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Introduction

The Kyoto Protocol of 1998 to the United Nations Framework Convention on Climate
Change strengthens the international response to this particular issue. The developed countries
committed themselves to reduce their collective emissions of six key greenhouse gases by at
least 5 %, a target to be achieved during the period 2008-2012 and measured against either a
1990 or 1995 baseline [1]. Despite the failure of the Copenhagen accord in unifying the
member states of the United Nations on clear reduction objectives in 2009 [2], the will to
urgently combat climate change is still topical. Road vehicles are increasingly reliant upon
catalytic after-treatment devices to attain the emissions limits taken against air pollution. The
adverse effect of sulfur in petrol and diesel fuels on the effectiveness of catalytic exhaust gas
after-treatment technologies is well established [3-7]. Accordingly a reduction in the sulfur
content of petrol and diesel fuels is likely to have a larger impact on exhaust emissions than
changes to the other fuel parameters.

Therefore, increasingly stringent environmental regulations will require significant
reductions in sulfur in distillate fuels. For example, according to the Directive 98/70/EC of the
European Parliament and of the Council relating to the quality of petrol and diesel fuels and
its amendments and evolutions [8-13], the proposed sulfur limit for distillate fuels to be
marketed in the European Union for the year 2011 is 10 wppm or less. Similar measures are
taken in Japan (10 wppm) and in North America (15 wppm). Such levels correspond to the
removal of +99.99 % of sulfur from typical crude containing 1.5 wt% sulfur, and the removal
process has been termed deep or ultra-deep hydrodesulfurization (Deep-HDS).

The final report of the Commission of the European Communities concerning the
Directive 98/70/EC and dated from 2008 concludes on the observation that the monitoring of
fuel quality in 2006 shows the specifications for petrol and diesel laid down in Directive
98/70/EC are in general met and very few overrun were identified [14]. However, as the
supply of low sulfur, low nitrogen crudes decreases, refineries are processing crudes with
greater sulfur and nitrogen contents at the same time that environmental regulations are
mandating lower levels of these heteroatoms in final products. Given the refining industry’s
cyclical margin, refineries are today looking into more innovative ways of maintaining
reasonable margins to quickly recover the investment they made and justify additional
investment to cope with changes. Consequently, to meet the ultra-low sulfur requirements
without expensive modifications to existing refineries, it will be necessary to design a new
generation of catalysts with very high desulfurization activity, particularly for distillate fuels

at low to medium pressure, catalysts to be run in the existing process units.
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In this context, our objective was: a) to propose an original and innovative method to
synthesize a new generation of HDS catalysts using supercritical fluids (SCFs), and b) to
investigate the catalytic properties of these new materials. The idea was to take advantage of
the specific properties of SCFs in material science to achieve the synthesis of a
contaminant-free “bulk” HDS catalyst with a defined composition and developing a high
specific surface area. The materials - as HDS catalyst precursors - were elaborated in France
with the group “supercritical fluids” of the Institut de Chimie de la Matiere Condensée de
Bordeaux (ICMCB-CNRS) based at the Université de Bordeaux | (UB1), whereas the tests of
their catalytic activity were carried out in Spain at the Instituto de Tecnologia Quimica
(ITQ-CSIC) located at the Universidad Politécnica de Valencia (UPV). This international and
multidisciplinary collaboration was made possible thanks to the former Functional Advanced
Materials Engineering Network of Excellence (FAMEnoe) granted by the EU 6" Framework
Program and at the origin of the actual European Multifunctional Materials Institute (EMMI).

The multidisciplinary dimension of this project brings us to propose in the first chapter
of this document a detailed description of: a) hydrodesulfurization (HDS) catalysis, from its
function and process to the description of classical catalysts of the reaction, and b) chemistry
in supercritical fluids for the design of advanced nanostructured materials and particularly the
opportunities it provides for the design of oxides. This chapter permits to identify the issues
the refinery industry faces today and highlight weaknesses in existing solutions that SCF
technology is able to address and will outline this PhD project.

The second chapter presents the study of the synthesis using supercritical fluids of
nanostructured NiMoO, and CoMoO, which are classical HDS catalyst precursors (the actual
HDS catalysts being the sulfide form obtained by reduction of these oxides). This chapter
falls into 3 main parts with first a description of our general synthesis and characterization
approach, followed by the determination of our operating parameters illustrated by the
presentation of our material NiMoO,. The last part investigates the influence of some
experimental parameters over the characteristics of our powders: nature of the solvent
(particularly choice of alcohol), cations ratio (excess of either Mo or Ni), and nature of the

promoter (Ni or Co).

~16 ~



Introduction

The third and last chapter deals with catalytic tests performed in parallel of the
synthesis study. We first present our testing strategy explaining the choice and composition of
a model feedstock simulating an oil fraction that could classically undergo deep-HDS and the
detection techniques used to evaluate the catalytic activity of our materials. The considered
model feedstock contains 500 wppm of sulfur (classical concentration of deep-HDS
feedstock) and contains what we consider to be our reference compounds for this evaluation:
dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) which are among
the most refractive sulfur compounds regarding HDS. This chapter investigates the influence
of the composition of the powders, of a thermal pretreatment and of the promoter nature (Ni
or Co) before opening the way for real feedstocks treatment, initiate by the

hydrodesulfurization of a Light cycle oil.
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I. Hydrodesulfurization and SCFs opportunities

I.1. Hydrodesulfurization (HDS): a general overview

1.1.1. HDS: place in today’s refinery process

The oil refining industry has considerably grown during the 20™ century to become an
important part of everyday modern activity. One of the main objectives of processing crude
oil is to reduce their very high carbon/hydrogen ratio. Nowadays, there are many oil fields in
the world and each of them produces crude oil of different quality based on different

characteristics and presence of impurities (Table 1.1).

Table 1.1: Feedstock origin and properties [1]

Crude oil Commercially
hydrotreated gas oil
Nigeria Forcados  Brent Syrian Light Oural Arabian Heavy
Classification of crude Naphthenic Paraffinic Paraffin Intermediate  Aromatic
Properties
Boiling range, °C, (5-95%) 296-380 301405 296-382 298-400 293-399 220-380
S-content (wt.%) 0.25 0.43 0.61 1.18 2.10 0.076
N-content (ppm by wt.) 359 343 271 509 421 60
Aromatic C* (%) 17 11 11 12 16
Density (g/ml) 0.882 0.857 0.849 0.877 0.879 0.840

Crude oil is a mixture of literally hundreds of hydrocarbon compounds ranging in size
from the smallest, methane, with only one carbon atom, to larger compounds containing 200
or more atoms of carbon (Figure 1.1 a). Not all compounds contained in the crude oil are pure
hydrocarbons. The crude oil also contains certain impurities such as sulfur (Figure 1.1 b),
nitrogen, oxygen, and metals. By far the most common of these impurities are the organic
sulfur compounds called mercaptanes. The sulfur compounds with more complicated
structure also exist such as disulfides, thiophenes, benzothiophenes, dibenzothiophenes and
their substituted analogues [2], compounds that particularly attract our attention for this

project.
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Figure 1.1: Profile of the Brent heavy gas oil (see Table 1.1) a) carbon-specific chromatogram & b) sulfur-specific
chromatogram [1]

Other organic impurities are unsaturated hydrocarbons. Olefins, which are usually not
present in the original crude oil, but are often formed during the refining process, are unstable
and readily combine with themselves or other similar compounds to form polymers, resulting
in insoluble gums and cause major problems within gas-station deposits. Another group of
unsaturated hydrocarbons, aromatics, are usually very stable and they are a source of concern
mainly because of their environmental and health effects. Although organic chloride
compounds are not usually removed from crude oil as a product, the corrosive effect of these
compounds on parts of refinery plants is always a source of concern. The last troublesome
compounds for the refinery industry to be mentioned are the metals contained in the crude oil,
typically nickel, iron and vanadium. Because of their low volatility, they are found in the

heavier products of crude oil. They only become a concern in certain cases when they can

affect further processing of the oil.
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Very complex procedures are required to refine crude oil and there are many
individual processes for obtaining marketable products of high quality. The
hydrodesulfurization process intervenes at different stages of the refinery and on different
byproducts of the crude oil. To better visualize its place and importance in a refinery flow
scheme and understand its role, we briefly describe the general refinery system and the
processes providing feedstock to hydrotreaters. We will elaborate upon hydrotreating

technology, focusing our attention on HDS, from its concept to its evolution.

1.1.1.1. Petroleum refining and HDS feedstocks origin

The petroleum refining industry converts crude oil into more than 2500 refined

products that can be divided into 7 groups:

e Volatile products (propane and butane Liquefied Petroleum Gas, light naphtha),
e Light distillates (gasoline, heavy naphtha, kerosene and jet fuels),

e Middle distillates (automotive diesel, heating oil, gas oil),

e Fuels oil (marine diesel, bunker fuels),

e Lubricating oils (motor, spindle, machine oil),

e Waxes (food and paper coating grade, pharmaceutical grade),

e Bitumen (asphalt, coke).

Products in these groups are processed to meet certain specifications, result of a
compromise between desired performance characteristics in the product and the ability to
make such product from the available crude oil and the processing facilities at hand.

Oil refining is a very complex procedure and there are many individual processes for
obtaining the desired products previously mentioned. It exists in hundreds of different
configurations for the refinery’s processing flow scheme. The choice of a configuration is
largely determined by the composition of the crude oil feedstock and the chosen slate of
petroleum products. The example of refinery flow scheme presented in Figure 1.2 shows a
general processing arrangement used by refineries. The arrangement of these processes will
vary among refineries, and few, if any, employ all of these processes. In orange are the

hydrotreating processes that are of particular interest in our project.
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The three major families of processes that transform crude oil into petroleum products
are separation processes (S), conversion processes (C) and treatment processes (T). As clearly
illustrated in Figure 1.2, hydroprocessing plays a major role in the treatment process. Most of

separating and

hydrotreatment. These feedstock are principally jet fuel, gas oil (Diesel), kerosene and

naphtha coming from atmospheric distillation process (1) as well as vacuum gas oil coming

conversion

Figure 1.2: Example of refinery flow diagram
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I. Hydrodesulfurization and SCFs opportunities

from vacuum distillation process (2). Naphtha and diesel recovered from Fluid Catalytic
Cracking (FCC) (3) and coker reactors (4) may also undergo further HDS. All these processes

we mentioned are described in more details in the appendices | and I1.

Most oil streams in a refinery plant have to undergo hydrotreatment at some
moment of their processing which makes hydrotreating a process of paramount
importance in any refinery by means of total amount of feedstock treated.

Depending on their origin and physical properties, the HDS feedstocks do not contain

the same sulfur compounds as explained in the next paragraph.

1.1.1.2. Sulfur compounds in HDS feedstocks

From a general consideration, a HDS feedstock is an oil fraction containing sulfur
compounds to be removed either prior to further processing in the refinery or to meet with
commercial standards of end products. The low-boiling crude oil fractions (light naphtha)
mainly contain aliphatic organosulfur compounds namely thiols, thioethers and disulfides.
They are very reactive and can easily be removed. The higher boiling fractions, such as heavy
straight-run naphtha, straight-run diesel (gas oil) and light FCC naphtha, contain thiophenes,
benzothiophenes and their alkylated derivatives. These compounds are more difficult to
convert via hydrotreating. The heaviest fractions blended to the gasoline and diesel pools
(bottom FCC naphtha, coker naphtha, FCC and coker diesel) contain mainly
alkylbenzothiophenes, dibenzothiophenes and alkyldibenzothiophenes. The higher boiling
fractions of crude oil contain relatively more sulfur compounds and a higher molecular weight

as illustrated in Figure 1.3.
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Figure 1.3 : Percentage of refractive sulfur compounds in feed as a function of boiling point (adapted from [3])
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Figure 1.4 : classical sulfur-containing refractive compounds (conventional atoms numbering)

The relative reactivity of sulfur compounds in HDS follows the order thiophene >
alkylthiophene > benzothiophene > alkylbenzothiophene > dibenzothiophene >
alkyldibenzothiophene without substituent at the 4- or 6- position > alkyldibenzothiophene

with one substituent at either the 4- or 6- position > 4,6-dialkyldibenzothiophene [4].

The numerous types of oil fractions that require hydrotreatment and their
various origins within the plant explain the increasing interest in any improvement

of hydrotreating yield and efficiency.

Each of the above mentioned HDS feedstocks require specific conditions to be treated
from their sulfur compounds. However, the general hydrotreating process used remains the

same and is described in the following section.

~30 ~



I. Hydrodesulfurization and SCFs opportunities

1.1.2. Hydroprocessing

There are several key engineering processing associated with hydroprocessing,
including hydrocracking and hydrotreating [2].

Hydrocracking is an established and reliable method for transforming low value heavy
oil fractions into valuable products. In the hydrocracking process, low cost heavy oil fractions
are reacted with hydrogen at high temperature (350-400 °C) and pressure (9-20 MPa) in the
presence of an optimized catalyst system to yield high value products: diesel, jet fuel and
naphtha for either gasoline production or as chemical feedstock [5].

While a significant change in molecular weight occurs during hydrocracking,
hydrotreating usually implies only small changes in overall molecular structure. This process
Which we will describe in more details is another well established refinery process for
improving products qualities, and hydrodesulfurization is a common reaction encountered in

this process.

1.1.2.1. Hydrotreating

Hydrotreating process saturates olefins and removes a significant amount of the
impurities present in the raw distillate streams by reaction with hydrogen. They are therefore
of paramount importance regarding the regulations previously mentioned which stipulate that
oil products must be purified to diminish air-polluting emissions of sulfur and nitrogen oxides
which contribute to acid rain. Furthermore, from a processing point of view, another
important reason for removing sulfur from the streams within a petroleum refinery is that
sulfur, even in extremely low concentrations, poisons the noble metal catalysts (platinum and
rhenium) in the catalytic reforming units that are subsequently used to upgrade the octane
rating of the naphtha streams, for example. Consequently, this process is one of the largest
applications of industrial catalysis on the basis of the amount of material (oil fraction)
processed per year. Based on the amount of catalyst sold per year, hydrotreating catalyst
constitutes the third largest catalyst business after exhaust gas catalysts and fluid cracking
catalysts [6].

Although there are significant variations from region to region, it is clear that

environmental regulations will pose a major driving force for introducing more hydrotreating
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capacity in refineries. Deep-hydrodesulfurization and aromatics reduction become
increasingly important and as a result, a majority of all refinery streams undergo hydrotreating
today. These new challenges have a very strong impact on current refining facilities and will
continue to have effects in the near future on what triggers an increased interest in both basic
and applied research within hydrotreating catalysis.

As mentioned earlier, the impurities removed during hydroprocessing are mainly
metals and compounds containing sulfur, nitrogen and oxygen. The sulfur is the most
common, but at the same time the least tolerable of these impurities. However, because of the
steep increase in the consumption of the refined products from crude oil, crude oils of lower
quality have to be processed and that requires, in addition to hydrodesulfurization (HDS), the
removal of metals (hydrodemetalization, HDM), nitrogen (hydrodenitrogenation, HDN) and
in some cases also oxygen (hydrodeoxygenation, HDO). Another possible way to obtain
hydrotreated products of desired quality could be hydrotreating of blends of several distillate
fractions. A study of the effects of catalytic hydrotreating on diesel quality using feedstocks
prepared with different oil blends was undertaken by Ancheyta-juarez et al. [7,8]. Their
results show that diesel specifications in sulfur content and cetane number could be reached
through single step hydrotreating of these blends at moderate hydrotreating operation
conditions. The deeper understanding of hydrotreating and need for products of better quality
also led to the development of the processing of crude oil using two reaction stages: the same
team [9] shows that crude oil quality can be substantially improved by hydroprocessing in two
stages with different catalyst in each: the result of the first stage reaction was removal of
metals while hydrodesulfurization was a main reaction in the second stage. A similar idea, but
for hydrodesulfurization only, was presented by Reindhoudt et al. [10], where the application
of a separate HDS reactor followed the conventional HDS process and in which a tailor-made
catalyst for the effective removal of the remaining (most refractory) sulfur compounds could
be applied. This is what is called Deep-HDS and the objective of our project work is to

synthesize efficient catalysts of this specific reaction.

The term “hydrotreating” is often used as a synonym for hydrodesulfurization

because the removal of sulfur remains the main goal of the hydrotreating process.

The following part aims at describing in depth the reaction of hydrodesulfurization
with both industrial and scientific considerations.
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1.1.2.2. Hydrodesulfurization (HDS)

The reactivity of organosulfur compounds strongly depends on their structure.
Substituent groups adjacent to the S atom generally retard HDS. Methyl substituents in the
ortho- and para- positions promote C-S bond cleavage compared to those in meta-position.
Using molecular orbital calculations, this has been interpreted in terms of the effect of the
electron-donating properties of the substituent (inductive effect) and its position in the ring on
the lability of the C-S bond. Those adjacent to the S atom decrease reactivity mainly through
steric effects. The latter effect is especially marked for dibenzothiophene, the 4,6-dimethyl
compound being roughly ten times less active than the compound without methyl groups
[11 and ref therein]. This is important for the processing of real feeds as it has been found that
dialkyldibenzothiophenes substituted in the 4,6-carbon positions remain intact until the final
stages of HDS.

Our compound of reference to evaluate our material for its catalytic properties
in this project is one of the most refractive sulfur compound:
4,6-dimethyldibenzothiophen (4,6-DMDBT).

The hydrotreating process in an industrial refinery, from the general setup to reaction
conditions and operating variables are given in more details in the appendix Ill. In the

following section, we aim to present what the hydrodesulfurization reaction is.

1.1.2.2.1. General HDS reaction mechanisms

Aliphatic and aromatic thiols are intermediates in ring-opening reactions of cyclic
sulfur-containing compounds. They have a high reactivity, and the sulfur atom can be easily
removed, which explains why they do not appear in oil. Aliphatic thiols may react through

elimination and hydrogenation (eq. 1):

—H,S +H,
R—CH,—CH,—SH —~—— R—CH = CH, ——— R — CH, — CH, (1)

~33 ~



I. Hydrodesulfurization and SCFs opportunities

and through hydrogenolysis (eq. 2):

As will be described further, hydrodesulfurization is a heterogeneously catalyzed
reaction. Supported transition metal sulfides have been found to be the best catalysts for the
HDS reaction. Elimination takes place via well established acid-base reactions catalyzed by
the surface of the metal sulfide. The reaction is an example of the Hofmann-type -hydrogen
elimination reaction [12-14]. Hydrogenation and hydrogenolysis take place at the metal
sulfide surface via C-S and H-H bond scissions and C-H and S-H bond formation [15].
Aliphatic thiols which contain a f-H atom undergo elimination at a faster rate than
hydrogenolysis [16]. Aliphatic thiols without B-H atoms, such as methanethiol [17], must
undergo hydrodesulfurization through hydrogenolysis. Hydrodesulfurization of thiophenol
mainly gives benzene [18] and may also occur by hydrogenolysis.

The reaction mechanism with sulfur compounds containing aromatic ring(s) is not as
simple as presented in the previous equations but can proceed through several reaction
pathways. While the HDS mechanism of thiophene at low pressure is still under debate, at
elevated H, pressures its major reaction path is via hydrogenation of thiophene to
tetrahydrothiophene [18]. This intermediate can react to give butadiene through two

successive 3-H eliminations or to give n-butane through two hydrogenolysis steps (eq. 3):

N N i W A R

At high H; pressure, butadiene quickly reacts further to cis- and trans-but-1-ene and
-2-ene and eventually to n-butane and is, therefore, difficult to observe. A direct route to

butene may be as follows (eq. 4):

D—0—|Q |= e

SH
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Neither 4-mercaptobut-1-ene nor butanethiol have ever been observed as a reaction
intermediate in the gas phase. Once formed, they probably react directly at the catalyst
surface. Indeed, the hydrogenation of olefins over HDS catalysts is fast, even though their
equilibrium constants for adsorption on the catalyst surface are small. 4-Mercaptobut-1-ene,
on the other hand, should have a high adsorption constant and also a high hydrogenation rate,
thus making its detection in the gas phase very unlikely.

As already said, the HDS of thiophene at atmospheric pressure is still under debate
after several decades of investigation [19]. Some authors have argued that the mechanism is
in principal the same as at high pressure, with tetrahydrothiophene as the main intermediate.
Its very low concentration is then explained by fast ring opening and sulfur removal
subsequent to the rate-determining hydrogenation of thiophene. Other authors believe that
direct hydrogenolysis of thiophene to butadiene and H,S is the main route at low H, pressure.
Organometallic studies have suggested that a slightly different pathway via

2,5-dihydrothiophene (eqg. 5) might also play a role [20].

Qi@ﬁp//—\\ )

In accordance with this suggestion, surface science studies of the reaction of
2,5-dihydrothiophene on a sulfided Mo catalyst surface have shown that butadiene is
eliminated in an intramolecular process without the participation of a C-C=C-C-S-M metal
thiolate intermediate [21].

When hydrodesulfurization levels corresponding to the removal of +99.99 % of sulfur
from typical crude containing 1.5w% sulfur which correspond to the European Union
attempts for the year 2011 (cf. Introduction), the removal of the more refractive sulfur
compounds (dibenzothiophene and alkylated derivatives) become essential and the removal

process take the name of deep or ultra-deep HDS.

~ 35 ~



I. Hydrodesulfurization and SCFs opportunities

1.1.2.2.2. Deep-Hydrodesulfurization

Deep-hydrodesulfurization of the fuels implies that more and more of the least reactive
sulfur compounds must be converted. Deep-HDS thus principally applies to benzothiophene,
dibenzothiophene and their alkylated derivatives. The highly refractive character of these
compounds automatically implies the presence of a catalyst to undergo the HDS reaction.

The mechanism of the HDS of dibenzothiophene (DBT) has been well studied [4].
Biphenyl (BP) is formed through a twofold hydrogenolysis, and this so-called direct
desulfurization (DDS (eq. 6)) is the major reaction pathway for this reaction (80-90%). It can
also react by partial hydrogenation of one of the phenyl rings, forming
tetrahydrodibenzothiophene (4H-DBT) and hexahydrodibenzothiophene (6H-DBT), followed
by C-S bond scission by hydrogenolysis or by elimination and hydrogenation of the resulting
double bond. The resulting arylthiol is desulfurized to cyclohexylbenzene (CHB), analogously
to the desulfurization of thiophenol to benzene described above. This route is called the

hydrogenation route (HYD (eq. 7)).

DDS
QD 2 OO o e
\ /

DBT 0
HYD
----\f / \ / ‘\ Desulﬁmzanon (3 <_> + H,S (7)
\ 'S N 7 \--’\) - o
4H-DBT 6H-DBT CHB

Figure 1.5 : Reaction path network for HDS of DBT (taken from [22])
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Alkyl groups next to the sulfur atom, as in 4,6-dialkyldibenzothiophene, sterically
hinder the adsorption of the molecule perpendicular to the catalyst surface (Figure 1.6).
Consequently, no strong bond between the S atom of 4,6-dialkyldibenzothiophene and the
active site at the catalyst surface can be established, and the removal of the S atom through

the DDS route is strongly suppressed.

m adsorption

Figure 1.6 : Adsorption of 4,6-dimethyldibenzothiophene in the ¢ and & modes [6]

The hydrogenation route (HYD) is almost equally fast for 4,6-dialkyldibenzothiophene
as for dibenzothiophene, which can be explained by adsorption and reaction of the
4,6-dialkyldibenzothiophene parallel to the catalyst surface (Figure 1.6). Because the DDS
rate is fast for dibenzothiophene but slow for 4,6-dialkyldibenzothiophene, the HYD route is
the minority route (10 — 20 %) for dibenzothiophene and the major (but equally slow) route
for 4,6-dialkyldibenzothiophene. For these reasons, 4,6-dialkyldibenzothiophene molecules
are among the most difficult to desulfurize.

Considerable work was carried out by Song et al. to understand the reaction steps
involved in the HDS of the most common of the dialkyldibenzothiophenes:
4,6-dimethyldibenzothiophene (4,6-DMDBT). An identical desulfurization network as the
one described for dibenzothiophene has been suggested (Figure 1.7) [23,24]. Again, two main
pathways are presented: DDS and HYD. An isomerization route has also been described,

where the methyl groups migrate, but this is likely to operate in the presence of catalysts with
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acidic supports [25,26]. The HYD route proceeds through
hexahydrodimethyldibenzothiophene (6-H-DMDBT) and forms methylcyclohexyltoluene
(MCHT). The DDS route produces 3,3’-dimethylbiphenyl. Interconversion between these
products is believed to be slow. Further hydrogenation of MCHT leads to the ultimate product
dimethylbicyclohexane (DMBCH), while the fully hydrogenated
12-hydro-dimethyldibenzothiophene (12H-DMDBT) is generally not observed.

H
HC 4romost M
S
Ha S CH, C S CH H,C CHa
4,6-DMDBT ) 6H-DMDET 12H-DMDBT
Direct Hydrogenatio
desulfurization l ks pathway
pathway
H:C 33 pmBP HsC MCHT HyC DMBCH H:

Figure 1.7 : Reaction network for 4,6-DMDBT hydrodesulfurization [27]

Concerning the HDS of benzothiophene, it has been reported that the reaction
mechanism is similar to the HYD route of dibenzothiophene [4]: hydrogenation to
dihydrobenzothiophene first takes place previous to ring-opening hydrogenolysis and finally

sulfur-removal hydrogenolysis (eg. 8).

Q} Q} Q\ — \ Y (8)

Desulfurization of 4,6-DMDBT principally occurs via a hydrogenation step,

suggesting the importance of the hydrogenation character of the catalyst to be used

for this reaction.
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Current regulations over sulfur content in automotive fuels force petroleum industries
to systematically integrate deep-HDS in their overall process. As this reaction mainly
concerns the most refractive sulfur compounds already mentioned, it does not go without
catalytic consideration. Therefore, today’s challenge in HDS becomes the search for catalysts
with improved activity and selectivity that would avoid capital-intensive changes to the actual

process. The following section focuses on HDS catalysts description and research advances.

1.1.3. HDS catalysts

The catalyst selection for a certain process is based on studies of activity, selectivity
and lifetime. This is usually a very long and difficult task. Once the suitable catalyst giving
the desired product quality at a reasonable cost is found, the search for a better catalyst starts
immediately.

As aforementioned, hydrodesulfurization is a heterogeneously catalyzed reaction. The
selection of a catalyst depends mainly on the required conversion and characteristics of the
processed feedstock. Ideal hydrotreating catalysts should be able to remove sulfur, nitrogen
and, in specific cases, metal atoms from the refinery streams. At the same time, they must
improve other fuel specifications, such as octane/cetane number and aromatics content,
essential for high quality fuel and meeting environmental legislation standards. We know that
the characteristics of feed vary considerably and the amount of impurities and the physical
properties thus determine the choice of the catalyst. This suggests that a universal catalyst or
catalytic system suitable for hydroprocessing feeds from different sources does not exist.
With respect to these chemical and physical properties, a wide range of hydroprocessing

catalysts have been developed for commercial applications.

