3% vs. 4.4%) for the
catalytic test. At higher residence times (around 300 h) conversions of the VR frac-
tion of up to 32% were obtained. It was also observed that the sand pack permeabil-
ity did not significantly decrease after the tests.

Carbognani et al. [45, 46] and Hovsepian et al. [47] studied the conversion of
Athabasca VR working at ISUT conditions using a two-dimensional bench plant
(different from previous work) designed to have a system with different vertical and
horizontal permeability (see Fig. 6.12 for a schematic representation of the setup).
Experiments were carried out at 500 psig, 350 °C, and hydrogen oil ratio of 300 scm?
per cm?® of VR injected. Residence times of 24, 72, and 288 h were used.

It was found that the VR was converted in the system (up to 60%) and that the
API gravity increased substantially (from 2.4° to 16.4°) with reduction in the sulfur
content (4.5-2.3%) and the viscosity (99.98% reduction). The oil left inside the
system after the test was recovered and the presence of extremely light material
were evidences in the lower horizontal branch (see Fig. 6.12).

Pay zone

Vertical dimension: 61 cm
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| :
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high permeability zone
—

n""‘w-'- _ Inlet well

| T

Interwell: ZOCM{ i*—s;—-i

reaction zone oy _oocm W
h 4 - &

Outlet well

Bottom layers

Fig. 6.12 Schematic of the two-dimensional unit representing vertical and horizontal permeabil-
ity in a sandstone reservoir [46]
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6.7 Kinetics for Athabasca Bitumen at Low-Severity
Conditions

For ISUT it is important to know if the hydrocarbon to be injected into the reservoir
is reactive at the conditions of the process (low temperatures and long residence
times), then an important effort has been devoted to get the kinetic parameters (acti-
vation energies and pre-exponential factors) for the different studied feeds. Also, for
reservoir’s simulation purposes kinetic parameters are needed [48].

Thus, Loria et al. [49] using bitumen as a feedstock and a continuous upflow
reactor (reaction conditions shown in Table 6.3) determined the kinetic parameter
for the hydrocracking of the oil. The catalyst was introduced in the form of an emul-
sion prepared according to a previous work [35]. Also, Galarraga et al. [50] worked
with a 100 cm? batch reactor (conditions shown in Table 6.3) using a catalyst
obtained from a water-in-oil (w/0) emulsion and having 1000 ppmw of active met-
als. The kinetic model used in both works to get the kinetic parameters for the
hydrocracking of the bitumen includes five lumps: residue, vacuum gas oil (VGO),
distillates, naphtha, and gases, and ten reactions (ky, ..., ko) (see Fig. 6.13) as previ-
ously proposed [51]. The values of the kinetic constants as well as those for the
activation energies for each reaction are reported in Table 6.4.

Similarly, Da Silva [52] studied the hydrocracking of ABVR and ABVR’s pitch
(ABVR-Pitch), using a combination of catalysts and hydrogen at conditions similar
to those that would be used in the ISUT process, and found that it is possible to
convert the VR, reduce viscosity as well as sulfur and asphaltene content, and pro-
duce an increment of the API gravity.

Some common features of the kinetics determinations for the different feed-
stocks are the following:

(a) Naphtha hydrocracking is insignificant (k, values are negligible).
(b) Kinetic constants for the conversion of VGO into gases (kg) are 0.
(c) Likewise, the values obtained for &, (distillates to gases) are null.

From the values reported, the residence time needed to achieve 50% residue
conversion fraction of AB, at 623 K (350 °C), is in the range of 40—120 h, which
indicates that the use of low temperatures in the ISUT process can be compensated
with the higher residence times feasible in the reservoirs which allows for similar
residue conversions obtained on surface upgrading.

Table 6.3 Reaction conditions

Loria et al. [49] | Galarraga et al. [50] | Da Silva [52]
Temperature/K 593-653 593-653 593-668
LHSV/h! 0.020-0.11 0.008-0.05
Hydrogen-to-oil ratio/stdem® cm™ | 625 - 90
Pressure/MPa 2.76 3.45 3.45

Std = standard
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Fig. 6.13 Kinetic model for catalytic hydrocracking of Athabasca bitumen (AB), Athabasca vac-
uum residue (ABVR), and pitch (ABVR-Pitch)

Table 6.4 Activation energy for the hydrocracking of Athabasca bitumen (AB), its vacuum
residue (ABVR), and pitch obtained from ABVR according to the model shown in Fig. 6.13

Reference Loria et al. [49] Galarraga et al. [50] Da Silva [52] Da Silva [52]
Feed AB AB ABVR ABVR-Pitch
Reaction

1 136 172 76.6 144.4

2 145 157 70.8 168.3

3 146 242 363 487.9

4 _ _ _ _

5 167 277 43.2 173.3

6 192 272 58.1 179.8

7 261 303.1 147 276.0

8 _ _ _ _

9 190 343 - -

10 - - - -

Rodrigues-DeVecchis et al. [53] obtained the kinetics parameters for the thermal
decomposition of ABVR in the presence of hydrogen and using a sand-packed reac-
tor (no catalyst). It was found that the activation energies were generally high and
that the products were unstable for conversion higher than 30%, and that a substan-
tial amount of coke was left behind in the sand matrix.

6.8 Conclusions

One of the key outcomes of the work is that the patented ISUT process is able to
produce a pipelinable oil at achievable conditions for an Athabasca-like reservoir.
Nanocatalysts injected into the reservoir, suspended in a hot fluid, are almost totally
retained attached to the rock and keep its activity for a long time. The addition of
hydrogen and the temperature conveyed by the hot fluid allow the conversion of the
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heavier fraction of the heavy oil or bitumen. It was also demonstrated that the
method of preparation and incorporation of the nanocatalyst is a key factor for the
process to be efficient. Injection of emulsion in a sand pack produces emulsification
of connate water and leads to pressure drops and reduction in permeability.
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Chapter 7
Porosity and Fractality of MoS, and MoS,/
Co-catalytic Spheres

Check for
updates

Félix Galindo-Hernandez, Ilke Arslan, José Manuel Dominguez,
and Manuel Ramos

7.1 Introduction

Layered transition metal sulfide, particularly molybdenum disulfide (MoS,), is one
of best nanoscaled materials for catalytic purposes [1, 2]. It has been extensively
used for the production of low-contaminant liquid fuels from crude oil [3, 4],
which is vital to supply energy demands worldwide. MoS, has a natural semicon-
ducting electronic structure, as measured by experimental and theoretical tech-
niques with a band gap in the range of 1.2-1.8 eV [5], and can be tuned into
metallic when combined with either nickel or cobalt in small amounts, creating
what is known as Co/MoS, or Ni/MoS, metallic phases [6-9]. Nowadays, the loca-
tion of promoter atoms usually cobalt or nickel is well known and several models
to explain that have been proposed in the literature throughout years; Farragher and
Cossee [10] proposed a “pseudo-intercalation” model having Co atoms at octahe-
dral sites of MoS, layers; later Delmon et al. proposed a “synergic model” having
the mix crystallographic phase of MoS, and CoySg [11]; one of the most used mod-
els is the one proposed by Topsge et al. who proposed metallic states at the edge of
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MoS, layer, having a chemical bonding among S-Co-S-Mo by permuting cobalt
atoms at molybdenum sites in typical 1H-MoS, layer, based on characterization
using Mossbauer spectroscopy [12]. A “rim-edge” model was proposed by
Chianelli et al. determining catalytic activity and specific edge or rim sites within
stacking structure of MoS, and explaining both activity and selectivity [13]. Lately,
Lauritsen et al. described a density functional theory (DFT) and scanning tunnel-
ing microscopy (STM) to describe metallic edge sites due to insertion of cobalt at
the edges as proposed by Topsge et al. [14, 15]. However, MoS, material seems to
be versatile when it comes to the final morphological structure, meaning that it is
possible to have triangular clusters, nanotubes, fullerenes, and spheres, as described
in detail by Remskar et al. [16], Camacho-Bragado et al. [17], Blanco et al. [18],
and Ramos et al. [19]. Furthermore, it has been possible to use electron microscopy
techniques to determine crystallographic aspects of MoS, with and without pro-
moters, as described by Ramos et al. who were able to determine interaction
between mixture of (111)-CosSg and (101)-MoS, and confirmed with DFT models
to explain the electrodonation from cobalt into molybdenum atoms due to forma-
tion of thiocubane clusters at the edge of interface [20], promoting the electronic
band structure of MoS, from semiconductor into metallic [20]. TEM offers also a
dynamic way to proceed with in situ operando experiments, as demonstrated by
Helveg et al. who were able to synthesize MoS, from molybdenum oxide under
hydrogen sulfide-rich atmosphere [21]; Casillas et al. were able to determine the
mechanical resilient nature of 2H-MoS, laminates due to induced external pressure
by atomic force microscope tip on TEM holder [22] and Ramos et al. were able to
determine carburization effects above 350 °C due to carbon grid content using
heating stage during TEM observations [23]. Scanning transmission electron
microscopy and 3D electron tomography had been used also to perform extensive
characterization on catalytic materials, as described by Midgley and Dunin-
Borkowski [24]; Ziese et al. implemented STEM-electron tomography techniques
to determine the gold nanoparticle distribution over a SBA-15-type matrix [25] and
Arslan et al. used electron tomography technique to locate catalytic gold nanopar-
ticle alumina oxide matrix support [26]. Here we present a hydrothermal synthesis
to achieve MoS, and cobalt-promoted MoS, catalytic particles and a comprehen-
sive study by surface fractal dimensions at the molecular level to determine any
textural and structural aspects due to Co insertion at MoS, crystallographic lattice.
Surface fractal dimensionality is related to the roughness, steps, and kinks at the
molecular scale and it plays a key role for heterogeneous catalysts, as pointed out
by several authors [27, 28]. We propose this parameter as an important one for
gauging catalytic behavior of Co-promoted MoS, catalysts and as a complement of
“electronic effects” induced by insertion of the Co promoter, because it modifies
both textural and structural properties of MoS,; this is the first time that fractal
dimensionality is shown as a result of Co-promoter insertion in spherical particles
of MoS, and the profound effects on both texture and structure as verified in the
case of MoS,/Co system.
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7.2 Experimental Methods and Results

7.2.1 Hydrothermal Synthesis of Co/MoS, and MoS,

The experimental procedure is following previous investigations found in the litera-
ture; the spherical shape was prepared using 3 mmol of sodium molybdate
(Na,Mo00,-:2H,0) and 9 mmol of thioacetamide (CH;CSNH,), which were dis-
solved in 30 mL of deionized water, and then 0.5 g of sodium silicate (Na,SiO3-9H,0)
was added into the solution under violent stirring. The pH value of the solution was
adjusted to 6.0 by dropping 12 M hydrochloric acid (HCl) solution during violent
stirring. 0.50 g of cobalt chloride (CoCl,) was added to the solution before the
hydrothermal reaction. Once cobalt is added the new solution becomes magenta
color-like. The resulting magenta solution was transferred to a 50 mL Teflon-lined
and placed inside the hydrothermal reactor rising temperature value to 220 °C
(inside the chamber at 1200 psi) for 24 h and allowed to cool down naturally. The
black resulting precipitates were collected and washed first with 1 M of sodium
hydroxide (NaOH) solution for several times to remove possible residues specially
from silicic acid and later with deionized water and absolute ethanol; finally both
products were dried separately at 60 °C for 6 h in open-flow furnace. It was observed
that formation of sulfide phase depends on synthesis temperature as confirmed by
scanning electron microscopy techniques.
The reaction profile occurs as follows, as described by Ramos et al. [19]:

(1) 6CoCl,6H,0+12Na,MoO, +Na,SiO, +26HCl - H,SiCo,Mo,,0,,
+26NaCl +47H,0 +6Cl,

(2) CH,CSNH, +2H,0 — CH,COOH + NH, +H,$S
(3) H,SiCo4Mo,,0,, +27H,S — 12Co, ;MoS, + H,SiO, +3H,S0, +25H,0

7.2.2 Morphology Aspects by Scanning Electron Microscopy

Scanning electron microscopy is a reliable straight-way route to validate morpho-
logical and structural aspects on materials [28]. Here, samples were studied on a
field-emission SEM model FEI® nova 200 at 20 kV; each individual product was
placed directly onto a carbon double-sided tape. The results indicate a spherical
shape morphology for MoS, with homogeneous distribution as presented in
Fig. 7.1a. The exact mechanism of spherical shape formation is unknown until now,
but possible causes could be the particle surface’s energy and hydrothermal pressure
conditions as described by Li et al. [27]. Figure 7.1b presents a more detailed aspect
of the particles for pure MoS,. The cobalt added can be dispersed on the spherical
surface (Fig. 7.1c).
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Fig. 7.1 (a) Scanning electron micrograph of spherical shape MoS, with homogeneous distribu-
tion particles. (b) A more detailed aspect of particle surface; it is possible to observe the edges of
MoS, layers. (c¢) Cobalt addition on MoS,; it is possible to observe surface dispersion [images
adapted with rights and permissions from Ramos et al. Sci. Report., 7: 12322]

7.2.3 Structural Aspects by High-Resolution TEM

The structural aspects of MoS, spherical shape particles were investigated using a
high-resolution transmission electron microscope (HRTEM) with a 2200-JEOL
instrument at operational voltage of 200 kV, which was fitted with a Cs corrector
(CEOS GmbH) and FEG-STEM/TEM unit; a HAADF probe size was set to
0.095 nm with a current of 23.2 pA for bright-field imaging; the condenser lens
aperture size was set to 40 pm. A camera length (CL) of 8 cm/6 cm and collection
angle of 68-280 mrad/90-270 mrad were set for STEM images, to eliminate contri-
butions from un-scattered beams. The specimens were prepared for electron micros-
copy by isopropanol ultrasonic dispersion and one drop was dried at holey carbon
grid. All images were reconstructed using Gatan Digital Micrograph® computa-
tional package. Figure 7.2a, b shows a TEM image of a MoS, spherical shape par-
ticle cluster and Fig. 7.2c a more detailed image at 40,000x of magnification where
it is possible to observe typical needlelike structures corresponding to layers, and
interlayers of S-Mo-S (see Fig. 7.2d, e), and Fig. 7.2f indicates that cobalt addition
can disperse the layers creating a more pronounced needlelike structure.

7.2.4 Electron Tomography by TEM

The images taken by using ultrahigh-resolution TEM in FEI Tecnai F20 instrument
operating at 200 kV in STEM mode. Images were acquired using Digital
Micrograph® software for every 2°, from —70 to +70 with a total of 71 images for
each tilt series. All images were aligned with respect to each other using the center
of mass of the particle, as described in detail by Sanders et al. [28], which were used
to achieve the 3D reconstruction using total variation (TV) regularization and visu-
alized using TOMVIZO software [29, 30]. Figure 7.3a shows a series of three-
dimensional aspects for both pure MoS, and Fig. 7.3b for Co/MoS, particles. The
computational software Novawin®© 11.03 was used for all the numerical simulations
for porous size distribution and textural properties.
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Fig. 7.2 (a, b) TEM images in dark- and bright-field modes, respectively, for spherical shape
MoS; particles. (¢) Image of one sphere at 40,000x of magnification is possible to observe needle-
like layers. (d, e) Corresponds to columns of atoms at the interlayers of S-Mo-S for pure MoS, and
(f) to needlelike column of atoms with cobalt addition [images adapted with rights and permissions
from Ramos et al. Sci. Report., 7: 12322]

Fig.7.3 (a) A series of three-dimensional electron tomography images of MoS, spherical particle;
it is possible to observe fractal dimensions and porosity. (b) A series of three-dimensional electron
tomography images of Co/MoS,; it is possible to observe surface dispersion and more needlelike
array of laminates (orange and blue colors are just added to differentiate one from other) [images
adapted with rights and permissions from Ramos et al. Sci. Report., 7: 12322]
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Fig. 7.4 X-ray diffraction patterns and Rietveld’s refinement for (a) MoS, and (b) Co/MoS,. It is
possible to observe a sharp peak at (003)-basal plane when cobalt atoms are present as compared
to pure MoS,; on the sample, which could be attributed to surface dispersion [images adapted with
rights and permissions from Ramos et al. Sci. Report., 7: 12322]

7.2.5 Powder XRD and Rietveld’s Refinement

All diffraction patterns were obtained with a Bruker Advance D-8 diffractometer
fitted with Bragg-Brentano geometry (Fig. 7.4), using CuKa radiation and a
Lynxeye-type detector. The intensities were obtained in the 2-theta ranges between
10 and 100° with a step of 0.019447° and a measuring time of 10 s per point. The
crystalline structures were refined by Rietveld’s method using TOPAS-Academic
software [31]. All theoretical crystal density was calculated by the following equa-
tion: peys = (2)(MM) (Avogadro’s number)~'/cell volume, where Z is the number
of molecules per cell and MM is the molecular weight. Results are presented in
Fig. 7.4 corresponding to MoS, and Co/MoS,.

7.2.6 Radial Distribution and Electron Distribution Functions

The distance (r) between atoms in MoS, and MoS,(Co) crystallites was obtained by
radial distribution function G(r) up to 6.5 A, in a Siemens D500 diffractometer fitted
with a molybdenum anode X-ray tube. The intensities were measured in a step-by-
step mode of 0.01°, from 2 to 110° (20), using the Radiale program [32]. Results are
presented in Fig. 7.5.
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Fig. 7.5 (A) Radial distribution plots for Co/MoS,. It is possible to observe a shifting of peaks at
Mo-Mo and S-Mo-S peaks, as well as the appearance of new peak at 2.2 A when cobalt atoms are
present in the MoS, lattice. (B) MoS, crystallographic lattice (¢ = b = 3.1710 and ¢ = 18.3445 A)

(SG: R3m-H). (a) and (b) correspond to electron density maps to indicate cobalt atoms at the MoS,
crystallographic lattice, as calculated from X-ray diffraction and DFT simulations [images adapted

with rights and permissions from Ramos et al. Sci. Report., 7: 12322]

7.2.7 Adsorption/Desorption Isotherms

All the measurements of N, sorption isotherms were obtained at 76 K using a
Quantachrome Autosorb 3B instrument under N, and He gases (UHP grade) condi-
tions. Prior to isotherm runs, all the samples were outgassed for 12 h at 473 K. The
specific surface areas were calculated from desorption isotherms using BET equa-
tion, while the pore structure parameters were determined by nonlocal density func-

tional theory approximation (Fig. 7.6).
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Fig. 7.6 (a, b) Nitrogen adsorption/desorption isotherms run at 77 K. (¢, d) Numerical simulation
of pore diameter distribution for MoS, samples and Co/MoS, samples

Using density functional theory is possible to subtract not only a microscopic
model of adsorption but also a more realistic description of the thermodynamic
properties related to pore fluid, which bridge the gap between molecular and mac-
roscopic level. Using this method, it is possible to determine local fluid structure
near curved solid walls and it gives us the theoretical adsorption—desorption iso-
therms in porous structure.