1.1.3.1. Conventional HDS catalysts

Any catalyst that exhibits hydrogenation activity will catalyze HDS to some extent.
However, sulfide metals from the group VIB (chromium, molybdenum and tungsten) are
particularly active for desulfurization, especially when promoted with metals from the group
VIII (cobalt, nickel) [11]. The first industrial use of Mo-based hydrotreatment catalysts
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appears to date from after the First World War [28]. For decades the basic metals engaged in
the active phase have remained unchanged in spite of numerous efforts to replace them by
more active or less expensive elements. Nevertheless, their performance has been greatly
improved by the optimization of the synthesis of supports, by the addition of various adjuvant

elements such as F, B and Si, and by the development of new methods of preparation [29].

A classical HDS catalyst is made of a supported active phase MoS;, (usually
over alumina) promoted by either Ni or Co. It is written as Co(Ni)Mo/Al,O3 and

often referred as “CoMo” or “NiMo” depending on the promoting cation.

The next section throws a light on the way HDS catalysts are obtained and the

importance and influence of the different constituents over their efficiency.

1.1.3.1.1. Role of the support

Although the chemical nature of the active sulfide phase has remained virtually the
same for several decades, the quality of the support has been significantly optimized and its
pore structure in particular has been adapted to the molecular weight of the feedstocks
processed, especially where very heavy feeds are concerned.

Luck [30] reviewed support effects on different reactions, and many other authors
[31-36] have studied their role on HDS or hydrogenation. Alumina was found to be effective
as a support for hydrotreating catalyst already in the beginning of the industrial application of
the process and Ledoux et al. showed that the best support is y-Al,O3 in term of HDS activity.
They reported that the y phase was the best one over n, 6, % or amorphous alumina, principally
due to the influence of its crystallinity and surface orientation on the anchorage of the active
phase [37,38], and also to the enhancement it provides to the acidic properties of the sulfide
phase thus improving its catalytic properties [39]. Almost all the surface area is found in the
pores of the alumina (200 to 300 m?.g™) and the metals are dispersed in a thin layer over the
entire alumina surface within the pores. This type of catalyst does display a huge catalytic
surface for a small weight of catalyst. For this reason y-Al,QOj3 is the most common support of

conventional HDS catalysts.
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Many researchers have explored ways of modifying y-Al,O3 (e.g. SiO,-Al,03,
P,05-Al,03, F-AlLO3, TiO,-Al,03, Pt-Al,03) or have developed non-traditional supports for
HDS. Examples are SiO,, ZrO,-TiO,, MgO, CeO,, carbon, zeolites, and mesoporous
materials (e.g., MCM-41). Incorporation of a solid acid into the support helps adsorption and
also promotes hydrogenation through protonation followed by hydride transfer. A solid acid
may also isomerize substituted DBTs into non-substituted DBTS, thus speeding up sulfur
removal on conventional catalysts. However, such acid-assisted catalysts are prone to coking
and poisoning by organonitrogen.

In addition to the chemical nature of the catalyst, its physical structure (hence that of
the support) is also important in determining the hydrogenation activity, particularly for heavy
feedstock. When gas oils and residue are used, the feedstock is in the liquid phase under
standard reaction conditions. Additional feedstock and hydrogen must diffuse through this
liquid before reaction can take place at the inner surface of the catalyst particle. At high
temperatures, reaction rates can be much higher than diffusion rates, and concentration
gradients can develop within the catalyst particle. Therefore, the choice of catalyst porosity is
an important parameter. High surface area (about 300 m?.g™") and low- to moderate-porosity
(from 12 A pore diameter in the case of crystalline acidic components to 50 A or more when
based on amorphous materials) catalysts are used. With reactions involving high molecular
weight feedstocks, pore diffusion can exert a large influence, and catalysts with pore

diameters greater than 80 A are necessary for more efficient conversion.

1.1.3.1.2. Active phase and structure of supported HDS catalysts

Within the series of cobalt-promoted or nickel-promoted group VIB metal (Mo or W)

based catalysts supported on y-Al,O3, the ranking for hydrogenation is:

Ni-W > Ni-Mo > Co-Mo > Co-W

Even though nickel-tungsten is the best combination for hydrogenation,
nickel-molybdenum is preferred as Mo is cheaper than W and easier to handle. Classically,
hydrotreating catalyst precursors in their oxide form are industrially prepared by pore volume

impregnation of y-Al,O3 with an aqueous solution usually of (NH4)sM07024 and Co(NO3), or
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Ni(NO3),, followed by drying or by co-impregnation of both salts followed by drying step
after which hydrotreating catalysts are usually calcined in air at a temperature around 500 °C.
Phosphate is often added as phosphoric acid or ammonium phosphate to enhance the
solubility of molybdate by the formation of phosphomolybdate complexes. The sulfide form
which is actually the hydrotreating catalyst can be obtained by sulfidation in a mixture of H,
and H,S, thiophene, CS,, dimethyldisulfide or an oil stream, depending on the considered
process. The properties of the final sulfide catalyst depend to a great extent on the calcination
and sulfidation steps. Optimum calcination and sulfidation temperatures for Al,O; as a
support are in the range 400-500 °C.

Since the 70’s, several teams have worked on the structure of the CoMo/Al,O3 and
different models (referring to interactions with the support as well as between Mo and the
promoter) have been proposed: the mono-layer model [40-44], the intercalation model
[45,46], the “pseudo-intercalation” model [11,47] and the contact synergy model [11,48-50].
The development of new characterization methods, like in situ Md&ssbauer spectroscopy,
extended X-ray absorption fine structure (EXAFS) spectroscopy, and infrared spectroscopy
however, enabled Topsge and coworkers [51-58] to provide the most detailed structural
description of “CoMo” catalysts and a new explanation of the promoting effect, widely
accepted today. Cobalt may be present in three forms after sulfidation (Figure 1.8), as C0gSg
crystallites on the support, as cobalt ions (Co®*) in tetrahedral sites in the y-Al,Os lattice and
the so-called Co-Mo-S phase was shown to be MoS,-like structures with the cobalt atoms

located at the edges in five-fold coordinated sites (edge decoration model — Figure 1.9).

MoS,-like domains

CogSg (Ni3Sz)

Co(Ni)-Mo-S

Co(Ni):Al,0

(s

Figure 1.8 : Schematic representation of the different phases present in typical supported catalyst (adapted from [59])
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Figure 1.9 : Edge decoration model of the structure of the Co atoms in sulfided Co-Mo/Al,O; [6]

Since the CogSg (or NisS;) particles have a low catalytic activity and cover the MoS;
particles, the HDS activity decreases at high Co/Mo ratios. The maximum activity is usually
observed at a Co/Mo molar ratio of 0.3-0.5. This implies that the MoS; particles present on
the Al,O3 support must be small enough to have a similar ratio of the number of Mo edge
atoms (Mog) to the total number of Mo atoms (Moe/Mo similar to Co/Mo). Commercial
catalysts usually contain Co/Mo or Ni/Mo molar ratios slightly above 0.5, at Mo loadings in
the order of 10-15 wt%.

“CoMo” catalyst was used in the majority of hydrodesulfurization processes
explaining the large amount of data obtained on the Co-Mo-S structure. However,
nickel-promoted catalysts have been rediscovered as an interesting choice with regard to deep
hydrodesulfurization. Similarities between “CoMo” and “NiMo” catalysts have been
observed, particularly analogous promoting effect of Ni atoms and the Ni-Mo-S structure
closely similar to Co-Mo-S [57]. However, small differences in the structure still exist. DFT
(Density Functional Transform) calculations have furnished a wealth of information on the
Co-Mo-S and Ni-Mo-S structures [60-66] (Figure 1.10). The Mo atoms at the Mo edge are
fully coordinated by six sulfur atoms in a trigonal prismatic arrangement. The Mo atoms are
surrounded by four sulfur atoms, the outer two in bridge positions between the Mo atoms in a
zigzag configuration, so that the Mo atoms are in distorted tetrahedral sulfur coordination.
The most stable position for the Co and Ni promoter atom is at the edges of the MoS,
particles. The Ni atoms are preferentially located at the metal edge and are not covered by
sulfur atoms. As a result, the Ni atoms have square-planar sulfur coordination with open
coordination positions. The Co atoms are preferentially situated at the S edges. Co atoms are
also coordinated by four sulfur atoms, the outer two in bridge position but on the contrary of

the Mo atoms case, the bridge positions are regular, leading to tetrahedral sulfur coordination.
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c) Co-MoS,

Figure 1.10 : Structure of the metal and sulfur edges of MoS,, Ni-MoS, and Co-MoS, under classical sulfidation
conditions, as predicted by DFT calculations [6]

1.1.3.1.3. Active sites and deactivation

It has often been assumed that the catalytically active sites in a hydrotreating catalyst
are Mo cations at the surface of MoS; crystallites with at least one sulfur vacancy so that the
reacting molecule can chemically bond to the Mo cation [67,68]. Since sulfur anions in the
basal planes of MoS; are more difficult to remove than anions at edges and corners, exposed
Mo ions will be predominantly present at edges and corners and catalysis will occur at these
positions [69]. The HDS activity of a MoS,/Al,0O; catalyst increases substantially when Co or
Ni is added. This effect is attributed to the promoter present in the Co(Ni)-Mo-S phase. The
aforementioned DFT calculations suggest that a combined action of both metals is responsible
for the catalysis [60-62]. It was shown that a sulfur atom bonded to a nickel or cobalt atom or
between a nickel or cobalt atom and a molybdenum atom is less strongly bonded than a sulfur
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atom between two molybdenum atoms and can be more easily removed creating a vacancy.
The most active transition metal sulfides are those with the lowest metal-sulfur bond strength
[70]. This suggests that the removal of sulfur from the catalysts is the rate-determining step in
HDS. Studies performed with radioactive elements lead to the conclusion that upon
adsorption of a sulfur-containing molecule on an anion vacancy at the catalyst surface, a
nearby SH group adds a hydrogen atom and desorbs in the form of H,S and, at the same time,
creates a new vacancy.

Catalyst life depends on the feedstock properties and the degree of desulfurization
desired. Some of the molecules present in industrial feedstock can act as inhibitors.
Depending on its quality, the crude oil contains varying amounts of aromatics and
components containing nitrogen and oxygen. Sulfur compounds can act as inhibitor as well.
Moreover, H,S (as well as NH3; and H,0) formed as a product of the hydrotreating reactions,
also acts as inhibitor. All these compounds somehow influence the reactivity of individual
sulfur compounds and thus the HDS efficiency. This is called the “matrix effect” [1,71].

HDS, HDN and demetallization occur simultaneously on the active sites within the
catalyst pore structure, implying a competition between those reactions. Sulfur and nitrogen
occurring in residue are converted to hydrogen sulfide and ammonia in the catalytic reactor.

Catalyst deactivation by coking is increased in the presence of basic nitrogen
compounds and becomes even more important because the concentration of nitrogen
compounds in the heavier feedstocks is much higher than in the straight-run distillates, and
the acidic catalysts used in catalytic conversion are poisoned by those basic compounds. For
this important consideration, nitrogen compounds are becoming of major concerns when it
comes to hydrotreatment and more specifically to HDS and deep-HDS [72,73]. The poisoning
effect of nitrogen can be offset to a certain degree by operating at a higher temperature.
However, the higher temperatures tend to increase the production of compounds in the
methane to butane range and decrease the operating stability of the catalyst in a way that it
requires more frequent regeneration.

Removal of sulfur from the feedstock results in a gradual increase in catalyst activity,
returning almost to the original activity level. As with ammonia, the concentration of the
hydrogen sulfide can be used to control precisely the activity of the catalyst. Recycle gas
scrubbing is employed in this view.

The metals in the feedstock are deposited on the catalyst in the form of metal sulfides,
and cracking of the feedstock to distillate produces a laydown of carbonaceous material on the

catalyst. Both events poison the catalyst and activity or selectivity suffers. The deposition of
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carbonaceous material is a fast reaction that soon equilibrates to a particular carbon level and
is controlled by hydrogen partial pressure within the reactors. On the other hand, metal
deposition is a slow reaction that is directly proportional to the amount of feedstock passed
over the catalyst. This last metals deposition is the only permanent poison to the catalyst
causing permanent deactivation as they accumulate. However, this is usually of little concern,
except when deasphalted oils are used as feedstocks, as most distillate feedstocks contain low
amount of metals.

Providing that pressure drop buildup is avoided, cycles of 1 year or more and ultimate
catalyst life of 3 years or more can be expected. The catalyst employed can be regenerated by
normal stream-air or recycle combustion gas-air procedures. The catalyst is restored to near
fresh activity by regeneration during the early part of its ultimate life. However, permanent
deactivation of the catalyst occurs slowly during usage and repeated regenerations, so

replacement becomes necessary.

1.1.3.2. Deep-HDS issue

Today, many desulfurized middle distillates have low total sulfur content but a
disproportionately high concentration of refractory sulfur species. Desulfurizing these
prehydrotreated distillates requires different catalysts and operating conditions than those
used for HDS of raw distillates. Most existing distillate HDS processes have been optimized
for treating raw distillates to meet the ancient 350-500 wppm specifications. Stretching
today’s technology to the ultralow sulfur regime requires overcoming the difficulty of
desulfurizing 4-substituted and 4,6-disubstituted dibenzothiophenes. Most commercial
catalysts were optimized for the HDS on non substituted DBTSs to increase the reaction rate
through a drastic enhancement of catalyst’s hydrogenolysis functionality. When performing
HDS, these catalysts do not consume much hydrogen.

A very different situation arises when it comes to the HDS of substituted DBTS, which
mainly relies on the hydrogenation route. With the little hydrogenation power they possess,
conventional catalysts generally require high hydrogen pressures or long contact times to
attain an acceptable HDS rate. However, many refiners are limited by hydrogen pressure.
Running HDS at too high temperature jeopardizes diesel quality. To minimize capital
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investment and preserve crude slate flexibility, there is an enormous incentive to achieve deep

HDS at low hydrogen partial pressures.

The development of a new generation of catalysts to achieve this objective of
low nitrogen and sulfur levels in the processing of different feedstocks presents an
interesting challenge in catalyst development.

Conventional “CoMo” catalysts are relatively better for desulfurization via the DDS
pathway than via the HYD one since the “CoMo” hydrogenation activity is relatively low
and, as a result, relatively little hydrogen is consumed. This makes “CoMo” catalysts
attractive for the HDS of FCC naphtha which contains alkenes. “CoMo” catalysts are also
used in the HDS of diesel fuel when high pressures cannot be used. In that case, one relies on
longer residence times and higher temperatures. If the unit allows higher pressure, then
“NiMo” catalysts can be used. They possess a high ability to saturate one of the aromatic
rings of 4,6-dialkyldibenzothiophene and are therefore preferred for HDS of refinery streams
that require extensive hydrogenation.

Zhang et al. [74] studied both the “NiMo” and the “CoMo” catalysts, and they report a
better activity of the “NiMo” catalysts towards the substituted DBTs. This higher activity
when compared to “CoMo” was attributed to the difference in the activity of both catalysts for
the hydrogenation of aromatic rings of DBTSs. It has already been mentioned that the
refractory character of alkyldibenzothiophene comes from steric hindrance and the electronic
effects of the substituents in certain position, and hydrogenation of the aromatic rings prior to
sulfur removal is generally thought to decrease this steric hindrance and, therefore, facilitate
the HDS reaction [75]. The hydrogenation pathway was found to be preferred in the case of
hindered DBTs and this preference increases with the size of substituent in the 4- or
4,6-positions [76]. “NiMo” has evidently a higher hydrogenation activity and is thus more
suitable for the HDS of hindered DBTSs [77].

“NiMo” appears to be the best catalyst for the HDS of 4,6-DMDBT, which

guided our choice of synthesizing this particular catalyst precursor in our project.
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1.1.3.3. Advances in HDS catalyst

Improvements of conventional metal sulfide catalysts and the discovery of novel
materials and supports are needed to meet the increasing demand of energy. Enhancement of
catalysts activity and stability is required to increase refinery throughput and to upgrade low
value feedstock to high value fuels. In addition, broad applicability of hydrotreating catalysts
is desired to treat a wide range of feedstocks. These improvements must results in a refinery
end-product that meets the mandates of environmental legislation and the shift in the
automotive industry to high efficiency. Achievements of these demands will require catalysts
with higher volumetric activity for HDS, HDN and aromatics saturation with minimal

hydrogen consumption.
1.1.3.3.1. Supported sulfide catalysts

Considerable research in the past few years has concentrated on finding more active
sulfide compositions, using new supports, exploring novel compounds and improving

processes. Since our interest in this project work focuses on unsupported catalysts, we just

summarize some papers and improvements in Table [.2.
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Table 1.2 : Summary of recent advances in hydroprocessing with sulfides (adapted from [27])

Improvement of existing sulfides

Review: Improving dispersion and
morphology

Sonochemical and CVD methods for
high dispersion

Ultrasonic spray and pyrolysis for high
dispersion

Microwave method for high dispersion

Dispersing agent

Activation agents

Use of non-traditional elements

New precursors with Mo-S bonds

Urea-matrix combustion method

Use of unsupported trimetallic
compositions

—+

=+

—+

=+

+

+

—+

Chianelli [78]
Moon [79,80], Okamoto [81,82], Ramos [83]

Suslick [84]

Liu, B. [85,86], Liu, X. [87]

Yoshimura [88], Okamoto [89], Escobar [90],
Costa [91], Lélias [92], Rana [93,94]

Perot [95], Frizi [96]

Fierro [97], Hubaut [98], Vit [99],

Escalona [100,101], De los Reyes [102],
Giraldo [103], Centeno [104]

Ishihara [105], Ho [106], Bensch [107,108],
Cruz-Reyes [109]

Green [110-113]

4 Fuentes [114], Alonso [115],

Huirache-Acufia [116,117], Nava [118]

Alternative or improved supports for sulfides

Improvement of Al,O3 with Ti, and Ga

Improvement of Al,O3; with B

Improvement of Al,O3 with B and P

F or PO, bind to AI*" ions and reduce
interactions

Basic additives (K, Li)
Composite supports (SiO,-Al,03)

Composite supports

(TiOZ'SiOZ, ZrOQ-A|203)

Pure TiO, supports for FeMo catalysts
Hydroxyapatite modified by

Zr and/or Al

Carbon nanotubes, mesoporous clays

Mesoporous supports (MCM-41,
SBA-15, Ti-HMS)

+

+

+

+

+

0

Segawa [119,120], Ramirez [121,122],
Vrinat [123,124], Zhao [125]
Okamoto [126-128], Shimada [129],
Centeno [130]

Ferdous [131]

Prins [132], Maity [133], Ding [134],
Moon [135]

Diehl [136], Fan [137], Mizutani [138]
Van der Meer [139], Mochida [140],
Kunisada [141], Ancheyta [142]

Zhou [143], Zhang, Li [144]
Kraleva [145]
Travert [146]

Chen [147], Dalai [148], Shang [149],

Song [150,151]

Klimova [152-154], Dhar [155,156], Li[157],
Zepeda [158-161], Fierro [162],
Rodriguez-Castellon [163],
Silva-Rodrigo[164], Zeng [165]

+ : positive effect, - : negative effect, o : neutral or not applicable
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1.1.3.3.2. Bulk catalysts

What is the real role in catalysis of the Alumina or of the support, speaking in more
general terms? Traditionally, it has been thought that the role of the support is primarily to
disperse and stabilize the MoS; based hydrotreating catalyst. This support effect is caused by
a strong interaction between MoS, and the support itself. An additional function is making the
catalyst less expensive by diluting the metal. The fundamental activity and selectivity resides
in the sulfide phase. Because of the strong sulfide/support interaction the total activity of the
catalyst is actually reduced per metal atoms as a result. Thus, it appears that historically the
alumina supported catalyst arose because of reduced cost and improved stability of the
unsulfided catalyst precursor which makes the material easier to transport, store and load in
the reactor. However, unsupported catalysts with their high volumetric activity and unusual
selectivity are the “wave of the future” in many hydrotreating and chemical applications
[166,167].

In a catalyst, supports often interfere with the active phase and may reduce its
potentiality. Moreover, it dilutes the active sites and large amounts of catalysts are

needed to reach the desired fuel quality.

There are numerous papers in the open literature related to the chemical and physical
properties of unsupported transition metal sulfides. Besides characterization studies, the
performance of a large variety of mono-, bi- and multi-metallic materials in various test
reactions has been examined. The performance studies identified several unsupported
materials with higher activity and/or selectivity than the traditional y-Al,O3 supported
Ni/Co-Mo/W catalysts [168-172 and references therein]. This has resulted in numerous
patents disclosing the preparation of unsupported transition metal sulfides and their use as
hydroprocessing catalysts. Model-compound studies have indicated that bulk transition metal
sulfides (TMS) tend to be more hydrogenation selective than supported catalysts.

The reported high activities of various types of unsupported catalysts can have
different origins. The active sites in mixed Co(Ni)-Mo(W) sulfides are not necessarily
different than those in the corresponding supported catalysts. However, the population of the
active sites is much higher in unsupported catalysts and the total absence of metal/support
interactions makes the unsupported Co(Ni)-Mo(W) sulfides an ultimate type of catalysts with

a high intrinsic activity. Several noble metals (in particular Ru, Rh, Os and Ir) also have very
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high intrinsic activities in different hydrotreating reactions [173-176]. Yet, the high prices of
noble metals restrict their application in commercial hydrotreating. Ru is the cheapest of the
noble metals, however, its price is still more than 40 times that of Mo and nearly 80 times that
of W.

Despite the relatively large number of patents covering the different unsupported
catalysts and their applications in hydroprocessing, there are only a few commercial bulk
hydrotreating catalysts. Incorporating a catalyst with extremely high activity in existing
refinery process equipment is all but straight forward. In most cases the process and the
equipment was not designed for the heat release and H, consumption accompanying a very
high activity catalyst. In addition to that, the price plays an important role even if the
unsupported catalyst contains only Group VIII and Group VIB metals. High concentration of
metals and higher density of unsupported, as compared to supported, catalysts will increase
the reactor fill price significantly. There is one family of commercial bulk hydroprocessing
catalysts that is being sold in sizable amounts in the present hydroprocessing market. This is
the NEBULA® catalysts family. The NEBULA® catalyst family was developed in close
cooperation between Albemarle Catalysts (former Akzo Nobel Catalysts) and ExxonMobil.
The NEBULA® technology is patented and the catalyst preparation and composition are trade
secrets of the Albemarle Catalysts Company [168].

Nevertheless, here are presented some strategies for preparing bulk TMS. A classical
one is by thermal decomposition of metal amine thiomolybdates in which the promoter metals
and Mo are molecularly associated with each other in different manners (in slurry,
solutions...), using surfactants or not [177-179] and also catalysts derived from metal amine
metallates that are heterometallic metal oxygen complexes of the formula (ML)(Mo0O,),
where M is a divalent promoter metal such as Co or Ni, L is one or more polydentate
chelating ligands with a total denticity of six [180].

It has been quite recently reported that bulk TMS can also be prepared by
hydrothermal methods [181,182]. It implies two steps: the Mo oxide precursor was prepared
hydrothermically in a stainless steel autoclave for 48 hours from an aged solution of
ammonium heptamolybdate [(NH4)4M07024.4H,0]. The “NiMo” was prepared by
impregnating nickel nitrate directly over the precursor MoOs by the initial impregnation
method and was sulfided afterward with H,S/H; (15 v% H,S) at 400 °C for 2 hours.

In the citrate method, adequate amounts of M(NO3),.6H,O (M=Ni and/or Co) and
(NH4)sM07024.4H,0 are dissolved separately in water. An excess of citric acid is then added

to each solution. The obtained solutions are mixed together and the final solution is
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concentrated in a rotary evaporator until formation of a viscous liquid, which is then heated at
80 °C for 20 hours in a vacuum oven. Once a powder has been obtained, the catalyst
precursor is pre-calcined at 300 °C in a flow of dry air, in order to allow the decomposition of
the citrate ion involving the formation of CO, and water. After the pre-calcination treatment,
the catalyst precursor was calcined at 650 °C for 20 hours in a flow of dry air [183].

A quite original method consists in synthesis by Freeze-Drying: the starting Co-, Ni-,
or Mo-containing solutions are prepared by dissolving their respective salts in distilled water.
They are then combined to obtain (Co, Ni)-Mo source solutions. A small amount of nitric acid
is added to the solution after mixture to ensure long-term stability of the solutions. Droplets of
these solutions are flash frozen by projection onto liquid nitrogen and then freeze-dried at a
pressure of 1-10 Pa and at a temperature of -45 °C in a Telstar Cryodos freeze-dryer. In this
way, dried solid precursors are obtained as amorphous (X-ray diffraction) loose powders.
Co01xNixM0O, (0< x < 1) samples were synthesized by thermal decomposition of the
amorphous precursor solids [184].

In general, the weakness of bulk catalysts as compared to supported catalysts is that
they have a much lower specific surface area (Sger), 10 to 100 times lower than supported

alumina catalysts. Some examples are given for comparison in Table I.3.

Table 1.3 : Examples of BET surface area found in the literature

Catalysts Sget (Mg Examples of references

Examples of supported catalysts

Al,O3 support ~210 Review: Shyamal et al. [185]
TiO,-Al,O3 support ~250
ZrO,-Al;03 support ~230
B,03-Al,03 support ~290

Unsupported catalysts
Thermal decomposition method 10- 80 Bai et al. [178], Soled et al. [179]
Metal amine metallates method 20 - 80 Ho et al. [166]
Hydrothermal method 20 - 50 Paraguay-Delgado et al. [181]
Citrate method 2-13 Maione et al. [183]
Freeze-drying method 20-40  Vieetal. [184]
Impregnation method 20-50  Olivasetal. [186]

~52 ~



I. Hydrodesulfurization and SCFs opportunities

An opportunity to increase the activity of HDS catalysts appears in the
increase of their Sger. Our project proposes an original way of synthesizing
“NiMo” that permits attaining a higher Sge.

1.1.3.4. Alternatives to HDS

Several alternative processes for the removal of sulfur from petroleum crudes have
been developed or are being developed. For refractory molecules, the oxidative removal of
sulfur from diesel by biodesulfurization, oxidative desulfurization and ultrasound-assisted
oxidative desulfurization has been covered extensively in the literature (Table I.4). Instead of
reducing sulfur compounds to form H,S, these methods oxidize the sulfur species to their
corresponding sulfoxides (1-oxides) and sulfones (1,1-dioxides). Refractory sulfur
compounds such as DBT and 4,6-DMDBT are only slightly more polar than hydrocarbons of
similar structure. However, sulfoxides and sulfones are substantially more polar, thus
permitting thus their selective removal by following the selective oxidation step with solvent
extraction or solid adsorption [27].

Other ideas to remove sulfur include reactive adsorption, adsorbent usually being
transition metals supported on base oxides, typically Ni on ZnO, where Ni is the
hydrodesulfurization site and ZnO is converted into ZnS by H,S (for example [187-189]).
Another alternative could be “non-destructive” adsorption where sulfur species are adsorbed
as molecules as such. In this field, zeolites like 5X and 13A and active carbon have been
reported as efficient sorbents [190]. The Irvad process could probably be mentioned as one of
the first commercially oriented process [191].

IFP/Axens, in collaboration with BP, has developed and commercialized the OATS
process (Olefin Alkylation Thiophenic Sulfur compounds) based on alkylation of thiophenic
and mercaptan compounds which allows obtaining sweet and desulfurized naphtha without
hydrogen consumption. The alkylation of sulfur compounds over an acid catalysts leads to a
boiling point shift of the resultant product toward a diesel range. A simple fractional
distillation reduces then the sulfur content in the gasoline range [192-194].