The local fluid density p of adsorbate confined in a pore at a given chemical
potential y and temperature 7 is determined by minimization of the grand thermo-
dynamic potential Q:

Q:jp[f(r, D, ,5)+ue’“(r)—,u]dr

where p, p are the local and smoothed fluid densities; f (r, P, P ) is the molar
Helmbholtz free energy; u**'(r) is the external potential exerted by the solid; and y is
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the chemical potential. The molar Helmholtz free energy is split into the ideal term
kTILn(A%p) — 1], excess term f, ( 5) due to repulsion, and intermolecular interac-

exc

tion potential u(r) due to attraction:
(7. p. ) =kT[Ln(Ap)=1]+ [, (P)+u(r)

Here k is the Boltzmann constant and A is the de Broglie wavelength. The
smoothed density p is a weighted average:

ﬁ(r) = jp(r’)a)(|r—r'|, 5(r))dr'

where w(|r—r'|, ﬁ(r)) is the weighting function.

Neimark-Kiselev fractal analysis: The fractal dimension is a measure to classify
and quantitatively compare complex chaotic patterns such as surfaces of the porous
materials. After the DFT treatment, Neimark-Kiselev method [33] can be used to
obtain the fractal dimension values. Combining thermodynamic and fractal
arguments:

where D is the surface fractal dimension, K is a constant, and 7, is the mean radius
of curvature of the adsorbate-vapor interface, given by the Kelvin equation:

zyVDFT

rk = —PO
RTln(j
P

And S|, is the adsorbate-vapor interface area, given by the Kiselev equation:

Mmax 0
5, =K IH[P_}M
Yo P

with R being the universal gas constant, T the adsorption temperature, y the adsor-
bate surface tension, V,, the adsorbate molar volume, and » and n,,,, the amounts of
gas adsorbed at given P/P°.

In our case study for low-dimension surface topology of Co/MoS, spheres, the
fractal dimension values indicate topographic changes onto Co/MoS, surface’s
which may be related to inclusion of Co atoms at laminar sites; this approach can be
used as the fundamental aspect to understand catalytic performance and selectivity,
as described by references as provided in [34-38]. For a comparison results are
displayed in Tables 7.5-7.9.
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7.3 Results and Discussion

The crystallographic features of hydrothermally as-synthesized cobalt-promoted
MoS, catalysts were determined by X-ray diffraction; this comprised the use of
Rietveld’s refinement method to verify the MoS, rhombohedral (R3m) symmetry,
in agreement with the recent work from Wang et al. [35], from which a compara-
tive analysis was performed as shown by Fig. 7.3, where one observes that a crys-
tallographic variation occurs following cobalt addition during synthesis, which
can be explained in terms of Frenkel’s point defects [32] caused by interstitial
occluded cobalt atoms into the laminar MoS, structure, as described by Lauritsen
et al. [15]. This explains the expansion of about 12.9% (from 0.7500 to 0.8465) of
c-axis in the primitive lattice, as demonstrated by radial distribution function
results, which indicates interatomic distance variations of 11.7% for S----Mo and
24.5% for S—Mo—S, with respect to S---Mo---S distance of 3.56 A; these are
consistent with displacements of Mo atoms to interstitial sites as confirmed by
electron density maps in Fig. 7.5a, b and Fig. 7.5A, B with face ab normalized to
1 and with ¢ = 0.42 (slice 28) and ¢ = 0.59 (slice 39); some specific data are
reported in Tables 7.1-7.4. In fact, an increase of 10.4% (from 0.16667 to 0.18400)
in occupancy position of sulfur Oy, at the MoS,/Co lattice implies a stoichiometry
variation for MoS, to MoS.,), thus leading to a molecular increase of crystal

Table 7.1 Lattice parameters obtained by Rietveld’s refinement from powder X-ray diffraction for
pure spherical shape MoS, sample

Lattice: Rhombohedral

MoS,

R 3 mH (160) Atomic fractional coordinates

Atom Type Site X y b4 Occupancy

Mo (1) Mo* 3a 0.0000 0.0000 1.0000 0.16667

S(1) S2- 3a 0.0000 0.0000 0.2500 0.16667

S(2) S 3a 0.0000 0.0000 0.7500 0.16667

Lattice parameters Angles

a b c a B y Density (g cm™)
31710 A 31710 A | 18.3445A | 90° 90° 120° 4.992

Table 7.2 Lattice parameters obtained by Rietveld’s refinement from powder X-ray diffraction for
cobalt-promoted MoS, sample

Atomic fractional coordinates
of S (2)
Molybdenite crystallite size | Density
Material | (nm) (gem™) X y z Os
MoS, 2(0.4) 4.989 0.0000 0.0000 | 0.7500 | 0.16667
MoS./ 8 (0.8) 5.096 0.0000 0.0000 | 0.8465 | 0.18400
Co

The number in parenthesis corresponds to the standard deviation
Os2): S (2) occupancy (see Table 7.1)
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Table 7.3 Statistical parameters after Rietveld’s refinement for both cases
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Material R, R, Ve Rexp
MoS, 2.95 4.67 2.52 2.94
MoS,/Co 1.30 1.74 2.07 1.21

Table 7.4 Radial distribution function peak values of MoS, and Co/MoS, samples

Interatomic distances r (10\)
Material Mo—Mo S..--Mo----S S—Mo—S S----Mo Mo----Mo
MoS,* 3.171 3.563 4.770 5.575 6.383
MoS," 3.170 3.560 4.720 5.710 6.360
MoS,/Co® 3.140 5.110 6.430

— Bond, --- Only distance
“Theoretical interatomic distances
®Obtained by XRD

density of about 2.14% (from 4.989 to 5.096 g/cm?) as reported in Table 7.2; also,
the mean crystallite size of MoS, varies from 2 to 8 nm when cobalt is inserted, as
discussed before [19] and indicated in Table 7.2. The nitrogen adsorption profile
of both MoS, and MoS,/Co is consistent with type III isotherms, as shown in
Fig. 6a, b with a pore size distribution with maxima at 29 and 38 nm for MoS,
while these figures vary from 4 to 38 nm for MoS,/Co as presented in Fig. 7.5c¢, d,
thus indicating weak interactions between adsorbate and absorbent; also, a H3-type
hysteresis loop (IUPAC standards) is observed in both cases, at the relative pres-
sure (P/P°) interval between 0.4 and 0.45, thus leading to a model akin with slit-
shaped pores, which was verified by electron tomography, as presented in Fig. 7.3a,
b, thus indicating a higher N, uptake after comparing MoS, and MoS,/Co (i.e., a
variation of more than 727%); the adsorption isotherm at P/P°~ 0.8 suggests the
formation of condensate at the pore neck for P/P° > 0.9; that is, liquid—vapor
menisci move towards the cavity of the particles, until filling of pores with conden-
sates occurs. With the purpose of understanding better this phenomena a series of
DFT numerical simulations were completed to determine relevant pore structure
parameters (i.e., SPET/SPFT, V.PFT and @PFT). We propose this parameter as an
important one for gauging catalytic behavior of Co-promoted MoS, catalysts and
as a complement of “electronic effects” induced by insertion of the Co promoter,
because it modifies both textural and structural properties of MoS,; this is the first
time that fractal dimensionality is shown as a result of Co promoter insertion in
spherical particles of MoS, and the profound effects on both texture and structure
as verified in the case of MoS,/Co system [32]. Thus, a summary of these results
is presented in Table 7.5 where one observes an increase of 29% in SBE/SPF, with
a further increase up to 110% for V., as a result of the overall increase of N,
uptake upon insertion of cobalt atoms in the MoS, lattice. The calculation of frac-
tal dimension from transmission electron micrographs and the use of Neimark-
Kiselev equation in Dyqqsormption/desorpiiony 1€d to determination of a decrease of 12%
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Table 7.5 Specific surface area, pore volume, and mean pore size for both cases

Material SBET/SPFT (m? g=1) Vp PFT (mm?® g7') @PFT (nm)
MoS, 20/21 10 29/38
MoS,/Co 26/27 110 4/7/12/21/29/38

Values were obtained from numerical DFT simulations and experimental isotherms

Table 7.6 Fractal dimension parameters as calculated by Neimark-Kiselev from isotherm curves
for MoS, and Co/MoS, samples

Materials
Method of analysis MoS, MoS,/Co
Dy (adgsorption) 2.47 (6.05-40.44)* 2.18 (4.95-20.08)*
Dy (pesorption) 2.52 (6.05-49.40) 2.25 (6.05-16.44)*

Ds scaling interval € [2, 3]
“Radius of curvature (nm)

after insertion of cobalt (i.e., details are shown in Table 7.6), thus implying a lower
fractal dimension as exhibited in Fig. 7.6¢c, d for r, values within the interval of
6.05-40.44 nm for the MoS, spherically shaped particles while r; values fall within
the interval of 4.95-20.08 nm for MoS,/Co system that is spread on the surface,
which is observed by STEM microscopy as presented in Fig. 7.2a, b, from which
the fractal dimension is obtained using Dp, D, D;, and Dy, methods; that is, 1.17
and 1.05 are the fractal dimensions for MoS, and MoS,/Co, while Dy decreases
from 1.71 to 1.57 due to the surface topology associated with cobalt addition; D,
indicates dispersion of the surface due to the cobalt presence and finally D,, deter-
mines a dense surface on MoS,/Co as observed a by larger array of laminates
revealed by high-resolution STEM (insets of Fig. 7.2a, b). Additionally, a second
run of fractal calculations was done using TEM-2D images, from which fractal
values show a decreasing trend with the cobalt presence, with values of D (25.0%),
Dy (5.3%), D, (17.0%), and D), (16.0%) as well as when using scanning electron
images with values of D (34.7%), Dy (28.0%), D; (23.4%), and D), (1.9%) in
agreement with other low-dimension systems [39, 40].

7.4 Conclusion

The abovementioned results led us to conclude that chemical state and geometric
features associated might play an important role; that is, cobalt atom radius is about
20% larger than sulfur atoms while cobalt ions (Co*") are about 40% the size of
sulfur ion S?7; also, the specific hydrothermal synthesis method could contribute
too. It was found that cobalt Co tends to occupy MoS, edges, as determined by
Rietveld’s refinement method, and thus the “CoMoS phase” should be formed.
Moreover, the use of Neimark-Kiselev set of equations led us to conclude that cobalt
insertion into the MoS, crystalline arrays induces a pore volume increase from 10 to
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Table 7.7 Fractal dimension parameters and porosity as calculated by different methods from

STEM images
Method of analysis
Material D, Dy D, Dy STEM-porosity (%)
MoS, 1.17+£0.01 | 1.71+0.02 |1.83+0.01 |1.86+0.01 |14.6
MoS,/Co 1.05+0.01 |1.57+0.01 |1.64+0.01 |221+0.01 |23.6

Dp, Dg, Dy, and D), are measured from STEM images; D, scaling interval € [1, 2]; Dy scaling inter-
val € [1, 2]; D, scaling interval € [1, 2]; Dy, > 1

Table 7.8 Fractal dimension parameters used as calculated by different methods from high-
resolution TEM images for MoS, and Co/MoS,

TEM image scale bar at 100 nm
Method of analysis MoS, MoS,/Co
D, 1.67 £0.25 1.25+0.24
Dy 1.69 = 0.08 1.60 = 0.06
D, 1.68 +0.37 1.40 = 0.02
Dy, 2.00 = 0.09 2.32+0.17

Dp, Dg, Dy, and D, are measured from TEM images; D, scaling interval € [1, 2]; Dy scaling interval
€ [1, 2]; D, scaling interval € [1, 2]; Dy, > 1

Table 7.9 Fractal dimension SEM images at 1.0 pm

p‘?mmewrs calculated by Method of analysis | MoS, MoS,/Co

different methods from SEM

images for both MoS- and D, 1.64 +0.03 1.07 £0.02

cobalt-promoted MoS, Dy 1.90 +0.01 1.37 £ 0.01

samples D, 1.92 +0.01 1.47 £0.01
Dy 1.98 +0.01 2.02 +0.02

Dp, Dg, D;, and D), are measured from TEM images; D, scal-
ing interval € [1, 2]; Dy scaling interval € [1, 2]; D, scaling
interval € [1, 2]; Dy, > 1s

110 cm?/g which provokes an increase of the diameter of cavities as well as forma-
tion of throats with diameters smaller than 29 nm and r; <14.4 nm, which explains
the higher N, consumption during the isotherm runs. Additionally, cobalt insertion
promotes formation of large needlelike laminates with a stacking average of ~20 2D
layers, as observed by high-resolution STEM, with D, values falling in a region
where radii of curvature are smaller (14.4 nm), which means that smoother surfaces
are formed inside the cavities. Also, a decreasing trend of Dp, Dy, D;, and D), was
found with insertion of cobalt in the MoS, laminates (Tables 7.6-7.9), which is
interpreted as enhancing the crystallite edge smoothing and surface density. This
fundamental approach allowed to understand better the behavior of “CoMoS”
phase-type catalysts. Further work using a similar approach for “spent” MoS,/Co
and MoS, catalytic phases is underway for studying the role of carbon in the cata-
lytic properties of those phases.
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Chapter 8

Catalytic Ni/CeO, Nanorods and Ag/CeQO,
Nanotubes for Hydrogen Production

by Methanol Reforming

Check for
updates

Raiil Pérez-Hernandez

8.1 Introduction

Low-dimension materials with morphological shape like nanorod, nanotube, and
nanowire possess extraordinary properties and high potential for diverse applications
in energy production, with important roles as catalytic materials, due to higher
surface reactivity ideal in electrochemistry [1-5]. Nowadays, one scientific topic of
interest is hydrogen production by catalytic conversion of methanol, as source of
energy in fuel cells achieving reduction of emission and pollutants due to fossil fuel
combustion [6]. Due to its surplus abundance from other catalytic processes,
methanol is frequently considered as an attractive chemical component to produce
hydrogen in proton-exchange membranes, known as fuel cells. Methanol-reforming
reactions like steam reforming (SRM) [1, 7-9], partial oxidation (POM) [10], and
autothermal steam reforming (ASRM) [11-15] are the most common catalytic
reactions studied to produce hydrogen from methanol; in that regard the nickel-
based catalysts are traditionally used reforming reactions due to their low cost and
stability; furthermore, it can also be used for conversion of undesirable greenhouse
gases like CH, and CO, [16]. The ceria oxide CeO, has been extensively used in
high-temperature commercial vehicles’ exhaust pipes and has become one of the
most important rare oxides to achieve chemical transformation of nitrogen oxides
(NOx) [17-19] under combustion of fossil fuel conditions in commercial units; the
possible catalytic mechanism of CeO, is to increase dispersion of active components
and its thermal stability and to enhance migration and exchange of oxygen species
in the reactions to improve CO, HC oxidation, and NOx reduction [17, 18, 20-25]
as well as hydrogen purification [26-29], and the water gas shift reaction [30-33].
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The chemical combination of species based on nickel and cerium mixtures both in
oxidized and reduced states has been evidenced to be favorable for diverse oxidation
and reforming catalytic reactions [13, 34-36]. Recently some groups report that
one-dimensional (1D) ceria can improve CO oxidation in comparison to bulk phase
[37, 38], which opens the possibility to achieve control morphology of ceria oxide
nanoscaled catalytic materials; as a result, both activity and selectivity can be
estimated and proportional to high surface area in low-dimension morphologies [39,
40]. Furthermore, hydrogen production by autothermal steam reforming (ASRM)
catalytic reactions using nickel-loaded ceria oxide (Ni/CeO,) nanoscaled materials
has been studied in this work; the controlled synthesis indicates decorated CeO,
nanorods supporting nickel nanoclusters as observed by TEM technique, and
reported extensively in Phys. Chem. Chem. Phys., 2013, 15, 12702. Moreover,
nanostructured silver clusters and nanoparticles have been extensively studied as
well in diverse oxidation, reforming, and catalytic conversion of high-pressure
gases [41-47]. Hydrogen can be obtained directly from methanol according to the
three different processes: steam reforming (SRM) [48-50], partial oxidation (POM)
[51-55], and oxidative steam reforming (OSRM) [12, 13, 56-60]. Mo et al. reported
that molecular selectivity of hydrogen and carbon monoxide can vary with respect
to metallic support, obtaining up to 90% when using modified CeO, (Ag/Ce,0Zn
system) concluding that CeO, and ZnO oxides promote high selectivity of hydrogen
from polyoxymethylene (POM) using Ag/Ce,Zn with Ag of ~5 nm nanoparticle
size. In the case of bimetallic Ni-Ag catalysts it was reported that the sintering of Ni
particles can be partially inhibited by using additional metals such as Ag; thus the
deactivation of the catalyst by the sintering of Ni particles can be suppressed [10,
61]. This chapter presents two independent studies for usage of Ag nanowires as
templates to generate Ag/CeO, nanotube-based catalysts and study the effects of the
Ag/Ce composition for steam and oxidative steam reforming of methanol (OSRM)
to produce H,-rich gas and as mentioned before the methanol reforming using
nickel-loaded ceria oxide low-dimension catalytic material. The catalytic materials
were characterized by several different techniques including nitrogen adsorption—
desorption, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), scanning/transmission electron
microscopy ((S)TEM), and temperature-programmed reduction (TPR).

8.2 Experimental Section

8.2.1 Nickel-Loading Ceria Oxide (Ni/CeQ,)

The preparation of ceria oxide nanostructured materials was completed using
hydrothermal method [1, 62]. Two solutions of 32 mL of aqueous with 0.5 M
Ce(NO3);6H,0 and 48 mL of 10 M NH,OH solution were mixed and stirred for
0.5 h; the mixture was placed into 100 mL Teflon-lined and into stainless-steel
autoclave, transferred into an oven at 100 °C for 24 h, and then cooled down to room
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temperature. The result product was separated by centrifugation and washed with
deionized water until pH was 7, with a final wash using ethanol solvent. The powder
was dried at 100 °C for 24 h and calcined at 500 °C for 5 h. Later the as-synthesized
CeO, nanorods were impregnated with an aqueous solution of Ni(NOs),*6H,0 by
an incipient wetness impregnation method at an appropriate concentration to yield
3.4, 16, and 36 wt% of Ni. After impregnation the complete mixture was dried at
100 °C for 1 h and calcined at 500 °C for 2 h to remove any water or solvent residue.
The as-prepared catalytic material was labeled as xNi/CeO,, where x = 3.4, 16,
and 36 wt% of Ni. The composition was analyzed using an energy-dispersive
X-ray spectrometer (EDX).

8.2.2 Silver-Loading Ceria Oxide (Ag/CeQ,)

Silver nanowires were synthesized using polyvinylpyrrolidone (PVP) as the reduc-
ing agent in ethylene glycol [10, 63, 64]; then silver nitrate and PVP40 were dis-
solved in ethylene glycol and added to this mixture under constant stirring. After
1 h, the silver nanowires were precipitated from the reaction mixture with acetone.
The Ag nanowire-CeQO, catalyst was prepared by the precipitation method [40]. An
aqueous solution of Ce(NOs);-6H,0 and the Ag nanowires was mixed under constant
stirring; the Ag concentrations were 1 and 5 wt% related to the nominal weight of
CeO,. NH,OH (Baker) was added dropwise to complete the precipitation. The
precipitated mixture was aged for 24 h and the residual liquid was removed by
decanting. Then the mixture was heated at 50 °C for 24 h and at 100 °C for another
24 h. The resulting material was then calcined at 500 °C, at a rate of 5 °C/min for
5 h under an airstream, and finally cooled down slowly to room temperature (R.T.).
All the samples were reduced at 450 °C using a H, (40 mL/min) stream for 1 h
before characterization except for TPR analysis. The labeling of different catalysts
will be referred to as xAg/CeO,, where x = 1 and 5 wt% of metal on the catalysts.
The actual Ag content determined by EDS technique was 0.97 and 4.93 for
1Ag-CeO, and 5Ag-CeO, nanotube catalysts, respectively.

8.3 Characterization

X-ray diffraction (XRD) powder patterns were recorded in a Siemens D-5000 dif-
fractometer using Cu Ko (4 = 0.15406 nm). The morphology of the Ag/CeO, cata-
lysts was analyzed by scanning electron microscopy (SEM) using a JEOL®
JSM-6610LYV, at an acceleration voltage of 20 kV; the images were obtained with
the backscattered electron signal (BSE). HRTEM and local chemical analysis of the
bimetallic nanoparticles were carried out in a microscope JEOL® model JEM 2010
with a resolution of 0.19 nm, equipped with energy-dispersive X-ray spectrometer
(NORAN). For the aberration (Cs)-corrected characterization, the samples were
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analyzed using scanning transmission electron microscopy (STEM) with a JEOL®
model ARM (200F) 200 kV FEG-STEM/TEM, equipped with a hexapole corrector
(CEOS GmbH) for the electron probe. The probe size used for acquiring the
HAADEF as well as the BF-STEM images was 9 C (23.2 pA) and the CL aperture
size was 40 pm. High-angle annular dark-field (HAADF) STEM images were
acquired with a camera length of 8 cm/6 cm and the collection angle of
68-280 mrad/90-270 mrad was used. This scattering semi-angle easily fulfilled the
requirement for the detector to eliminate contributions from unscattered or low-
angle scattered beams. The BF-STEM images were obtained using a 3 mm/1 mm
aperture and a collection angle of 17 mrad/5.6 mrad was used (camera length in this
case was 8 cm). The HAADF as well as the BF images were acquired using a CCD
camera [62]. For the electron microscopy analysis, the sample was dispersed in
ethanol and a drop of this suspension was deposited onto a holey carbon grid.
Surface area (BET) and temperature-programmed reduction (TPR) were carried out
on an automatic multitask unit RIG-100 from ISR INC equipped with a thermal
conductivity detector (TCD) with output to a computer [22, 31-34, 65]. For the TPR
analysis, the oxidized catalyst (0.1 g) was placed in the reactor and purged with
UHP Ar at room temperature and then the TPR measurement was performed using
5% H,/Ar gas mixture (40 mL/min). The temperature was increased at a rate of
10 °C/min from room temperature to 500 °C. The effluent gas was passed through
silica gel to remove water before measuring the amount of hydrogen consumed
during the reduction by the TC detector. The signal was calibrated by 0.5 mL pulses
of 5% H,/Ar at the end of the experiment. After testing the catalytic activity reaction,
the surface of these catalysts was cleaned by a He stream (30 mL/min) for 30 min at
450 °C and cooled at room temperature; then the sample was purged with UHP Ar
flow and temperature-programmed reduction (TPR) experiments were carried out
on an automatic multitask unit RIG-100 from ISR INC equipped with a thermal
conductivity detector (TCD) with output to a computer. The oxidized catalyst
(0.075 g) was diluted in SiC and placed in the reactor. The TPR measurement was
performed using a H, (5%)—Ar gas mixture (40 mL min~'). The temperature was
increased at a rate of 10 °C min~! from room temperature to 500 °C. The effluent
gas was passed through silica gel to remove water before measuring the amount of
hydrogen consumed during the reduction by the TCD. The activity tests for the
steam reforming of methanol were conducted at 200—400 °C under atmospheric
pressure in a continuous-flow reactor charged with 0.0750 g of the sample diluted in
0.125 g of SiC. Steam reforming of methanol was carried out by placing an 8§ mm
i.d. quartz reactor in an electric furnace consisting of two heating zones equipped
with omega temperature controllers, using a commercial flow system RIG-100-
ISRI. A K-type thermocouple was inserted into the catalyst bed to measure and
control the bed temperature. Prior to ASRM reaction, the catalyst was reduced in
situ, using a stream of H, (40 mL min™') increasing the temperature from room
temperature to 500 °C at a heating rate of 10 1C min~' and holding this temperature
for 1 h. For the reaction, 30 mL of the O, (5%)-He mixture was passed through a
stainless-steel saturator containing methanol, and 30 mL of He was passed through
a stainless-steel saturator containing water and 140 mL of He as a diluent. The total
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flow rate was kept at 200 mL min~' GHSV (reactant gas flow rate/reactor volume—
gas hourly space velocity) = 76,394 h~! based on the total flow). The gases were
added by means of a mass flow controller (RIG-100). Reaction products were ana-
lyzed using a Gow-Mac 580 Gas chromatograph with a thermal conductivity detec-
tor equipped with a two-column system (molecular sieve 5 A and Porapak Q
columns), a double-injector controlled using Clarity software V.2.6.04.402 and a
TCD. The first column was used to separate the gaseous products such as—H,, O,,
CH,, and CO. The second column was used to separate water, methanol, methyl
formate (MF), and CO,. All the reported data were collected for 7 h at each
temperature in order to obtain the steady state of the reaction. The following
equations were used to determine the methanol conversion and selectivity:

X(%):%xloo; H, (yield) =

in

”mOI HZproduced
2.5 umolCH,0H,,,

nCO_,
+nCO

100

Seo (%) =

X
nCO +nCH,

2—-out —out

The subscripts in and out indicate the inlet and the outlet concentrations of the reac-
tants or products.

8.4 Results and Discussion

8.4.1 Nickel-Loaded CeO, Catalyst

In Table 8.1, textural properties are presented as obtained from N, physisorption
measurements at 77 K liquid nitrogen conditions. The surface area of the bare CeO,
nanorods calcined at 500 °C was similar as reported by Guan et al. [65]; Zhou et al.
[66] reported surface area values of 50 m? g~! for CeO, nanorods. In general, it was
found that the BET surface area of the catalysts decreases with Ni loading onto the
CeO, nanorods. SEM images (Fig. 8.1a) with secondary and backscattered

Table 8.1 Surface area and concentration percent of reducible species in CeO, and Ni/CeO,
catalyst

Catalyst Surface area (m? g™') H, uptake (pmol H, per g.,,) Reduction (%)
CeO, 108 “

3.4 Ni/CeO, 94 78.6 164

16 Ni/CeO, 71 201.0 93

36 Ni/CeO, 51 413.5 81

Table obtained with copyrights of permissions of RSC®, R. Pérez-Herndndez et al. Phys. Chem.
Chem. Phys., 2013, 15, 12702-12708
“Negative peak
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Fig. 8.1 Scanning electron microscopy images of (a) bare CeO, catalyst and (b) 36Ni/CeO,
nanorod catalyst. It was possible to observe agglomerates of nickel particles over nanorod surfaces.
Images taken with copyrights of permissions of RSC®, R. Pérez-Herndndez et al. Phys. Chem.
Chem. Phys., 2013, 15, 12702-12708, PCCP Owner Societies

electron signals showed that the CeO, is composed of nanorods approximately
1 mm in length.

The 36Ni/CeO, catalyst (Fig. 8.1b) reveals the agglomeration of Ni particles on
the CeO, nanorod surface; this finding could explain the decrease in the surface area
of the catalysts as a function of Ni addition to CeO,, due to the dense Ni coating on
the CeO, nanorod surface.

In Fig. 8.2, XRD patterns are presented for bare CeO, nanorods and Ni/CeO,
nanorod catalysts reduced at 500 °C. The CeO, one-dimensional nanorods showed
a highly crystalline structure with sharp diffraction peaks. The CeO, structure
corresponds to the typical fluorite structure (cubic structure of the CeO, (J2CPDS
01-081-0792)); no diffraction peaks from impurities coming from the synthesis of
the CeO, nanorods were found. In all Ni/CeO, catalysts, peaks corresponding to
CeO, were clearly detected, and characteristic peaks corresponding to metallic Ni
were observed. In the 3.4Ni/CeO, sample, the characteristic peaks of the metallic
nickel were attenuated and broadened which indicates that this catalyst had better
dispersion of the fine metallic Ni phase in the CeO, nanorod matrix or could be due
to its low Ni concentration on the sample. However, a tiny diffraction peak in the (1
1 1) plane was observed at 20 = 44.61 and it corresponds to metallic nickel. It’s clear
that intensity of the diffraction peaks of Ni increases proportionally to the Ni load-
ing onto CeO, nanorods and new planes merged with (2 0 0), (22 0), (33 1), and
(2 2 2) planes at 20 = 51.91, 76.51, 93.11, and 98.61, respectively. This result is
associated with the growth of Ni° particle size and is more evident in the 36Ni/CeO,
sample. A similar result was reported by Rao et al. [67]. They observed that the
intensity of the diffraction peaks of nickel gradually increases with the increase in
Ni loading in the catalysts. The TPR profiles of the bare CeO, nanorods and the
Ni-based catalysts are shown in Fig. 8.3. CeO, nanorods did not show reduction
peaks until 400 °C; instead a negative peak around 300 °C was observed and it could
be associated with the H, desorption.
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The TPR profiles of the bare CeO, nanorods and the Ni-based catalysts are
shown in Fig. 8.3. CeO, nanorods did not show reduction peaks until 400 °C; instead
a negative peak around 300 °C was observed and it could be associated with the H,
desorption. So, during the TPR analysis, H, is adsorbed in a reducing environment
on the surface of the CeO, nanorods, and then is released to the feed producing a
negative peak. For the Pd/TiO, catalyst a negative peak was observed at 155 °C by
the TPR technique due to the decomposition of PdH [7]. This result could be
interesting because with an appropriate precursor these nanorods would be used for
H, storage. A broad peak above 400 °C is observed for the CeO, nanorods and its
intensity was very weak, indicating that only a small amount of surface ceria could
be reduced from Ce** to Ce** [12, 14]; Zhou et al. [66] showed that CeO, nanorods
exhibited a broad reduction profile centered at around 500 °C and a high-temperature
reduction peak above 700 °C; however they did not observe a negative peak like in
our case. This result could be associated with the difference in the surface areas
reported in this work and in the literature.

The reduction profile of the 3.4Ni/CeO, nanorod catalyst was characterized by
three reduction peaks at 220, 290, and 330 °C. The last reduction peak shifts
progressively towards higher temperature as the Ni content increases on the CeO,
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Fig. 8.3 Temperature-programmed reduction profiles of the fresh Ni/CeO, nanorod catalysts
(solid line), samples after catalytic reaction (clear line) and bare CeO, nanorods (dotted line).
Images taken with copyrights of permissions of RSC®, R. Pérez-Herndndez et al. Phys. Chem.
Chem. Phys., 2013, 15, 12702-12708, PCCP Owner Societies

nanorods. For this peak, noticeable changes were observed in the maximum in
hydrogen consumption as shown by its intensity, where the main reduction took
place. The wide band with maximum at 370 °C and 392 °C (with an apparent
shoulder at 430 °C) was observed for the 16Ni/CeO, and 36Ni/CeO, catalysts,
respectively, suggesting the reduction of different Ni species. Three reduction peaks
above 2.5 wt% of Ni on CeO, were observed for the Ni/CeO, catalysts and their
reduction depends on the Ni loading on the support [67]. Montoya et al. [68]
reported a reduction peak at 360 °C on pure NiO and it was reduced at 420 °C on
the Ni/CeO, sample. However, Ni was reduced at ca. 320-350 °C when it was
supported on ZrO, [15, 56]. Generally, H, consumption at low temperature is
attributed to the reduction of NiO particles with weak interaction with the support,
while H, consumption at higher temperature is attributed to the reduction of NiO in
intimate contact with the oxide support [69]. Thus, the reduction peaks at higher
temperatures are attributed to the reduction of large Ni particles in intimate contact
with the CeO, nanorods, as well as the presence of bulk NiO that delays the H,
diffusion inside the particle to complete its reduction; this causes the broadening of
the reduction peak at high temperature. This finding is in good agreement with XRD
results, so we observed an increase in the crystallinity of the nickel with an increase
in Ni loading. On the other hand, the two tiny reduction peaks observed at low
temperature on the Ni/CeO, nanorod catalysts were unaffected independently of the
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Ni loading on the catalysts; this indicates that these reducible species are present on
the three samples, and they come from the reduction of NiO particles with weak
interaction with the support. This experimental observation suggests that large
crystallites tend to be reduced slower than small-size crystallites, due to their
relatively low surface area exposed to H,. Du et al. [70]; reported that the reduction
of NiO takes place at ~15 °C lower when it is supported on nanoparticles than on
nanorods of CeO,. This suggested a strong interaction between NiO and the
CeO,-NR. The hydrogen consumption and reduction degree of NiO over CeO,
nanorods are summarized in Table 8.1. It can be observed that the H, uptake on the
fresh 3.4Ni/CeO, nanorod catalyst was higher than that expected for the reduction
of the NiO on the catalyst. This result was associated with the fact that, in the TPR
study, small Ni particles probably cause spillover (surface diffusion of activated
hydrogen) of H, onto the support inducing a simultaneous reduction of both nickel
oxide and surface of the CeO, nanorods. The NiO reduction degree on the catalysts
decreases with the increase of nickel loading. For the samples with 16 and 36 wt%
of Ni on the CeO, nanorods, the active phase was not reduced completely, especially
in the catalyst with higher Ni loading. The TPR profiles of the samples after catalytic
reaction showed only a miniscule peak at low temperature. This result indicates that
most of the Ni active phase was maintained in the metallic phase; in Fig. 8.4, the
catalytic activity of the ASRM reaction as a function of the temperature and Ni
loading on the CeO, nanorods is presented. The methanol conversion of the bare
CeO, nanorods was included for comparison, from which catalytic activity of the
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Fig. 8.4 Catalytic performance in the ASRM reaction over CeO, nanorods and nNi/CeO, nanorod
catalysts as a function of Ni loading and temperature. Image taken with copyrights of permissions
of RSC®, R. Pérez-Herndndez et al. Phys. Chem. Chem. Phys., 2013, 15, 12702-12708, PCCP
Owner Societies
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CeO, support was low, about 30% at the maximum reaction temperature. When Ni
was loaded onto the CeO, nanorods, the methanol conversion was increased, and
the methanol conversion observed on all the catalysts was higher than bare CeO,
nanorods at the experimental range of temperature and it was completed at
400 °C. Among them 36Ni/CeO, nanorod catalyst displayed higher methanol
conversion than that of the 16Ni/CeO, and 3.4Ni/CeO, samples. The light-off
temperature for all catalysts was ca. 250 °C. At 275 °C the methanol conversion was
ca. 30, 45, and 85% for the 3.4Ni/CeO,, 16Ni/CeO,, and 36Ni/CeO, catalysts,
respectively. However, at the maximum reaction temperature the methanol
conversion was ca. 100% on the three catalysts. Dong et al. [71] studied the
oxyreforming, steam reforming, and oxy-steam reforming of methane on different
Ni/CeO,—ZrO, catalysts, observing that CH, conversion and selectivity to H, and
CO increase with the increase of Ni loading up to 15%, and above this level the
conversion of methane and selectivity to H, and CO decreases. Rao et al. [67]
studied the selective hydrogenation of acetone to methyl isobutyl ketone and
reported that the catalytic activity of the Ni/CeO, catalysts increases with an increase
in Ni loading up to 2.5 wt% and decreases with the further increase in Ni loading
onto ceria matrix. This effect was attributed to an increase in the crystallinity of the
active phase on CeO,. Similarly, Potdar et al. found that 15% Ni—Ce—-ZrO, catalyst
showed high catalytic activity and stability [72], associating nanocrystalline nature
of cubic Ce,_,Zr,0, producing strong interaction with as-dispersed nanosized NiO,
particles. It has been shown that catalytic activity of Cu—CeO, and Au/CeO, catalysts
in SRM and ASRM reactions is considerably affected by loading and metal addition
method [12, 73-78]. In these studies, it was observed that using impregnation
method it is possible to add up to 36% (w/w) on CeO, nanorods obtaining high
catalytic activity. Thus, CeO, nanorods are good candidates for Ni dispersion to
favor the metal-support interaction which enhances catalytic activity, in agreement
with silver-loading ZnO [1]. Furthermore, the crystalline anisotropy of active phase
plays an important role in methanol conversion and selectivity suggesting that
ASRM reaction may be a structure-sensitive reaction [56]. This relationship between
reactivity and structure depends on particle size, morphology, and crystal orientation
of supported material to promote specific surface termination of adsorption/
desorption of methanol molecules during reaction conditions [56, 79, 80], as
described by Koga et al., who observed high methanol conversion and lower carbon
monoxide concentration at similar reaction temperature on copper nanoparticles
(CuNPs) supported on zinc oxide (ZnO) whiskers compared with a conventional
Cu/ZnO powder catalyst [81]. Steam reforming of methanol reaction over Au
supported on CeO, nanorods or CeO, nanocubes was studied by Boucher et al., who
reported higher SRM rates normalized by the specific area for Au/CeO, nanorods
than Au/CeO, nanocube catalysts [82]. Xiong et al. reported methanol steam
reforming reaction on the mesoporous Pd/ZnO, encountering high catalytic activity
due to H, yield and CO, selectivity [83], attributing to large BET surface area for
mesoporous Pd/ZnO samples, in agreement with similar results for the rodlike
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CuO-CeO, mixed oxides as reported by Yang et al. in the steam reforming of
methanol reaction [84].