Physical separation methods can be rapidly mentioned like a membrane-based process,

called S-Brane, proposed by Grace Davidson and CB&I [195], or an extractive distillation
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process, GT-DeSulph™

[196]. Last intriguing referenced options, precipitation [197] and

electrochemical polymerization [198] can be named.

Table 1.4 : A summary of process improvements and new processes (adapted from [27] and completed [199])

Technology
Review: Recent developments in industry

Biodesulfurization (BDS)

Oxidative Desulfurization (ODS)

Ultrasound-assisted oxidative desulfurization
(UAOD)

Reactive adsorption
“Non-destructive” adsorption
Alkylation

Physical separation methods
Precipitation
Electrochemical polymerization

Effect References

0 Babich and Moulijin [200]

Liu [201], Towfighi [202],
Kong [203], Xu [204],
Mohebali [205], Bassi [206],

Li [207,208]

Wang [209], Song [210],
Sampanthar [211], Corma [212],
Lu [213], Green [214], Collins [215],
Garcia-Gutiérrez [216,217]
Doraiswamy [218],

Yen [219-221], Zhao [222]
Malandra [187], Gislason [188],
Khare [189]

+  Salem [190], Irvin [191]

Huff [192], Alexander [193],
Bourbigou [194]

+  Zhao [195], Kumar [196]

+  Shiraishi [197]

+  Schucker [198]

+ : positive effect, - : negative effect, o : neutral or not applicable

/ Although these processes are viable alternatives to remove sulfur, they require

capital investment for new unit operations. As a result, refinery industries keep
focusing on HDS and Deep-HSD. The discovery of new catalysts and
implementation into existing hydrotreating reactors is the most promising option

for achieving deep HDS.

1.1.4. Conclusion on HDS overview

Hydrodesulfurization intervenes at multiple levels in the general refinery process
which makes it a leading step in crude oil processing. Current and future regulations toward
sulfur concentrations in automotive fuels, together with the lower and lower quality of the
available crude oils, ask for innovative and efficient solutions for oil desulfurizing. Numerous
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alternative to HDS are proposed, however, as they imply costly modifications of the existing
equipments, solutions that improve hydrotreatment are preferred.

What raises problems in HDS are the refractive sulfur compounds such as
4,6-DMDBT that ask more stringent conditions to be converted and today’s challenge is to
develop a new generation of catalysts to achieve Deep-HDS. The open literature revealed that
4,6-DMDBT is easier to convert after hydrogenation of one of its rings suggesting that a
catalyst with good hydrogenation activity is required. Among the well known HDS catalysts,
“NiMo” has this specific ability over “CoMo” and is therefore preferred when referring to
Deep-HDS.

Having the HDS active phase supported does not really provide with more efficient
catalyst due to metal/support negative interactions and the dilution of the active sites. The
new trend is to work with bulk catalysts and numerous patents already exist proposing various
synthesize solutions. However, bulk catalysts usually develop low specific surface area
(See). Increasing this Sger appears to be a very interesting lead in the development of a new
generation of catalysts. Supercritical fluids technology is known to be efficient in the
synthesis of oxide nanopowders of high Sger. Therefore, we propose in this project a new and
original solution to achieve such an objective by synthesizing “NiMo” bulk catalyst
precursors of high Sget using supercritical fluid technology.

The following part presents generalities concerning Supercritical Fluids (SCFs) and
material synthesis using this unconventional media and the advantages it can provides in the
synthesis of our catalyst precursors of “NiMo”.
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1.2. Supercritical fluids

The interest of considering supercritical fluids as a media for chemical reactions has
been recognized for years. Studies led within the ICMCB consolidate the know-how to
elaborate nanostructures in SFCs and revealed not only the relevance of using them regarding
the final characteristics of the synthesized materials but also that it permits overcoming the
drawbacks of more classical solution chemistry approaches [223,224]:

e a versatile method to synthesize materials of different nature: metals, oxides,
semi-conductors or even nitrides,

o well crystallized materials at relatively low temperatures (often lower than
400 °C),

e materials with original and controlled structures and microstructures,
morphology and composition,

e materials with high specific surface areas,

e formation of nanocomposites by modification of the surface or volume of
materials.

In 1972 the first United Nations conference on the human environment in Stockholm
was held. It was here that the concept of sustainability describing an economy "in equilibrium
with basic ecological support systems” was born [225]. Then in 1987, the United Nations
released the Brundtland Report which defines sustainable development as “development
which meets the needs of the present without compromising the ability of future generations
to meet their own needs” [226]. In this context, as supercritical fluids (SCFs) are considered
as a sustainable technology, they have attracted a deep interest and undergone important
developments over recent years, and appear as serious alternatives to more classical material
synthesis and design methods and better meet environmental guidelines.

Historically, it is C. Baron Cagniard de Latour who discovered in 1822 the critical
point of a substance in his famous cannon barrel experiments. Listening to discontinuities in
the sound of a rolling flint ball in a sealed cannon filled with fluids at various temperatures, he
observed the critical temperature. At the critical point, the densities of the liquid and gas
phases become equal and the distinction between them disappears, resulting in a single
supercritical fluid phase.

During an investigation in 1822-1823 on the effects of heat and pressure on certain
liquids he discovered that for each there was a certain temperature above which it refused to
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remain liquid but passed into the gaseous state, no matter what amount of pressure it was
subjected to, and in the case of water he determined, with a remarkable accuracy, this critical
temperature to be 362 °C (actually of 374 °C) [227]. This study is considered to be the first
publication describing the supercritical phenomenon.

In 1869, T. Andrews established the concepts of critical temperature and critical
pressure, showing that a substance passes from vapor to liquid state without any breach of
continuity [228], and in 1873, Van der Waals obtained his doctor's degree for a thesis entitled
Over de Continuiteit van den Gas- en Vloeistoftoestand (on the continuity of the gas and
liquid state) [229] in which, by considering the gaseous and liquid states as being continuous
with each other although in the liquid state the sizes of the molecules could not be ignored as
in the gaseous state, he was especially able to explain the fact that for each gas there is a
‘critical temperature’ above which the gas cannot be made liquid no matter how high the
pressure. Quantifying the weak attractive forces among molecules, Van der Waals was able to

correct the ideal gas law to apply to condensed gases and liquids as well (eq. 9):

<p+%> X (V. —nb) =nRT 9
now called the Van der Waals equation of state, with p the pressure, V the volume of the
container containing the fluid, n the number of moles of the gas, T the temperature, R the
universal gas constant (8.314 J.K™.mol™), a the cohesion pressure (measure of the attraction
between the molecules) and b the covolume (volume excluded by a mole of molecules).
Thanks to this work Van der Waals not only was awarded the Nobel Prize in physics in 1910
but he also started to explain what supercritical fluids are. He developed the first equation of
state that is able to describe vapor, liquid and supercritical domain. Several authors have
proposed modifications of this equation and extended them to the representation of

sophisticated fluids (pure compounds and mixtures) [230].

1.2.1. Definition and generalities

A pure substance can be found in three different states — solid, liquid or gas —
represented by the equation of state f(p, T, Vin) = 0 in which the variables are the pressure p,

the temperature T and the molar volume Vp, [231]. The (p,T) projection of this phase diagram
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(Figure 1.11) clearly shows the different states in which this substance can be, depending on
the combination pressure-temperature. On this diagram, the critical point is located at the
maximum of the liquid/gas equilibrium curve.

A fluid is said to be “supercritical” when its pressure and temperature exceed the
critical pressure p. and critical temperature T.. The critical coordinates of the more commonly

used fluids to synthesize nanostructured materials are listed in Table I.5.

>
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Figure 1.11: Schematic representation of microscopic behavior of a pure substance in the (p,T) plane phase diagram
[232]

Table 1.5: Commonly used supercritical fluids and their characteristics (adapted from [233])

Compounds T. (°C) 0. (MPa)  pe (g.mL™Y) M(‘;'.";‘T': OTE;SS
CO; Carbon Dioxide 31 7.38 0.46 44
H,0 Water 374 22.1 0.32 18
CH4O Methanol 239.5 8.1 0.27 32
C2HeO Ethanol 241 6.3 0.28 46
C3HsO 1-Propanol 235.8 4.9 0.28 60
CsHgO Isopropanol 264.2 5.3 0.27 60
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Their viscosity is of the order of magnitude to those of gases while their density (thus
their solvency) is closer to that of liquids (Table 1.6). Furthermore, surface tension vanishes
above the critical point. Thereby, supercritical fluids exhibit this unique property which is the
opportunity to manipulate at will the reaction environment through the control of pressure and

temperature, continuously from gas to liquid properties.

Supercritical fluids have physicochemical properties which are “hybrids” of

those normally associated with liquids and gases.

Table 1.6: Characteristic magnitudes of thermophysical properties of fluids [233]

Properties Liquid Supercritical fluid Gas®
p (kg.m®) 1000 100 - 800 1

n (Pa.s) 107 10 - 10° 10°
D (m%s?) 107 108 10°

p = density; 1 = dynamic viscosity; D = diffusion coefficient. * At ambient conditions. ® For small-molecule
solute

As illustrated in Figure 1.12 (a), the local organization includes simultaneously regions
of both gas and liquid local densities. This local organization is dynamic (with a lifetime of
approximately 100 ps) implying local fluctuations of density which easily explains the
increase of the fluid compressibility. Figure 1.12 (b) illustrates the behavior of the solvent in

the case of an attractive mixture with a solute.

Local density like a liquid

Local density like a gas Local density increasing
(a) (b) around the solute (S)

Figure 1.12: Simulation of the molecule distribution in (a) a pure supercritical fluid & (b) in a supercritical fluid with
a solute molecule [232]
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All those specific properties such as low viscosity and high diffusivity (matrix
penetration similar to gas) and relatively high density allow easier mass transfer which led to
the development of supercritical fluids at an industrial scale for extraction processes
[234,235]. Concerning hydrothermal oxidation for waste management, the main interest is
connected to the chemical reactivity with a high solubility of organic compounds and oxygen
(suppression of interface) and a high reactivity (total organic destruction) [236]. The specific
properties of supercritical water are also exploited for biomass conversion and material
recycling [237,238].

[ Concerning this PhD work, we will rather focus on the advantages and
possibilities supercritical fluids offer us in materials processing and particularly in
the synthesis of nanostructured materials playing with the chemistry and the

nucleation/growth phenomena, parameters at the root of the characteristics of the

synthesized objects. )

1.2.2. Synthesis of nanomaterials in SCFs

Supercritical fluids have been used in the field of materials science since the early 90s
with the rise of nanosciences and nanotechnologies. Particle processing is today one of the
developments of supercritical fluid applications in fields such as chemistry, pharmacy,
cosmetics, agro-food industries, energy or still microelectronics.

As already mentioned, supercritical fluids exhibit unique properties which offer the
opportunity to manipulate the reaction environment such as density, viscosity, diffusivity or
surface tension, through the accurate control of pressure and temperature, continuously from
gas-type to liquid-type properties. These specific properties are then exploited for application
in materials processing. For example, the ability to control mass transfer properties of a
supercritical fluid is particularly useful for the nucleation and growth of crystals or films
[239].

Classically, materials preparation in supercritical fluid can be described in three steps:

i) solubilization of precursor in dense fluid (close to the liquid phase) since the

solute solubility varies generally as a power law with respect to density,
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ii) particle formation, based on either a physical transformation or a chemical
reaction,

1ii) nanopowders recovery in the low density fluid domain (close to the gas
phase) in order to obtain clean and dry materials (Figure 1.13).

Precursors

solubilization

* Physical transformation  Chemical transformation
RESS Thermolysis

Nucleation and growth

“
o

@ o @

. W
W/

Clean and dry material (nanoparticles)

Figure 1.13: General principle scheme for material processing using SCFs (adapted from [233]). Acronyms are
developed further

Several papers present a good overview of the state of the art concerning processes
where the driving force of nanoparticles precipitation is a physical transformation [240-242].
Those techniques are essentially used to process organic particles from nano to micrometer
scale. Compared to conventional processes that use large quantities of dangerous solvents,
surfactants and additives and often reject toxic wastes, SCFs technologies permit to overcome
most of those drawbacks [243]. Here after are presented common techniques:
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Rapid expansion of Supercritical Solution (RESS). RESS consists in saturating a
supercritical fluid with a solid substrate and then depressurizing the solution through a heated
nozzle into a low pressure vessel inducing a rapid nucleation of very small particles which
characteristics depend on RESS parameters (temperature, pressure, nozzle geometry, etc)
[244-246]. An interesting variation of RESS, the RESOLV method, consists in spraying a
supercritical solution (supercritical fluid + solute) into a liquid which can contain reagents or

stabilizing agents [247].

Antisolvent (A.S). When the solute is poorly soluble in a supercritical media, this one can act
as an antisolvent. Practically, a liquid solution containing the solute is exposed to the
supercritical fluid. The supercritical fluid should be completely miscible with the liquid
solvent and diminishes its solvation capacity. Therefore, the contact between the liquid

solution and the supercritical fluid induces the precipitation of the solute [231,248].

Particles from Gas-Saturated Solution/Suspension (PGSS). This process consists in
solubilizing supercritical carbon dioxide in melted, liquid-suspended or solubilized
substance(s), leading to a gas-saturated solution/suspension that is further expanded through a
nozzle with formation of solid particles, or droplets. Cooling due to volume expansion of the
gas makes the substance precipitate and the particles thus obtained are recovered from the

reactor after depressurization and the supercritical fluid can be reused.

Table 1.7 gathers some examples of compounds obtained from those processes and

their applications
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Table 1.7: Examples of nanomaterials synthesized in supercritical fluids media from a physical transformation

Process Compounds

Application

Polymers (some examples among a large quantity)

Polypropylene/Polystyrene
Polysaccharide

R.E.S.S

Polycaprolactone

Poly(heptadecafluorodecylacrylate)
S.AS Polystyrene

Polymethyl Methacrylate
P.G.S.S : Y y Y

Pigments

Hybrid material
Kl/poly(viny chloride)
Si(Ti)O,@Polymer

RESS Pd/C6F13C2H4SH

Cd(Pd)S/(N-Vinylo-2-pyrrolidone)
Ag/(N-Vinylo-2-pyrrolidone)

Inorganic material

Ni, Co
RESOLV

Y (Sm) acetate

NiCl,
AS AgNO;
BaCl,
Zn acetate
P.G.S.S  Pigments
Chemicals [264]
Ibuprofen
R.E.S.S  Naproxen
Digitoxin
Amoxicillin
Insulin
Antibiotics

Chitosan

AS

plastics
pharmacology
pharmacology
plastics
plastics
plastics

paints

chemical precursors

model for medical researches

catalysis, electronics,
optics...

semiconductors

catalysis, electronics,
optics...

additive, catalysis

hyperthermia, magnetism

high temperature
supraconductors

chemical precursors
chemical precursors
chemical precursors
chemical precursors
paints

pharmacology
pharmacology
pharmacology
pharmacology
pharmacology
pharmacology
pharmacology

~63 ~

References

[245]
[249]
[250]
[251,252]
[253]
[254]
[246]

[245]
[255]

[247]
[256,257]
[258]

[259]
[259]

[260]

[261]
[261]
[262]
[263]
[263]

[265,266]
[265]
[267]
[268]

[269-271]
[268]
[272]



I. Hydrodesulfurization and SCFs opportunities

Yet, those methods are not really suited for the controlled formation of inorganic
nanomaterials. The second family involving a chemical reaction in supercritical fluids is
better adapted for synthesizing inorganic nanostructured materials. Therefore, considering the

material we are studying, we will now focus on those methods.

1.2.2.1. Formation of nanostructures in SCFs from a chemical reaction: principle

Synthesis of nanomaterials in supercritical fluids from a chemical reaction has also
received considerable attention. Although the most popular material synthesis in SCF
researches concern oxides with water as solvent and/or reagent, other media such as alcohol,
CO,, ammonia (or mixtures of them) are increasingly being employed for producing metals,

oxides, semi-conductors and nitrides from the micrometer down to the nanometer scale.

Chemical reaction — nucleation and growth

PP & T>T,
¢ @ @ @ s
@ e o
Q a8 v == W o — u
e @
2 2 ¥ U\J u (-

{ Parameters : pressure, temperature, solvent (nature), precursor (nature and concentration), residence time J

Figure 1.14: General principle scheme for nanostructured material synthesis from a chemical transformation in SCFs

Different chemical reactions, which take their inspiration from solution

chemistry, can be performed in supercritical fluids for nanomaterials synthesis.
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Hydrothermal reactions. A really complete review on hydrothermal technology has recently
been proposed [273]. The reaction equilibrium of metal precursor (salt or organic) aqueous
solutions changes with temperatures which results in the formation of metal hydroxides or
metal oxides. Supercritical water provides with an excellent reaction medium for
hydrothermal synthesis, since it allows varying the equilibrium by shifting the dielectric
constant and solvent density with pressure and temperature. The expected benefits are higher
reaction rates and smaller particles. The reaction products have to be insoluble in sc-water.
These reactions are based on a two-step mechanism, first is the production of monomer by
hydrolysis followed by a dehydration reaction. When the supersaturation degree becomes
high enough, nucleation takes place, followed by the crystal growth [242,274].

When the solvent-reactant is different from water (H,S, NH3, CgHs...), this reaction is
then called a solvothermal reaction and allows applying such chemical reactions for several
classes of materials: sulfides, nitrides, carbides...

Thermolysis reactions. The process based on the thermal decomposition of a metal precursor
is very interesting to produce fine particle with an accurate control of the size, the size
distribution, the morphology and the structure [275-278]. The thermal decomposition of a
metal-organic precursor is a classical process used to induce high supersaturation in a fluid
phase which leads to the formation of nanoparticles. ICMCB proposed, for instance, the
thermal decomposition of metallic precursors, generally from the family of acetates and
acetylacetonates [233,278].

Red/Ox reactions. Oxidizing or reducing media are easily obtained by introducing oxidizing
(O, etc.) or reducing (H2, CO, etc.) gases in the reactor [279]. The degree of oxidation of an
oxide can easily be controlled thanks to the enhancement of gas miscibility under supercritical
conditions. These gases can also be formed in situ when the decomposition of precursors
takes place. The reduction of metal salts or metal-organic precursors soluble in a supercritical
fluid, generally in the presence of hydrogen, induces, as in the case of thermolysis reaction,
high supersaturation in the SCF leading to the formation of metal nanoparticles [280]. This
reaction is generally carried out in presence of surfactants to stabilize the so-formed
nanoparticles. The surfactants must be soluble in the SCF to have an affinity with the
nanoparticles surface to stabilize them. The functionalized nanoparticles are recovered as a
dry powder, free from any organic solvents and can then be re-dispersed in an appropriate
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solvent. This approach limits the number of steps for the preparation of functional
nanoparticles which are ready for use.

It is also possible to use oxygen via the injection of hydrogen peroxide to control the
degree of oxidation of the material to be synthesized.

Sol/Gel reactions. These reactions are based on the well known two-step mechanism, namely
the hydrolysis and condensation that leads from the sol to the gel [281]. The material is
recovered by removing the solvent, sometimes followed by a calcination step. The solubilized
precursors form hydrated ionic species [M(H20).]*" that can react with water to form
hydroxides [M(H20)xn(OH)n]*™*. The condensation step allows forming a gel from the sol
by olation and/or oxolation, process by which metal ions form polymeric oxides in aqueous
solution.

Classical sol-gel procedure produces amorphous powder which may require further
thermal treatment to obtain the wished properties. Moreover, the decomposition of the
precursors in the gas phase gives a final material polluted by organic residues. In comparison,
the supercritical path allows the obtention of well crystallized dry powders at relatively low
temperature, without any trace of solvent or modifiers since they are not needed. Moreover,
this technique provides short reaction times, easy composition tuning of the mixed oxides and
high surface areas for the material. Sol-Gel reactions can be carried out in pure supercritical
solvents (sc-H,0, sc-CO,, sc-ROH, etc...) or a mix of them. Because no liquid-solid interface
appears during the process, dried powders are directly recovered by removal of the

supercritical solution.

The synthesis of nanomaterials in supercritical fluids by a chemical reaction is all
governed by the process operating parameters. They play an important role in the design and
tailoring of materials. The following part aims at presenting these parameters and their effects

on the nanopowders.
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1.2.2.2. Process and operation parameters

The general scheme of processes used to synthesize nanomaterials via a chemical
reaction in supercritical fluids is represented on Figure 1.15. It is constituted of three modules
(in green): the injection module, the reaction module and the material recovery module. In red

are the parameters related to the components of the system.

Preheat
HP pump reheater

Solvent
(@) w
) v
P HP pump Preheater 2 g \ Reactor J
] v’
Reagent(s) with or 2 g
without
co-solvent(s) ﬁ
HPpump Preheater — Nanoparticles
recov
\ [
Injection Back pressure
regulator

Main operating parameters: solvent (nature), precursor (nature and concentration), temperature and pressure

Figure 1.15: General scheme of a continuous process involving chemical transformation in SCF (adapted from [239])

Experimental parameters must be well known and understood to use them in the best
manner considering the targeted applications. From the above general scheme of our process,
we can identify the following parameters we will describe then: solvent, nature and

concentration of the metal precursor, residence time, temperature and pressure.

Solvent. Please note that the most commonly used supercritical fluids and their characteristics
have been presented in Table 1.5 (chapter 1.2.1). As in the case of more classical solution
chemical reactions, the solvent plays an important role from various aspects. Depending on
how the problem is approached, the choice of the solvent is determined by the preliminary
choice of reagents, or, determines the type of reagents to use (solvation consideration). For
example, the use of acetate-metal precursors as reagents will favor the choice of water as
reaction media since this type of precursors are easily solvated in it.
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The nature of the solvent obviously has an impact on the chemical reaction. A good
example with copper: spherical metal copper particles were produced by the decomposition of
copper precursors in a CO,/ethanol supercritical mixture [282], whereas in a NHz/methanol
mixture, cubic copper nitride was obtained [278]. This result is due to the fact that
supercritical CO, acts as an inert solvent, while NH3 reacts with metal atoms to produce
nitrides (NH3 plays the role of both solvent and reagent).

This way, it is also possible to tune the crystallinity of the powders [283]. Regarding
alumina, amorphous or boehmite alumina could be successfully synthesized using
respectively CO,/EtOH or H,O/EtOH mixtures from Al(CsH;O;)s (Figure 1.16). The two
powders present very different morphologies resulting in a different sintering path for the
alumina starting material. It has been established that the alumina formed in CO,/ethanol
exhibits a significant decrease of the y-Al,O3 — a-Al,O3 transition temperature during
sintering. The phase transition of the powder synthesized in H,O/EtOH actually started at
1150 °C, whereas the transition of the powder obtained from CO2/EtOH began at 1000 °C.
This results in a lower densification temperature (80 °C diminution). This temperature

decrease is very interesting regarding the cost reduction of the sintering process.

a) H,O/EtOH

3
m
=
ot
1)}
C
@
e
=

Figure 1.16: Tuning of crystallinity rate of alumina powders with the fluid nature: (a) XRD pattern and TEM
micrograph of boehmite nanoparticles formed in a H,O/EtOH mixture, (b) XRD and SEM micrograph of amorphous
alumina synthesized in scCO,/EtOH mixture [223].

When using a mixture of solvents, their ratio also has an influence on the product
synthesized as illustrated with BaTiO3z synthesized under supercritical conditions. The
crystallinity of the as-prepared nanoparticles can easily be controlled by changing the

water/ethanol ratio, achieving up to 90% when the weight ratio is equal to 1 (Figure 1.17).
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This is one way to obtain a highly crystallized BaTiOz nanopowder that is synthesized

through a one-pot process [284].

* BaTiO,
0BaCo;

Intensity (a.u.)

10 20 30 40 50 60 70
20 (deg)

Figure 1.17: Powder XRD patterns showing the phase evolution as a function of the water to ethanol weight ratio
(e cubic BaTiO3, o BaCOs). The patterns have been shifted gradually along both axes for the sake of clarity [284]

Metal precursor. Once again, the type of metal precursor is closely related to the nature of
the solvent. Classical types of precursors used in SCFs are acetates (M™[OOC-CHa]y),
acetylacetonates (M""[CH3;COCHCOCHj],), alkoxides (M™[O-CyxHy]s) or even carbonates
(M™[COs3],) and nitrates (M™[NOz],). An example of the importance of the nature of the
precursor comes from the synthesis of ferrous-ferric oxide. Magnetite (FezO,) spherical
nanoparticles (50 nm) prepared from Fe(NH,),H(CsHsO7), solutions in supercritical water.
The Fe*" ions are reduced to Fe?* by the CO produced during the thermal decomposition of
the ammonium citrate precursor. If one wants to synthesize Fe,Os, the reduction of Fe** must
be avoided. Under identical pressure and temperature conditions (35 MPa and 400 °C), the
decomposition of Fe(NO3)s results in single step-phase Fe,O3 nanoparticles having the same

morphology and mean particle size than Fe;O,4 [279].
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Residence time. The residence time depends on the volume of the reactor, the flow rate and
temperature and pressure via the density. It usually lasts from a few seconds to two minutes

and can be expressed as (eg. 10):

- V. ps(T)

=Tk (10)

where t; is the residence time (s), V, is the volume of the reactor (cm®), ps the density of the
fluid depending on the temperature T and the pressure p (g.cm™) and Dy, the mass flow of the
solution (g.s™). As a general rule, the size and the crystallinity of the particles increase with

the residence time since it has an influence on the degree of conversion of the reaction [285].

Temperature and pressure. The range of temperature accessible in SCFs technology is
really large, starting from 31 °C (T¢ 0of CO,) to 500 - 600 °C depending on the studied phase.

The classical effect of the temperature on a chemical reaction is on it reaction kinetic.
The Arrhenius law simply describes this temperature dependence of the rate constant.

In our case, the temperature is a parameter of paramount importance to assess whether
the chemical reaction occurs under supercritical conditions or not: a too low temperature and
pressure could result in a biphasic (liquid + gas) system and the reaction would occur in
subcritical conditions instead of supercritical conditions.

Moreover, as illustrated by Adschirietal., the crystallinity and nature of phases
synthesized can also be driven by changing the temperature of the reactor [279,286]. In
general, oxide crystallinity is enhanced by raising the reactor temperature. After hydrothermal
reaction of ZrOClI, or TiCl, solutions, the products obtained at different temperatures were: (i)
amorphous hydrous oxide gels (400 °C), (ii) anatase nanoparticles (TiO, of 20 nm at 450 °C)
and (iii) cubic zirconia (ZrO, of 20 nm at 490 °C).

-~

temperature and pressure), supercritical fluids permit the accurate control of the

By mastering these operating parameters (solvent, precursor, residence time,

physicochemical properties of nanopowders, especially the control of their

composition, crystallinity rate, size and morphology.

J

This control over the material characteristics opens the way to numerous materials
design and a wide panel of applications. Hereafter are presented some of the possibilities

offered by SCFs technology in the synthesis of inorganic and hybrid nanostructured materials.
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1.2.2.3. Opportunity

The ability to control the structure, chemical composition, crystallinity permits the

development of numerous materials as illustrated on some examples in Table 1.8.