Due to morphological aspects there is higher CO oxidation activity on CeO,
nanorods in comparison with CeO, nanoparticles, as reported by Zhou et al. [66].
The latter can be correlated due to crystallographic surface planes for CeO,
nanorods, having reactive planes ({0 0 1} and {1 1 0}), which seem to be more
active than {1 1 1} planes for ceria nanoparticles. Using TEM it was possible to
achieve deep CeO, nanorod morphology observations as presented in Fig. 8.5a,
having ~8 nm in width; as presented in Fig. 8.5b (high-resolution TEM) CeO,
nanorods seem to have a rectangular shape. The incident electron beam is along the
[0 1 1] axis and from this image we can observe that the rods grow along the [1 1
—1] axis. The d-spacing measured from the HREM image (inset in Fig. 8.5b) was
3.10 A which corresponds to the (1 1 1) plane and 2.73 A which corresponds to the
(2 0 0) plane, associated with the cubic phase of the CeO, system (JPDF-065-5923,
a =5.4037 A). FFT analysis from the HREM image of the CeO, nanorods, inset of
Fig. 8.5b, shows that the crystalline structure rod was oriented along the [0 1 1] zone
axis. In this orientation, the exposed planes of the CeO, nanorod structure were (%1
%1 1), (11%1),(1%11),(%11%1),(200),and (%2 0 0).

With the [1 1 —1] growth direction of the CeO, nanorod, the exposed planes
which belong to this orientation are (=2 -2 0), (=20 -2), (02 -2),(0-22), (20
2), and (2 2 0), in accordance with the cubic crystallography. In this way, the planes
inthe [1 1 —1] orientation had a low contribution area for the Ni deposition than the
area formed by planes from the orientation [0 1 1] zone axis. In Fig. 8.6a TEM
image of 16Ni/CeO, nanorod catalyst sample corresponds to nickel nanoparticles

a)

Fig. 8.5 (a, b) Transmission electron microscopy (TEM) images of bare CeO, nanorods. Image
taken with copyrights of permissions of RSC®, R. Pérez-Herndndez et al. Phys. Chem. Chem.
Phys., 2013, 15, 12702-12708, PCCP Owner Societies



178 R. Pérez-Herndndez

Fig. 8.6 High-resolution TEM image for 16Ni/CeO, nanorod catalyst sample. Inset: surface EDS
spectra performed during TEM measurements over the as-observed area. Image taken with
copyrights of permissions of RSC®, R. Pérez-Herndndez et al. Phys. Chem. Chem. Phys., 2013, 15,
12702-12708, PCCP Owner Societies

dispersed over CeO, nanorods. EDS analysis spectra (inset image of Fig. 8.6) of the
nanoparticles showed higher Ni concentration of around 25.49% than the theoretical
composition (15%). This is because the analysis was performed on the particle
rather than on the support. The Ni nanoparticle size was about 15 nm in diameter
approximately. Taking into account that the catalytic activity values of bare CeO,
nanorods were low, we suggest that the Ni was preferentially deposited on the
planes of the [0 1 1] axis rather than on the planes of the [1 1 —1] axis of the CeO,
nanorods mentioned above. So, lower contribution for catalytic activity occurred at
[1 1 —1] surface, where the Ni nanoparticles were also deposited.

From data as presented in Fig. 8.7a, b, it is evident that increasing Ni loading on
CeO, nanorods provokes increase in H, yield for methanol conversion. Furthermore,
the increase of temperature from 250 to 300 °C led to an increase in the selectivity
especially for the 36Ni/CeO, catalyst sample on which the H, yield was close to
0.80, while for 16Ni/CeO, catalytic sample the H, yield was 0.65 and for 3Ni/CeO,
0.50. All catalysts reached a maximum H, yield at 400 °C. In the case of the bare
CeO, nanorods, the selectivity towards H, was low, in accordance with the low
catalytic activity observed on this sample. All catalysts showed high selectivity
towards CO as shown in Fig. 8.7b. And the CO selectivity diminishes slightly and
the CH, formation increases by increasing Ni loading as shown in Fig. 8.7b, which
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Fig. 8.7 Catalytic activity measurements for (a) H, yield and (b) CO and CH, selectivity as a
function of nickel loading and temperature reaction conditions. Image taken with copyrights of
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is clear evidence that CeO, nanorods can act chemically as support nanomaterials
for steam reforming catalytic reactions.

8.4.2 Silver-Loaded CeO, Catalyst

The samples were labeled as 1Ag/CeO, and 5Ag/CeQ, catalysts, and specific sur-
face area was measured by a single-point method. The value of the surface area in
both samples was close to 63 m?/g. This result was slightly higher than those as
reported in the literature for similar CeO,-based catalyst [12, 13, 59, 85].
Experimental evidence indicates that using of impregnation method diminishes
surface area of the catalysts; in this case a surface area decrease was not observe,
when metal was loaded; the latter can be explained due to hollow Ag-CeO, nanotube-
like structure. Even when the silver concentration was increased, and conventionally
adecrease in the surface area could be expected, the presence of hollow sections due
to these Ag-CeO, nanotubes compensated the loss of the surface area when metal is
present on the sample. In Fig. 8.8a, a scanning electron microscopy image (SEM)
presents clear evidence of Ag nanowires as present on active-phase precursor of the
catalysts. These nanowires, which are 80 nm in diameter average and several
micrometers in length, were used for the synthesis of the final Ag-CeO, nanotube
catalysts. In Fig. 8.8b the morphology of the 1Ag/CeO, after thermal treatments
(calcinations and reduction) is shown, and clearly unidirectional nanotubes with
diameter ~100-300 nm had been synthesized; from images it was possible to
determine also a hollow-like nanotube as shown in Fig. 8.8c. These structures could
be formed during thermal treatment; where the Ag nanowires served as a template
to obtain the ceria tubes, and then due to this processing, silver was disseminated
outside of the ceria tubes. The mechanism to obtain this kind of structures is
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Fig. 8.8 (a) SEM image of the Ag nanowires used as an active-phase precursor for the Ag-CeO,
catalysts. It reveals nanowires of 80 nm in diameter and several micrometers in length; (b) SEM
image of the 1Ag/CeO, after thermal treatments (calcinations and reduction). Image taken with
copyrights of permissions of R. Pérez-Hernandez et al. Catalysis Today, 212, (2013) 225-231

described in detail by Mondragon-Galicia et al. [86], which can be explained
through Kirkendall effect. It is important to mention that for sample labeled 1Ag/
CeQ, structures as observed seems to be less abundant in comparison with silver-
rich catalyst 5Ag/CeQ,. For 1Ag/CeO, sample, lesser amount of Ag nanorods was
used to prepare final catalysts; this can be a possible reason why Ag-CeQO, nanotubes
were less abundant in comparison with 5Ag/CeO,. The Ag one-dimensional nano-
structures worked as templates/scaffolds to achieve crystal growth Ag-CeO, nano-
tube-like structure; thus, formation of these nanotubes will depend on the
concentration of silver nanostructures solely.

From X-ray powder diffraction data 1Ag/CeO, and 5Ag/CeO, samples before
and after the catalytic reaction are shown in Fig. 8.9; from data it is possible to
determine that all samples showed characteristic diffraction peaks of the cubic
structure for fluorite CeO, (JCPDS 01-081-0792). In addition, it was possible to
observe in the catalysts a distinctive broader peak of low intensity at 20 = 38.18°,
which is characteristic of the (1 1 1) diffraction planes of the metallic silver (JCPDS
65-2871). The intensity of this peak increased with the Ag loading from 1 to 5%,
suggesting an increase in the particle size of the silver. In the same figure, the XRD
pattern of the morphology was included . This CeO, nanoparticle was identified to
be FCC crystallographic structure according to JPDF card # 01-081-0792 with
lattice parameter of a = 5.41 A.

Using high-resolution TEM technique, it was possible to determine clustering on
the catalytic material as shown in Fig. 8.10a, and its corresponding surface energy-
dispersive X-ray spectroscopy (EDS) in Fig. 8.10b. The particle was observed on
the [—1 1 2] direction. The crystalline planes that were seen in the HRTEM image
and the FFT are those of (1 —1 1) and (2 2 0), with an interplanar distance of 0.308
and 0.191 nm, respectively, as presented in Fig. 8.11 and its inset.

The reduction properties of fresh Ag nanostructures on CeO, catalysts before and
after the catalytic reaction were investigated by H,-TPR experiments and shown in
Fig. 8.12. The TPR profile of the bare CeO, was included for comparison showing
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Fig. 8.9 Powder X-ray diffraction patterns of the 1Ag/CeO, and 5Ag/CeO, before and after the

catalytic reaction. He-SRM and O,-OSRM, respectively. Image taken with copyrights of
permissions of R. Pérez-Herndndez et al. Catalysis Today, 212, (2013) 225-231
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Fig. 8.10 (a) TEM image of the ceria nanotube with diameter of 100 nm from 5Ag/CeO, catalyst.
This image indicates that the nanotubes are hollow in the middle as indicated by the arrow. (b)
EDS analysis showed the presence of the Ag. Image taken with copyrights of permissions of
R. Pérez-Hernandez et al. Catalysis Today, 212, (2013) 225-231

a broad peak of low intensity above 450 °C, which is assigned to reduction of ceria
surface. For all the investigated catalysts, the reduction process takes place between
175 °C and 325 °C with a maximum reduction peak centered at 225-250 °C. These
temperatures are considerably lower than the reduction temperature reported for
pure CeO,, spent catalysts from the SRM and OSRM reaction. It is clear that the
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Fig. 8.11 High-resolution
image of a CeO,
nanoparticle from the
nanotube. The size of the
spherical nanoparticle is
~6 nm and shows a [—1 1
2] crystalline direction. (1
—11)and (220)
crystalline planes were
identified by HRTEM and
FFT analysis as presented
in the inset. Image taken
with copyrights of
permissions of R. Pérez-
Hernandez et al. Catalysis
Today, 212, (2013)
225-231
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Fig. 8.12 H,-TPR profiles of the fresh Ag-CeO, catalysts before and after the catalytic reaction.
The He-SRM and O,-OSRM are indicated. CeO, dotted line. Values in parentheses correspond to
the H, consumption in the TPR test. Image taken with copyrights of permissions of R. Pérez-
Herndndez et al. Catalysis Today, 212, (2013) 225-231

intensity of the diffraction peak corresponding to the metallic silver (peak at 38.18°,
20) was also increased. This result could be attributed to the fact that the silver par-
ticles were sintered during the reaction. In the 5Ag/CeO, catalyst, the ceria nano-
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tubes have a diameter of 100 nm, as can be observed in the representative TEM
image of this catalyst in Fig. 8.10. The characteristic contrast in this image indicates
that the nanotubes are hollow in the middle as indicated by the arrow in Fig. 8.10a.
It also showed that the ceria nanotubes are constituted by small ceria nanoparticles.
The size of these ceria nanoparticles is between 5 and 10 nm in diameter on an aver-
age, as determined by TEM/HRTEM analysis. No Ag nanowires or any other Ag
nanostructures were observed by TEM on the ceria nanotubes confirming that the
nanotubes were indeed hollow. However, the EDS analysis showed the presence of
the Ag as shown in Fig. 8.10b. According to the EDS analysis, the chemical compo-
sition of the 5Ag/CeO, catalyst was close to theoretical value (Ag = 4.93 wt%) and
as presented in Fig. 8.11 spherical shape CeO, nanoparticle from the nanotube with
diameter size of ~6 nm was encountered as well.

This CeO, nanoparticle was identified to be FCC crystallographic structure
according to JPDF card # 01-081-0792 having lattice parameter of a = 5.41 A. The
particle was observed on the [—1 1 2] direction. The crystalline planes that were
seen in the HRTEM image and the FFT are those of (1 —1 1) and (2 2 0), with an
interplanar distance of 0.308 and 0.191 nm, respectively, inset of Fig. 8.11. The
reduction properties of fresh Ag nanostructures on CeO, catalysts before and after
the catalytic reaction were investigated by H,-TPR experiments and shown in
Fig. 8.12. The TPR profile of the bare CeO, was included for comparison showing
a broad peak of low intensity above 450 °C, which is assigned to reduction of ceria
surface. For all the investigated catalysts, the reduction process takes place between
175 and 325 ° C with a maximum reduction peak centered at 225-250 °C. These
temperatures are considerably lower than the reduction temperature reported for
pure CeO,, which showed a single large peak at around 550 °C [13, 56, 59, 60] and
higher for the reduction peak of unsupported silver oxide which was reported to be
at 130 °C [10, 61]. TPR profiles of the fresh Ag/CeO, catalysts exhibited a single
broad reduction peak and overlapping reduction peaks. The presence of these peaks
in the samples is an indication of the existence of one or more silver species in the
Ag/CeQ, catalysts. A small reduction peak close to the silver oxide was observed in
the 5Ag/CeO, catalyst. The H, uptake values within parenthesis in Fig. 8.12, by
reduction of the fresh 1Ag/CeO, catalysts, showed that the actual hydrogen con-
sumption was higher than the one predicted from the reduction of the Ag,O on the
samples. This result could be due to the fact that small Ag particles can cause spill-
over of hydrogen onto the support matrix inducing a concurrent reduction of both
silver oxide and CeO, surfaces, as was reported extensively for CeO,-based cata-
lysts and for Ag/MnO, by others [19, 31, 32, 34, 37, 67, 68]. TPR profiles of the
samples after catalytic reaction showed a slight shift in the peaks to higher tempera-
tures. In these samples it was possible to observe a negative peak at 365 °C due to
H, desorption adsorbed on the CeO,; however some metal hydride cannot be ruled
out. Mo et al. [10, 61] observed that the partially reduced CeO, exhibited significant
capacity of hydrogen storage. The effect of the amount of Ag nanowires, in Ag-CeO,
catalysts, was investigated in the steam and oxidative steam reforming of methanol
as a function of the reaction temperature. In general, we observed that as population
of the nanotubes was increased in the catalysts, the catalytic activity of the Ag-CeO,
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nanotubes was also improved. Figure 8.6 shows the catalytic activity of the Ag/
CeO, samples on the SRM reaction. The methanol conversion at 300 °C was 3% on
the sample with a low quantity of nanotubes while for the sample with nanotubes in
a higher concentration was 13%. When raising the temperature up to 375 °C, the
methanol conversion was 41% and 61% for the samples with low and high content
of nanotubes in the catalysts, respectively. After this temperature, both samples had
the same activity and reached 100% of conversion at 425 °C. Imamura et al. [87]
reported that Ag accelerates the oxidation of the CH, in Ag/CeO, catalytic system,
although its chemical effect due to low or large amount of Ag was not remarkable.
Udani et al. [76] observed that the methanol conversion on the SRM reaction
increased considerably with the addition of O, into the feed stream on Cu-base
samples and argued that metallic copper was the active species in that particular
copper ceria oxide catalytic material. In this case, it is considered that a sample with
high nanotube content showed better catalytic activity in SRM reaction; the effect
of the oxygen in the gas feed on the steam reforming was detailed monitored, known
as OSRM. Figure 8.13 shows that addition of oxygen in the feed improved the
activity of sample labeled SAg/CeO, catalyst, because the methanol conversion was
shifted to lower temperatures, approximately 100 °C with respect to SRM reaction.
The methanol conversion at 200 °C was 13%, raising the reaction temperature up to
250 °C; its catalytic activity approaches 50% on the OSRM, whereas for the SRM

100 4 —l 1Ag-CeO2-He
—0o— 5Ag-Ce02-He
1 ——5Ag-Ce02-02
—— 5Ag-Ce02-02-2°

80+

Methanol Conversion (%)

0 ) I 1 1 1 I ) 1 ) )
200 225 250 275 300 325 350 375 400 425 450

Temperature (°C)

Fig. 8.13 Catalytic activity of the 5Ag/CeO, nanotube-based catalyst in the steam and oxidative
steam reforming of methanol as a function of the reaction temperature. CH;OH (75), H,O (12.75),
and O, (25.2) Torr, respectively. He-SRM and O,-OSRM. Image taken with copyrights of
permissions of R. Pérez-Hernandez et al. Catalysis Today, 212, (2013) 225-231
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it requires 350 °C. After 400 °C, 100% of methanol conversion was reached in the
OSRM while in the SRM reaction it requires 425 °C to reach the full methanol
conversion; however, a non-decrease of CH;0OH conversion was observed for both
type of reactions. In order to observe 5Ag/CeO, catalyst activity after the first reac-
tion cycle, a spent catalyst was tested again on the OSRM reaction (as presented in
Fig. 8.13); spent 5Ag/CeO, catalyst does not suffer deactivation (second cycle of
the reaction). So, the catalytic activity of the spent catalytic sample was close to the
fresh catalyst, indicating that the sample was stable. In a previous study, we reported
no deactivation of the silver supported on ZnO nanorod catalysts on the steam
reforming of methanol reaction [50]. However, Imamura et al. [88, 89] observed
that the Ag (10%)/CeO, sample lost its activity remarkably after the first reaction on
the CH, oxidation. Xu et al. [90] studied the effect of the Ag particle size on the CO
oxidation reaction. They observed that the best performance was presented in the
sample with large Ag (5—-10 nm) particles supported on -MnO, nanowires. In addi-
tion, that sample showed a strong Ag—MnQO, interaction. Luo et al. [91] suggested
that the active oxygen on Ag is consumed mainly in the oxidation of CO, and Mn
serves as an oxygen carrier. Scir¢ et al. [92] excluded that the different activity
observed on the Ag/TiO, catalysts prepared by different methods could be related to
Ag particle size. They attributed the higher catalytic activity observed on the Ag/
TiO, sample, for the methanol combustion reaction, to the presence of spherical,
multiple twinned, highly defective Ag crystallites. In our case, it was not possible to
find by TEM this kind of particles in the nanotube catalyst, suggesting that probably
the metallic active phase remains dispersed within the CeO, agglomerates. On the
1% Auceria catalyst, full methanol conversion at 300 °C was completed and no
hysteresis or deactivation was observed upon cooling to lower temperatures [93]. In
the same way, Gonzdlez-Rovira et al. [94] observed that the catalytic activity of the
CeO, nanotubes for the CO oxidation reaction was 400 times higher than that of
polycrystalline powder CeO, sample prepared by a conventional route. This highly
improved catalytic performance must be due to the fact that the nanotubes are built
by assembling a large number of randomly oriented nanocrystals, giving rise to a
significant volume of very reactive boundary regions between the nanocrystals.
Likewise, a greater contribution of the more reactive {1 0 0} facets to the surface
structure of the material may also contribute to the observed catalytic performance
enhancement. In our case, by TEM analysis it was possible to observe many CeO,
nanoparticles along [—1 1 2] direction; therefore, their exposed planes are the {1 1
1}, {220}, and {1 3 1}. In previous work the (2 0 0) planes were also identified
[86]. These crystalline planes identified in this work contribute to the catalytic
activity of our experiments, as it was confirmed by Gonzédlez-Rovira et al. [94].
The main products identified from the SRM and OSRM reaction using the as-
prepared Ag/CeQ, catalysts were H,, CO, CH,, and CO, that can be traced. In
Fig. 8.14a hydrogen selectivity of the 1Ag/CeO, and 5Ag/CeQ, catalysts for SRM
is presented; it was possible to observe that the loading of silver concentration in the
CeO, support induces a reduction of the SH, although a high-ethanol conversion
was also found during test runs; the latter can be attributed and related to surface
crystallographic effect of silver particles as discussed using powder X-ray diffraction
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Fig. 8.14 (a) H, selectivity, (b) CO selectivity, and (¢) CO, selectivity of the Ag-CeO, nanotubes
in the steam and oxidative steam reforming of methanol as a function of the reaction temperature.
CH;0H (75), H,O (12.75), and O, (25.2) Torr, respectively. He-SRM and O,-OSRM. Image taken
with copyrights of permissions of R. Pérez-Hernandez et al. Catalysis Today, 212, (2013)
225-231

data; the hydrogen is easily oxidized to water over a catalytic sample which has
large silver content. The most interesting change in selectivity is derived from silver
over CeQ, acting as support nanostructured material on CO production as indicated
in Fig. 8.14b. The 5Ag/CeO, catalytic sample showed high CO, production, in
accordance to data presented in Fig. 8.14c, and low selectivity towards CH; when
compared with 1Ag/CeO, catalytic sample. In conclusion, increasing silver particle
size leads to promotion of methanol combustion with decrease of hydrogen
production and its increase of the water formation as well as CO, production for
those catalytic systems.

8.5 Conclusions

In this chapter the chemical synthesis and catalytic activity of nickel- and silver-
loaded CeO, nanostructures are presented. The nickel-CeO, catalytic material was
grown by a hydrothermal method; using state-of-the-art microstructure
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characterization techniques it was possible to determine CeO, nanorod morphol-
ogy; and according to TEM observations the width of nanorods is ~8 nm, having
3.10 A which corresponds to the (1 1 1) planes and 2.73 A which corresponds to the
(200) planes. The exposed planes of the CeO, nanorod structure oriented along the
[0 I 1] zone axis for Ni impregnation were (—1 —1 1), (1 1 —1), (1 =1 1), (=11 —=1),
(200), and (-2 0 0) and they were more reactive for methanol conversion in com-
parison with (=2 =2 0), (=20 -2), (02 -2), (0 =2 2), (2 0 2), and (2 2 0) planes
from the [1 1 —1] axis, which corresponds to nanorod growth direction. One remark-
able insight was that Ni/CeO, nanorod catalysts present high activity for autother-
mal steam reforming methanol (ASRM) reaction as a function of Ni loading, which
is a true evidence of chemical synergistic effect between ceria oxide and nickel
metallic particles. For silver ceria oxide (Ag-CeO,) nanotubes are synthesized by
the precipitation method and based on preformed silver nanoparticles as active-
phase precursors. From transmission electron microscopy observations, it was pos-
sible to determine a nanotubular morphological structure, and the complete assembly
of Ag-CeO, was used as a catalytic material for methanol-reforming reaction
towards production of H, [95]. Results indicate that in the case of Ag-CeO, nano-
tubes, nanoparticles of CeO, are those that self-assemble to make up the tubular
structures, having highly reactive surface planes of CeO, exposed creating an
enhancement of catalytic activity as active phase for methanol conversion and selec-
tive for H, and CO depending on chemical concentration and composition. O, effect
on the reforming reaction was clear, because the methanol conversion shifts to lower
temperature and it reduces the CO production compared with selective reaction
monitoring (SRM). The key of the future research is in developing these catalysts
and controlling the particle size at higher Ag concentrations, in order to increase the
H, production and reduce the CO selectivity, in addition for a faster way of large
production and scaling of this type of catalytic systems [96].
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Chapter 9
Effective Visible Light Photodegradation
of Paraoxon with Pure and Doped TiO,

A. K. P. D. Savio, J. Fletcher, K. Smith, R. Iyer, J. Bao,
and F. C. Robles Hernandez

9.1 Introduction

The titanium dioxide (TiO,) allotropes are rutile, anatase, and brookite and have the
following symmetries and structures: P4,/mnm (tetragonal), [4,/amd (body centered
tetragonal), and P/cab (orthorhombic), respectively. Rutile can be obtained from
heat-treated anatase under different conditions [1-5]. The TiO, is used for photoca-
talysis to degrade organic and biological substances. It is also effective as a reductor
for corrosion protection among its other applications [1, 3]. In recent years the sono-
synthesis of TiO, and its doping at relatively low temperatures have been demon-
strated [1, 2, 4]. The band gap in TiO, can be manipulated in various ways, including
but not limited to heat treatments, doping, mechanical alloying, type of synthesis,
purity, etc. [1-9]. Yet, doping seems to be the most effective of these listed methods.
Band gap tuning is key on the catalytic and photocatalytic effectiveness of TiO, spe-
cies [10-12]. The presented work is used to demonstrate that band gap influenced
catalysis, though there are other phenomena (e.g., plasmon effect) that may be more
effective for photocatalysis [4].
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The chemical paraoxon is a potent neurotoxin and has been extensively used as
an insecticide. Paraoxon belongs to the class of chemical compounds called organo-
phosphates. Most organophosphorus pesticides are vinyl ester derivatives of phos-
phates and have been widely used as insecticides and chemical warfare agents. The
widespread use of pesticide and its accumulation in the soil have been a cause of
major health concern. The organophosphate compounds are potent cholinesterase
inhibitors and irreversibly bind to acetylcholinesterase (AChE) by phosphorylating
the active-site serine residue and rendering it inactive [13]. Inactive AChE prevents
the degradation of acetylcholine; the accumulation of acetylcholine can quickly kill
by causing convulsions, brain seizures, respiratory failure, and eventually death
[13]. Several methods have been used to destroy these toxic compounds, including
chemical hydrolysis, incineration, and microbial enzymes. The organophosphate
pesticides were heavily used in the 1970s and 1980s [14]. The relative lack of per-
sistence in the soil can be contributed to their degradation by microbial enzymes.
The potential use of these microbial enzymes for pesticide detoxification had led to
an interest in developing these hydrolases and potential remediation enzymes.
However, the organophosphate enzymes belong to a structurally diverse family and
challenges with reusability and stability need to be addressed to use these enzymes
for bioremediation purposes.This work proposes a methodology to use doped TiO,
as a catalyst to degrade paraoxon in the presence of visible (sunlight or commercial
light bulb) light sources. The TiO, was synthesized and doped by sonochemistry
followed by heat treatments to develop material with the specific crystalline struc-
ture to enhance the catalytic nature of TiO,. The characterization methods used in
this work include X-ray diffraction (XRD), electron (transmission and scanning)
microscopy, UV-vis, Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS).

9.2 Experimental

9.2.1 Synthesis of Doped TiO,

The chemicals used in this work are described in Table 9.1. Deionized water (30 mL)
is added dropwise to 150 mL of titanium isopropoxide (Ti[OCH(CHjs),],;) during
sonication. The temperature in the sonicator was monitored not to exceed 40 °C. The
samples were doped with 0.1 at% of Al, C, Co, Fe, and Rh. The titanium isopropox-
ide is poured into a flask that was submerged in room-temperature water that was
stirred thoroughly to keep a temperature of 40 °C through the entire synthesis. The
sonication was assisted by a Misonix S-2000 apparatus operated with micro-tip
using amplitude of 100%, 20 kHz, for 30 min delivering 15 J/s. The resulting colloid
was placed on a hot plate at 60 °C for 24 h. The resultant powders are TiO, with
organic residue that was dried until they reach a loose appearance. This follows an
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Table 9.1 Chemical agents used in this work with their respective purity and vendors
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Purity
Name Formula (Wt%) Vendor
Titanium isopropoxide Ti[OCH(CHs),], 97.00 Sigma Aldrich
Dopant agents
Aluminum chloride AlCl, 99.99 Sigma Aldrich
Anhydrous, metals basis
Carbon soot C 99.99 SERES
Cobalt (III)fluoride CoF; 99.99 Sigma Aldrich
Iron (III) nitrate Fe(NOs); 99.99 Sigma Aldrich
Anhydrous, trace metal basis
Rhodium (III) nitrate ~36 wt% | Rh(NOs); 99.99 Sigma Aldrich
rhodium
Pesticide
Paraoxon 0,NC¢H,0P(O)(OC,Hjs), 98.9 Supelco
Acetonitrile C,H;N 99.5 Fluka
CSM: Carbon-selective media | MilliQ H,O 94.5 mL
(prepared in lab, sterilized by | | M NTA 200 uL. | Sigma Aldrich
autoclave) 20% (w/v) MgSO0, 7H,0 100 uL | Sigma Aldrich
4% (w/v) CaNO;
0.5% (w/v) FeSO, 6H,0 100 pL Sigma Aldrich
Phosphate buffer solution 100 uL Sigma Aldrich
(stock solution) 5 mL Sigma Aldrich

organic residue removal by deionized water washing that is repeated five times.
Each washing is accompanied by draining on micropore filter paper connected to a
vacuum system via funnel flask. After the last washing procedure the powders are
dried using the process described above.

9.2.2 Heat Treatment

The heat treatments were monitored via thermal analysis using a workstation con-
sisting of a high-speed-high-resolution National Instruments data acquisition sys-
tem (cFP 1804, Austin, TX) and a personal computer. The cFP 1804 data was
connected to a battery of eight thermocouples that can be controlled remotely.
The data collection is set to ten readings per second. Thermal analysis is used to
determine the exact transition temperatures for TiO, following the procedures pro-
posed by Robles-Hernandez et al. [15-17]. The pure and doped TiO, (Al, Co, Fe,
and Rh) were heat treated at temperatures from 100 °C to 800 °C in a tube electric
resistance furnace. All but C-doped samples were heat treated in air atmosphere for
12 h. Heat treatments for C-doped samples were conducted in helium at 100 torr to
prevent interaction among carbon and oxygen.
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9.2.3 Characterization

The XRD characterization was conducted on a SIEMENS Diffractometer D5000
equipped with a Cu tube and operated at 40 kV and 30 A with a corresponding
K, =0.15406 nm. The scanning electron microscopy (SEM) observations were car-
ried out on a FEI XL-30FEG using a 15 kV in secondary electron mode. The sam-
ples were prepared depositing the powders directly on graphite tape and coated with
gold. High-resolution transmission electron microscopy (HRTEM) samples were
prepared by adding a pinch of powder on to a 3 mL of ethanol. The solution was
sonicated for 1 min to form a suspension that was allowed to sediment until the
liquid has a clear appearance. At that time two drops of the suspension were depos-
ited on a Cu grid (300 mesh). The HRTEM was conducted on a JEOL 200 FX oper-
ated at 200 kV.

Raman spectroscopy was conducted on an XploRA™ apparatus, using a green
laser (532 nm) on medium intensity and a shift of 1 cm™!, a spot size of 1 pm, and a
resolution of 0.5 cm~!. Optical spectroscopy characterization was conducted using
a Triax 320 monochromator in transmission mode equipped with a broad-spectrum
xenon lamp and a UV-enhanced Si photodetector. The spectral measurements were
performed using the diffused reflectance method in a wavelength range between
250 and 500 nm. The band gaps were determined with the Kubelka-Munk method
[18]. The samples for Raman and optical spectroscopy were prepared by adding
0.01 g of each powder in 10 mil of deionized water. The mix was subjected to soni-
cation for 10 min using an intensity of 15 J/s. The suspension was deposited on fuse
silica glasses (4 mm in diameter) using a spinning-like approach followed by a dry-
ing procedure on a hot plate at 60 °C for 2 h. The process was repeated five times to
thicken the film and obtain representative values.

The X-ray photoelectron spectroscopy (XPS) was conducted on a Physical
Electronics XPS Instrument Model 5700. The XPS was operated via monochro-
matic Al-K, X-ray source (1486.6 eV) at 350 W. The analyzed area, collection solid
cone, and takeoff angle were set at 800 pm, 5°, and 45°, respectively. A pass energy
of 11.75 eV was used to obtain a resolution of 0.51 eV or better. The XPS was con-
ducted in a vacuum below 5 x 107 torr. The data analysis was conducted on
Multipak™ software and the Shirley background subtraction routine had been
applied throughout.

9.2.4 Degradation

Pure TiO, and doped TiO, were subjected to hydrolysis of the organophosphate
compound paraoxon under sunlight and a commercial light bulb-assisted radiation.
For simplicity the light bulb-assisted method will be identified in this manuscript as
“assisted method.” The experiment set was prepared using the minimal media,
carbon-supplemented media (CSM). The pure and doped (C, Co, Fe, and Rh) TiO,
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were added to sterile 14 mL Flacon tubes at weights of 0.01, 0.04, 0.06, 0.07 and
0.08 g, followed by the addition of 10 mL of sterile CSM. To each sample tube
30 uL of paraoxon (100 mg/mL) was added; the tubes were then sealed and vortexed
for 10 s. A metal powder control was made with 0.50 g of each respective metal
powder and 10 mL of CSM (no pesticide addition). A paraoxon control was pre-
pared with 10 mL of CSM and 30 pL of paraoxon (no TiO, additions). The sample
set (with controls) was then placed in peg rack to allow for increased light exposure.
The rack was then placed under the assisted radiation in a light box or placed on the
counter to allow sunlight exposure. The temperature was measured during the exper-
iments (approx. 29 °C) via K-thermocouple. A 500 pL aliquot was taken from each
tube at different times. The aliquot was centrifuged at 13,400 rpm for 2 min at room
temperature. The supernatant was then read by plate spectrophotometry at 200 pL
per well (in duplicate) at a broad spectra range of 230—1000 nm.

9.3 Results

9.3.1 Materials: Synthesis and Characterization

Figure 9.1 shows the XRD and microscopic characterization of the pure TiO, in the
as-synthesized and heat-treated conditions. The XRD results indicate that the as-
synthesized product is quasi-amorphous and transform to anatase at relatively low
temperatures [4]. The diffraction pattern at 300 °C shows the presence of pure ana-
tase. The transformation to rutile is initiated at a temperature above 300 °C and
completed at around 500 °C depending on the dopant. The samples were heat treated
at temperatures as high as 800 °C to investigate their band gap, coarsening behavior,
and phase transformation(s). Our observations indicated that the most appropriated
characteristics for this work were identified when the materials were heat treated at
300 °C allowing the synthesis of pure anatase and preventing coarsening. The SEM
micrographs show the effects of heat treatment in the macrostructure of the TiO,
particles. From the SEM micrograph it is evident that the particles coarsen and
become denser. The as-synthesized material is a quasi-amorphous phase with non-
equilibrium stoichiometries and it is likely that it is the lack of oxygen with broken
bonds that results in the wide reflections observed by XRD (Fig. 9.1a).

In Fig. 9.2 is presented the Raman spectroscopy analysis of the doped TiO, in the
as-synthesized and heat-treated conditions. The as-synthesized C- and Co-doped
samples present intense E,;, and E, Raman bands, respectively. We presume that
the high intensity of the E,(, band in the Co-doped sample is well resolved due to a
short- to mid-range order [4]. The local nano-stoichiometry is strongly affecting the
C-doped characteristics as observed in the Raman results that is due to phonon con-
finement effects on the E,(;, and E,, bands resulting in anomalies related to hydro-
static pressures [19]. We believe that the E,,, band at 193 cm™' (usually weak [20])
is well resolved and sharp in our case by the presence of interstitial C atoms that
interact with the lattice building up hydrostatic stresses.
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Fig. 9.1 (a) XRD and (b—d) scanning electron micrographs of the pure TiO, (undoped) in the (b)
as-synthesized and (¢, d) heat-treated conditions: (¢) 300 °C and (d) 800 °C

Other identifiable Raman bands in Fig. 9.2 for anatase are E,, By,, and the dou-
blet A,,. The E, mode is identified by three bands (151, 193, and 630 cm™), while
the B,,, A, and B, are at 400, 508, and 512 cm™', respectively [21]. None of the
other bands are well resolved in any of the as-synthesized samples. When anatase is
nanostructured the E, band shows a red shift (from 144 cm™) that is in agreement
with our current and previous work [22, 23]. In this work is observed that this shift
in the Co-doped sample corresponds to particles with grain sizes of ~5 nm that
agrees with our previous work [1, 2]. The heat treatment conditions were selected
based on their effect on band gap. For instance, the heat-treated TiO, at low tem-
peratures (below 300—400 °C) has a single-phase framework composed of anatase.
At higher temperatures (above 500 °C) all samples transform to rutile. This is
important because there are clear changes in band gap in samples with single-phase
frameworks [4].

Figure 9.3 illustrates the band gap values for sono-synthesized samples for the
pure TiO, and doped for different heat treatment temperatures. The values reported
for the band gap herein are comparable to those reported in our previous work
(2.8 eV [4]) and lower to those from commercial sources (3.0-3.2 eV [24]). The
pure sample after heat treatment shows a widening effect on its band reaching val-
ues similar to those reported for commercial anatase. The increase in band gap is
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Fig. 9.2 Raman spectroscopy of the (a) as-synthesized and doped materials along with the (b, ¢)
heat-treated ones at (b) 300 °C and (¢) 800 °C. Note the spectra evolution from the quasi-amorphous
material (a) to the synthesis of anatase followed by rutile for the as-synthesized and heat-treated
conditions, respectively

attributed to the development of a dual-phase framework between anatase and rutile.
It is of further interest to mention that heat treatment samples from 100 to 600 °C
show an almost constant band gap. This range of temperature is characteristic of a
dual-phase framework. After that the material transforms completely to rutile and
the band gap shows significant changes depending on the dopant. The values of the
band gap vary from 2.78 to 3.75 eV; the later value is comparable to that reported
for rutile [25, 26]. Rh is to be effective to narrow the band gap.