Table 1.8: Examples of nanomaterials synthesized in supercritical fluids media from a chemical transformation

Material

Metals
Cu

Ge
Ag
Pd
Ir, Pt
Nitrides

Cu3N, Ni3N, Fe4N,
Cr2N, Co2N, etc.

Others
C
NTC
Cds
ZnS
CoS;@C
Oxides: Table 1.9

Chemical reaction

thermolysis, reduction
thermolysis
reduction
reduction
reduction

thermolysis

reduction
hydrothermal, reduction
reduction
reduction
thermolysis

~71 ~

References

[287-289]
[290,291]

[247,292-294]

[247,294]
[295]

[278]

[296]
[297-303]
[304,305]

[305]

[306]



I. Hydrodesulfurization and SCFs opportunities

Chemical transformation of metal precursor in supercritical fluids
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Figure 1.18: Functional nanostructured materials starting from a metal precursor [223]

Supercritical fluids have been exploited for synthesizing functional nanostructured
materials from the structure formation of “nanobricks” (Figure 1.18). This way, we are given
access to the design of advanced nanostructured materials with specific properties. This was
illustrated with the design of nanorods, nanowires, conformational films, core-shell structures,
supported nanoparticles, polymer impregnation with nanoparticles and organic coating of
particles. The advanced nanostructured materials exhibit interesting properties for
applications in many interesting fields, such as electronics, energy, optics and of course

catalysis.
Our project focuses on the synthesis of the oxide NiMoOy, the precursor of HDS

catalysts. In the following part, we will dwell a little bit more upon oxides synthesis in

supercritical fluids.
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|.2.3. Focus on oxides

One common use of supercritical fluids as reaction media is for the synthesis of
ceramics and closely related oxide materials, in order to improve the physicochemical
properties of the powders (chemical homogeneity or structural properties of materials). Metal
oxide nanoparticles are of particular interest in a variety of applications including
high-density information storage, magnetic resonance imaging, targeted drug delivery,
bio-imaging, cancer therapy, hyperthermia, neutron capture therapy, photocatalysis,
luminescence, electronic, catalysis, optics, etc... Majority of these applications requires
particles of pre-determined size and narrow distribution with a high dispersibility [232,277].

The principal techniques developed for the synthesis of oxides are thermolysis, sol-gel
and hydrothermal reaction. Different kinds of fine oxide particles, nanocrystalline or
amorphous, simple or composite, were obtained in a range of temperatures between 180 and
260 °C at about 16 MPa for thermolysis [278,282,307] and 40 and 500 °C at 10 to 40 MPa in
the case of sol/gel reaction (that can be carried out in supercritical water but also in
supercritical CO,) [274,281,308-317]. The most widely spread method to synthesize fine
oxide particles in the supercritical fluid world is definitely hydrothermal synthesis in sc-H,O
and many research teams explored this technique [242,274,279,286,309,318-326]. The
syntheses were mainly performed between 400 and 490 °C, using continuous reactors
pressurized at 25-40 MPa. The syntheses were carried out in the temperature range of 200 to
400 °C and at 25 MPa. lIversen et al. designed specific in situ supercritical fluid devices for
SAXS/WAXS or XRD experiments, able to work either in batch or continuous flow mode,
what permits to acquire crucial information on the synthesis products and reactions kinetics in
supercritical fluids, particularly for hydrothermal synthesis of various oxides (Al,O3; [327],
Ce1xZrx0, [328], TiO, [329,330]).

Some examples of oxides and mixed oxides synthesized using supercritical fluids
technologies are presented in Table 1.9 together with some characteristics and associated

applications.
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Table 1.9: Examples of oxides synthesized in supercritical fluids media from a chemical transformation

Oxides Characteristics Applications References
LiCoO,, LiFePO, 40 nm - 2 pm cathode for Li batteries [279,331]
MFe;0q, 30-110nm (M = pigments, magnetic [325]
BaFe;12019 Fe, Co, Ni, Zn)  fluids, magnetic storage
Cer 710 3-7nm catalysis, UV [274,286,315,
X2 (0<x<1) absorbent, fuel cell 318,328,332]
Isolation, catalysis,
SiO; Mesoporous cosmetic, [308,310,333]
pharmaceutical...
MgO 0.5-2 um catalysts, re_fractory [307,334]
ceramics
15 - 100 nm,
various catalysis, optics
ZnO morphologies ysis, Opucs, [335,336]
: electronics...
(nanowires,
nanoparticles...)
100 nm - 1.5 pm,
VEIIIEE (e catalysis, electronics
Al,O3 (v, o) anq energy sto1rage medic:all Pt
morphologies fi : 322,327,337]
. ield...
(nanowires, slabs,
nanoparticles...)
20 - 50 nm, sensors, catalysis,
Tio, various shapes pigments, [278,282,286,311,315,
(mesoporous, photoelectrochemical 318,329,330,338-340]
fibers) cells, membranes...
MgAIl,O, 20-60 nm ceramics [341,342]
Cu,0 10 - 350 nm sl el [278,282,287]
semiconductors
Ba(ias-l;;i)'l%'i 0, 7-100 nm electronics [343-347]
Gay0s 1-10nm lasers, catalysis, [278,282]
sensors, solar cell
La,CuQy, high-Tc
Lap-xSrxCuOy.s, 19 m*ig* superconductors, [309]
La,Cu;-xPdxO4 catalysis
Zr141n,0; 135 m*.g™ catalysis [326]
Ceo1YxZro.9x02 115 m?g* catalysis [326]
y

As far as we know, studies on the synthesis of “NiMo” in supercritical fluids
only concern the impregnation of NiMo on Al,O3 by supercritical water deposition
[22]. The synthesis of bulk NiMoO, in SCFs has not been studied so far; this we
propose to initiate with this PhD project.

J
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1.2.4. Conclusion on SCFs opportunities

We have seen that in HDS, bulk catalysts usually develop low specific surface area
(Sget). Since they present better catalytic activity than supported catalysts, new solutions have
to be found in order to address this weakness. We propose to develop a new synthesis method
for this material using supercritical fluids as reaction media. Their unique physicochemical
properties “hybrids” of those normally associated with liquids and gases offer a completely
original media never used so far to synthesize “bulk” NiMoO,4 nanopowders.

This technique appears to be a versatile approach to successfully tune and improve
nanoparticles or powders characteristics thanks to the possibility to modify continuously the
SCFs properties by little adjustments of pressure and/or temperature. In this PhD project, we
will take advantage of the possibilities chemical reactions in SCFs offer us in materials
processing, particularly in the synthesis of nanostructured materials, playing with the
chemistry and the nucleation/growth phenomena what is at the root of the characteristics of
the synthesized objects. Using supercritical fluids renders those processes more flexible
and/or simplified often with a reduction of the environmental impact. As a result,
contaminant-free nanomaterials with potentially better performances (higher Sger, smaller
particles...), have been obtained using those improved systems compared to more classical
synthesis ways.

The application to a large variety of nanomaterials has been proposed: not only oxides
nanoparticles or metal and nitride nanoparticles, but also nanocomposites, nanostructured
films, supported nanoparticles, polymers, core-shell particles and many other options not
developed here are offered using supercritical fluids, and we can expect that even more
materials will be tested in the future. However, further scientific research is still required on
the large majority of the process proposed to evaluate the extent of their applicability and their
scalability outside the laboratory. Yet, we expect that the shift to supercritical fluid
technology for material processing in industry will be achieved in the near future by

combining economical efficiency and sustainable development.
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|.3. Conclusion

Through this general overview of the context of our project, we could highlight the
importance of hydrodesulfurization (HDS) both from environmental and industrial
considerations: sulfur compounds in fuels are partly responsible for acid rains together with
NOy, but also poison noble metal catalysts used to reduce greenhouse gases in catalytic
converter and within refinery plants. Therefore, hydrotreatment (thus hydrodesulfurization)
intervenes at multiple stages in refinery process what makes it a leading step in crude oil
processing.

Huge research efforts have been made to remove them from any oil fractions, but
traces remain, principally from dibenzothiophene and its refractive alkylated derivatives, and
regarding current and future regulations toward sulfur concentrations fuels, together with the
lower quality of the available crude oils, those compounds appears to be the main challenge in
hydrodesulfurization for petroleum industries. This situation asks for innovative and efficient
solutions for oil desulfurizing. Numerous alternative to HDS are proposed, however, as they
imply costly modifications of the existing equipments, solutions that improve hydrotreatment
are preferred.

What raises problems is that refractive sulfur compounds such as
4,6-dimethyldibenzothiophen (4,6-DMDBT) ask for more stringent and costly conditions to
be converted, higher quantity of hydrogen and even multiple consecutive hydrotreatments to
achieve set regulations. Today’s objective is to develop a new generation of catalysts to
achieve Deep-HDS (HDS of feedstock containing less than 500 wppm of sulfur). The open
literature revealed that 4,6-DMDBT is easier to convert after hydrogenation of one of its rings
(the HYD pathway) suggesting that a catalyst with good hydrogenation activity is required.
Among the well known HDS catalysts, nickel promoted molybdenum catalysts have this
specific ability over cobalt promoted ones and are therefore preferred when referring to
Deep-HDS.

Classical HDS catalysts are composed of a supported active phase but studies showed
that bulk active phase present advantages over supported one in term of catalytic activity and
numerous patents already exist proposing various synthesize solutions. However, the principal
weakness of bulk catalysts compared to supported ones is that they usually develop low
specific surface area (Sger), classically lower than 30 m2.g™, maximum 80 m?g” when

supported ones present Sger higher than 200 m%.g™. Increasing this Sger appears to be a very
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interesting lead in the development of a new generation of catalysts. We have shown that
supercritical fluids technology is a versatile approach to successfully tune and improve
nanopowders characteristics thanks to the possibility to modify continuously the SCFs
properties by little adjustments of pressure and/or temperature. They proved to be efficient in
synthesizing contaminant-free oxide nanoparticles of high Sger and controlled size and
crystallinity.

Therefore, we propose in this project a new and original solution to achieve the
synthesis of a new generation of deep-HDS “bulk” catalysts presenting high Sger. Our
objective is to synthesize nickel molybdate oxides NiMoO, powders with a targeted Sget of
100 m?.g™*. We chose nickel promoted catalysts for their well known propensity for catalyzing
the Deep-HDS reaction. They were elaborated and characterized in France within the group
“supercritical fluids” of the Institut de Chimie de la Matiere Condensée de Bordeaux
(ICMCB-CNRS) based at the Universite de Bordeaux | (UB1).

We stress that NiMoOy is only the precursor of the HDS catalyst, the real active phase
being the sulfided form, obtained in situ in the reactor we used for the catalytic tests realized
in Spain at the Instituto de Tecnologia Quimica (ITQ-CSIC) located at the Universidad
Politécnica de Valencia (UPV). We chose to carry out those tests on a model feedstock
containing the aforementioned refractive sulfur compounds: dibenzothiophene (DBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT).

The following chapters present the results obtained in the synthesis of Deep-HDS

catalyst precursors and their characteristics as well as their catalytic activity regarding DBT
and 4,6 DMDBT.
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As stated in chapter I, the primary objective of this PhD work is to explore a new way
of synthesizing bulk precursors of the HDS catalysts with the declared aim of obtaining a bulk
material with high specific surface area. Bulk catalysts precursors synthesized via more
classical ways usually present Sger ranging from 10 to 50 m®.g™. In this work, our objective
primarily was the production of a material with a specific surface area of 100 m?.g™.

In a first part we will describe the experimental setup specially developed at the
ICMCB (Bordeaux) for the synthesis of material in a continuous process, together with the
reagents and the protocol of our process. We then expose our characterization strategy and the
results obtained with this synthesis method will finally be exposed and discussed.

[1.1. Experimental section

For the preparation of our materials, we used a reactor that operates in a continuous
mode. The use of a continuous process allows having a good control of the experimental
conditions like pressure, temperature and residence time, but also to obtain sufficient

materials to carry out characterizations and catalytic tests in a comfortable manner.

11.1.1. Setup and general strategy

In this first part will be described the setup and the general protocol developed in order
to study the synthesis of the NixCo;.xM0O, phase (0< x < 1) and produce enough

nanopowders for the catalytic runs.
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11.1.1.1. Experimental setup

The experimental setup developed for this PhD work is based on a former one
incremented at the ICMCB, in the “supercritical fluids” group [1-4]. It has been already
successfully operated for synthesizing various nanostructured materials (metals, oxides or
nitrides) recovered as powders. We have improved this setup for the particular synthesis of
different oxides precursors of the HDS catalysts named after their general label “NiMo” and
“CoMo” referring to powders of nickel molybdenum oxides and cobalt molybdenum oxides
in catalytic jargon (relative abundance of the metallic elements can vary). The versatility of

this system makes it handy to transform, remove or add elements at will.

Figure 11.1: Experimental setup operated for the synthesis of the catalyst precursors
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The experimental setup consists of two high pressure pumps (50 mL.h™* to 1 L.h™%) (1),
one dedicated to the injection of a metallic precursor solubilized in a solvent (2), the other one
for the injection of either another solvent (with or without metallic precursor) or for the
injection of CO, (3). CO, can be used as a solvent as already described in previous works
from our research group. In this particular study, the CO; is used to check whether the system
is leak free. After having been liquefied flowing through a cooler (4), CO; is injected in the
circuit and brought to a pressure slightly above the experimental operating pressure to ensure
the system sustains the pressure before carrying out any experiment. Depending on the
synthesis, this pump could then be isolated from the system or used for the injection of a
second solution of precursors.

The tubular reactor (6 m long, 8.2 mL) (5) in which the chemical reaction and the
nucleation and growth of the nanoparticles take place, is maintained under pressure thanks to
a back pressure regulator (£ 0.5 MPa) (6) and at constant temperature with the use of a heater
band (maximum 600 °C) (7). The reactor is rolled around a threaded piece of bronze to ensure
a good heat transfer between it and the heating device. An insulation layer minimizes the heat
radiation of the reactor and the whole system is put into an oven for a better protection.

Since type 316 stainless steel permanently loose more than two third of its mechanical
properties when heated at a temperature above 427 °C, Inconel® 625, a heat-resistant alloy, is
preferred as reactor material when operating temperatures are above 400 °C. K-type
thermocouples (8) are positioned before, after and against the reactor to control the
temperature of the whole system and manometers (9) permit the pressure control. Rupture
discs (10) adjusted at 40 MPa are located at both sides of the reactor thus avoiding excessive
pressures in the system and protecting the experimenter.

A filter (11) blocks the nanoparticles on the streamline before they pollute the back
pressure regulator. It is immersed in iced water to prevent the back pressure regulator from
being overheated and damaged by the hot fluid going through it.

The different elements are connected to each other via high pressure tubes made of
stainless steel (type 316) with an inner diameter of 1.32 mm.

The residence time corresponds to the time during which the reaction media stays in
the reactor. In continuous mode, it depends on the volume of the reactor, the flow and the
density of the fluid (which depends on the pressure and the temperature). It can be calculated

with the following equation (eq. 1):
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_ V.p(T)
ty = D

(D)

with t; the residence time (s), V the volume of the reactor (cm®), p the density of the fluid
(g.cm™) and D the mass flow of the precursor solution (g.s™). We estimate the residence time
at about 55 seconds in our case. In all our experiments, we approximate the Reynolds number
and we obtained Re < 2300 meaning that our flow regime is laminar (viscous forces are
dominant) and is characterized by smooth and constant fluid motion.

With this setup, we can reach a maximal pressure of 40 MPa and a maximal temperature of
600 °C. In the following sections we will expose our choice concerning the metallic

precursors, the solvents and the protocol we worked with.

11.1.1.2. Reagents

The choice of solvent and metallic precursors is of critical importance. Among the
metallic precursors classically used in SCFs are acetates (M™[OOC-CHs],) and
acetylacetonates (M"" [CH3COCHCOCHS;],). The choice is based on commercial availability,
cost and atom saving considerations (sustainable development). Molybdenum, nickel and
cobalt acetates are all three commercially available. Therefore, we selected nickel(ll) acetate
(Ni?*[OOC-CHs],), cobalt(ll) acetate (Co*'[OOC-CHs],) as metallic precursors for the
catalyst “promoters” .However, Molybdenum acetate is particularly expensive, thirty times
more than Molybdenum dioxide acetylacetonate (MoO,* [CH;COCHCOCHSs],). For this
reason we choose this precursor also called molybdenum (V1) bis(2,4-pentanedionate) for the
catalyst “active phase”.

From those metallic precursors depends the choice of solvent. Acetates have a good
solubility in water, classically used as solvent for the synthesis of oxides in supercritical
fluids. However, the precursor of molybdenum is not well soluble in water. Adding an alcohol
appreciably increases its solubility, what makes us choose to work with the binary mixture
water/alcohol. Moreover, the adjunction of alcohol to water permits to lower the critical
coordinates of the fluid: for pure water: [p. (MPa);T. (°C)] =[22.1;374], for molar ratio
H,O/EtOH = 1:1: ~[8.2;272]. Water/ethanol system had already been studied at the ICMCB
on the synthesis of Ba;«SrxTiO3 (BST, 0 < x <1) [5,6] what oriented our choice for ethanol as

the first alcohol to consider in our studies. Miscibility in water is a prevailing argument in the
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choice of the alcohol to test. Methanol and isopropanol are miscible in water, a reason why
we chose to test them (butanol is not what excludes it from our list).
The different precursors and solvents we used in this work are listed and shortly

described respectively in Table 11.1 and Table I1.2.

Table I1.1: Metallic precursors used in this PhD work

Precursors
Molybdenum(V1) oxide .
bis(2,4-pentanedionate) Nickel(Il) acetate Cobalt(Il) acetate
- Good solubility in alcohol, - Good solubility in water, - Good solubility in water,
not in water; not in alcohol; not in alcohol;
- Chemical formula: - Chemical formula: - Chemical formula:
HaC o
o l N 0= N2 0= co’’
Mo R B
\ o H (e} (0] 2
HsC o 2

— 2

Table 11.2: Solvents used in this PhD work

Reaction media, main characteristics and properties

Water Alcohol (methanol, ethanol, isopropanol)
- Principal solvent used to synthesize oxides; - Good solvent of the molybdenum precursor;
- Low cost; - Relative low cost;
- Innocuousness. - Lower T and p. compared to pure water.
o 1 Molar mass
Compounds T. (°C) pc (MPa) pc (.mL™) (g.mol™)
H.0 Water 374 22.1 0.32 18
CH,O Methanol 239.5 8.1 0.27 32
C;HsO Ethanol 241 6.3 0.28 46
C3HsO Isopropanol 264.2 5.3 0.27 60

The general protocol followed in our experiments to synthesize the mixed oxides from

the transformation of Mo, Ni and Co precursors is detailed hereafter.
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11.1.1.3.Protocol

The process to synthesize inorganic nanoparticles is based on a chemical

transformation of metallic precursors (Table I1.1). The process falls into different steps:

The first step consists in solubilizing a determined amount of the precursors in the
solvent. The solvent we consider is a mixture water/alcohol (adaptable ratio) as
already mentioned, that permits both to solubilize molybdenum and promoters
metallic precursors. Mo is directly solubilized in the mixture whereas the acetates are
first put into distillate water before adding the proper quantity of alcohol, avoiding
thus any risk of precipitation due to alcohol-aversion of the acetate. The solutions are
put into an ultrasonic bath to improve and quicken this step. The two solutions are
then put together for a one-line injection or kept separate for a two-line injection
process.  Practically, we fixed the molybdenum concentration to
[Mo] =7.2.10% mol.L™ (limiting reactor plugging) and based our promoters
concentration on this value. In the mean time, the reactor is heated and the reaction
media (water/alcohol), without precursor, is injected in the semi-continuous system to
reach the steady state (stable temperature and pressure, both above the critical
coordinates).

The second step consists in injecting the solutions of precursors. The fluid containing
the precursors will reach its supercritical condition in the reactor, and the chemical
reaction will take place leading to the nucleation and growth of the nanoparticles. The
nanoparticles thus formed in the reactor follow their way to the filter deepened in the
ice bath to quench the growth of nanoparticles.

The third step consists in bringing the system back to room temperature and
atmospheric pressure by injecting water in the reactor to help cooling down and to
wash the product.

Finally, once the experiment is over, the filter is cleaned with distilled water and the
product is recovered by vacuum filtration of the resulting slurry, washed with distilled
water, and the product is dried at room temperature and crushed in a mortar to
condition it as a powder before further treatment (particularly calcinations), analysis,
transportation and tests.
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Following this protocol, we have a powder production comprised between 400 mg and
1 g per experiment. This powder is used on one hand for different characterization mentioned

in the following paragraph and on the other hand for catalytic tests.

11.1.1.4. Powder Characterizations

Once the nanoparticles are synthesized, crossing information from different
characterization techniques is necessary to describe the powders and improve the
understanding of reactions and mechanisms occurring in the SCFs reactor. Many
characterization techniques are available at the ICMCB and Figure I1.2 exposes the strategy
we followed and the techniques we used, associated with the type of information they
provide. These techniques and machines used are presented in the appendix 1V.1-7.

These characterizations aim at both understanding the nucleation and growth
mechanisms in supercritical fluids and making a selection of the materials to test in catalysis.
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Figure 11.2: Characterization strategy of our nanoparticles

The results and their interpretations obtained with these techniques concerning the
synthesis of NiMoO, and CoM0Q, obtained during this PhD project are presented in the next

section.

11.2. Results

This chapter falls into two main parts consisting of the presentation of the initial
parameters chosen for the synthesis of Ni-Mo based oxides like the solvent, the operating
temperature and pressure, and the preliminary results obtained under those conditions. We
then present the study of the influence of the variation of some of the operating parameters on
the characteristics of our HDS catalyst precursors.

We propose first a complementary literature work concerning NiMoO, as an

introduction to the first part before going through our own results.
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11.2.1. Ni-Mo based oxides

Ni-Mo based oxides are our reference material in this PhD project. The following
section goes even deeper in its description before presenting the studies performed in this
project.

According to the ternary diagram of the system Ni-Mo-O (Figure 11.3), NiMoOy, is a
stoichiometric compound which implies that neither Ni nor Mo are soluble in solid NiMoO,
and different Ni/Mo ratios should result in powders containing a mixture of NiMoO, with
other compounds based on the majority element. Mo, MoOs;, Ni and NiO were used as
starting materials to realize this diagram. The mixtures of metals and oxides were pelletized,
placed in small alumina crucibles sealed inside evacuated silica capsules, and heated at
1100 °C for 168 h. Phases were identified by metallography and XRD. The alloy
compositions were determined by EDAX using pure metals as standards. On this diagram, o
represents a solid solution based on metallic Ni and B represents a solid solution based on

metallic Mo [7].

1/2(02)
EEMDO“' £ NiMoO, +
Q +04 02 + "MOO;”
“MOD:'“
MaOqy, +
NiMoO4 A MGO“ZTO}' + MiMoO,
= X
MoNiy, + B
+ MoOs_, c
) + MoQs_
a+MoOq_y oNiy + £ o2-x
a + MoOj_,
L R R S a .
0 a 20 40 MoNi, 60 80 g 100
Ni Mol % Mo

Figure 11.3: Ternary diagram of the system Ni-Mo-O [8]
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NiMoO, may exist in several polymorphs at atmospheric pressure: the low
temperature a-phase [9,10], the high temperature B-isomorph [11,12], and the hydrate
NiM0O4.nH,O (n = 0.75, 1) [13-16]. Yet, according to literature, the pure B-phase is
generated by heating the a-NiM0O, at temperatures above 690 °C and is stable only if kept
over 180 °C [17,18].

Both phases (o and ) are monoclinic with space group C2/m [19]. The structural
building units of a-NiMoO, (isotypic with a-CoMoO, [9]) are NiOg and MoOg distorted
octahedra, which share edges and form chains parallel to the “c” direction (Figure 11.4 a).
Each chain is surrounded by four other chains and joined to them by corner sharing of oxygen
atoms. Between the filled chains occur chains of “holes” of unfilled octahedra (Figure 11.4 b).
It also presents alternative layers of NiOg and MoOg parallel to the “b” direction as

represented on Figure 11.4 c.

Figure 11.4: Structure of a-NiMoO,4 (ICSD #81059)

The structure of B-NiMoO, is isotypic with a-MnMoO, (ICSD #78328). To the best of
our knowledge, no ICSD cards exist for its structure and we don’t have atomic position at this
point of the study. Yet, we proposed the one of a-MnMoO, (Figure 11.5). By analogy, it
consists of molybdate distorted tetrahedra, which share corners with four different manganese
octahedra. The general description is similar to the a-phase with chains joined by corner
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sharing of oxygen atoms and with chains of unfilled octahedra between them. The

displacement of the molybdenum atoms is obvious by comparison.

Figure 11.5: Structure of a-MnMoO, (ICSD #78328)

Figure 11.6 details the difference between the two phases and one can see from a to J3,
we have a contraction in the “c” axis and an expansion in the “a” and “b” axes of the cell. The

formal oxidation state of Ni is +I1, whereas that of Mo is +VI as in MoO3 [13,20].

Alpha Beta

Figure 11.6: Partial view of the crystal structures of the a and p polymorphs of NiMoO, (adapted from [20])
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Recent studies give a description of the hydrated phase NiM0O,4.nH,O with n =1 or
0.75 [15,16]. Measurements of differential thermal analysis (DTA) suggest that in these
systems the metal cations have coordination similar to that seen in B-NiMoO, [18,21]. Only
the NiM00,.0.75H,0 structure has been recently described as a triclinic system (space group
P-1) tetrameric z-shaped unit of Ni octahedra, two NiOg and two NiOs(OH), that share edges.
These units are interconnected by MoO, tetrahedra to form a network structure having open
channels. The coordination water (Olw) of NiOs(OH;) projects into the channel, and
additional lattice water (O2w) is included in it (Figure [1.7). NiM0O4.H,0O might present a

similar structure with lattice and coordination water.

4 - MoD),
.; NiOy
@
L 2

s HaOpnardination

*HaOpamice

Figure 11.7: Crystal structure of the NiM00,.0.75H,0 [16]

The catalytic properties of the nickel molybdates are closely related to their structures:
it is generally assumed that the B-NiMoO, shows a better active and selective catalysis
compared to the o-phase for various reactions, better activity attributed to the tetrahedral
environment of Mo in the B-phase: in the tetrahedral environment of the B-phase, a Mo®* ion
is unsaturated and in overall its empty 4d orbitals are less destabilized than in an octahedral
field. This favors bonding interactions between the Mo(4d) orbitals and the sulfur lone pairs
of H,S. Therefore, under the HDS conditions, B-NiMoO, (sulfided) produces a greater
number of active sites [22,23]. In a serial of studies [17,21], the sulfided NiM0O4.H,O
compounds is found to be much better catalysts for the HDS of thiophene than the
corresponding sulfided a- and B-isomorphs. The HDS activity of these systems increased in
the following order: a < B < hydrate. Researches are still carried out to better stabilize the
B-phase at lower temperatures and several leads have been explored like testing new synthesis
[24], improving the thermal treatment [18], modifying the support [25,26], adding excess of
nickel [27,28] or even by further processing of the material like by y-irradiations [29].

~118 ~



I1. Synthesis of HDS catalyst precursors in supercritical fluids

11.2.2. Determination of the first synthesis operation parameters

Most of the researches on the synthesis of oxides in supercritical fluids consider water
as the reaction media. Hydrothermal reaction, hydrolysis of the metallic precursors and
dehydration of the so-formed hydroxides lead to the desired oxides. In our specific case, we
chose to work with Molybdenum (V1) oxide bis(2,4-pentanedionate) for the reasons described
in 11.1.1.2, and it is only slightly soluble in water on the contrary to Ni and Co acetates. The
first objective was thus to determine a suitable media in which both precursors are soluble.

Different solubilization tests of our molybdenum precursor in pure water, pure
ethanol, pure isopropanol, pure acetone and pure acetylacetone (also called 2,4-pentanedione)
rapidly lead to the conclusion that alcohols are good solvents at room temperature for our
precursor and are relatively affordable. Yet, acetate precursors are not soluble at all in alcohol
which brought us to consider a mixture water/alcohol as the reaction media. Few researches
have been working on the synthesis of oxides in supercritical water/alcohol mixtures,
nevertheless we can mention researches done at the ICMCB on the synthesis of Ba;xSrxTiO3
(BST, 0<x<1) in supercritical water/ethanol media [5,6,30]. The precursors were
solubilized in pure ethanol before being mixed with distilled water at the reactor entrance.
From barium, titanium and strontium isopropoxides, BaCO3 was first obtained in pure ethanol
and adding water progressively leads to the crystallization of the Ba;.xSrxTiOs; phase
(0 <x<1). In our case, the difference comes from the fact that the precursor can be directly
injected in presence of water since Ni and Co acetates are stable in water at room temperature
and atmospheric pressure.

Ethanol was retained as the alcohol for the first investigations. Different molar ratios
have been tested to solubilize the precursors of molybdenum and nickel. This study brings us
to consider that the H,O/EtOH molar ratio 1:1 best suits our objective. Bazaev et al. reported
a pretty complete and useful work on the thermodynamic properties of water/ethanol mixture
in near-critical and supercritical regions [31]. According to Figure 11.8 dragged out this work,
the critical coordinates of a water/ethanol mixture of molar ratio 1:1 are T, ~ 274 °C (a),
pc would be between 9 and 14 MPa (b).
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Figure 11.8: Plot of critical temperature T¢ (a) and critical pressure pc (b) versus mole fraction of EtOH for
(H,O + EtOH) mixtures (m, o, x and# reported by various authors [31] and references therein)

Working at a fix molar ratio of 1:1, we decided to work at a temperature of 290 °C and
a pressure of 23 MPa to be sure we are in supercritical conditions. The system H,O/EtOH was
our benchmark system for the synthesis of Ni-Mo based oxides in this work since it is the best

known and described system in literature and in our research group.

.

We study the decomposition of the selected precursors of molybdenum and
nickel in a water/ethanol solution of molar ratio 1:1 at T = 290 °C and p = 23 MPa
for a ts of about 55 s. For this mixture, p. = 332 kg.m™ and n. = 7.7.10" Pa.s what

gives us a Re = 650: we are in a laminar flow regime.

J

Now that our operating conditions are fixed, we expose the results obtained for the

synthesis of NiM0OQg.

11.2.2.1. Synthesis of NiMoOy in supercritical H,O/EtOH mixture

In a first attempt to synthesize NiMoO,, we worked with a method we call “one way
injection” which consists in injecting our precursors from one unique solution via one
high-pressure pump. In this purpose, two solutions, one for each precursor, are prepared
separately to ensure a good primary solubilization. The two solutions are then mixed together
before being injected in the reactor.

The Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) results
revealed that our powders contain 50 * 2 % of nickel. This slight difference to stoichiometry
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could be due to the use of a continuous process what implies we may have variations over
time of the parameters, mainly of pumps efficiency. An optimization would be the use of high

pressure pumps with a better control over the flow rate.

11.2.2.1.1. Ni-Mo based oxide at the outlet of the supercritical reactor

From now on, we will call fresh powders the powders obtained directly after synthesis
in supercritical fluids (no further processing). As pointed out in chapter I, 1.2.3 supercritical
fluids technology provides with contaminant-free powders. This was confirmed in our case
since CHNS-O analysis revealed that a mean of 0.43 £ 0.13 wt% carbons is present in our
fresh powders. As we already mentioned in chapter I, 1.1.3.1.3 carbon inhibits the active sites
of HDS catalysts. During the sulfidation of the catalyst precursors and the HDS reaction by
itself, carbon and sulfur react to form cocking on the surface of the catalyst and inhibit the
catalyst activity. Those same data revealed that our powders are free from nitrogen, another
poison of HDS catalysts. Hydrogen is present at 0.99 + 0.26 wt% we relate to traces of carbon
and water detected by TGA-MS described further.

Cleanness of catalyst precursors was an important deliverable for refinery

industries we successfully achieve with the supercritical fluid technology.

The TGA-MS showed in Figure 11.9 displays four loss of mass for a total mass loss of
8 %. A first loss of 2.79 %, between room temperature and 243 °C, is attributed to adsorbed
water as the line shape of mass 18 suggests in the mass spectroscopy results associated. A
second loss of 4.20 % occurs from 243 °C to 468 °C attributed this time to the departure of
carbon and structural water according to line shape of mass 18 and mass 44. The third loss of
0.50 % between 468 °C and 538 °C can also be attributed to both water and carbon regarding
the MS results, and the last loss of 0.51 % between 538 °C and 800 °C seems to be
exclusively due to carbon departure. Those departures of water seem to be in good agreement
with results obtained by Rodriguez et al. [13] or Eda et al. [16] on their study of
NiMo0QO,4.nH,0 (n = 0.75 or 1). Upon heating NiM0O,4.nH,0 to high temperature in TGA-MS
experiments, they observed that water desorbs in three peaks. The first one appears at
100—200 °C and is associated with water molecules reversibly bounded to the hydrate. The

second peak appears from 200 to 400 °C and corresponds to desorption of water molecules
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that form part of the crystal structure of the hydrate and they assess that at the onset of this
peak, the formation of B-NiMo0O, starts. They pointed out an additional small desorption peak
between 490 °C and 520 °C they also attributed to water according to their MS results. Eda
considers that the ideal hydrate is NiM00,.0.75H,0. Considering the mass losses obtained

with our TGA, we approximate a close value for our material.

,,.'“‘\ = H,0 (mass 18)
-~ \\ — (0 (mass 44)
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Figure 11.9: TGA-MS of the stoichiometric NiMo based powder synthesized in supercritical H,O/EtOH mixture, from
room temperature to 800 °C under Ar atmosphere, ramp = 1 °C.min™

Most of the peaks of the XRD pattern can be assigned with the help of JCPDS cards of
low quality (indexed as Questionable - Q) (Figure I1.10). Among those cards, we find the
JCPDS 13-0128 corresponding to hydrated nickel molybdate NiMoO4.xH,O (no value given
for x). The presence of this isomorph in our powder is consistent with the strong similarities
we observe between our TGA and those performed by Rodriguez and Eda what comfort us in
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the hypothesis that we partly obtain this isomorph. Moreover, a similar XRD pattern (better
peaks definition) has been obtained by Eda etal. [16] on material synthesized by
hydrothermal approach (rods of diameter of 130 nm, Sger = 31 m.g™). As already mentioned
they consider having NiM00,.0.75H,0 what fits with our work.

We can also detect M0oO3.H,O (JCPDS 01-125) and MoO, (JCPDS 32-0671). Our
hypothesis to explain the presence of these phases comes from the stoichiometry of the
powder used to perform this XRD: according to the ICP results, we have an excess of Mo
(Ni/Mo = 0.93) and since NiMoQOy, is a stoichiometric compound, excess Mo appears as its
own oxides. More surprisingly, we also seem to have B-NiMoO, (JCPDS 45-0142) normally

not stable at room temperature but we express a stronger reservation on this one.

Edaetal. [16]
' ' ' B NiMoO,.xH,0
¢ MoO;.H,O
- I l | “ ﬂ B-NiMoO,
" M . M002
’. 10 20 30 40

two theta / degrees

= .
8 'll.'ll..- Fresh powd
b resh powder
=
=
3
£ .. JCPDS45-0142-Q
R I T I T (R S JCPDS 01-0125-Q
IR L I R TS 2 A O O | IS G
S e N | e DU | M NP S PP . JCPDS32-0671-*
10 20 30 40 50 60 70 80
26 (°)
Figure 11.10: XRD pattern of the stoichiometric NiMo based powder directly after synthesis in supercritical
H,O/EtOH mixture & pattern obtained by Eda et al. [16]

Powders obtained directly after synthesis in supercritical H,O/EtOH mixture
do not contain a-NiMoO,, the isomorph stable at room temperature, usually
obtained with classical synthesis way, but mainly NiM00,.0.75H,0, one of the
most active material for Deep-HDS.

J

SEM micrographs of our fresh powders (Figure 11.11) show rod-like particles of

dispersed sizes. The bigger rods can reach approximately 10 to 15 um length for 500 nm large
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and 250 nm high. Besides, in addition to rods, smaller aggregated particles
(50 nm <@ <200nm, red circles). Those rods have already been mentioned by
Ding et al. [15] and Eda et al. [16], but none of them mentioned the presence of smaller
particles in their powders.

Figure 11.11: SEM micrographs of the stoichiometric NiMo based powder directly after synthesis in supercritical
H,O/EtOH mixture

According to the STEM-EDX chemical mapping (Figure 11.12) the rod-like particles
are homogeneously composed of nickel and molybdenum (NiMo00,.0.75H,0) whereas the
smaller particles can be composed of only molybdenum (red circles, MoO3.H,O and MoO,),
or of an homogeneous mixture of Mo and Ni we can attribute to the secondary phase

mentioned previously.

0.5 pm BF [% 2 1.0 pm

Figure 0.12: STEM-EDX chemical mapping of the stoichiometric NiMo based powder directly after synthesis in
supercritical H,O/EtOH mixture
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The mean Sger measured with the BET method on the freshly prepared powders is of
134 + 14 m>.g™*. We remind that bulk catalysts precursors synthesized via more classical ways
usually present Sger around 30-50 m%.g™, maximum 80 m2.g™, and our objective in this work
was the synthesis of a material with a specific surface area above 100 m?.g™.

The size of our objects is too important regarding the Sger they developed. A
hypothesis to explain this fact could be the porosity of the rods: Eda presented them as
network structures having open channels in which molecules of water can be inserted [16].
Sget IS measured from the adsorption of nitrogen at the surface of the material what has us
think that these open channels contribute to the total Sger.

We manage to synthesize powders of bulk catalyst precursors of higher Sget

than expected.

An “identity card” of the stoichiometric NiMo based powder directly after synthesis in

supercritical H,O/EtOH mixture is proposed below, summary of its characteristics:

Main characteristics of Ni-Mo oxides after synthesis in sc-H,O/EtOH (1:1 molar)
Sger: 134 + 14 mig*

® NiMoO; xH.0
+ MoO; H:0

: | ) it CHNS: 0.43 + 0.13 W% C
L | ‘ 0.99 + 0.26 Wt% H
"o 0OwWt% S

Malnly N|M004075H20 ICP: Ni/Mo = 1 + 0.08

NiMo00O,.0.75H,0
Triclinic system (space group P -1)

Mixture of NiM00O,.0.75H,0,
Mo0O;.H,0 and MoO,
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( The objective of obtaining a new generation of bulk precursors for HDS
catalysts based on nickel and molybdenum oxide, clean from active sites inhibitors
and developing a high surface area have been reached. Moreover, the previous

target of Sger = 100 m>.g™* have been outperformed and the main phase obtained is

particularly interesting in HDS catalysis. )

A calcination step is included in most of the NiMoO, synthesis realized for catalytic
applications. These calcinations are generally carried out between 350 °C and 550 °C from 2
to 8 hours. We thus decided to also consider calcined material for i) a better understanding of
the characteristics of the powder and ii) our catalytic tests. Moreover, as a precursor of HDS
catalysts, our material will be sulfided at 400 °C for 5 hours. The effects of those further

processing on our material have been investigated and are presented in the following part.

11.2.2.1.2. Structural evolution of material with temperature

We performed XRD on a sample while heating it which allows studying any structural
modification with temperature. Figure 11.13 represents the evolution of the XRD patterns of
our material with temperature (selected patterns). We heated our sample up to 900 °C
(ramp=1 to 2 °C.min™* with a 30 min stabilization plateau before each acquisition, and
shorter AT between the acquisitions around 400 °C — temperature classically used for the
activation of the catalyst — and 700 °C — temperature where the o— P transition is said to
occur). From those data, we can point out that our powder undergoes a structural evolution
that starts around 325 °C with the progressive vanishing of some peaks (marked in blue), the
arising of new peaks (marked in red) and some peaks that slightly switch of few degrees or
change in intensity (marked in green). This evolution seems complete at 400 °C and
surprisingly unique in the studied temperature range. Indeed, we expected to observe a change
in the pattern that would correspond to the a— [ transition around 700 °C  which is not the

case.
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Figure 11.13: XRD in temperature of the stoichiometric NiMo based powder synthesized in supercritical H,O/EtOH
mixture
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The phase obtained above 400 °C and presented by the XRD pattern on Figure 11.14
fits pretty well with the nickel molybdate-B (or B-NiMoO,) by comparison with
JCPDS 12-0348 (13 ° <20 < 80 °) and JCPDS 45-0142 (23 ° < 26 < 133 °). The presence of
the B-NiMoO, phase already at 400 °C explains why we could not see any evolution of the

diffractogram of our powder at higher temperatures.
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Figure 11.14: XRD pattern of the stoichiometric NiMo based powder synthesized in supercritical H,O/EtOH mixture
annealed at 400 °C

A profile matching permits to accurately determine the peaks profile parameters when
we have an idea of the lattice cell, space group. We performed a profile matching on this
XRD pattern using the Fullprof software (Figure 11.15) to confirm the good agreement
between our material structural characteristics and B-NiMoOy (refining parameters: XZ = 2.38,
CRwp = 14.3). The cell parameters obtained are in good agreement with the values given by the
JCPDS 45-0142 (Table 11.3). Even if the pattern were acquired at high temperature (400 °C)
and we don’t have information at high 0, we thought it could be interesting to also carry out a
Rietveld refinement on this XRD pattern using the isotypy of p-NiMoO, with a-MnMoQ,.
We obtained fairly good refinement parameters (Bragg R-factor =4.96, y* = 3.05,

cRwp = 12.8), and the atomic positions obtained are given in Table 11.4.
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Figure 11.15: Rietveld refinement of the XRD pattern of the stoichiometric NiMo based powder synthesized in
supercritical H,O/EtOH mixture annealed at 400 °C

(Bragg R-factor = 4.96, y° = 3.05, CRy,, = 12.8)

Table 11.3: Cell parameters obtained for the stoichiometric NiMo based powder synthesized in supercritical
H,O/EtOH mixture annealed at 400 °C, on the heating ramp

Space group a (A) b (A) ¢ (A) B ()
C 2/m 10.187(5) 9.246(5) 7.020(2) 107.09(3)
JCPDS 45-0142 10.184 9.241 7.0189 107.09
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Table 11.4: Atomic parameters obtained for the stoichiometric NiMo based powder synthesized in supercritical
H,O/EtOH mixture annealed at 400 °C, on the heating ramp (*comparison with ICSD #78328 for atomic positions)

Atom Position X y Z
Nil 4h 0 0.182(2) 0
Mn1* 4h 0 0.194(2) 0
Ni2 4i 0.802(2) 0 0.145(4)
Mn2* 4i 0.795(2) 0 0.135(3)
Mol 49 0 0.254(1) 0
Mol* 49 0 0.249 0
Mo2 4i 0.272(1) 0 0.398(2)
Mo2* 4i 0.269(1) 0 0.400(2)
o1 4i 0.360(6) 0.5 0.452(9)
o1* 4i 0.355(1) 0.5 0.463(2)
02 4i 0.210(9) 0 0.15(4)
02* 4i 0.201(1) 0 0.154(3)
(OX] 8j 0.149(5) 0.363(6) 0.104(9)
03* 8j 0.129(1) 0.360(1) 0.101(2)
04 8j 0.458(5) 0.336(5) 0.20(2)
04* 8] 0.461(1) 0.355(1) 0.193(1)
05 8j 0.361(4) 0.148(4) 0.496(9)
05* 8j 0.367(1) 0.149(1) 0.472(1)

The fairly good agreement between the atomic positions obtained by Rietveld
refinement and those given for a-MnMoO, suggest the structure of our -NiMoO,
is closely similar to the one described in Figure I1.5.

Acquisitions were also carried out while cooling down the sample from 900 °C to
room temperature (ramp = 1 to 2 °C.min™* and with a 30 min stabilization plateau before each
acquisition, and shorter AT between the acquisitions around 180 °C — temperature where the
B — o transition is said to occur). A sharp and unique transition occurs between 210 °C and
200 °C, leading to a radically different phase as illustrated on Figure 11.16. We can easily
assume that this phase is the a-isomorph of NiMoOQy, the low temperature phase. Indeed, the
diffractogram fits well with the a-NiMoO, phase as shown on Figure 11.17 (diffractogram
realized at room temperature after calcination at 400 °C). We reported the (h k I) index for the
best defined peaks.
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Figure 11.16: Evolution of the structure of the stoichiometric NiMo based powder synthesized in supercritical
H,O/EtOH mixture when cooling down after study in temperature
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Figure 11.17: XRD pattern at 200 °C of the stoichiometric NiMo based powder synthesized in supercritical H,O/EtOH
mixture, when cooling down after study in temperature
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Here again we realized a profile matching on the diffractogram at 200 °C
(Figure 11.18). In this case, we had to consider the presence of a secondary phase we found
out to be molybdenum oxide hydrate M00O3.2H,0 (JCPDS 39-0363, monoclinic, P 21/n). We
assume that we could not detect any secondary phase at 400 °C because its peaks were hidden
by the peaks of the f-NiMoQO, phase which is not the case here.

We could verify the good agreement of our pattern with the values given by the
JCPDS 86-0361 (refining parameters: x> = 1.05, CRwp = 7.91) and approximate the cell
parameters of our majority phase Table 11.5. We also carried out a Rietveld refinement on this
diffractogram (x> = 4.11, cRwp = 14.2, Bragg R-factor = 7.35), and the atomic positions
obtained (Table 11.6) are in good agreement with those given in the literature
(ICSD card #81059, [32]).
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Figure 11.18: Profile matching (zoom on 9 - 81 °) on the XRD pattern at 200 °C of the stoichiometric NiMo based
powder synthesized in supercritical H,O/EtOH mixture, when cooling down after study in temperature

(0 = 1.05, cRy, = 7.91)

~132 ~



I1. Synthesis of HDS catalyst precursors in supercritical fluids

Table 11.5: Cell parameters obtained at 200 °C for the stoichiometric NiMo based powder synthesized in supercritical
H,O/EtOH, when cooling down after study in temperature

Space group
C2/m
JCPDS 86-0361

a (A)

9.589(6)
9.566

b (A)

8.760(6)
8.734

c(A)
7.654(5)
7.649

B
114.16(4)
114.22

Table 11.6: Atomic parameters obtained at 200 °C for the stoichiometric NiMo based powder synthesized in
supercritical H,O/EtOH, when cooling down after study in temperature (*comparison with ICSD #81059 for atomic

Atom

Nil

Ni1*
Ni2

Ni2*
Mol
Mol*

Mo?2
Mo2*

o1
0o1*

02
02*

03
03*

04
04*

05
05*

Position

4
4i

4h
4h

4i
4i

49
4g
8j
8
8j
8
8j
8j
4
4

4i
4i

positions)
X

0.312(8)
0.315(1)

0
0

0.279(5)
0.282(1)

0
0

0.494(19)
0.502(3)

0.150(18)
0.155(3)

0.161(16)
0.162(3)

0.339(20)
0.348(4)

0.337(30)
0.349(5)

y
0
0
0.315(7)
0.314(1)

0
0

0.285(4)
0.283(1)

0.146(25)
0.152(4)

0.156(17)
0.163(3)

0.156(15)
0.155(3)

0
0

0
0

z

0.152(9)
0.157(1)

0.5
0.5

0.637(6)
0.638(1)

0
0

0.260(27)
0.239(3)

0.083(24)
0.077(4)

0.571(27)
0.579(4)

0.427(23)
0.436(5)

0.913(37)
0.913(6)

From this study we show that heating our fresh powder leads to the complete
formation of the B-NiMoO, phase at 400 °C. Correlated with the literature [13], this confirms

the presence of the hydrated phase in the fresh powder. When cooling down to 200 °C, we

obtain the a-NiMoO., which means we have two options regarding the catalytic application:

- the sulfidation is carried out at 400 °C, if performed on our fresh powder, it is the

B-phase that undergoes the sulfidation (the most active phase toward HDS);

- if the powder is calcined previous to sulfidation as conventionally done, we sulfide

the a-phase.
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Pre-calcination is the convention in HDS catalysis but since our nanopowders are very
reactive, a phenomenon of sintering occurs during this step, reducing this specific surface area
as illustrated in Figure 11.19 which displays the Sger measured for different calcination

temperatures (3 hours treatment).

160
140 \
120

100 \H\
%0 T
60

0 N
20 \

L

Sger (M2.g1)

0 200 400 600 800

Treatment temperature (°C)

Figure 11.19: Evolution of the Sget with calcination temperature (Sget values obtained for the stoichiometric NiMo
based powder synthesized in supercritical H,O/EtOH mixture, calcined at various temperatures for 3 h)

Therefore, we had to optimize this calcination. Figure 11.13 shows that we have a
complete transformation of our powder at 400 °C (what also correspond to the sulfidation
temperature). For this reason, we decided to choose 400 °C as the temperature of calcination
of our material. Other tests realized on our powders for different calcination times at 400 °C
made us choose 3 hours for the treatment since it is the minimum time necessary to obtain
materials of similar diffractograms than a-NiMoO, at room temperature (Figure 11.20). We
also note that the Sget is not particularly affected by the duration of the calcination. With this
treatment, the mean resulting Sget is of 98 + 11 m2.g™ which is lower than the Sger of fresh

powders but still fits perfectly with our objective of a Sger of 100 m*.g™.
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Figure 11.20: Importance of calcination duration (XRD patterns acquired on the stoichiometric NiMo based powder

synthesized in supercritical H,O/EtOH mixture for various calcinations durations)

The optimum calcination treatment of our powders is 400 °C for 3 hours. With

this treatment we obtain powders of a-NiMoO4 with a mean Sger of 98 + 11 m?.g*

what fits with our objective of 100 m.g™.

After calcination, the rods are still present but look broken. Moreover, aggregates of

particles and slabs appear (Figure 11.21). The fact that the rods break should mean an increase

of Sger. However, we believe this breaking does not compensate the sintering of the particles

and we also believe that the channels of the rods shrink after calcination and are less

accessible to nitrogen when measuring the Sger. STEM-EDX chemical mapping confirms that

we have particles exclusively composed of molybdenum like in the fresh powder whereas

other particles are homogeneously composed of nickel and molybdenum (Figure 11.22).
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Figure 11.21: SEM micrographs of the stoichiometric NiMo based powder synthesized in supercritical H,O/EtOH

mixture, calcined 3 h at 400 °C

Ni
Mo

0.5 ym BF ° 0.5 um

Figure 11.22: STEM-EDX chemical mapping of the stoichiometric NiMo based powder synthesized in supercritical
H,O/EtOH mixture, calcined 3 h at 400 °C
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Below is the I.D card of the stoichiometric NiMo based powder synthesized in

supercritical H,O/EtOH mixture after 3h calcinations at 400 °C:

( Main characteristics of Ni-Mo oxides after calcination 3h — 400 °C

+a-NiMoO); SBET: 98 +11 mz.g'l
I:l)\lult'rplﬂ |

CHNS: 0.26 £ 0.11 wt% C

w2200

i 5, 3 0.57 + 0.19 Wi% H
HIR AT 0 wt% N
S O W% S
4-NiMoO, ICP: Ni/Mo = 0.78 % 0.08

ey . 500 nm

S K /:# L —
Ny X 4 Mﬂ :
& .

-l

CL-NiMOO4

Monoclinic system (space group C2/m)

Mixture of a-NiMoQ,,
MOOg.HzO /

11.2.2.2. Conclusion

This study showed that supercritical fluids technology is worth being considered for
the synthesis of HDS catalyst precursors. From the decomposition of nickel(ll) acetate and
molybdenum(V1) oxide bis(acetylacetonate) at 290 °C and 23 MPa for a t; of about 55 s, we
synthesized contaminant-free powders composed of mainly NiMo00,4.0.75H,0. Those
powders present higher specific surface areas than encountered in the literature: whereas bulk
catalysts classically develop Sger around 30-50 m”g™ maximum 80 m2.g™, we obtained

powders of Sger of 134 + 14 m2.g™, more than our objective of 100 m?.g™*.
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We can choose calcining the powder previous to sulfidation with a treatment at 400 °C
for 3 hours, and in this case we obtain a-NiMoO, as HDS catalyst precursor with a mean Sger
of 98 + 11 m%.g™, still in agreement with our set objectives. We can also choose to use the
powder as obtained and in this case the formation of f-NiMoQO, occurs during the heating step
of the sulfidation reactor and it is this phase that is the HDS catalyst precursor. We have no
Sget Value for it but we assume it is at least the same than of the powder after calcination.

We thus have the possibility to work with two different phases of NiMoO,4 as HDS
catalysts precursors for our catalytic tests. We effectively compared their relative activity
during those tests; however, we worked in majority with pre-calcined powders by conformism

with established protocols in the catalytic field.

At this point of the study, our target of obtaining Ni-Mo based oxides powders,

free from inhibiting elements and of high specific surface area is fully achieved.

We now explore some variations of parameters in order to optimize our material

characteristics. The results obtained are presented in the next section.

11.2.3. Influence of some operating parameters

Considering NiMoO, synthesized in the H,O/EtOH system as our reference, we
played with some of the parameters that are easy to change in order to explore the possibilities
supercritical fluids offer in the particular synthesis of HDS catalyst precursors. Our guiding
thread keeps being the improvement of the catalyst, be it by an increase of its Sger or the
obtaining of a more active phase toward HDS and deep-HDS. Therefore, we studied the effect
a change of alcohol, of stoichiometry or of cation (Co substituted to Ni) have on the
synthesized powders and there characteristics. Table 11.7 summarizes the different parameters

we worked with in this exploration work.
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Table I11.7: Studied parameters

Temperature At% (I1CP) of
Sample Solvent Molar ratio Promoter promoter
Pressure + 204
290 °C .
MTO016 H,O/MeOH 1:1 NI 50
23 MPa
290 °C .
MTO011 H,O/EtOH 1:1 NI 50
23 MPa
290 °C
MTO032 - 0
23 MPa
MTO072 36
MT045 T e 50
MT052 H,O/iPrOH 1:1 23 MPa Ni 57
MTO071 60
MT022 66
MTO081 290°C Co 50
23 MPa

11.2.3.1. Influence of the alcohol nature in H,O/ROH systems

We wanted to study the influence of different alcohols. Since the previous experiments
with ethanol gave us an optimum H,O/EtOH molar ratio of 1:1, we decided to keep this
proportion in the following tests. We carried out experiments with methanol and isopropanol
in the same conditions of pressure and temperature than with the system H,O/EtOH
(temperature of 290 °C and a pressure of 23 MPa).