In Fig. 9.3 is observed that Co and Al doping does not seem to have clear effect
on band gap, except when heat treated above 600 °C. Opposite is the case for sam-
ples doped with Fe and C with respective band gaps of 3.94 and 4.17 eV. The band
gap changes for the Fe-doped samples between 200 (3.69 eV) and 300 °C (3.67 eV)
are directly attributed to phase transformations in the iron oxides at those tempera-
tures; further details are available in [4, 27, 28]. Once the C-doped sample is heat
treated between 100 and 600 °C its band gap decreases and is relatively constant at
3.27 £0.11 eV; above those temperatures the sample reaches values similar to those
observed in rutile.
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Fig. 9.3 Band gap results of the as-synthesized and heat-treated TiO, doped with various
elements

9.3.2 Catalysis: Chemical Principles

Figure 9.4 shows the degradation sequence of paraoxon by the catalytic effect of
doped TiO,. The degradation is initiated by the degradation of paraoxon into the
p-nitrophenol and diethyl phosphate (DEP). This degradation is important because
the resultant products reduce its toxicity by two orders of magnitude or more [29].
In this work the catalytic degradation of paraoxon is measured by the quantification
of p-nitrophenol via spectrometer. The degradation of the p-nitrophenol is the sec-
ond step in the catalysis presented herein. This degradation can occur following two
paths, by breaking into benzoquinone or hydroquinone that is less toxic substance
[30]. This degradation is being investigated by means of enzymes, bacteria ozone,
and UV light [29, 30]. In this work we demonstrate that TiO, is also effective to
degrade paraoxon rapidly and in the presence of sunlight.

9.3.3 Catalysis: Degradation of Paraoxon

In the first set of experiments the degradation of paraoxon was conducted in the
absence of TiO,. As seen from Fig. 9.5 any changes in the absence of CSM are
untraceable even after 6 days of exposure to sunlight. Those experiments are used
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Fig. 9.4 Sketch of the chemical degradation of paraoxon onto o,o-diethylphosphate + p-
nitrophenol by the catalytic effect of the doped TiO,

to demonstrate the effectiveness on traceability of the degraded species (p-
nitrophenol) of paraoxon (Fig. 9.5). It is important to clarify that in both experi-
ments the degradation is taking place; however, it is only traceable when CSM is
present. Further, the degradation traced in Fig. 9.5b occurs in a cumulative fashion
in the first 3 days. After that the concentration and intensity of the degraded prod-
ucts decrease that may be attributed to a reverse reaction.

The results of adding 0.05 g of pure TiO, to the solutions with paraoxon and
CSM and exposure to sunlight and the assisted method are presented in Fig. 9.6.
From this figure it is apparent that both methods have different effects. The sunlight
radiation has a continuous degradation effect after 6 days of exposure on paraoxon
and this effect is clearer when compared to sunlight alone (Fig. 9.5b). In the assisted
method (Fig. 9.6b) the degradation is enhanced. After 2 days of exposure the inten-
sity reaches a higher value than that observed in Fig. 9.6a after 6 days. However,
after the third day the intensity of the degraded species decays, which we attribute
to a secondary degradation of the present species.

Figure 9.8a—f shows the degradation results of paraoxon in the presence of TiO,
in the assisted method. This experiment was conducted using different additions of
catalyst ranging from 0.01 to 0.08 g. The “control” sample has 0.5 g of pure TiO,.
These samples were tested under both methods for approximately 10 h starting in
the morning and stopping in the evening, when the sunlight still has clarity. The
sunlight is effective in degrading the paraoxon after exposure using 0.6-0.8 g of the
Co-doped TiO,. Samples tested in the assisted method show degradation even in
smaller amounts of the catalyst (0.4 g). Furthermore, the use of 0.1 g of Co-doped
TiO, does not seem to be effective to degrade paraoxon. This allows us to conclude
that both the amount of catalyst and the light source have a direct effect on degrada-
tion effectiveness (Fig. 9.7).

In Fig. 9.8 only the results of paraoxon degradation using 0.08 g of catalyst are
presented since they seem to be the most efficient. As seen in Fig. 9.8a—d the
Co-doped TiO, seems to be the most effective catalyst. In 1 day the degradation of
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the paraoxon seems to be almost completed and it is completed by the second day.
After the fourth day the presence of the degraded species seems again untraceable.
In this case we attribute this effect to a second degree of degradation where the
p-nitrophenol decomposes into p-benzoquinone or hydroquinone [31-33]. Further
test is required to demonstrate the second degree of degradation.

Once the catalytic activity of the Co-doped TiO, is completed and a possible
second degradation is occurring, the effect of Fe-doped TiO, becomes more evident
(see Fig. 9.8a—f). This effect is observed after the first day, but it is until the second
day when it clearly demonstrates to be the second most active catalyst. The Fe-doped
TiO, has a rather steady reactivity during the third and fourth days and after the fifth
day it is the dominant catalyst. The Rh-doped TiO, is also active from the first day;
however, its efficiency is not like that observed in Fe-doped TiO, and Co-doped
TiO,. After the fourth day the traceability of p-nitrophenol is negligible in all cases
but Fe-doped TiO, and Rh-doped TiO,.
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All the tested catalysts, including pure TiO,, are effective to degrade the para-
oxon, but Fe and Co doped are the most effective. The Pt- and Rh-doped TiO, are
usually reported as effective photocatalysts [34]; however, in our research we
demonstrate that Co-doped TiO, has tremendous advantages. We did not observe
clear advantages between C-doped TiO, and pure TiO,. Further, the Rh-doped TiO,
is effective over longer time periods. The use of pure TiO, for water purification and
the removal of pesticides have been previously demonstrated [33, 35]. This work
shows the positive effects of doping TiO, in particular with Fe and Co, both of
which are commercial and affordable products.

The Co-doped TiO, experiments were conducted using 0.07 and 0.08 g of
catalyst due to their clear effectiveness. Using 0.01 and 0.04 g similar effects were
observed but in longer times (Fig. 9.9). Figure 9.9 shows that after 30 min the
Co-doped TiO, starts degrading the paraoxon and p-nitrophenol is clearly measur-
able. The maximum reactivity in the examples presented in Fig. 9.9 takes place after
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27 h and the difference among 0.07 and 0.08 g is also clear, but minor. Additionally,
the results in Fig. 9.9 are in full agreement with those results presented in Fig. 9.8
and clearly complement the observations. The other catalysts were not tested at
short times since they are not as efficient as the TiO,-Co doped. In Fig. 9.9¢ are
presented the results of varying the amounts of dopant from 0.04 to 0.08 g under
sunlight. The amounts of 0.04 g of Co-doped TiO, have negligible effects to degrade
paraoxon or may require significantly longer times.

Figure 9.10 depicts the resultant vials after the catalytic analysis for both
sunlight and assisted method. From those vials it is clear that in the absence of CSM
there is no possibility to measure the degree of degradation of paraoxon (Fig. 9.10f).
On the contrary, all of the catalysts have a clear effect on the paraoxon degradation.
The yellow color is a direct indication of the presence of the subspecies (namely
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Fig. 9.8 Results of catalytic effects of pure TiO, and doped TiO, doped with C, Co, Fe, and Rh
subjected to UV-lamp conditions for different times: (a) 1 day, (b) 2 days, (¢) 3 days, (d) 4 days, (e)
5 days, (f) 6 days

p-nitrophenol) after degradation. It is also of interest to see that the degradation in
the assisted method is evident, but sunlight is enough to degrade the paraoxon. As
seen in previous figures, sunlight is also effective, but required longer times. A
major finding, herein, is the fact that Co-doped TiO, is effective to degrade para-
oxon under either sunlight or assisted method. This is of interest because this
compound has a bandgap of 3.2 + 0.1 eV that is equivalent to a wavelength of
390 nm and falls in the visible light ranges (blue and near UV). On the contrary
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Fig. 9.9 Results of catalytic effects of cobalt-doped TiO, in short times using different amounts of

catalyst and sunlight radiated: (a) 0.7 g and (b) 0.8 g, (¢) effect of catalyst content on photodegra-
dation of paraoxon at 7.5 h and 27 h

the Rh-doped TiO, has a band gap of 2.6 + 0.1 eV (480 nm) and should be more
effective than Co-toped TiO,. This agrees with the idea of a degradation effect
assisted by a plasmonic phenomenon that is further demonstrated with the presence
of the decorating nano g-dots over the TiO, as seen in Fig. 9.10g.

9.4 Conclusions

In this work it is demonstrated that paraoxon can be degraded to less toxic sub-
stances using TiO,. The importance of this catalytic demonstration is to prove that
sunlight radiation is effective in degrading paraoxon with the proper dopant. In this
work it is demonstrated that doping with Rh is more effective to decrease the band
gap; however, Fe- or Co-doped TiO, is a more effective catalyst to degrade para-
oxon. This phenomenon is attributed to the presence of g-dots that precipitate along
the surface of the TiO, forming plasmonic sites that enhance the catalytic effective-
ness of TiO,. The investigated catalysts are able to degrade paraoxon using sunlight.
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% Rh203

51/nm

Fig. 9.10 Pictures of the vials used in the catalysis degradation of paraoxon after 6 days of treat-
ment. The vials correspond to those exposed to the artificial light (lamp) and sunlight. The above
images correspond to (a) pure, (b) C-doped, (¢) Co-doped, (d) Fe-doped, (e) Rh-doped, (f)
Co-doped without CSM, (g) HRTEM of the Rh-doped TiO, showing a particle of TiO, (dotted
square) and a Rh,0; (dotted circle). The insets on the right of (g) are used to filter the exact particle
and measure the lattice constant with higher precision. The same procedure was used for TiO,
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Chapter 10

Ternary-Phase NiMoWS, Catalytic
Material for Hydrodesulfurization

Brenda Torres, Lorena Alvarez-Contreras, Daniel Bahena-Uribe,
Russell R. Chianelli, and Manuel Ramos

10.1 Introduction

Until nowadays, a continuous search for catalytic materials that are of high perfor-
mance and are stable under industrial reaction conditions of hydro-processing
remains a current activity by many research groups around the world. The main
target is to achieve a catalytic material efficient enough for removal of heteroge-
neous atoms that are contained in crude oil refinement production of high-quality
liquid fuels. As demanded by environmental legislation and regulations, one main
component of that regulation is to achieve a sulfur content reduction from 50 to
10 ppm by 2020 mainly in automobile fuels [1]. One industrial scientific-based
approach for hydro-processing crude oil has been the usage of transition metal sul-
fide catalytic materials due to its high stability at high pressures and temperatures,
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and catalytic activity performance [2]. Additionally, the catalytic activity can be
tuned when adding cobalt- or nickel-“promoting” atoms into layered TMS struc-
ture; due to a change in its electronic structure as described by the Sabatier principle
[3], and extensively studied and found through experimental and theoretical
approaches by Lauritsen et al. [4] and Raybaud et al. [5] in so-called CoMoS and
NiMoS catalytic systems. However, cobalt(nickel)-promoted chemical structure has
reached its catalytic upper limit, when compared to industrially commercial cata-
lytic material such as NEBULA® which is a ternary-phase catalytic material (3TM),
as described in detail by Eijsbouts et al. [6]. Now ternary systems are mainly for
oxidation purposes in the form of core-shell nanoparticles dispersed in high-
temperature support (alumina, silica, zeolites, etc.) [7, 8] and low information can
be found in the literature about ternary systems for hydro-treating purposes. The
addition of more metallic chemical atoms into the catalytic phase causes an increase
of pricing, making it less attractive for upscaling industrial applications. This is
when unsupported systems take an important role, because of the decreased need
for more chemical components to perform catalytic activity. Also, Ramirez et al. [9]
state that supported material plays a role during chemical catalytic process, some-
times as promoter and on occasions as poison component. On the other hand, the
catalytic activity can be understood by laboratory test for dibenzothiophene (DBT)
molecule in established protocol reaction called hydrodesulphurization mainly
referred to as HDS [10]. Nevertheless, in order to achieve more understanding
beyond catalytic activity values a characterization process takes place; this charac-
terization process is done by frequency spectra instrumentation and techniques,
such as Raman or infrared (IR) spectra, which provides modes of vibration for
atoms near edges in catalytic material [11, 12]. Moreover, the development of field
emission electron microscopy in combination with energy-disperse surface spec-
troscopy can allow direct measurements of atomistic structure and noble under-
standing of structure/function relationships as completed by Ramos et al. [13] in
catalytic unsupported molybdenum disulfide catalytic materials. Here, authors pres-
ent a hydrothermal synthesis ternary-phase nickel molybdenum-tungsten disulfide
(NiMoWS,) catalytic material from thiosalts at aqueous environment in combina-
tion with extensive structural and catalytic test for HDS reactions.

10.2 Experimental Methods

10.2.1 Synthesis of Ternary-Phase Catalyst

A solution of ammonium thiotungstate (NH4),WoS, is prepared in a minimum
amount of water at room conditions and mixed with a solution of ammonium thio-
molybdate (NH4),MoS, also prepared in a minimum amount of water at room con-
ditions. This solution is added to an aqueous solution of NiCl, under stirring and a
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fine black precipitate is rapidly formed. The final material is vacuum filtered to
obtain a precursor paste according to the next chemical equations:

(NH4), MoS, +(NH4), WS, — 2(NH, ), WMoS, (10.1)
2(NH4), WMoS, +0.5NiCl, — Ni; /[ (NH, ), WMoS, | +2NH,Cl  (10.2)

Five grams of trimetallic precursor were added to 50 mL of water; the solution is
placed inside a 0.6 L Parr reactor Model 4650 at room temperature. The reactor is
purged with nitrogen gas. The temperature is then raised to 300 °C and the pressure
is increased to 1200 psi. These conditions are maintained for 2 h. After that, the
reactor was let to cool down to room temperature. Once depressurized the sulfide
catalyst is recovered from the reactor and washed with isopropanol.

10.2.2 Catalytic Activity Using HDS Reaction and Selectivity

The HDS of DBT is carried out in a Parr reactor-type batch of high-pressure Model
4522. One gram of catalytic sample is placed in a batch reactor with HDS reactant
(5.0% vol. of DBT in decaline). The reactor is pressurized to 3.1 MPa with hydro-
gen and heated to 623 K at a rate of 10 K/min. After reaching working temperature,
sampling for chromatographic analysis is performed to determine the conversion
versus time dependence. The reaction runtime was 5 h. The reaction products were
analyzed using a Perkin Elmer Auto-System chromatograph with a 9 ft. x 1/8 i.d.
packed column OV17 3% over Chromosorb 80/100. The main reaction products
from the HDS of DBT are biphenyl (BP) and cyclohexylbenzene (CHB). The selec-
tivity for the main products (BP, CHB) was calculated by the following equation:

HYD/DDS =[THDBT]+[CHB|/[BF] (10.3)
where tetrahydrodibenzothiophene (THDBT) and cyclohexylbenzene (CHB) are

the concentration of the hydrogenation products (HYD), whereas biphenyl (BF) is
the direct desulfurization product (DDS), obtained after 5 h of reaction.

10.2.3 Textural Properties

Nitrogen adsorption isotherms were measured using a Quantachrome AUTOSORB-1
surface area analyzer. The specific surface area was determined using BET method,
while the pore size distribution was obtained using BJH method.
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10.2.4 Sample Preparation for HRTEM

Approximately 0.5 g of sample was dissolved using isopropanol in a glass vial with
the mixtures under ultrasonic bath for 10 min. Just one drop of the solution for each
sample was placed onto a 200 mesh Cu/C grid and dried at 120 °C for 30 s to evapo-
rate all isopropanol. Observations were performed in a JEOL® model ARM-200F
with an operational voltage of 200 kV equipped with a Cs corrector (CEOS GmbH)
and FEGSTEM/TEM unit. Images were processed using Digital Micrograph®
package.

10.3 Results and Discussion

The aim of this research work is to achieve hydrothermal synthesis of highly active
catalytic unsupported material in order to compete with supported commercial cata-
lyst, which is made out of low-dimension materials supported in a high-temperature
matrix like alumina oxide (Al,O3), zirconia oxide (ZrO,), and ceria oxide (CeQ,),
which in many cases can also contribute to the homogenous distribution [14] of the
catalytic material and provide some electronic structure promotion as described by
Diaz-Garcia et al. when studying the electronic effects of the support in NiMo cata-
lyst [15]. Previous work performed on this topic had found that unsupported molyb-
denum disulfide catalyst possesses high surface area, ideal for molecular conversion
and chemical reactivity; the preparation of ternary-phase catalyst from thiomolyb-
date salt precursors has been used before with high success as reported by Huirache-
Acuiia et al. [16]. Textural properties of unsupported ternary-phase catalyst were
evaluated by N, physisorption at —196 °C; the results are listed in Table 10.1; for
comparison purposes MoS, and NiMoS, catalysts were included; those were syn-
thesized using the same method and same equipment was used for NiMoWS,.
While the pore diameter can be considered practically the same for those three cata-
lysts, as the same synthesis conditions were used, the addition of nickel as promoter
enhances dramatically the specific surface area. Meanwhile the incorporation of
tungsten metal decreased, thus making a reduction in the number of pores present.
This modified porosity correlates with the presence of tungsten metal in the solid.
Pore size diameter and N, adsorption hysteresis loops shown in Fig. 10.1 reveal
predominance of mesopores and limited amount of macropores. The isotherms are

Table 10.1 Textural properties of the as-synthesized catalytic materials

Specific surface P9re diameter
Catalyst | Precursors area (m> g™') (A)
MoS, (NH4),MoS, precursor (82.7 bars, 300 °C) 101.32 37
NiMoS, | (NH4)2MoS4 + NiCl, (82.7 bars, 300 °C) 301.22 35
NiMoWS, | (NH4),MoS, + (NH4),WS, + NiCl, (82.7 bars, | 143.89 38
300 °C)
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Fig. 10.1 Representative adsorption desorption isotherms of nitrogen at 77 K

type IV, with H3 hysteresis loops, which do not exhibit any limiting adsorption at
high p/p°, as is observed with aggregates of platelike particle with slit-shaped pores
as studied by Sing et al. [17].

Hydrodesulfurization (HDS) reaction is a standard protocol to achieve evalua-
tion of catalytic activity by reacting dibenzothiophene (DBT) molecule under pres-
sure and temperature conditions as described by Alvarez et al. [18]; pseudo
zero-order reaction kinetics equations are used to describe the reaction rate of HDS
reaction in a batch reactor. A pseudo zero-order HDS reaction kinetics analysis of
the relationship between the conversion and the rate constant showed that the stan-
dard deviation of the estimated reaction rate constant was about 2% in all cases. In
our HDS catalytic tests, the main reaction products of DBT are biphenyl (BP) and
cyclohexylbenzene (CHB). Table 10.2 shows the comparison of DBT HDS activity
and HYD/DDS ratios of unsupported catalysts prepared by hydrothermal
technique.

The results show that the specific reaction rate for the ternary catalyst NiMoWS,
is greater than its counterpart materials, showing a high conversation percentage of
DBT of 89%; also the hydrogenation ratio is highest than its counterpart materials
that does not contain nickel metal. With NiMoWS, being the most active material in
this study, we can say that it has the highest concentration of available coordinative
unsaturated sites (CUS); this statement is in agreement with the TEM findings that
show high bending curvatures at the edge of NiMoWS, microtube.

In order to correlate the activity to morphological structure/functionality a series
of high-resolution images were taken with the aid of Cs-corrected transmission
electron microscopy; the results indicate a microtube configuration with well-
defined walls made out of two-dimensional layered transition metal chalcogenide
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Table 10.2 Comparison of DBT HDS activity and HYD/DDS ratios of unsupported catalysts
prepared by hydrothermal technique

Rate constants HYD/DDS | %DBT
Catalyst Method of preparation (1077 mol s~' g™ ratio conversion
MoS, ATM precursor (Patm, 1.7 0.40 9
400 °C)
MoS, ATM precursor (82.7 bars, |12.0 0.39 47
300 °C)
NiMoS, Ni/ATM precursor (82.7 20.0 0.95 76
bars, 300 °C)
NiMoWS, | Ni/ATM-ATT precursor 25.0 0.99 89
(82.7 bars, 300 °C)
CoMo/ Commercial (no method of | 15.0 0.40 41
Al,O; prep. available)

50 nm

1 2 3 4 5 L] 7 10
eV

Fig. 10.2 Scanning transmission electron micrograph taken with the aid of Cs-corrected instru-
ment. Dark-field image indicates some porosity over the walls of microtube and from the measure-
ments a ~40 nm wall thickness is confirmed with nickel, tungsten, and molybdenum atoms present
as indicated from EELS spectra

material as presented in Fig. 10.2. The tube wall thickness is about ~40 nm; it was
possible to determine curvatures of laminar two-dimensional structures at edges
with typical 0.649 nm between layers and 0.324 nm between atoms corresponding
to Mo-Mo in the single crystallographic structure.

The energy electron loss spectra indicate the presence of nickel, tungsten, and
molybdenum species; however, it does not provide the location of chemical species
at the ternary-phase walls of the microtube. By a closer look as presented in
Fig. 10.3, it is possible to observe the characteristic fringes with high bending
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Fig. 10.3 Closer observation of edge corresponding to Fig. 10.2, using STEM instrument. It is
possible to determine interlayer distance of 0.649 nm as shown in inset and 0.32 nm for interatomic
distances over the edge of layers both presented in inset profiles

curvatures at the edge of microtube along with energy-disperse spectra indicating
tungsten, sulfur, nickel, and molybdenum species as present in the sample; the oxy-
gen was added as calibration species but it is not presented in the chemical structure
of the sample.

10.4 Conclusions

A successful synthesis using salt solutions of ammonium thiotungstate (NH4),WoS,
and ammonium thiomolybdate (NH4),MoS, to prepare a ternary-phase catalytic
material under hydrothermal conditions is presented here. The products were stud-
ied using conventional hydrodesulfurization reaction for dibenzothiophene (DBT)
molecule and indicate a conversion rate k = 25.2 x 1077 mol/g s. From Cs-corrected
scanning transmission electron microscopy it was possible to determine a microtube-
like morphology with wall thickness of ~40 nm and high bending curvatures of
layered two-dimensional structures are observed at the edges of tube, which can be
possible sites of high DBT conversion.

Acknowledgements Principal author thank Department of Chemistry and Biochemistry of
University of Texas at El Paso and Centro de Investigacion en Materiales Avanzados-Chihuahua
for usage of laboratory facilities. M. A. Ramos thank Kleberg Advanced Microscopy Centre of
University of Texas at San Antonio for usage of Cs-corrected STEM instrument as well as
Universidad Auténoma de Ciudad Judrez for economical support.



216 B. Torres et al.

References

1. J. Saul, U.N. sets rules to cut sulfur emissions by ships from 2020, REUTERS, Environment.
October 27, 2016. https://www.reuters.com/article/us-shipping-environment-sulphur

2. T.A. Pecoraro, R.R. Chianelli, Hydrodesulfurization catalysis by transition metal sulfides.
J. Catal. 67(2), 430-445 (1981)

3. R.R. Chianelli, G. Berhault, P. Raybaud, S. Kasztelan, J. Hatner, H. Toulhoat, Periodic trends
in hydrodesulfurization: in support of the Sabatier principle. Appl. Catal. A 227, 83-96 (2002)

4. J.V. Lauritsen, S. Helveg, E. Legsgaard, I. Stensgaard, B.S. Clausen, H. Topsge, F. Besenbacher,
Atomic-scale structure of Co-Mo-S nanoclusters in hydrotreating catalysts. J. Catal. 197, 1-5
(2001)

5. P. Raybaud, J. Hafner, G. Kresse, H. Toulhoat, Structural and electronic properties of the
MoS,(10I'0) edge-surface. Surf. Sci. 407, 237 (1998)

6. S. Eijsbouts, F. Plantenga, B. Leliveld, Y. Inoue, K. Fujita, STARS and NEBULA—new
generations of hydroprocessing catalysts for the production of ultra low sulfur diesel. Prepr.
Pap.-Am. Chem. Soc. Div. Fuel Chem. 48(2), 494 (2003)

7. S.H. Noh, B. Han, T. Ohsaka, First-principles computational study of highly stable and active
ternary PtCuNi nanocatalyst for oxygen reduction reaction. Nano Res. 8, 3394 (2015). https://
doi.org/10.1007/s12274-015-0839-2

8. D. Ferrer, A. Torres-Castro, X. Gao, S. Septlveda-Guzman, U. Ortiz-Méndez, M. José-
Yacaman, Three-layer core/shell structure in Au—Pd bimetallic nanoparticles. Nano Lett. 7(6),
1701-1705 (2007)

9. J. Ramirez, F. Sanchez-Minero, Support effects in the hydrotreatment of model molecules.
Catal. Today 130, 267-271 (2008)

10. H. Topsge, B.S. Clausen, F.E. Massoth, Hydrotreating Catalysis, Science and Technology
(Springer-Verlag, Berlin, 1996). ISBN 3-540-60380-8

11. E. Stavitskia, B.M. Weckhuysen, Infrared and Raman imaging of heterogeneous catalysts.
Chem. Soc. Rev. 39, 4557-4559 (2010)

12. K. Castillo, F. Manciu, J.G. Parsons, R.R. Chianelli, Synthesis and characterization of 1,2,3,4
tetrahydroquinoline intercalated into MoS, in search of cleaner fuels. J. Mater. Res. 22(10),
2747-2757 (2007)

13. M.A. Ramos, G. Berhault, D.A. Ferrer, B. Torres, R.R. Chianelli, Combined HRTEM and
molecular modeling of the MoS,-Co,S; interface to understand the promotion effect in bulk
HDS catalytic structures. Catal. Sci. Technol. 2, 164-178 (2012)

14. T. Klimova, M. Calderdn, J. Ramirez, Ni and Mo interaction with Al-containing MCM-41 sup-
port and its effect on the catalytic behavior in DBT hydrodesulfurization. Appl. Catal. A Gen.
240(1-2), 29-40 (2018)

15. L. Diaz-Garcia, V. Santes, T. Viveros-Garcia, A. Sanchez-Trujillo, J. Ramirez-Salgado,
C. Ornelas, E. Rodriguez-Castellén, Electronic binding of sulfur sites into Al,O3-ZrO, sup-
ports for NiMoS configuration and their application for hydrodesulfurization. Catal. Today
282(2), 230-239 (2017)

16. R. Huirache-Acufia, B. Pawelec, C.V. Loricera, E.M. Rivera-Muifioz, R. Nava, B. Torres,
J.L.G. Fierro, Comparison of the morphology and HDS activity of ternary Ni(Co)-Mo-W cata-
lysts supported on AI-HMS and Al-SBA-16 substrates. Appl. Catal. B Environ. 125, 473-485
(2012)

17. K.S.W. Sing, D.H. Everett, R.A.\W. Haul, L. Moscou, R.A. Pierotti, J. Rouquerol,
T. Siemieniewska, Reporting physisorption data for gas/solid systems with special reference
to the determination of surface area and porosity. Pure Appl. Chem. 57, 603 (1985)

18. H. Nava, C. Ornelas, A. Aguilar, G. Berhault, S. Fuentes, G. Alonso, Cobalt-molybdenum sul-
fide catalysts prepared by in situ activation of bimetallic (Co-Mo) alkylthiomolybdates. Catal.
Lett. 86, 257-265 (2003)


https://www.reuters.com/article/us-shipping-environment-sulphur
https://doi.org/10.1007/s12274-015-0839-2
https://doi.org/10.1007/s12274-015-0839-2

Index

A
Aberration-corrected high-resolution
transmission electron microscopy
(AC-HRTEM), 110
Acetylcholinesterase (AChE), 192
Ag-CeO, and Ni/CeO, nanorod catalysts
bimetallic Ni-Ag catalysts, 168
catalytic materials, 168
characterization, 169-171
CO oxidation, 168
electrochemistry, 167
fuel cells, 167
greenhouse gases, 167
hydrogen consumption, 174
nanostructured silver clusters, 168
powder X-ray diffraction patterns, 173
preparation, 168
PVP, 169
reducible species, 171
SEM, 171, 172
temperature-programmed reduction
profiles, 174
36Ni/CeO, catalyst, 172
TPR, 169, 173
x-ray spectrometer, 169
XRD patterns, 172
Asphaltenes, 135
Assisted template method, 21
Athabasca bitumen (ATB), 140
Atomic force microscopy (AFM),
42,57

Autothermal steam reforming (ASRM), 167,

168, 170, 175, 176, 187

© Springer Nature Switzerland AG 2019

B

Badische Anilin- und Soda-Fabrik (BASF), 2

Benzoquinone, 198

Bitumen, 129, 131, 132, 134, 140-144,
146-148

Box-Behnken-type experimental design, 68

C
Calcinations, 14, 18, 22
Carbide and oxide
carburization processes, 52
catalyst preparation, 51
EXAFS techniques, 51
HDS and HDN conversion, 51
hydroprocessing, 51
layered transition metal sulfides, 51
MoS, catalyst, 52, 53
MoS, molecular slab model, 52, 54
Carbides, 14-16, 26-33
Carbon dioxide (CO,), 171, 176
Carbon nanotubes (CNT), 14, 16, 19, 21, 22
Carbon-supplemented media (CSM), 194
Carburization, 52
Catalysis, 99, 102, 108
alumina oxides (Al,O), 3
CRL, 3
role of, 1,2
TMS, 2 (see also Transition metal sulfide
(TMS))
Catalyst
catalytic bed, 132
Co-Mo and Ni-W, 136

217

J. M. Dominguez-Esquivel, M. Ramos (eds.), Advanced Catalytic Materials:
Current Status and Future Progress, https://doi.org/10.1007/978-3-030-25993-8


https://doi.org/10.1007/978-3-030-25993-8

218

Catalyst (cont.)
hydroprocessing/hydrotreating, 143
ISU applications, 140
liquid products, 142
nanocatalysts, 135
TEM microphotographs, 144
ultradispersed, 144
water-in-oil emulsions, 136

Catalyst preparation methods, 19

Catalytic materials
liquid fuels, 1
oxides and carbides, 1
theory + synthesis + characterization +

commercialization, 2—10

Catalytic platinum nanoparticles, 4

Catalytic reactions, 13-16, 26

C-doped TiO,, 201

Chalcogenides, 98

Chelating agents, 72-77, 81

Chelating organic additives
CA (see Citric acid (CA))
catalytic systems, 72
Co(Ni)Mo HDS catalysts, 72
CoMoS phase model, 73
EDTA, 72, 74-76
experimental IR spectrum, 73
experimental techniques, 73
sulfided catalysts, 73
theoretical techniques, 73
use of, 72

Chemical
anisotropy, 6
bond strength, 7
HDS, 9

Citric acid (CA)
catalysts prepared, 77
chelating agents, 77, 81
Co to the MoS, phase, 81
DBT, 80
effect of, 77
4,6-DMDBT, 79, 81
IR analysis, 79
Mo-based catalysts, 77, 78
sulfided catalysts, 77-79, 81
TPR-S experiments, 78, 79
TPS, 78

Co(Ni)-Mo(W)-based heteropolycompounds
alumina-supported catalysts, 82
Co/Mo ratio, 82
Co-promoted molybdenum, 82
HDS catalysts, 81, 82
hydrotreatment catalysts, 82
polyoxometalate structure

support impregnation, 83
thermal treatment, 83—85

Index

preparation method, 82
SRGO, 82
Cobalt/Nickel (Co/Ni)
brim site effect, 48
catalytic sites, 48
catalytical interface, 48, 50
chemical synthesis, 48
CoySg/MoS; bulk phase, 49, 51
Co-Mo-S phase, 48
Halgren-Lipscomb DFT-based algorithm,
49, 50
HRTEM instrument, 48
NiMoS/CoMoS, 48
Cobalt-promoted molybdenum disulfide
(Co/MoS,)
chemical precursors and synthesis
methods, 114
crystallographic groups, 119
density functional methods, 117
hydrodesulfurization purposes, 119
hydrothermal reactor, 117
in situ carbonization effects
accelerate edge carburization, 122
bending effects, 122, 123
carbide phase, 120
carbide-like entities, 122
carbon replacement/bonding, 121
crystallographic phases, 123
EELS and NEXAFS, 121
EXAFS technique, 121
in situ operando techniques, 120
lacey silicon grid, 121, 123, 124
structural carbon, 121
twinning defects, 122
typical fringes, 120
morphological configurations, 114
scanning and transmission electron
microscopy, 114
thiocubane clusters, 117, 119
turbostratic, 117
typical fringes, 117
Cobalt sulfide (Co,Sy), 48
Co-doped TiO,, 199-204
Co—Mo-S phase, 48, 162
Computer-assisted ab initio approach, 43
Coordinatively unsaturated sites
(CUS), 66
Corporate Research Laboratory (CRL), 3
Crude oil
hydrocarbons, 129
resource triangle, 130
synthetic, 131
total world oil resources, 130
Crystallographic lattice, 4
Cyclohexylbenzene (CHB), 211, 213



Index

D
Density functional theory (DFT), 9, 55, 62, 64,
66, 73-76, 119, 125
computer-assisted calculations, 45, 54
dibenzothiophene model molecule, 49
MoS,, 43
numerical calculations, 50, 52
pharmaceutical industry, 42
theoretical calculations, 44
Desulfurization product (DDS), 211
Dibenzothiophene (DBT), 5, 7, 9, 62, 64, 65,
76, 78-80, 82, 210, 211, 213-215
Diethyl phosphate (DEP), 198
Direct desulfurization (DDS), 61, 64
Doped TiO2
characterization, 194
chemical principles, 198, 199
degradation, 194, 195
degradation of paraoxon, 198-200, 202,
204, 205
heat treatments, 193
materials, 195, 197
plasmonic sites, 204
synthesis, 192, 193
Dynamic light scattering (DLS), 136

E
Electron energy loss spectrometry
(EELS), 214
Electron holography, 98
Electronic structure
bulk atomic configuration, 4
carbide and oxide, 51-55
catalytic TMS, 8
Co/Ni, 48-51
computer-assisted calculations, 7, 9
DFT, 9
HRTEM experimental observations, 45
Mo,,Ss, cluster model, 43, 44
MoS, cluster model, 45, 46
periodic effects, 4
single-layer S—-Mo-S slab models,
45,47
STM, 44, 45
theoretical models, 45
two-layer S—-Mo-S slab models, 47
Electron microscopy, 102
Electron tomography, 152, 155, 161
Energy-disperse/energy electron-loss
spectroscopies, 97
Energy-dispersive X-ray spectroscopy (EDX),
168, 169
Engel-Brewer theory, 27
Environmental Protection Agency (EPA), 41

219

Ethylenediaminetetraacetic acid (EDTA)
chelating agents, 75
CO adsorbed on CoMoS sites, 75
CoMo catalysts, 74
CoMo/Al,Os catalyst, 74
Co-promoted molybdenum catalysts, 76
effect of, 76
IR selection rule, 75
S-containing molecules, 76
STM experiments, 75
sulfided catalysts, 74
tetrahedral/pseudo-tetrahedral structure, 75
thiophene/DBT, 76

Extraheavy (XH), 129, 130

F

Federal Test Procedures (FTP), 3

Fe-doped TiO,, 200

FEI® Tecnai TF20, 117

Fischer—Tropsch and alcohol synthesis, 2

Fluid catalytic cracking (FCC), 62, 67-70, 72,
99-101

4,6-dimethyldibenzothiophene (4,6-DMDBT),
62-64,76, 78, 81-84, 87, 88

Fractal dimensions, 152, 155, 162, 163

Frenkel’s point defects, 160

G

Gatan Digital Micrograph® computational
package, 117, 154

General gradient approximation (GGA), 57

Goldilocks effect, 7, 8

H
Heavy vacuum gas oil (HVGO), 140
Heteropolyacid (HPA), 72, 82, 83
Heteropolycompound (HPC), 63, 72, 82, 83, 89
High-angle annular dark field (HAADF), 109,
110, 112, 117
High-performance computing (HPC), 57
High-resolution TEM technique, 125
High-resolution transmission electron
microscope (HRTEM), 42, 57, 138,
154, 194
Hydrodemetallation (HDM), 2
Hydrodenitrogenation (HDN), 2, 15, 27, 29, 51
Hydrodesulfurization (HDS), 2, 5, 15, 29, 32,
136, 138, 139, 210, 211, 213, 214
catalyst support
benefits, 63
DFT theory, 66
direct desulfurization route, 64