It is difficult to find data in the literature concerning critical coordinates of H,O/ROH
systems for alcohols other than ethanol. Therefore, we realized an experiment with the use of
a high pressure and high temperature microfluidic device developed within the MIT-ICMCB
collaboration [33] in order to determine whether we actually are in supercritical conditions or
not when the reactor is at 290 °C and 23 MPa when using H,O/MeOH or H,O/iPrOH systems
of molar ratio 1:1. The equipment is schematized in Figure I1.23. The fluid is injected through
an ISCO pump 260D (1) in a microreactor (2) made of microchannels patterned in a wafer of
silicon and further bonded to a Pyrex wafer for a total volume of 4.6 pL. The system is
contacted with an aluminum block equipped with heating cartridges (3) through a graphite
layer (4). This leads to a homogeneous temperature in the microreactor. A compression

device (5) plays both the roles of maintaining the system leak-free and cooling down the
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outing fluid. The pressure is controlled with a back pressure regulator JASCO BP-2080 (6).
Optical access through the Pyrex side allows visualizing the behavior of the fluid with a high

speed CCD camera (Phantom video camera) (7).

H,0O/ROH solution
Molar ratio 1:1

LY
__,.D

I
@
=

Figure 11.23: Equipment used to determine the critical coordinates of H,O/MeOH and H,0/iPrOH systems of molar
ratio 1:1

As illustrated on Figure 11.24, we estimate the critical coordinates of the system by
having it evolved from liquid to gas by increasing the temperature at fixed pressure (1). We
can this way observe bubbles in the microchannels. We then go back to liquid state by
increasing the pressure at fixed temperature (2) and droplets appears (we illustrate these
transitions with pictures but films are more convenient to observe and determine them).
Repeating these two actions around the liquid-gas equilibrium and refining the increasing
steps can give pretty reliable values of the critical coordinates of our system. This method can
be applied to a large variety of fluids and promises to be a particularly useful tool in the
description of the systems studied in the group. Table 11.8 summarizes the estimations we

found and remind the critical coordinates of the pure compounds.
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(1) Liquid — gas

Pressure

Pc

Rp

Triple point

RT T¢ Temperature .

Figure 11.24: Method followed to determine the critical coordinates of H,O/MeOH and H,O/iPrOH systems of molar
ratio 1:1 (RT: room temperature, Rp: room pressure, T¢: critical temperature, pc: critical pressure)

Table 11.8: Estimated critical coordinates of H,O/MeOH and H,O/iPrOH systems of molar ratio 1:1 and reminder for
pure compounds

System T. (°C) pc (MPa)
H,0 Water 374 22.1
MeOH Methanol 239.5 8.1
EtOH Ethanol 241 6.3
iPrOH Isopropanol 264.2 5.3
H,O/MeOH, 1:1 Water/Methanol 280 < T, <283 ~11
H,O/EtOH, 1:1 Water/Ethanol ~ 274 9<p.<14
H,O/iPrOH, 1:1 Water/Isopropanol 270<T. <273 ~8.2

According to those values, we can claim being in supercritical conditions when
working at 290 °C and 23 MPa. Our attention has particularly been attracted by the results we
obtained on the Sget of the as prepared powders. As shown on Figure 11.25, isopropanol gave
us particularly good results with a mean Sger of 179 m?.g™* for fresh powders and a mean one
of 120 m2.g™* after a 3 hours thermal treatment at 400 °C.
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Figure 11.25: Evolution of the Sget with the nature of the alcohol

When we compare the critical coordinates of these three systems, the mixture
H,O/iPrOH presents the lowest T, and p.. We then assume that under identical temperature
and pressure conditions, we have a higher supersaturation in the system H,O/iPrOH than in
the two others what leads to smaller particles and therefore higher Sger of the powders thus
synthesized. The size of the objects observed by SEM seems to corroborate this hypothesis

(Figure 11.26): the rods obtained with methanol can reach 40 um long when they are of 15 pm
with ethanol and 6 um with isopropanol.

Water/Methanol Water/Ethanol Water/Isopropanol

10 pm 10pm & 2 pm
—— — -. e, —

Figure 11.26: SEM micrographs of the stoichiometric NiMo based powders directly after synthesis in supercritical
H,O/ROH mixtures (ROH = methanol, ethanol, isopropanol)

~142 ~



I1. Synthesis of HDS catalyst precursors in supercritical fluids

We then focus our attention on the water/Isopropanol system for further synthesis of

our catalyst precursors.

( We study the decomposition of the selected precursors of molybdenum and
nickel in a H,O/iPrOH solution of molar ratio 1:1 at T = 290 °C and p = 23 MPa
for a t; of about 55 s. For this mixture, p. = 318 kg.m'3 and 1 = 6.7.10° Pa.s what

gives us a Re = 690: we are in a laminar flow regime. )

CHNS-O analysis gave us a mean of 0.37 £0.11 wt% carbons, 1.12 + 0.19 wt%
hydrogen and 0 wt% for Nitrogen and Sulfur. The change of alcohol does not affect the
cleanness of our powders. The powder presented here contains a slight excess of Mo
(Ni/Mo = 0.98).

The TGA-MS showed in Figure 11.27 is similar to the one in Figure 11.9. It displays
three loss of mass for a total mass loss of 9 % (against 8% previously). A first loss of 3.73 %,
between room temperature and 262 °C, is attributed to adsorbed water as the line shape of
mass 18 suggests in the M.S. results associated. It is 1 % more than for the previous system
presented and on a wider range of temperature (+ 19 °C). The higher surface of the powder
may explain this increase of mass loss as more water can adsorb on this powder. A second
loss of 4.99 % occurs from 262 °C to 540 °C attributed to the departure of carbon and
structural water according to line shape of mass 18 and mass 44. This corresponds to the
second and third loss detected in Figure 11.9 between 243 °C and 538 °C with a mass loss of
4.7 %. The third loss of 0.33 % between 540 °C and 800 °C is attributed to carbon only and
correspond to the last loss of 0.51 % between 538 °C and 800 °C of NiMoO, synthesized in
H,O/EtOH.

The mass spectroscopy results display similarities with the previous one, the third
peak of water being less marked but present, suggesting that here again and according to
results obtained by Eda et al. [16] the powder synthesized contains NiM00,4.0.75H,0.
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Figure 11.27: TGA-MS of the stoichiometric NiMo based powder synthesized in supercritical H,O/iPrOH mixture,
from room temperature to 800 °C under Ar atmosphere, ramp = 1 °C.min™*

The XRD pattern of a fresh powder is not as well-defined as one obtained from a
powder synthesized in H,O/EtOH (Figure 11.28) probably due to smaller crystallites.
However, it presents close similarities and correlation with the TGA-MS results and SEM
micrograph (Figure 11.29) - showing rods and small particles aggregates as previously
described with H,O/EtOH system - has us think that we obtain the same phases, namely
NiM00,4.0.75H,0, M003.H,0, MoO; and possibly B-NiMoO,.
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Figure 11.28: Comparison of the stoichiometric NiMo based powder directly after synthesis in supercritical
H,O/EtOH mixture and in supercritical H,O/iPrOH mixture

Figure 11.29: SEM micrographs of the stoichiometric NiMo based powder directly after synthesis in supercritical
H,O/iPrOH mixture
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We can estimate that we produce a similar material with isopropanol than with ethanol

with similar but better characteristics summarized below:

( Main characteristics of Ni-Mo oxides after synthesis in sc-H,O/iPrOH (1:1 molar)
Sger: 179 + 12 mig?

® NiMoO,.xH,0

\ :. e, CHNS: 0.37 £ 0.11 wt% C
TR | P 1.24 +0.21 Wi% H
: : 0 wt% N
OWt% S

ICP: Ni/Mo=1+0.14

NiMo00O,.0.75H,0
Triclinic system (space group P -1)

Mixture of NiM00O,.0.75H,0, ‘
Mo03.H,0 and MoO, :

( We greatly improved our results using H,O/iPrOH: we synthesized a bulk

precursor for HDS catalysts developing a higher Sger of 179 m%g™ against
134 m%g™ previously obtained with the system H,O/EtOH. The phases are

identical and the powder is still contaminant-free. )

The XRD pattern of the calcined powder (3h, 400 °C) (Figure 11.30) corresponds to the
a-isomorph of NiMoO,4 (JCPDS 86-0361) plus peaks corresponding to the MoO3.2H,0 due to

the excess of molybdenum detected by ICP and previously mentioned.
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Figure 11.30: XRD pattern of the stoichiometric NiMo based powder synthesized in supercritical H,O/iPrOH mixture,
after a thermal treatment of 3h at 400 °C

No more rods can be seen on the SEM micrographs but aggregates of nanoparticles
(Figure 11.31). The important decrease of the Sger after calcination (179 to 119 m’g™)
suggests these aggregates of nanoparticles are closely packed due to sintering. STEM-EDX
chemical mapping could not confirm that we have particles exclusively composed of

molybdenum this time but it shows aggregates of nanoparticles that are homogeneously

composed of nickel and molybdenum (Figure 11.32).

Figure 11.31: SEM micrographs of the stoichiometric NiMo based powder synthesized in supercritical H,O/iPrOH
mixture and calcined 3 h at 400 °C
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————————— 200 nm BF —— >20w0nmm

Figure 11.32: STEM-EDX chemical mapping of the stoichiometric NiMo based powder synthesized in supercritical
H,O/iPrOH mixture and calcined 3 h at 400 °C

As for the other powders, we hereafter propose an identity card for this material
synthesized in H,O/iPrOH system and calcined 3 h at 400 °C:

Main characteristics of Ni-Mo oxides after calcination 3h at 400 °C

A i e Sger: 119 + 10 mig*
d |+ Mo, 28,0
% ‘ ‘ . ‘ ) . CHNS: 0.1 £ 0.08 wt% C
kil Mol i o 056+ 0.11 wt% H
10 1] 1] ;: o S0 (] 70 L] 0 Wt% N
a-NiMoO, 0 wt% S

ICP: Ni/Mo =0.76 £ 0.14

a-NiMoO, o
Monoclinic system (space group C2/m)

Mixture of a-NiMoQ,,
MOO3.H20
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We improved the Sget of our material using isopropanol instead of ethanol as
solvent of the synthesis reaction. This HDS catalyst precursor based on nickel and

molybdenum oxide is clean from active sites inhibitors.

11.2.3.2. Influence of the Ni/Mo ratio

As we mentioned earlier, having excess of nickel when synthesizing NiMoO, may
help in stabilizing the B-phase at room temperature [27,28]. From the examples of powders
presented so far, the ICP gave a slight excess of Mo, and even if we might have the -phase in
the fresh powder, this is clearly not the case in the calcined powder where only the a-phase is
detected. In the following part, we decided to study - in our original synthesis method - the

effect of an excess of Ni. The experiments are summed up in Table 11.7 (p. 127).

11.2.3.2.1. Ni/Mo = 0: synthesis of MoOx

MoS; historically is the first HDS catalyst, dating from right after World War One
[34], and is considered as the active phase in a Mo-based HDS catalyst. It is obtained by the
sulfidation of MoO; or MoO3 (MoOj3 being easier to reduce into MoS, than MoO, [14]).

Again, the cleanness of our fresh powders toward organics is demonstrated via
CHNS-O analysis which gives 0.7 £0.12wt% carbon, 0.1 £ 0.05 wt% nitrogen and
0.5 £ 0.10 wt% hydrogen.

The XRD pattern of our fresh powders corresponds to the Tugarinovite
(JCPDS 32-0671) which is MoO, with a monoclinic lattice (Figure 11.33). The Sger measured
on this powder (56 + 8 m%.g™") is low in comparison to the one reached for NiMoO, under the

same conditions of synthesis.
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Figure 11.33: XRD pattern of Mo based powder directly after synthesis in supercritical H,O/iPrOH mixture

We applied the same thermal treatment to those powders than we did for NiMoQOy, 3 h
at 400 °C under air atmosphere. The XRD patterns of the obtained phase fit with the
JCPDS 35-0609 corresponding to Molybdite (MoQOg3) of orthorhombic lattice (Figure 11.34).
The Sger is of course lower than for the “fresh” powder (30 + 3 m2.g™) because of the

-
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» MoO; (Molybdite) |
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Figure 11.34: XRD pattern of Mo based powder synthesized in supercritical H,O/iPrOH mixture and calcined 3 h at

400 °C
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The SEM micrographs show aggregates of nanoslabs and nanoparticles with
sizes <100 nm for MoO, powders whereas MoOj3 presents nanoslabs and particles that looks

like nanocubes (Figure 11.35). We also present two “I.D.” cards, one for MoO, and one for

MoO:s.

MOOZ MOOB

-

Figure 11.35: SEM micrographs of MoO, and MoO3 synthesized in sc-H,O/iPrOH mixture

Main characteristics of MoO, synthesized in sc-H,O/iPrOH (1:1 molar)

Sger: 56 +8m’g?t

CHNS: 0.7 £0.12 wt% C
0.5+0.10 wt% H
0.1+0.05wt% N
Owt% S

wEL LD

Tntensity (au)

-
S/
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Main characteristics MoOj; synthesized after calcination 3h at 400 °C
: B Sger: 30 3 m’gt

CHNS: 045+ 0.12wt% C
0.86 +0.15 wt% H
: Owt% N
;uio‘;u’i:m;u';u';u'éu 0 Wt% S

Intensity (@)

11.2.3.2.2. Ni/Mo # 0: influence of the cations ratio on the characteristics of the powders

We change the Ni/Mo ratios at the inlet of the supercritical reactor from in order to
prepare different compositions of high specific surface area HDS catalyst precursors. The
compositions of the materials are analyzed by ICP-OES (Table 11.7, p. 127).

When we take a look at the fresh powders, their XRD patterns (Figure 11.36) give
peaks indexation of a powders mixture (MoO3.H,O: JCPDS 01-125, MoO, JCPDS 32-0671,
NiM00,.0.75H,0: JCPDS 13-0128, B-NiMoO,: JCPDS 45-0142). The fresh powder with the
more Mo at% presents higher peak intensity for MoO; phase. New molybdenum species
appear with the increase of Ni concentration: M00O3.2H,O (JCPDS 39-0363). No peaks
corresponding to nickel species are detectable on these patterns. Perefiiguez et al. [35 and
references therein] encountered this phenomenon with LaNiOgs: although not evidenced by
XRD data, results from EXAFS and TPR measurements showed the presence of an
amorphous NiO in the sample. Lavrenov et al. [36] suggest that a minimum wt% of NiO is
necessary to detect the presence of cubic nickel oxide phase. By analogy, we believe we have

amorphous NiO in the fresh powder.
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Figure 11.36: Evolution of XRD patterns with at% of Nickel of NiMo based powder synthesized in supercritical
H,O/iPrOH mixture

XRD patterns of calcined powders (Figure 11.37) reveal two trends:

e when Ni/Mo< 1, we obtain the a -NiMoQy, alone when Ni/Mo = 1 and
together with MoO3.H,0 when Ni/Mo < 1 (the pattern displayed correspond to
64 % molar of molybdenum to nickel, ICP results)

e the coexistence of both a- and B-phases of NiMoO, when the molar ratio
Ni/Mo > 1 plus NiO crystallized by the thermal treatment, what is in favor of
our assumption of having amorphous NiO in the fresh powders (the pattern
displayed correspond to 66 % molar of nickel to molybdenum, ICP results)

The fact that there are no Mo simple oxides in the Ni-rich powder after calcination has

us think that the calcination is a necessary step to complete the synthesis of NiMoO,.
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Figure 11.37: Examples of XRD patterns of NiMo based powder synthesized in supercritical H,O/iPrOH mixture with
different Ni/Mo ratios

We reported the compositions of those two powders on the ternary diagram of the
system Ni-Mo-O (Figure 11.38). The two points (a for Mo excess and b for Ni excess)
correspond to powder compositions where the oxygen comes exclusively from the oxides.
The real positions of the powders on the diagram are somewhere on the segments [a;O] or
[b;O]. Even though this ternary diagram was realized at 1100 °C and we calcined our powders
at only 400 °C, we effectively obtain NiMoO,4 + “Mo0O3;” when Mo is in excess (MoOs3 being
hydrated in our case) and NiMoO, + NiO when Ni is in excess. The STEM-EDX chemical
mappings associated to these two compositions illustrates this fact showing the presence of

particles containing only Mo for a and particularly rich in Ni for b (Figure 11.39).
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Figure 11.38: Ternary diagram of the system Ni-Mo-O [8]
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Figure 11.39: STEM-EDX chemical mapping of NiMo based powders a) (excess of Mo in green), and b) (excess of Ni in
red) synthesized in supercritical H,O/iPrOH mixture
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Those results remind us the studies carried out by Di Renzo et al. [27,28] concerning
the stabilization of B-NiMoO, at room temperature with an excess of nickel. According to
their work, only the a-phase can be considered as a stoichiometric compound whereas the
B-phase can form solid solution with Ni by insertion in localized vacant sites in the network of
B-NiMoOQ,, thus stabilizing the structure of the phase. This effect is not observed with Mo
assumingly due to an obvious matter of steric hindrance.

X-ray Photoelectron Spectroscopy (XPS) gives us supporting information to this
hypothesis. Measurements of surface Ni/Mo molar ratios for different compositions
(Table 11.9) show that when we have an excess of Mo, the Ni/Mo surface ratio is lower than
the bulk ratio what can easily be explained by the presence of Mo-rich particles in the
powder. When the ratio is equal to one, both ratios are equivalent and when we have an
excess of Ni, by analogy with Mo-rich samples, the surface ratio should be higher than the
bulk one. However, this is not the case and we explain this by considering that part of the Ni

in excess is inside the NiMoO, network and therefore is not detected by XPS.

Table 11.9: Comparison of bulk and surface Ni/Mo molar ratio

Ni/Mo molar Ni/Mo molar

Sample Type of powder Ni at% (ICP)

ratio (ICP) ratio (XPS)
MTO014 calcined 1.99 1.76 66
MTO055 calcined 1.56 1.42 61
MTO053 calcined 15 1.35 60
MTO052 calcined 1.33 1.26 57
MT045 calcined 0.99 0.96 50
MTO084 calcined 0.58 0.39 36
Vs

We could partly stabilize §-NiM0oO, among a-NiMoO, at room temperature by
adding an excess of nickel in the reaction system. This phase being more active
toward hydrogenation, we believe this material to be an efficient catalyst of the

deep-HDS reaction once sulfided.

J
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11.2.3.3. Synthesis of CoM00O,

When synthesizing CoMoO,, we encountered a major issue with the “one way”
synthesis method. Once the two preliminary solutions are put together, an immediate
precipitation occurs, and injecting this resulting solution is not possible. To get round of this
situation, we decided to inject the two precursor solutions separately in such a way that they
mix in a T connection right before entering the reactor (see Figure 11.1).

Again, the cleanness of our fresh powders toward organics is proved: 0.34 + 0.01 wt%
carbon, 0.7 + 0.05 wt% hydrogen and free from nitrogen.

The XRD pattern acquired directly after reaction (Figure 11.40) fits with a mixture of
two different structures of CoMoO,. a-CoMoO, (monoclinic, JCPDS 73-1331) and
B-CoMoO, (base-centered monoclinic, JCPDS 21-0868). The B-isomorph, which is the high
temperature isomorph of CoMoQ,, is clearly the majority phase. Nothing surprising since it
has already been proved that on the contrary of f-NiMoO, unstable below 180 °C, CoMo0O4
B-isomorph can easily be stabilized at room temperature [37]. As the XRD patterns show, the
a-phase almost disappears after thermal treatment at 400 °C for 3 h. Since it seems of
negligible quantity, calcination appears useless in this case, all the more since it decreases the

Sger (from 52 m?.g™* down to 38 m%.g™).
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Figure 11.40: XRD patterns of stoichiometric CoMo based powders synthesized in supercritical H,O/iPrOH mixture,
directly after synthesis (below) and after a 3 h calination at 400 °C (above)

Profile matching on the XRD pattern of the calcined powder (Figure 11.41) gave us
refining parameters of %= 0.801 and CRwp =13.8. The cell parameters found for the two

phases are in good agreement with the values given by the JCPDS cards (Table 11.10,

Table 11.11).

Table 11.10: Cell parameters obtained for the stoichiometric CoMo based powders synthesized in supercritical
H,0/iPrOH mixture after a 3 h calination at 400 °C for p-CoMoO,

Space group a(A) b (A) c(A) B ()
C 2/m 10.234(2) 9.279(2) 7.029(1) 106.937(8)
JCPDS 21-0868 10.210 9.268 7.022 106.90

Table 11.11: Cell parameters obtained for the stoichiometric CoMo based powders synthesized in supercritical
H,O/iPrOH mixture after a 3 h calination at 400 °C for a-CoMoO,

Space group a (A) b (A) ¢ (A) B )
C 2/m 9.668(1) 8.857(1) 7.757(1) 113.826(7)
JCPDS 73-1331 9.666 8.854 7.755 113.82
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Figure 11.41: Profile matching of the XRD patterns of the stoichiometric CoMo based powder synthesized in
supercritical H,O/iPrOH mixture, calcinated 3 h at 400 °C

We also carried out a Rietveld refinement on this XRD pattern. We have the atomic
positions and anisotropic coefficient for a-CoMoO, from the ICSD card #23808 [38]. We
included them in the simulation but since the phase is hardly detectable, we fixed those values
for the refinement. As for B-NiMoQO,, f-CoMoOQ;, also is isotypic with a-MnMoO,. We thus
used the ICSD card #78328 corresponding to a-MnMoQO, to make a first approximation of the
atomic positions. The refinement parameters obtained are x*=1.04, CRwp=15.7,
Bragg R-factor = 5.52 for the B-CoMoO,. The refined atomic positions are presented in
Table 11.12 and the structural representation associated is given in Figure 11.42. As one can

see, it is very similar to the one already described in Figure 11.5.

~ 159 ~



I1. Synthesis of HDS catalyst precursors in supercritical fluids

Table 11.12: Atomic parameters obtained for the stoichiometric CoMo based powders synthesized in supercritical
H,O/iPrOH mixture after a 3 h calination at 400 °C for p-CoMoO, (*comparison with ICSD #78328 for atomic

positions)

Atom position X y Z
Col 4h 0 0.175(2) 0
Mn1* 4h 0 0.194(2) 0
Co2 4i 0.808(2) 0 0.137(3)
Mn2* 4i 0.795(2) 0 0.135(3)
Mol 4g 0 0.250(1) 0
Mol* 49 0 0.249 0
Mo2 4i 0.271(2) 0 0.401(2)
Mo2* 4i 0.269(1) 0 0.400(2)

01 4i 0.323(6) 0.5 0.467(9)
01* 4i 0.355(1) 0.5 0.463(2)
02 4i 0.220(6) 0 0.140(6)
02* 4i 0.201(1) 0 0.154(3)
03 8j 0.118(3) 0.345(3) 0.095(5)
03* 8 0.129(1) 0.360(1) 0.101(2)
04 8j 0.461(5) 0.357(5) 0.189(6)
04* 8 0.461(1) 0.355(1) 0.193(1)
05 8j 0.375(2) 0.153(3) 0.451(4)
O5* 8 0.367(1) 0.149(1) 0.472(1)
a b C

Figure 11.42: Structure of g-CoMoO,
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The study of this material has not been as complete as for the others; however, we also

propose a short summary of the main characteristics of this powder:

Main characteristics of Co-Mo oxides synthesized in sc-H,O/iPrOH (1:1 molar)

= f-CoMoO, -
+ 0-CoMoO, Sper: 52+ 9m.g

=(002)

= =
% ~ g; CHNS: 0.37 £0.11 wt% C
E 'E ’:L‘A 1.24 £0.21 wt% H
O e o o
10 20 30 40 50 60 70 80 ICP Ni/MO — 11014

20(°)

B-CoMoQO,

Based-centered monoclinic system (space group )

11.3. Conclusion

With the use of supercritical water/alcohol systems as reaction media for the synthesis
of NiMoQ, in a continuous process, we successfully manage to obtain with short reaction
time a contaminant-free material of high specific surface area: we reach 179 + 12 m%g™,
almost twice the objective we set at the beginning of this project. The best Sger results were
obtained with the use of isopropanol as alcohol of the solvent mixture. We assume that these
better Sger are due to higher supersaturation of the media for similar conditions of
temperature and pressure (290 °C and 23 MPa) and therefore formation of smaller
nanoparticles (rod-like nanoparticles). Indeed, with the use of isopropanol, the critical
coordinates of the system are lower than with methanol or ethanol and we proved that the

lengths L of the nanorods decrease depending on the alcohol: Lmethanot > Lethanol > Lisopropanol-
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With this study, we showed that we obtained a mix of different phases directly after
the synthesis depending on the Ni/Mo ratio and with NiM00O,.0.75H,0 being the main phase
for Ni/Mo close to 1. When optimizing our calcination program (3 h at 400 °C) we proved
that by heating our material, we form f-NiMoO, (the high temperature phase), catalytically
more active toward HDS reaction than a-NiMoO,. At room temperature, we showed that the
powder becomes a mixture of a-NiMoO,4 and Mo0O3.H,O when it is prepared with an excess
of molybdenum, and a mixture of a-NiMo0O,, B-NiMoO, and NiO when prepared with an
excess of nickel. Regarding the application of our project, a Ni-rich powder must present
better results toward deep-HDS since it contains the most active phase toward HDS reaction
catalysis and also Ni species well know for their hydrogenation capacity, properties highly
appreciable in Deep-HDS since it occurs via hydrogenation of the aromatic rings of the most

refractory sulfided compounds, particularly 4,6-DMDBT.

We manage to fulfill and even outperform our objectives from the French part
of this project: we synthesize a new generation of bulk HDS catalysts precursors

presenting higher Sger than commercially available products.

The second important objective of this project was of course to prove the efficiency of
our catalysts in the reaction of deep-HDS. This whole work was therefore performed in
parallel with catalytic tests at the Instituto de Tecnologia Quimica (ITQ - Valencia) in Spain.
Since the high Sger materials were not obtained at first time, the results presented in the next
chapter include some materials of lower Sget. As we also proved that we could synthesize
CoMoOQ, directly as its high temperature phase, we included this material in our tests to go

further in our general study and make comparisons with NiMoQO,.
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Selected catalyst precursors prepared in supercritical fluids (ICMCB - France) have
been tested for the reaction of hydrodesulfurization (ITQ — Spain). They have been chosen by
mean of Sger, cations ratio and type of promoter.

The following chapter first describes the equipment and protocol followed to achieve
this work and then the results obtained with our materials comparatively to commercial

catalysts used as references.

[11.1. HDS: experimental setup and parameters

In this part we describe the experimentation by itself, from the setup to the general

procedure followed to prepare the catalytic bed and perform the catalytic tests.

[11.1.1. HDS reactor description

The equipment used for the HDS reaction is a down flow fixed bed stainless steel
tubular reactor, fully automatized and schematically represented in Figure 111.1. The software
used for control and programming of the different process steps is Factory Floor developed by
Opto22. Pressure, temperatures, flows (liquid and gas) and valves can be all set and controlled
manually via this scheme (settings are in blue, real values in red, regulators values in green)
and their values can also be scheduled in a program, offering thus a large flexibility of action
while operating. Comparatively to an industrial hydrotreatment process, our reactor is
simplified and focuses on the reaction by itself.