220

Hydrodesulfurization (HDS) (cont.)
FCC gasoline, 67-72
matrix support, 63, 64
molybdenum disulfide, 64
MoS, particles, 66
redox process, 67
Sabatier principle, 66
theoretical methods, 64
thiophene HDS activity, 64
UV-vis-NIR DRS electronic
spectroscopy, 66
X-ray photoelectron spectroscopy, 64
catalytic materials, 61-63
chelating organic additives (see Chelating
organic additives)
density functional theory, 63
DFT methods, 62
experimental evidence, 62
hydrogenation, 89
matrix support, 63
organic additives, 63
preparation method, 89
sulfidation methodology (see Sulfidation
methodology)
theoretical evidence, 62
two-site reaction model, 62
Hydrogen (H,) absorption
cluster model, 55
dissociation over edges, 55
dissociation process, 55
heterolytic character dissociation, 55
Hydrogenation (HYD), 42, 44, 49, 68, 70-72
Hydroquinone, 198
Hydrotalcites (HT), 14, 16, 19
Hydrothermal treatment method, 21
hydrothermal treatment of TiO,, 24
Hydrotreatment, 14-16, 29-33

1
1.G. Farbenindustrie (IGF), 2
Impregnation method, 28
In situ operando experimentation, 102
In situ upgrading technology (ISUT),
131-134, 139, 141-147
Inelastic scattering (INS), 98, 102
Infrared spectroscopy (IRS), 42, 57
Inorganic materials, 21
Inorganic nanotubes (INT), 14, 16, 19, 32
challenge for synthesis, 21
characterizations, 23
CNTs, 21, 22
hydrothermal treatment method, 21
LBL method, 22

Index

morphologies of, 23
nanomaterials, 19
physiochemical properties, 20
solid-state chemistry, 19
synthetic strategy, 22
titanate nanotubes (see Titanate nanotubes)
traditional sol-gel method, 21
types of, 22
versatile applications, 20
Iridium (Ir), 104, 105
Isoelectric point (IEP), 83

J
JEOL® model, 212

K

Knock-on damage, 103
Knoevenagel reaction, 14, 15, 25, 32
K-thermocouple, 195
Kubelka-Munk method, 194

L
Layer-by-layer (LBL) method, 22
Liquefied petroleum gas (LPG), 99
Liquid fuels
catalyst-based technologies, 1
energy industry, 9
IGFE, 2
interface model, 9
pollutants, 2
WWI led, 2
Liquid hourly space velocity (LHSV), 68-70
Local density approximation plus Hubbard
(LDA+U), 57
Low-cost synthesis method, 32

M
Materials
lower horizontal branch, 145
petroleum, 129
Metal organic framework (MOF), 14, 16, 19, 32
Methanol-reforming reactions, 167, 168
Microcarbon residue (MCR), 143
Molecular structural models, 44
Molybdenum disulfide (MoS,), 42, 100, 101
See also MoS2 and MoS2/Co-catalytic
spheres
MoS2 and MoS2/Co-catalytic spheres
adsorption/desorption isotherms, 157, 159
CoMoS phase, 162, 163



Index

Co promoter insertion, 161
Co-promoted MoS, catalysts, 152
electron distribution function, 156, 157,
160, 161
electron tomography, 154, 155
H3-type hysteresis loop, 161
HRTEM, 154, 155
hydrothermal synthesis, 152, 153
liquid—vapor menisci, 161
nanoscaled materials, 151
Neimark-Kiselev fractal analysis, 159,
162, 163
pseudo-intercalation model, 151
radial distribution function, 156, 157,
160, 161
R3m symmetry, 160
Rietveld’s refinement, 156
rim-edge model, 152
SEM, 153, 154
STEM microscopy, 162
STM, 152
stoichiometry variation, 160
TEM, 152
TEM-2D images, 162
XRD, 156
MoS2-based catalyst
DFT calculations, 55-57
electronic structure, 42-51
pore volume impregnation
calcination, 43
infrared absorption bands, 43
nickel/cobalt cations, 43
oxide hydrotreating, 43
Mulliken population analysis, 117
Multipak™ software, 194

N
Nanoparticle tracking analysis (NTA), 141, 142
Nanostructures, 110, 122
Neimark-Kiselev fractal analysis, 159, 162, 163
Neutron diffraction, 102
Neutron scattering (NS), 102
New catalytic materials
applications of, 17
catalytic reactions, 16
design
classical impregnation route, 18
distinct preparation methods, 20
hydrocarbon transformation
reactions, 17
ion exchange, 18
methods of blending, transforming, and
mounting, 19

221

precipitation and impregnation routes,
17,18
traditional sol-gel method, 18
zero by-products, 17
development and design of, 16
novel strategies, 16
traditional catalysts, 16
Nickel-loaded CeO2 catalyst, 171-178
Nickel-loading ceria oxide (Ni/CeO2),
168, 169
Ni—Mo-S phase, 48
Nitrides, 14-16, 23, 26-33
Nonaqueous preparation methods, 70
Novawin© 11.03 software, 154
Novel catalytic materials
calcinations, 14
catalytic reactions, 13
challenging catalytic reactions and
processes, 13
characterizations, 15
CNT, 14
HDN, 15
HDS, 15
hydrotreatment, 14—-16
INT, 14
MOF, 14
new solids (see New catalytic materials)
physical/chemical methods, 15
rutile/anatase phases, 14
synthesis, 15, 16, 32
titanate nanotubes, 14, 15, 32
TMC, 15
TMN, 15
TMS, 14
Novel strategies, 16
Nuclear magnetic resonance (NMR), 73, 83,
102, 103

(0]

Organic molecules with sulfur content
AL O;-supported molybdenum catalysts, 57
non-heterocycles and heterocycles, 56
sulfur compounds, 56

Organophosphates, 192

Orthorhombic, 191

Oxidative steam reforming (OSRM), 168, 181,

182, 184-186

P

Partial oxidation (POM), 167, 168
Pentlandites (Ni;S,), 6

Petroleum refining, 98



222

Photocatalytic activity, 14, 15, 25, 32
Platinum bimetallic catalytic particles, 4
Polymetallic cluster catalysts, 4
Polyvinylpyrrolidone (PVP), 138

Pyrite (RuS,), 6

Q
Quasi-elastic NS (QENS), 102

R

Radiolysis, 103

Raman spectroscopy, 192, 194, 195, 197

Reservoir, 129, 131, 132, 134, 135, 139, 140,
142, 144-147

Rh-doped TiO,, 200, 201, 204, 205

Rietveld’s refinement, 160—162

S
Sabatier principle, 66
Scanning and transmission electron
microscopes (STEM/TEM), 97
Scanning electron microscopy (SEM), 97, 136,
137, 168, 169, 171, 179, 180, 194
Scanning transmission electron microscopy
(STEM), 168, 170
Scanning tunneling microscopy (STM), 44,
62,73,75
Secondary building units (SBUs), 98, 99
Seed model, 50
Silver-loaded CeO, catalyst, 179-181,
183-186
Silver-loaded zeolites (LTA), 105, 106
Silver-loading ceria oxide (Ag/Ce0,), 169
Small-angle neutron scattering (SANS), 102
Sono-synthesis, 191
Stanford Synchrotron Radiation Lightsource
(SSRL), 3
Steam-assisted gravity drainage (SAGD),
131-133
Straight run gas oil (SRGO), 82
Structure/function relationships, 97, 98, 101, 125
Sulfated zirconia (SO,~ZrO,), 99
Sulfidation methodology
active-phase morphology, 85
CA/NiMo/SiO,/Al,05 catalyst, 87
catalytic performance, 85
CoMo/AlO; catalysts, 85
4,6-DMDBT, 87, 88
HDS, 85, 86, 88
heating ramp, 87
hydrogenation and direct desulfurization, 88

Index

Mo® to Mo* species, 85
Mo0O+/AL0;, 85, 86
NiMo/Si0,/Al,0; catalysts, 86, 87
organic additives, 86, 88
sulfidation-reduction process, 85
TPR experiments, 86
Sulfidation-reduction process, 85
Sulfides, 14, 22, 25, 28, 30, 32, 33
Sulfo-carbided/sulfo-nitrided species, 31
Synthesis method, 14, 17-19, 28, 33

T
Technology
carbon fuels, 129
ISUT, 131
nanocatalytic, 132
oil sand recovery, 130
refining processes, 130
Temperature-programmed desorption (TPD), 23
Temperature-programmed reaction method,
16, 28, 29
Temperature-programmed reduction (TPR),
42,55,57,78, 86, 136, 168, 170,
172, 173, 175, 180, 182, 183
Temperature-programmed reduction of
hydrogen (H,-TPR), 23
Temperature-programmed reduction/
sulfidation (TPRS), 86
Temperature-programmed sulfidation (TPS),
78, 87
Ternary-phase Ni-Mo-WS, catalytic material
chemical species, 214
CoMoS and NiMoS, 210
Cs-corrected TEM, 213, 214
DBT molecule, 210, 215
field emission electron microscopy, 210
HDS reaction, 211, 213
HRTEM, 212
HYD/DDS ratios, 214
hydro-processing, 209
hydrothermal synthesis, 212
molybdenum disulfide catalyst, 212
N, adsorption hysteresis loops, 212, 213
synthesis, 210, 211
textural properties, 211, 212
Tetrahydrodibenzothiophene (THDBT), 211
Thermal conductivity detector (TCD), 170, 171
Thiophene (T), 62, 64-66, 68, 71, 76, 82
Thiophene/asphaltenes, 14, 32
Three-way conversion (TWC), 3
Titanate nanotubes
applications of, 24
catalytic activity, 25



Index

catalytic properties, 24
catalytic reactions, 26
heterogeneous catalysts, 26
physicochemical properties, 25
redox and acid-base properties, 25
types of, 24
types of nanosheets, 24
TOMVIZO software, 154
TOPAS-Academic software, 156
Traditional sol-gel method, 18, 21
Transition metal nitrides (TMN)
applications, 28, 29
crystalline structures of, 27
Engel-Brewer theory, 27
HDN, 29
HDS, 29
hydrotreatment, 29-32
impregnation method, 28
interstitial compounds, 26
M/X ratio, 27
research and development, 29
synthesis methods, 28, 29
TMC and TMN, 26
Transition metal sulfide (TMS), 14, 15, 100
binary systems, 5
crystallography, 4
electronic structure, 4
fuel and chemical production, 2
Goldilocks effect, 7, 8
Group VIIL, 5
HDS, 5
hydrogenation, 2
periodic trends, 5
and synergetic effects, 9
WWI, 2
Transmission electron microscopy (TEM),
103, 138, 139, 141, 143, 144,
168, 170, 177, 178, 180, 181, 183,
185, 187
Tungstate zirconia (WO—ZrO,)
chemical solid acids, 99
electron microscopy and spectroscopic
techniques, 100
Lewis and Brgnsted sites, 100, 101
reactions, 99
size and structure, 100
TEM and STEM survey
aberration-corrected HRTEM, 110
BF-STEM, 114
characterization tool, 109
Cs-corrected TEM units, 109
defocus value, 114
extended Scherzer focus, 110
HAADEF-STEM, 114

223

HRTEM, 109

metallic clusters, 109

nanometers, 109

phase-contrast image, 109

phase-contrast imaging, 110

serial focus, 110

underfocus conditions, 111, 112

Z-contrast effect, 110, 113
Turbostratic, 117

U

Ultradispersed catalyst (UDC), 139
Ultra-resolution TEM instruments, 102
UV-vis-NIR DRS electronic spectroscopy, 66

\%
Vacuum gas oil (VGO), 144
van der Waals weak bonding, 100

w
World War I (WWT), 2

X

X-ray absorption fine structure (EXAFS), 23,
42,55,57

X-ray absorption near edge structure
(XANES), 73

X-ray diffraction (XRD), 102, 103, 136, 137,
139, 168, 169, 172, 174, 180, 192,
194-196

X-ray photoelectron spectroscopy (XPS), 23,
42,57, 63, 192, 194

Z

Zeolites
electroneutral framework, 99
hydrothermal stability, 99
industrial application, 99
INS, 103
Ir atoms, 104, 105
isoparaffin separation, 99
Lewis acidity, 99
QENS, 103
relative lattice instability, 99
Si atoms, 103
silver-loaded LTA, 105, 106
SSZ-23, 106, 108, 109
TEM, 103
XRD patterns, 102



	Preface
	Contents
	Chapter 1: One Brief Introduction to Catalytic Materials
	1.1 Electronic Theory of the Promotion Effect
	References

	Chapter 2: Synthesis of Novel Catalytic Materials: Titania Nanotubes and Transition Metal Carbides, Nitrides, and Sulfides
	2.1 Introduction and Scope
	2.1.1 Overview

	2.2 Forecast for New Catalytic Materials
	2.2.1 Methods of Synthesis to Design New Catalytic Materials
	2.2.2 Inorganic Nanotubes: General Aspects
	2.2.2.1 Titanate Nanotubes: Preparation, Characterization, and Applications
	2.2.2.2 Heterogeneous Catalysis Using Titanate Nanotubes

	2.2.3 Transition Metal Carbides and Nitrides: General Aspects
	2.2.3.1 Synthesis, Characterization, and Applications
	2.2.3.2 Applications as Catalysts for Hydrotreatment of Model Molecules and Crude Oil


	2.3 Summary and Conclusions
	References

	Chapter 3: Theoretical Insights into the Electronic Structure and Catalytic Activity on MoS2-Based Catalyst
	3.1 Introduction
	3.2 MoS2 Catalyst Structure Prepared in Experiments
	3.3 Electronic Structure of MoS2-Based Catalysts
	3.4 Electronic Structure of Cobalt and Nickel MoS2 Catalysts
	3.5 Electronic Structure of Carbide and Oxide MoS2 Catalysts
	3.6 Computer-Assisted Reaction Coordination of Organic Molecules at MoS2 Catalyst
	3.6.1 DFT Calculations for Hydrogen Adsorption in MoS2 Catalyst
	3.6.2 DFT Computations for Organic Molecules with Sulfur Content Over MoS2 Catalyst

	3.7 Conclusion
	References

	Chapter 4: Catalytic Materials for Hydrodesulfurization Processes, Experimental Strategies to Improve Their Performance
	4.1 Introduction
	4.2 Choice of the Catalyst Support
	4.2.1 Catalyst Support Materials for Hydrodesulfurization of FCC Gasoline

	4.3 Improving HDS Catalytic Materials with the Use of Chelating Organic Additives
	4.3.1 Effect of EDTA in the Electronic and Structural Characteristics of the CoMoS Site and Catalytic Performance of Co-promoted Mo/Al2O3 Catalysts
	4.3.2 Effect of Citric Acid in the Characteristics and Catalytic Performance of Non-promoted and Co-promoted Molybdenum HDS Catalyst

	4.4 Co(Ni)-Mo(W)-Based Heteropolycompounds as Catalyst Precursors
	4.4.1 Stability of the Supported Polyoxometalate Structure
	4.4.1.1 Stability During Support Impregnation
	4.4.1.2 Stability Under Thermal Treatment


	4.5 Sulfidation Methodology
	4.6 Final Comments
	References

	Chapter 5: Electron Microscopy Techniques to Study Structure/Function Relationships in Catalytic Materials
	5.1 Introduction
	5.2 Characterization Methods for Catalytic Materials
	5.2.1 Transmission Electron Microscopy for Sensitive Materials
	5.2.2 Ultrastable ZY, FAU, with Iridium Incorporated
	5.2.3 Silver-Loaded LTA Zeolite
	5.2.4 Cluster Formation Inside SSZ-23 Zeolite

	5.3 TEM and STEM Survey on Tungstate Zirconia (WO3–ZrO2)
	5.4 Cobalt-Promoted MoS2 Catalytic Materials by TEM
	5.5 In Situ Carbonization Effects in Co/MoS2 Catalytic Materials by TEM
	5.6 Conclusions
	References

	Chapter 6: In Situ Upgrading via Hot Fluid and Nanocatalyst Injection
	6.1 Introduction
	6.2 The In Situ Upgrading Process
	6.3 Thermodynamics
	6.4 Nanocatalyst Preparation and Activity
	6.5 Flow of Nanocatalyst Through Porous Media
	6.6 Athabasca Bitumen Upgrading at Low-Severity Conditions
	6.6.1 Batch Reactor Experiments
	6.6.2 Continuous Flow in Sand Packs at ISUT Conditions

	6.7 Kinetics for Athabasca Bitumen at Low-Severity Conditions
	6.8 Conclusions
	References

	Chapter 7: Porosity and Fractality of MoS2 and MoS2/Co-catalytic Spheres
	7.1 Introduction
	7.2 Experimental Methods and Results
	7.2.1 Hydrothermal Synthesis of Co/MoS2 and MoS2
	7.2.2 Morphology Aspects by Scanning Electron Microscopy
	7.2.3 Structural Aspects by High-Resolution TEM
	7.2.4 Electron Tomography by TEM
	7.2.5 Powder XRD and Rietveld’s Refinement
	7.2.6 Radial Distribution and Electron Distribution Functions
	7.2.7 Adsorption/Desorption Isotherms

	7.3 Results and Discussion
	7.4 Conclusion
	References

	Chapter 8: Catalytic Ni/CeO2 Nanorods and Ag/CeO2 Nanotubes for Hydrogen Production by Methanol Reforming
	8.1 Introduction
	8.2 Experimental Section
	8.2.1 Nickel-Loading Ceria Oxide (Ni/CeO2)
	8.2.2 Silver-Loading Ceria Oxide (Ag/CeO2)

	8.3 Characterization
	8.4 Results and Discussion
	8.4.1 Nickel-Loaded CeO2 Catalyst
	8.4.2 Silver-Loaded CeO2 Catalyst

	8.5 Conclusions
	References

	Chapter 9: Effective Visible Light Photodegradation of Paraoxon with Pure and Doped TiO2
	9.1 Introduction
	9.2 Experimental
	9.2.1 Synthesis of Doped TiO2
	9.2.2 Heat Treatment
	9.2.3 Characterization
	9.2.4 Degradation

	9.3 Results
	9.3.1 Materials: Synthesis and Characterization
	9.3.2 Catalysis: Chemical Principles
	9.3.3 Catalysis: Degradation of Paraoxon

	9.4 Conclusions
	References

	Chapter 10: Ternary-Phase NiMoWS2 Catalytic Material for Hydrodesulfurization
	10.1 Introduction
	10.2 Experimental Methods
	10.2.1 Synthesis of Ternary-Phase Catalyst
	10.2.2 Catalytic Activity Using HDS Reaction and Selectivity
	10.2.3 Textural Properties
	10.2.4 Sample Preparation for HRTEM

	10.3 Results and Discussion
	10.4 Conclusions
	References

	Index