The different parts of the equipment can be bring to the wanted temperature thanks to
heat-resistances placed all along the circuit, ensuring thus a better flowing of the feedstock,
particularly useful when working with highly viscous ones. The real temperature is controlled
via the computer through K-type thermocouples located at various points of the setup. As
shown in Figure 111.2, the circuit is confined in boxes during the reaction and a ventilator (1)
has the hot air circulated in the whole system and this to better homogenize the overall
heating by convection.

The setup comprises a 150 ml tank (2) filled with the studied feedstock and

pressurized with nitrogen (about 0.3 MPa) to ensure a correct sucking up by the injection
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pump (3). The feedstock is vaporized in a pre-heater (4) before entering the HDS reactor itself

(5). Two valves (6) turn the general flow either to the bypass (7) or to the reactor and a third

one (8) directs the reactor outlet to the vent or to a possible online chromatograph (9). Four

flow-meters (10), each one dedicated to a specific gas, deliver an accurate flow of the desired

gas in the system. Since we did not need any argon, only the flow-meters of hydrogen,

hydrogen sulfide and nitrogen were used. The pressure in the whole system is controlled and

adjusted by an automatic badger meter pressure control valve (11). A final tank (12) permits

to recover the treated feedstock for further analysis.
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Figure 111.1: Scheme of the HDS reactor
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Figure 111.2 : Equipment used for the HDS reaction
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11.1.2. HDS products characterized by Gas chromatography

The use of gas chromatography has been reported for a long time as a technique of
choice for the analysis of gas oils and their hydrotreating products [1]. Substances are
identified by the order in which they emerge (elute) from the column, in other words, by the
retention time of the analyte in the column, and their concentration can be determined thanks
to the use of response factors. In our study, two detectors are used to monitor the outlet stream
from the column: a pulsed flame photometric detector (PFPD) specific for sulfur compounds,
and a flame ionization detector (FID) that detects all hydrocarbons. They give the time at

which each component reaches the outlet and their amount.

11.1.2.1. Gas chromatograph characteristics

The gas chromatograph we used is an automatic GC 3400 supplied by Varian,

schematically represented on Figure 111.3.

Sample

injector
/ inje ,

Flow controller
' Waste
Column \
Detector
Carrier gas Column oven

Figure 111.3 : Schematic representation of a gas chromatograph

The feedstock components and reaction products were separated in a 30 m long
FactorFour™ column by Varian (VF 5ms CP8944), a column with an inner diameter of
0.25mm and a bonded stationary phase made of a 0.25 um thick film, equivalent to a
(5 % phenyl 95 % dimethyl) polysiloxane, a slightly polar phase well suited for hydrocarbons,
aromatic hydrocarbons and sulfur compounds analysis (among others). At the end of the

column, a quartz Y tube splits the flow and directs the eluent toward two detectors installed in
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parallel. We explain in more details what the PFPD is in the next section since it specifically
detects sulfur compounds what is of particular interest in this project work. The FID is
described in the appendix 1V.8.

The GC is equipped with a Varian-8200-CX autosampler permitting up to 40
consecutive automatic injections. This procedure provides better reproducibility and time-
optimization as compared to manual injection. The amount of sample injected was in all cases
0.5 pl.

11.1.2.2. Pulsed Flame Photometric Detector (PFPD)

For the selective analysis of sulfur compounds by gas chromatography, the Pulsed
Flame Photometric Detector (PFPD) (Figure 111.5) [2,3] manufactured and commercialized by
Varian Chromatography Systems since the 90’s, is proved to be particularly efficient and to
give a good sensitivity toward sulfur compounds [4].

Hydrogen-rich flames containing sulfur compounds show a broad chemoluminescence
band emission around 400 nm which is ascribed to excited S, molecules (S;*) as the
predominant source. The flame emitted light is measured with a photomultiplier/electrometer
device. At least two mechanisms are suggested in the literature for the origin of the Sy*
chemoluminescence [2,5]: the direct recombination reaction of two sulfur atoms
(S+S— S,*) and the recombination reaction of hydrogen atoms, thereby exciting S,
molecules which have been formed from sulfur species in a preceding step
(e.9.,2H,S+2H — S, + 3H, and H + H + S, — Hy + Sp*). Since the pseudo steady state
concentration of S, molecules is very small at high temperature and since the lifetime of both
hydrogen atoms and sulfur atoms in hydrogen-rich flames is very long, S, formation mainly
proceeds under colder conditions in the flame border zone, near the wall of the combustion
chamber, or in the after flame media. With both the mechanisms the S,* concentration (and
thereby the detected chemoluminescent emission intensity) is a square-law function of sulfur
concentration in the flame (I ~ a.[S]?).

In the Pulsed Flame concept, a single hydrogen-rich premixed flame is applied.
Relatively low flows of hydrogen and air, together with the column effluent are fed to the
combustion chamber continuously, thereby mixing. The mixture is ignited at the off site

whereupon the flame immediately propagates through the whole combustion chamber. After
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having burnt completely in a bright emission flash, the flame self-terminates. This cycle is
repeated automatically several times a second. The almost autothermal rapid combustion in
the premixed flame causes very high combustion temperature and therefore very rapid and
complete degradation and oxidation of all sulfur analytes and matrix constituents. The
response is independent of the sulfur compound type and other matrix effects are drastically
reduced. The PFPD response is indeed a purely square-law one: an exponential constant of
2.00£0.03 was reported from tetrahydrothiophene dilution series [2]. Time dependences of
sulfur emission (S,*, gated at 5-16 ms) and hydrocarbon emission (such as CH* or C,*, gated
at 1-3 ms) after ignition are much different (Figure 111.4).

o 2 4 & B 10 12 14 16 18
TIME (Milliseconds)

Figure 111.4 : Light emission from background (OH*, CH*) and sulfur (S*)

With the pulse mode of detector operation, signals can be separated completely in
time. Because the emission from sulfur is delayed as against the emission from hydrocarbons
but lasts much longer, signal separation can be performed by restricting emission recording to
a well defined “delayed” time gate after ignition. That way, C/S-selectivity is improved and
the photomultiplier noise is reduced. Additionally, as it emanates from a highly concentrated
reaction mixture and almost autothermal high temperature combustion, flash emission is very
bright. Much higher sensitivity is obtained than with continuously operated flames.

With the current status of prominent sulfur selective detectors, the PFPD appears to be

the first choice for petroleum sulfur compounds determination.
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Figure 111.5 : Scheme of a PFPD

A continuous flow of air and hydrogen mixed with the products coming from the
column results in a flammable gas that ignites when in contact with a heat resistance. The
resulting flame propagates in the detector in few milliseconds and burns the compounds
coming from the column. The emitted photons of this combustion are then transformed in
electrons, themselves amplified in a photomultiplier to finally be represented as a peak on a

chromatogram.
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11.1.3. Feedstock

Most of the studies found in the literature test the catalytic activity on specific
compounds using feedstocks as simple as possible, neglecting thus the “matrix effect” [4,6].
However, catalyst life and efficiency depends on the feedstock properties and composition.
As mentioned in the first chapter, industrial feedstocks are complex mixtures of different
molecules, some of which act as inhibitors and directly affect the real activity of the catalyst
and therefore the HDS efficiency.

In this work, to take the “matrix effect” into account in a more relevant way, we
decided to work with a model feedstock enclosing the most representative compounds of a
feedstock for deep-HDS. However, we did not add nitrogen compounds in this feedstock,
which means that competition with HDN is not taken into account. The composition of our

model feedstock is described in Table 111.1 with the compounds characteristics.

Table I11.1 : Characteristics of our model feedstock

Compounds Boiling _
Formula point Concentration
Type Name (°C)

. Heptane C/Hi6 99 30 wt%
Paraffins Dodecane CuHis 216 30 Wt%
Olefins Hexene CsH12 63 15 wt%

Octene CsHis 123 15 wt%
Naphthalene CqoHs 218 5 wt%
Aromatics Benzene CsHs 80 3 wt%
Toluene C7/Hs 110 2 Wt%
Thiophene C4H4S 84 100 wppm (S)
'(\I’\'Aet;‘zl'g;'ﬁg:g”e CsHeS 113 100 wppm (S)
Sulfur Tetrahydrothiophene (THT) C4HsS 119 50 wppm (S)
compounds Benzothiophene (BT) CsHeS 222 50 wppm (S)
Dibenzothiophene (DBT) Ci12HsS 333 100 wppm (S)
?féijE)T/?gg'lrd)lbenZOthIophene CuHuS 340 100 wppm (S)

This model feedstock has a density of 671g.L" and a mean molar mass of
123 g.mol™. It is composed of 60wt% of paraffins (saturated hydrocarbons — namely
heptanes and dodecane), 30 wt% of olefins (unsaturated hydrocarbon — namely hexene and

octene), and 10 wt% of aromatics hydrocarbons (naphthalene, benzene and toluene).
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Concerning the sulfur content, the total concentration used is 500 wppm and as 4,6-DMDBT

is the most difficult sulfur compound to convert under HDS conditions, it has an important
contribution in this amount (100 wppm in sulfur as 4,6-DMDBT).

Sulfur concentration in our model feedstock is such that our experiments
correspond to Deep-HDS and as in real feedstock, this concentration is mainly due

to refractory molecules. It was thought to take at best the “matrix effect” into
account.

J

Figure 111.6 represents the conversion of DBT and 4,6-DMDBT in our model
feedstock and in a feedstock composed of only paraffins over NM, a commercial catalyst

precursor that will serve as reference from now (4 wt% NiO, 14 wt% MoOs/y-Al,O3, similar

to catalysts classically described in the literature). It clearly illustrates how overestimating the
conversion of those compounds is easy when not considering other compounds that can
compete with them over the catalyst (cf. 111.1.4.3 for the method used).

% conversion -~

90 —I/ —_—
70 4‘[ )
50 T|/ .

40

/ Paraffinic feed

/f
— ‘/
—_— / Model feed
DBT

4,6-DMDBT

Figure 111.6: Conversion of refractive sulfur compounds in different feedstocks — py, = 3.5 MPa, 400 °C, Mg/M_ =5,
LHSV = 150 h%, catalyst: NM

The boiling range of this model feedstock goes from 63 °C to 218 °C. We do not
include the sulfur compounds in this consideration since their concentrations are very low

compared to the general composition. Having the pre-heater set at 250 °C thus ensures that
the feedstock will enter the reactor in the gas phase.
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111.1.4. Experimental procedure

This part concerns the preliminary work that has to be done before starting the catalyst
tests, from the preparation of the catalytic bed to the experimental parameters considered for

in our experimental plan.
[11.1.4.1. Preparation of the catalytic bed

The HDS reactions will be carried out in a down-flow fixed bed tubular reactor. An
accurate measurement of the catalytic activity of the materials studied will only be possible if
the catalysts are conformed in an adequate manner. If used as powders, preferential paths can
be formed for the reactants flow and not all the catalyst will participate in the process.
Moreover, pressure drops can have an important effect. If particle size is too large, external
diffusion problems can affect the activity results observed. Therefore, the powder of the
catalyst precursor must be pelletized, crushed and sieved to particles of an optimum size. The
pellets are prepared using a pelleting-press at 3.5t for 1 min, conditions that do not affect
significantly the specific surface area. The pellets are then crushed and sieved to obtain
particles with size comprised between 0.250 um and 0.425 pum.

The desired quantity of catalyst precursor is mixed with silicon carbide (Carborundum
SiC) up to 2 mL to form the catalytic bed. SiC is inert toward the reaction of HDS and thus
will not interfere with the conversion results. The reactor is filled up with some glass wool
before introducing the catalytic bed so that the particles of catalyst are retained and stay in the

reactor.

111.1.4.1.1. Liquid Hourly Space Velocity (LHSV)

The volume of catalyst to test depends on the Liquid Hourly Space Velocity (LHSV).
LHSV is the ratio of the hourly volume of oil processed referred to the volume of catalyst. It
is generally expressed as v.v.h™ or h™'. As such it controls the residence time of the liquid
reactants in typically cylindrical reactors. LHSV is simply an approximate way of estimating
the amount of catalyst one would need to purchase for a given feed capacity and product

yield. The LHSV is calculated following the equation (1):
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Ly

C, y (D

where L is the liquid flow, the direct value expressed in pL.h™ set on the injection pump,
Cv the volume of catalyst used for the reaction in ul and y the LHSV in h™. The higher the
LHSV the less time the feedstock is in contact with the catalysts and thus the lower the
conversion. We calculated a set of LHSV (Table I11.2) for different volumes of catalysts and
liquid flows, based on our commercial reference NM whose density is estimated to be
646 g.L™.

Table 111.2: Values of LHSV depending on Lg and Cy,

LHSV (h™)
Volume
Mass of Ol:c Liquid flow (uL.min™)
catalyst
(9) Catalyst 50 100 200 300 400 500
(mL)

1 1.548 2 4 8 12 16 19
0.8 1.238 2 5 10 15 19 24
0.6 0.929 3 6 13 19 26 32
0.4 0.619 5 10 19 29 39 48
0.3 0.464 6 13 26 39 52 65
0.2 0.310 10 19 39 58 78 97
0.1 0.155 19 39 78 116 155 194

111.1.4.1.2. Activation of the catalyst precursors: sulfidation

A sulfidation step converts the metal oxides into the metal sulfides, which are the
active catalysts for HDS. Our equipment is designed to realize this step in situ, which appears
to be the best solution to avoid any re-oxidation by possible contact with air. Once the system
is checked to be leak free, the catalytic bed is subjected to a gas flow of 10 % in volume of
H,S in H, for 5h at 400 °C. This sulfidation protocol has been optimized in previous

researches [7]. The catalytic test is realized afterwards.
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[11.1.4.2. Reaction conditions

One important parameter to consider while doing catalytic tests on the HDS is the ratio
of gas to liquid. (eq. 2) and (eq. 3) give their values respectively:

Mg = 77— (2)

where Mg is the molar flow of gas in mol.min™, x the gas flow in L.min™ and 24.4 L.mol™* is

the molar volume of gas at 25 °C and atmospheric pressure.

x X
ML= 4

(3)

Z

where M, is the molar flow of the feedstock in mol.min, x is the flow in L.min?, y is the
density of the feedstock in g.L™* and z the molar weight in g.mol™.

HDS reactions are carried under H, atmosphere. The higher the Mg/M_ is, the more
hydrogenation we have compared to direct desulfurization. Industrially, this ratio is set around
4. Regarding our own technical limitations — minimum and maximum flows for a proper work
of both the injection pump and the flow-meter dedicated to H, — we chose to work at a ratio
close to 5 to keep closer to Industrial processes but we also carried out some experiments at a
ratio of 9 (classical in lab catalytic tests).

In order to vary conversion, experiments were performed at three different
temperatures for most of the catalysts. Starting at 320 °C, we then switch to 360 °C to finish
at 400 °C. Finally the experiment at 320 °C is repeated, and this will give clue concerning the
deactivation of the catalyst. The steady state in our system is reached after 3 hours time on
stream (TOS), we thus opted for experiments of minimum 4 hours TOS. We recovered liquid
samples at the reactor outlet every 40 minutes the first two hours then every hour till the end
and analyzed by gas chromatography. Between each experiment, we regenerate the catalyst
by subjecting it again to a gas flow of 10 % in volume of H,S in H; for 1 h at 400 °C. Among
the different experiments we carried out, we verified that the regeneration time was enough.
Figure 111.7 shows that regenerating the catalyst 5 hours renders the same activity to the
catalyst than 1 hour regeneration which validates our choice (cf. 111.1.4.3 for the method

used).
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Figure 111.7: Effect of regeneration time on the conversion — py, = 3.5 MPa, 400 °C, Mg/M, =5, LHSV = 150 h,
catalyst: NM

111.1.4.3. Product analysis by gas chromatography

In the chromatogram, the area under a peak is proportional to the amount of an
analyte. By mathematically integrating its area, the concentration of an analyte in the original
sample can be determined. With the FID, the concentration in weight of the detected
compounds is directly obtained. With the PFPD, we don’t have an immediate evaluation of
the concentration, yet they can be calculated by using external standards: therefore a
calibration curve is created by finding the response for a series of patterns with known
concentrations of analyte and by determining the relative response factor of an analyte.

Classically, the relative response factor is the expected ratio of an analyte to an
internal standard and is calculated by finding the response of a known amount of analyte and
a constant amount of internal standard (a chemical added to the sample at a constant
concentration, with a distinct retention time to the analyte). Yet, in our case we normalize the
response of the specific PFPD detector to the amount of sample injected, which will be
proportional to the total response obtained in the FID.

Since our model feedstock presents many species with various boiling points
comprised in a large range of temperature (Table 111.1), we have optimized a temperature
program for analyzing our reaction mixture in order to have maximum sensitivity and peak
resolution at a minimum analysis time (Figure 111.8).
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Figure 111.8 : Temperature program of our GC

Temperature of the injector and of the detectors is 300°C. The column pressure has
been set at 30 psi, in order to have a carrier gas flow through the column of 2.7 mL.min™.
Table 111.3 summarizes the retention times of the different analytes we meet when analyzing

our samples in these conditions.

Table 111.3: Retention times for our analytes (*: present after catalytic test)

Hydrocarbons Retentn_)n time Sulfur compounds Retentlgn time
(min) (min)
Hexene 1.234 Carbon disulfide 1.157
Hexane* 1.258 Thiophene 1.607
Benzene 1.535 THT 3.062
Heptane 1.776 BT 11.454
Toluene 2.447 DBT 15.647
M-Thiophene 2.536 4,6-DMDBT 16.507
Octene 2.792
Octane* 2.986
Tetralin* 10.946
Naphthalene 11.379
Dodecane 11.791

Traces of carbon disulfide may appear on the chromatograms as it is used to clean the
micro-syringe between two injections and traces remain in the analysis. Yet, it does not affect
the results since it appears at a short retention time (1.157 min) and does not interfere with
other signals.
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Now we ensure that our model feedstock takes the “matrix effect” into account, that
our regenerating program of the catalyst have been proved to be efficient and that we
optimized a temperature program in the chromatogram specific to the detection of the
compounds present in our model feedstock, the next part dedicates to our study of the
catalytic activity of our bulk catalysts.

[11.2. Catalytic activity checking

Before setting up the HDS reactor, we carried out some preliminary tests on our
material to make sure that it presents activity toward the HDS reaction. Those tests were
carried out in a high throughput reactor developed and patented at the ITQ: the Spider
Reactor.

[11.2.1. Spider Reactor

The Spider Reactor is a system of 16 continuous fixed bed parallel reactors, able to
work up to 8 MPa and 700 °C [8,9,10]. Each reactor is fed independently by means of one
liquid and one gas mass flow controller. The temperature and pressure are also measured in
each catalyst bed. The simultaneous catalytic tests were carried out at 3 MPa total pressure
(80 % Hy, 20 % N,), temperature of 360 °C and the LHSV of 19 h™%. Because of the inherent
specificities of its hardware, we had to set the Mg/M_ ratio at 9. The amount of catalyst in
each fixed bed reactor is 100 mg mixed with carborundum for a total bed volume of 2 mL and
catalyst particle size 0.2 - 0.4 mm. Our reaction products were analyzed using an online gas
chromatograph equipped with a FID and a PFPD.
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Figure 111.9: Catalytic reactor (Spider Reactor) for high throughput testing [8]

[11.2.2. Tests preparation

For the first tests, we chose three catalysts of different composition but with a similar
specific surface area and the commercial catalyst NM for the reference to evaluate the activity
of our materials. The new bulk catalysts compared with the reference in this experiment were
the ones that were developed with the highest Sger on that time: MT1501, MT1405 and
MT2001 (Table I11.4).

“NiMo” catalysts classically prepared at ITQ by impregnation method on y-Al,Os, as
well as the reference catalyst, contain around 15 wt% of active phase. To be in the same
weight proportion and to have higher amount of total material, we mixed our samples with
SiO, supplied by Aldrich (nanopowder purity 99.5 %, 10 nm, d = 2.2, M = 60.09 g.mol™).
The preparation of the catalytic bed is the same than described in I11.1.4.1.

When working with the Spider Reactor, the sulfidation of our catalysts is carried out in
a different reactor and according to the protocol described in 111.1.4.1.2. Unfortunately, this
implies a slight re-oxidation of the catalysts during the transfer from one reactor to the other.

The specific surface areas (Sget) given are those measured on the calcined powder
before sulfidation of the samples. For those experiments, we used as references fresh NM (not
sulfided) and NMS which is also a commercial catalyst that has been sulfided by the supplier

and presents the same characteristics.
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Table I11.4: Sample tested for the preliminary experiments

Samples at% Ni at% Mo Nlll\ﬁgtg(r;;olar Sger (MAg™)
MT1501 53 47 1.1 26
MT1405 55 45 1.2 25
MT2001 57 43 1.3 25
NM 36 64 0.6 200
NMS 36 64 0.6 200

111.2.3. Results

The results obtained for the conversion of the most refractory sulfur compounds are
schematized on Figure I11.10. Regarding dibenzothiophene (DBT), the three bulk catalysts
showed a high conversion rate close to 100 % with almost no deactivation after 32 h TOS.
Their activity was even higher than the one of the commercial catalyst NM (94 % after 24 h
TOS down to 47 % after 32 h TOS), and its sulfide equivalent NMS (40 % after 24 h TOS
down to 0 % after 32 h TOS). This tendency was also observed for the other sulfur
compounds present in the feed (Thiophene, M-Thiophene, THT and BT) and were therefore
not considered in this part of the study.

Concerning 4,6-Dimethyldibenzothiophene (4,6-DMDBT), MT1501 reaches a
conversion of 73 % after 8 h TOS that falls down to 48 % conversion after 32 h TOS.
MT1405 displayed 68 % conversion and MT2001 56 % after 8 h TOS. Both felt below 20 %
conversion after 32 h TOS. Although in this case the two commercial catalysts showed better
activity than our new materials (80 and 82 % for NMS and 75 % down to 54 % for NM), it
was shown that they all presented activity for hydrodesulfurization of sulfur compounds

within the model feedstock.
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Figure 111.10: Conversion vs. TOS (8 h, 24 h, 32 h)

-

Our materials present an activity toward the HDS reaction and show good
performances regarding the sulfur compound of reference, 4,6-DMDBT, even
diluted in SiO,. We thus decided to go on with the project, continuing to upgrade
our material and switch to the reactor dedicated to HDS reaction.

/

111.3. Experiments with HDS-specific reactor

In this second part of the catalytic study, the setup used for the catalytic tests will be
the one described in 111.1.1. The materials tested are no longer diluted with SiO, (pure bulk
catalysts) and the sulfidation takes place in the reactor right before starting the reaction. Blank
reactions carried out under the different tested conditions showed that after 4 hour TOS,
whatever the values of LHSV, temperature or Mg/M_, we observe no conversion of any of our

sulfur compounds which means we will not overestimate the conversion calculated for our
experiments.
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[11.3.1. First tests: materials and experimental conditions

We chose three catalyst precursors of different composition and Sger. MT040 and
MTO041 present similar Sger what allows us to evaluate the influence of their composition.
MTO042 with a higher Ni content and a surface area more than double was used to study the
influence of the Mg/M_ ratio. Table I11.5 summarizes the materials and experimental

parameters.
Table I11.5: Sample description and experimental conditions
at% at% Ni/Mo* SBET 1 Temperature
Sample “\i" Mo (molar ratio) (m?.g™) ERSY ) (°C) Ms/My
320
MT040 42 58 0.7 45 19 360 5
400
320
MTO041 18 82 0.2 ol 19 360 3)
400
320 5
360 >
MT042 66 34 1.9 110 19 8.17
5
400 817
360 8517
NM 36 64 0.6 200 19 '5
4
00 8.17

* At that time of the PhD, materials were prepared on the basis of NiO/MoO; weight ratio, what explains those
Ni/Mo molar ratios.

The conversion values obtained in our experimental conditions are very high,
comprised between 90 and 100 % for all our sulfur compounds, including DBT and
4,6-DMDBT and independently of the catalytic material tested. Although concluding is
therefore delicate, we can draw a general tendency of their catalytic behavior.
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[11.3.1.1. Influence of the Mg/M,_ratio

We evaluated the influence of this parameter focusing our attention on sample MT042,
Its activity toward sulfur compounds is very high whatever the reaction conditions. The
conversion is higher than 98 % for all sulfur compounds. However, other components of the
model feed are also susceptible of conversion under HDS conditions, and their evolution with
the experimental conditions can give us information regarding the catalytic systems. This is
the case of the hydrogenation of aromatic compounds, such as benzene and naphthalene
present in our model feedstock.

Cetane Number (CN) is a significant expression of diesel fuel quality, a measure of a
fuel's ignition delay: the time period between the start of injection and start of combustion
(ignition) of the fuel. In a particular diesel engine, the higher the CN, the shorter the ignition
delay periods. Cetane values are closely related to the amount of aromatics contained in the
diesel fraction: high aromatic content distillates have low cetane values and it is necessary to
saturate aromatic rings through a deep hydrogenation process prior to performing the ring
opening reaction (thus increasing CN). Hydrogenation of aromatics such as benzene and
polyaromatics such as naphthalene is therefore an expected effect of hydrotreatment and since
Deep-HDS catalysts present a high hydrogenation capacity, they are of particular interest
toward this application [11,12].

In our experiments, benzene presents a conversion higher than 97 % for all catalysts,
and therefore discussion is focused on naphthalene conversion. Under our reaction conditions,
only one ring of naphthalene is hydrogenated and the product obtained is tetralin
(1,2,3,4-tetranydronaphthalene). Further hydrogenation would have given decalin. It has to be
noted that conversion decreases with the increase of the reaction temperature, which is in
agreement with the exothermic nature of the hydrogenation reaction: high temperatures inhibit
it. As can be seen in Figure I11.11, MTO042 even shows a better activity than NM at the lowest
Mg/M_ ratio. At higher H; partial pressure (Mg/M_ = 8.2), NM increases its hydrogenation
activity and only then it gives conversion values close to those obtained with MT042. In other
words, the bulk catalyst MT042 is able to achieve at the lowest Mg/M_ (of 5) the same
hydrogenation levels obtained with the reference NM at a considerably higher Mg/M_
(of 8.2). Deep-HDS predominantly goes through the HYD path to hydrodesulfurize sterically
hindered sulfur compounds - particularly 4,6-DMDBT - path that is hydrogen consuming, and
therefore, this results has a considerable importance. As H; saving is one of the main priorities
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in a refinery, a catalyst presenting good hydrogenation quality at low Mg/M will be relevant
from an industrial perspective.

/
/MT042
360 °C /
Mg/M = 8.17 400 °C T
oML Mg/Mp=8.17 320°C T - //MI
Mg/My =5 360 °C —_—
Mg/Mp=5 400 °C

Figure 111.11: conversion of naphthalene into tetraline

( Our bulk material shows better aromatics hydrogenation activity than the
commercial reference. This suggests that the HDS of 4,6-DMDBT should also

perform better on our material since its HDS goes through the HYD path
(cf. Chapter I).

111.3.1.2. Influence of the composition

When comparing the results obtained with bulk catalysts MT040 and MT041, with
close Sger but different chemical composition, again we obtain a very high conversion of all
the sulfur compounds in all the conditions used, which renders difficult any conclusion at this
time and no evident trend appears. Experiments at higher LHSV (shorter contact time
between the feed and the catalyst) are requested to better discriminate between the different
materials synthesized. However, what we can say so far is that our catalysts present efficiency
similar to that of the commercial NM.
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111.3.2. Higher LHSV

The previous experiments made us realize the need of refining our experimental
conditions for the following tests. We fixed the Mg/M_ at 5, a condition that significantly
reduces H, consumption compared to classical hydrotreating lab experiment, and in these
conditions of feed partial pressure we tested three higher LHSV: 39 h™, 75 h™ and 150 h™, in
order to decrease the overall conversion and to better compare the intrinsic activity of our
materials.

Under HDS condition, the low but gradual loss of catalytic activity is compensated by
an increase in the process temperature. Since H,S is the byproduct of HDS reaction, its
presence in a hydrotreating reactor is unavoidable. Moreover, at low partial pressures, H,S
also plays a beneficial role in maintaining the sulfided state of the hydrotreating catalysts used
in the hydrotreating process. H,S may in some cases (i.e. under specific conditions) enhance
hydrogenation. This has been observed with HDS of DBT on MoS; and CoMo/Al,O3
catalysts [13,14], and in the HDS of 4,6-DMDBT over NiMo/C [15,16]. This could result
from an increase in the surface SH groups formed by H,S dissociation on the coordinately
unsaturated sites. Therefore, at low H,S pressures, its presence is beneficial, and even
necessary. The problem is its inhibiting nature at higher concentrations. An HDS feedstock
contains enough sulfur compounds to keep an adequate H,S concentration within the reaction
media. In deep-HDS however, the amount of sulfur in the feedstock is not enough to
regenerate the catalyst and industrials usually artificially add sulfur in the stream either by
adding dimethyldisulfide (DMDS) into the feedstock to be treated or by using a mixture of
H,S and H; as reactant gas. In our case, we did not add any DMDS to our feed or H,S to the
H, stream and for this reason we might see a stronger decrease of activity with TOS compared
to industrials data.

Since we already work with the minimum flows the liquid pump and the gas
flow-meter can deliver, we increased the LHSV value by using lower amount of catalyst
precursor to prepare the catalytic bed but keeping the same total bed volume, always
according to (eg. 1) and Table 111.2. Decreasing the contact time between the catalyst and the

feed logically induces a decrease in the conversion of our sulfur compounds.
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111.3.2.1. Tested materials

Table 111.6 (for “NiMo”) and Table 111.7 (for “CoMo0”) summarize the materials and
experimental conditions used. The bulk catalysts were compared according to their
composition, Sget and promoter nature criteria. We have seen in chapter Il that powders with
an excess of nickel contain the B-phase of NiMoQO,, the most active phase toward HDS. For
this reason, we choose to work with Ni-rich materials since we believe they are more efficient
catalyzing this reaction. All of the materials present high Sger but somehow lower than what
have been announced in chapter Il since this study was performed in parallel with our
attempts to increase Sger. MT071 was used as fresh powder in order to verify the relevance of
calcination in the case of our material. CM is the equivalent of NM, and is our commercial
reference concerning the “CoMo” catalyst precursors (3 wt% CoO, 14 wt% MoOs5/Al,03),
and the precursor bulk catalyst we decided to test is the stoichiometric CoMoO,4 (MT081).

Table I11.6: Sample description and experimental conditions (“NiMo” type)

at% at% Ni/Mo SeeT

. (molar 2 -1
Ni Mo ratio) (m°.g™)

Temperature
°C)
320
NM 36 64 0.56 200 5 360 39-75-150
400
320
MT043 69 31 2.2 115 5 360 150
400
320
MT044 54 46 1.2 110 5 360 39
400
320
MTO071 61 39 1.6 97 5 360 39-75-150
400
320
MTO072 62 38 1.6 80 5 360 39-75-150
400

Sample Ma/M LHSV (h™)
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Table 111.7: Sample description and experimental conditions (“CoMo” type)

at% at% i SpeT Temperature LHSV

Sample Co Mo (gf[)ilgr (mgY) Ma/ML (°C) (h)
320

CM 29 71 0.4 200 5) 360 150
400
320

MTO081 50 50 1 40 5 360 150
400

111.3.2.2. Influence of the composition

The influence of the composition will be performed by comparing MT043, MT044
and MTO72 that present different Ni at% and relatively close Sget. To compare the effect of
the powder composition in the most relevant way minimizing the contribution of other factors
such as Sger, we must normalize the conversion by the total surface area of the tested
powders. Yet, this is relevant only if all the catalysts show a conversion percentage below
100 % for the considered reactants. As conversion is varied by increasing the reaction
temperature, it is preferred to work with marked conversion differences between the different
temperatures. If not, we may be underestimating the activity per square meter.

At a LHSV of 39 h™ (Figure 111.12), only the conversion of naphthalene, DBT and
4,6-DMDBT permit to make such a comparison. The rest of the sulfur compounds display
conversions close to 100 % and the olefins are fully converted into their corresponding
paraffins, even at the lowest reaction temperature. When we focus on the conversion of
naphthalene (hydrogenation of one aromatic ring) and 4,6-DMDBT (HDS via hydrogenation
of one of the aromatic ring (HYD path)), both bulk catalyst MT044 (54 at% Ni) and MT072
(62 at% Ni) display better or equivalent results than NM (absolute conversion and conversion
per square meter). Our materials present better hydrogenation activity than NM, showing thus
better activity toward the HDS of 4,6-DMDBT. Concerning DBT, the three studied catalysts
show a similar activity, MTO072 being the less active. However, this sample presents also the
lowest surface area, so when we consider conversions per surface units, even though they are
close in value, MTO072 is the most active material toward HDS of DBT and 4,6-DMDBT, and
MTO044 also present higher activity than NM.
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For similar conversion under similar operating conditions, we need a lower

mass of our material than of the commercial reference NM.

We also highlight that for HDS of 4,6-DMDBT, we obtain the same absolute
conversion % with MT044 and MTO072 than with NM but at a temperature 40 °C lower.

For similar conversion with similar amount of catalysts, we can work at lower

temperature with our materials than with NM.

The results represented in Figure 111.12 also give information concerning the possible
deactivation of the catalysts. Conversion level, as stated before, is varied by operating at
increasing temperatures. As mentioned in 111.1.4.2, in order to verify if the catalyst has been
deactivated along the different experiments a final test is performed at the lowest temperature,
in the same conditions as the first test of the series. If results are reproduced, no deactivation
has occurred, as in the case of NM. However, in the case of MT044 and MTQ72, conversion
obtained in the final experiment is lower than the one obtained in the same conditions with the
fresh catalyst, indicating that they deactivate more than NM. A more complete deactivation

study is needed in future work on this project.
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Figure 111.12: Influence of the composition on the catalytic activity (NM, MT044 = 54 at% Ni, MT072 = 62 at% Ni,
LHSV =39 hY)

~ 196 ~



I11. Catalytic tests

With the aim at obtaining larger differences among the catalysts, LHSV was increased
to 150 h™* (Figure 111.13, note that only 320 °C and 400 °C were carried out at 150 h™ for
MTQ72). Comparing MT043 (69 at% Ni) and MT072 (62 at% Ni), it can be seen that MT043
is better regarding absolute conversion of naphthalene and DBT than MT072 and the
reference NM, but when it comes to conversion per surface, the values are very close and it is
difficult to assess any statement. However, MT072 appears as the best catalyst for
naphthalene conversion, what we can relate to a higher hydrogenation activity. This is
confirmed by its better activity for the conversion %.m? of 4,6-DMDBT over the other
samples. Concerning DBT, MT072 shows bad activity compared to MT043 and NM by mean
of absolute conversion, but the three of them behave similarly after normalization and it is

more difficult to draw a tendency for the conversion of this compound.

Naphthalene DBT

(conversion %) (conversion %.m™) (conversion %) (conversion %.m)

35 17

30

25 7

20 A

400 °C

400 =C

4,6-DMDBT (conversion %) 4,6-DMDBT (conversion %.m?)

as
40 + -
35

30
25 7
20

15 7

400 °C 310°C

400 °C

Figure 111.13: Influence of the composition on the catalytic activity (NM, MT043 = 69 at% Ni, MT072 = 62 at% N,
LHSV =150 hh
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Combining the results of the two studies at different LHSV we have the following
trend in activity: MT072 (62 at% Ni) > MT044 (54 at% Ni) and MT072 (62 at% M)
MTO043 (69 at% Ni). This suggests that it exists an optimum atomic percentage of Ni in the
material for which the conversion of sulfur compounds is maximized, leading in this way to
the highest catalytic activity (Figure I11.14). The hypothesis we propose to explain this
phenomenon is that the higher the Ni content in the bulk material, the higher the proportion of
B-NiMoO, phase present in our HDS catalyst precursor. As we now know, when sulfided, this
is the most active phase toward HDS (chapter II, 11.2.1 [17]). It is known for long that the
active sites are MoS; [18,19] whereas Ni has a promoting effect. An excess of Ni will cover
the MoS, surface and may reduce the accessibility of sulfur compounds to the active sites.
There should be a maximum value of Ni at% above which having the B-phase does not
compensate the diminishing of active sites. If so, this maximum is comprised between 54 and
69 at% of nickel.

We assume that there is an optimum nickel content for our material

corresponding to a maximum catalytic activity for the HDS reaction.

Conversion

A

Conversion,
max

=

5 i atd
54 (:"/D Opt 69 Ni atbo

Figure 111.14: Possible relation between Ni content and catalytic activity
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111.3.2.3. Influence of the calcination

The two powders MT071 and MTO72 present a similar composition and relatively
close Sget. Since MTO71 was not pre-calcined before sulfidation and catalytic tests, those two
materials can be used to verify whether our powders really need a pre-calcination or not.

We know from chapter Il that our fresh powders are clean from carbon and nitrogen
that would poison the catalyst and calcination does not remove significant amount of them.
Moreover, it induces a decrease in Sger While our primary objective is to obtain the highest
possible one, avoiding calcination should prevent from this inconvenient (cf. ID cards of the
powders and Figure I1.21). Moreover, we know that our fresh powders evolve toward the
B-NiMoO, when heating at 400 °C (Figure 11.16). Our sulfidation program is carried out at
this temperature and therefore the idea also aimed at working directly with the p-phase: we
would obtain this phase during the heating step before introducing H,S in the reactor (the
mixed oxide should not be reduced under the H, atmosphere).

We will consider for discussion the results from the experiments carried out at a
LHSV of 75 h™ and we will compare the conversions of naphthalene, DBT and 4,6-DMDBT
obtained with the two catalysts and with the reference (Figure 111.15). Both MT071 and
MTO72 display better results than NM. They present a similar conversion (%.m of catalyst)
of naphthalene into tetraline with slightly less deactivation for MTO071 than for MTOQ72.
Regarding the sulfur compounds, both have similar activity toward DBT, with higher
conversion per meter square than NM but not by mean of absolute conversion. However,
when it comes to 4,6-DMDBT, MTO071 appears to be the best catalyst. Moreover, its higher
specific surface area permits to always have a better absolute conversion than MT072. Both

catalysts outperform NM in this case.
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Figure 111.15: Influence of the pre-treatment on the catalytic activity (NM, MT072 = calcined, MT071 = not calcined,
LHSV =75h")
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Those results tend to confirm the fact that calcination of our catalyst precursors
previous to catalytic reaction does not provide us with the best catalyst precursor and on the
contrary deprives us from higher Sger that permit higher absolute conversion percentage.
Regarding the activity of those materials toward 4,6-DMDBT, we believe that our hypothesis
that the sulfidation is realized on B-NiMoOQ, is reinforced.

Calcination of our materials previous to catalytic reaction lowers their activity

toward the HDS reaction.

111.3.2.4. Influence of the promoter nature

We wanted to compare our “CoMo” bulk catalyst precursor to a commercial reference
CM. Even if the CoMo based catalysts are rather preferred for HDS than for Deep-HDS,
interesting conclusions can be drawn from the results. We will focus again on naphthalene,
DBT and 4,6-DMDBT.

The experiments were carried out at a LHSV of 150 h™. Concerning the conversion of
naphthalene into tetraline, the results clearly lead to the conclusion that our bulk CoMo
materials have no hydrogenation activity neither has CM. Regarding the sulfur compounds,
our catalyst presents a better activity than the commercial one and seems particularly efficient
for the conversion of DBT compared to 4,6-DMDBT but also compared to “NiMo” catalyst
when we refer to conversion %.m™ of catalyst. Indeed, DBT conversion mainly occurs
through direct desulfurization (80 — 90 %) as explained in 1.1.2.2.2. [20,21], and this pathway
is privileged by the “CoMo” catalyst.

The HDS of 4,6-DMDBT occurs preferably via the hydrogenation pathway (HYD)
and the poor hydrogenation activity of “CoMo” renders it more difficult than with the use of
“NiMo” that favors this pathway [22]. However, our “CoMo” shows better performance than
our “NiMo”. This can be due to the fact that hydrogenation of aromatics (benzene and
naphthalene in our study) is in competition with HDS via HYD. Therefore, their presence
decreases the efficiency of “NiMo” toward HDS. As “CoMo” does not show any
hydrogenation activity, all his active sites are available for HDS via DDS and even if this
pathway is less efficient concerning 4,6-DMDBT, “CoMo” seems to be a better catalyst

toward our application in our specific experimental conditions.
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Figure 111.16: Influence of the promoter on the catalytic activity (CM, MT081, LHSV = 150 h™)

With this study, we could highlight the different behavior of the HDS catalysts
whether their promoter is Ni or Co. With materials containing nickel, HDS of 4,6-DMDBT
encounters a strong competition with the hydrogenation of aromatics over the active sites of
the catalysts. Using an aromatic-free feedstock would have show that NiMo based catalysts
are actually more active toward HDS of 4,6-DMDBT than CoMo catalysts are. This also
proves that our “bulk” catalyst shows better performances than his commercial equivalent.
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111.3.2.5. Conclusion

At this point of the work, the second important objective of this project is successfully
achieved: under our experimental conditions and for a model feedstock taking at best the
“matrix effect” into account, our materials proved to be efficient and in an overall
consideration better than the commercial reference we used.

Moreover, we also show that our NiMoO, outperforms the reference NM in
hydrogenation reaction, being better at considerably lower Mg/M,, what implies a non
negligible H, saving for the industrials. It also proves to be better at lower temperature, both
for aromatics hydrogenation (CN upgrading) and Deep-HDS, proving thus to be less energy

consuming than the commercial reference for similar or better results.

/ “Bulk” HDS catalysts synthesized in supercritical fluids, be it NiMoO, or
CoMo00QOy, perform better than the commercial references used during this work.
The second important objective is fulfilled: our material catalyzes the

hydrogenation reaction and the Deep-HDS reaction at lower temperature and with

lower amounts of H, than the considered commercial reference. /

We wanted to go further by testing our material on a real Deep-HDS feedstock. The

work presented below presents the first experiment carried out on a Light Cycle Oil (LCO).

[11.4. Tests on real feed

Since the final objective of this project is the possible commercial application of our
bulk “NiMo” precursors as catalysts for Deep-HDS in petrol refinery plants, we started a set
of runs with a real petrol-derived fraction to have an idea of the behavior of our bulk catalysts
with real feedstock. This feed is a Light Cycle Oil (LCO), one of the product fractions
recovered from the Fluid Catalytic Cracking process in the refinery that contains a high
percentage of aromatics and which among the most difficult to hydrodesulfurize. The sulfur
content of this fraction, not pre-hydrotreated, is close to 5000 wppm S, higher than one could
expect for a Deep-HDS feed. However, a good catalytic performance in converting this
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fraction, richer in S, will be a clear indication of the viability of these catalysts to be used in
Deep-HDS processes.

Only a few preliminary tests have been performed, in order to confirm the potential
interest of our materials from an industrial point of view. Therefore, the reaction conditions
were not optimized in this part of the study: we kept a very high LHSV (150 h™) that implies
a low contact time between the sulfur compounds and the catalysts surface, and the equipment
in the lab does not permit higher H, pressure higher than 3.5 MPa when industrials processes
go to pressure higher than 10 MPa to treat this kind of feedstock. Therefore, under the

conditions used, the conversion should be quite low. Still we can present some results.

111.4.1. Description of the Light Cycle Oil

To describe our LCO, we used Simulated Distillation which is a well established
chromatographic technique used to characterize petroleum fractions and crude oil which have
a wide range of boiling point distribution. It roughly consists in correlating the retention time
of reference compounds (n-paraffins) with their boiling points and applying this correlation to
the analyzed product (a complex mixture of hydrocarbons). Within our LCO we have
considered three fractions with the following cut-points: the naphtha fraction (from C5 to
216.1 °C) represents 7.1 wt% of the LCO (+ 1 wt% corresponding to heptane that we added to
serve as internal standard), the diesel fraction (from 216.1 to 359 °C) represents 74.5 wt% and
the heavy ends (359+) represents 17.4 wt% (Table 111.8). The distillation curve of the LCO
determined by means of the D86 correlation is given in (Table 111.9). Its density is of
0.889 g.mL™.

Analysis of the LCO feedstock by gas chromatography and applying the response
factors determined by means of previous calibrations, gave a sulfur concentration of 5200

wppm.

Table I11.8: Cut-points of our LCO

Fraction Weight %

Naphtha 8.1
Diesel 74.5
Heavy ends 17.4
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Table 111.9: Distillation Curve according to D86 Correlation of our LCO
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Figure 111.17: Simulated Distillation chromatogram of our LCO
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111.4.2. HDS test

We carried out the catalytic tests using the commercial reference NM and sample
MTO72, the most efficient bulk catalyst we had at the time. As the main advantages of our
bulk catalysts toward NM were obtained at low temperature and low H; partial pressure, we
decided to work at a temperature of 320°C and Mg/M_ ratio of 5. The catalysts

characteristics and the operation conditions are summarized in Table 111.10.

Table 111.10: Experiments carried out with our LCO

at% at% Ni/Mo SBET Temperature 1
Sample "\t o (molar ratio)  (m%.g™) Me/M. (°C) HABY (1T
NM 36 64 0.6 200 5 320 150
MT072 62 38 1.6 80 5 320 150

[11.4.2.1. Cut points

Simulated Distillation performed on the products of the catalytic reactions gave us a
product distribution very similar to the ones of the initial LCO (Table 111.11). This proves that
the reaction did not change noticeably the physical properties of the LCO and particularly
cracking did not happen since the weight percentage of the light fraction does not increase.

Table 111.11: Cut-points before and after treatment of the LCO

Fresh LCO LCO treated on NM LCO treated on MT072
Fraction Weight % Fraction Weight % Fraction Weight %
Naphtha 8.1 Naphtha 7.9 Naphtha 7.6

Diesel 74.5 Diesel 74.5 Diesel 74.4
Heavy ends 17.4 Heavy ends 17.6 Heavy ends 18

No undesirable side effects on the feedstock are observed after Deep-HDS
reaction over our catalysts: boiling point distribution of the fraction is not

modified.
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111.4.2.2. Sulfur compounds conversion

When processing real feedstocks, the analysis of the reaction products becomes a
difficult task. As it is more difficult to separate and therefore to identify the individual sulfur
molecules in a real feedstock as compared to our model feedstock, we have to proceed
differently for their analysis. Instead of analyzing each compound of the feedstock separately,
a specific method of the chromatograph software permits classifying them into groups thanks
to adequate calibrations: BT and its alkylated derivatives in a group we call BTs, and DBT
and its alkylated derivatives in another group we call DBTs (Figure 111.18). 4,6-DMDBT is
included in this last group but we could not isolated from the rest of the isomers. In this way,
we can estimate an overall conversion for the benzothiophene-like molecules and the

dibenzothiophene-like ones over our bulk catalysts and the commercial reference.

PFPD

WYolts
-

= Dibenzethiophens (20.232)
=1 20,833

BT (27.182)

=
B 0BT r13.849)

(i={=1 Benzothiophene (11.362)

BTs DBTs

Minutes

Figure 111.18: Chromatogram obtained with the PFPD of our LCO

The results obtained with the “bulk” catalysts are compared to those of the commercial
reference NM catalyst in Figure I11.19. It can be seen that although the reference supported
NiMo catalyst performs slightly better when looking at the absolute conversions, the
conversions obtained with our bulk material are in the same range and therefore comparable.
The differences are even lower when the conversions are given per square meter. Taking into

account that the conditions are not the most favorable, these preliminary results are
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remarkable and promising for our bulk catalyst, evidencing their potential as HDS bulk
catalysts.
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Figure 111.19: Catalytic activity in the LCO (NM, MT072, T =320 °C, LHSV = 150 h'%)
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Our bulk catalyst proves to be active for converting a real feedstock chosen
among the most difficult to treat and with results comparable to the commercial

reference.

[11.5. Conclusion

Our bulk HDS catalysts obtained from NiMoO, and CoMoO, synthesized in
supercritical fluids were tested and compared with two commercial references (NM for
“NiMo” and CM for “CoMo”). A model feedstock was specifically thought for these
experiments: it takes at best the “matrix effect” classically observed in real feedstocks into
account by mixing different type of molecules encountered in petroleum fractions. Moreover,
its concentration in sulfur was adapted to correspond with those measured in usual Deep-HDS
feedstocks and sulfurs principally come from refractory compounds such as dibenzothiophene
and 4,6-dimethyldibenzothiophene, two molecules we used as reference compounds.

Our bulk catalysts show better activity for hydrogenation of aromatics than the
commercial reference what can be related to a better HDS of 4,6-DMDBT which occurs
preferentially through the hydrogenation of one of its aromatic rings. Moreover, an additional
and appreciable property of our bulk catalysts is the possibility to increase the Cetane Number
of the feedstock in the mean time it is hydrodesulfurized.

We showed from the different results exposed that for similar conversion under similar
operating conditions we need a lower mass of our material than of the commercial reference,

or with similar volume of catalysts, we can work at lower temperature with our materials.

The second important objective is fulfilled: our material catalyzes the
hydrogenation reaction and the Deep-HDS reaction at lower temperature and with

lower amounts of H, than the considered commercial reference.

Finally, promising results were obtained on the conversion of a real feedstock, a Light
Cycle QOil. No undesirable side effects on the feedstock are observed after Deep-HDS reaction
over our bulk catalyst and it proved to be active for HDS with such a feedstock chosen among
the most difficult to treat and with promising results evidencing their potential as HDS bulk

catalysts.
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Sulfur content of diesel fuel has been cut down to ultra low levels by environmental
regulation in many countries with the aim of reducing diesel engine’s harmful emissions and
improving air quality. As a result, research on the production of ultra low sulfur diesel has
gained enormous interest in the scientific community worldwide.

Although these new environmental regulations are beneficial from environmental and
health point of view, meeting these required stringent specifications represents a major
operational and economic challenge for the petroleum refining industry. Some refractory
sulfur compounds such as 4,6-dimethyldibenzothiophene are difficult to remove under
conventional desulfurization conditions and therefore, their hydrodesulfurization (HDS)
represents a tough challenge. This situation asks for innovative and efficient solutions for oil
desulfurizing. Numerous alternative to HDS are proposed, however, as they imply costly
modifications of the existing equipments, solutions that improve hydrotreatment are preferred.
Today’s objective is to develop a new generation of catalysts to achieve Deep-HDS (HDS of
feedstock containing less than 500 wppm of sulfur).

Two kinds of catalysts exist: i) supported catalysts which have high specific surface
area (higher than 200 m2.g™) but their active sites are diluted by the support and strong
interaction between them lower their efficiency; ii) bulk catalysts which have more active
sites and present advantages over the supported ones but they develop low specific surface
area (lower than 30 m%.g™, maximum 80 m%g™). In this context, this project aimed at
addressing the issue refineries face toward deep-HDS by proposing a new and original
method to synthesize of a new generation of “bulk” catalysts presenting high Sger.

The first important objective of this project work was to propose and develop a new
synthesis method of bulk catalysts based on supercritical fluids technology. The synthesis and
characterization of these “bulk” catalysts were mainly performed in France within the group
“supercritical fluids” of the Institut de Chimie de la Matiere Condensée de Bordeaux
(ICMCB-CNRS) based at the Université de Bordeaux | (UB1). We chose nickel promoted
molybdenum based catalysts for their well known propensity for catalyzing the Deep-HDS
reaction. With this work we showed that from metal precursors dissolved in a water/alcohol
mixture with a molar ratio of 1:1 at 290 °C and 23 MPa in a continuous mode, we can obtain
contaminant-free NiMoO, of high specific surface area (Sget). We showed that the nature of
the alcohol has an important influence on this Sger: from 79 m?.g™* with methanol, 134 m?.g™*
with ethanol to 179 m”.g™ with isopropanol (values measured on powders obtained directly
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after synthesis). We assume this effect due to the lower critical coordinates of the mixture
water/isopropanol compared to water/ethanol and water/methanol, inducing a faster saturation
of the media and nucleation of the particles. The powders as obtained mainly contain the
hydrate phase NiM00,.0.75H,0. When optimizing our calcination program (optimization
based on XRD and TGA analysis, 3h at 400 °C) we realize that at 400 °C, we form
B-NiMoO,, the high temperature phase, more active than the room temperature phase
a-NiMoO,4. When we cool the powders down to room temperature, we showed that it
becomes a mixture of a-NiMoO,4, B-NiMoO, and NiO when the ICP analysis reveals an
excess of nickel and only o-NiMoO, and Mo0O3.2H,O when the ICP analysis reveals an
excess of molybdenum. Regarding the general objective of synthesizing an efficient catalyst
for the reaction of hydrodesulfurization, a powder with an excess of nickel is the best
material.

We manage to fulfill and even outperform our objectives from the French part of this
project: we synthesize a new generation of HDS catalysts precursors presenting higher Sger

than commercially available “bulk” catalysts.

The second important objective of this project was of course to prove the efficiency of
our catalysts in the reaction of deep-HDS. This whole work was therefore performed in
parallel with catalytic tests at the Instituto de Tecnologia Quimica (ITQ - Valencia) in Spain.
A model feedstock was specifically thought for these experiments: it takes at best the “matrix
effect” classically observed in real feedstocks into account using paraffins, olefins and
aromatic compounds, and its concentration in sulfur (from dibenzothiophene and
4,6-dimethyldibenzothiophene, our compounds of reference, 100 wppm of sulfur each)
corresponds with those measured in usual Deep-HDS feedstocks. Our “bulk” catalysts show
better activity for hydrogenation of aromatics and hydrodesulfurization of sulfur compounds
than the commercial reference we used in this work. This second objective is fulfilled: our
material catalyzes the hydrogenation reaction and the Deep-HDS reaction at lower
temperature and with lower amounts of H, than the considered commercial reference.
Promising results were obtained on the conversion of a real feedstock, a Light Cycle Oil
among the most difficult to treat and with results comparable to the commercial reference.
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The objectives set for this thesis work are then accomplished and the results are
patent-pending at the time these lines are written. Yet, we can think of further work on the
global project, like an improvement of the catalysts synthesis, to attain even higher specific
surface area and refining the composition of the powders. Tests on various real Deep-HDS
feedstocks with the best catalysts and under optimized conditions would complete the study.

Finally, deactivation of these materials still need to be fully investigated.
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Appendix I. Process families in a refinery plant

Separation processes. The separation process is the first phase in petroleum refining
operations. Crude oil is separated into its major constituents using three petroleum separation
processes: atmospheric distillation, vacuum distillation, and light ends recovery
(gas processing). Crude oil consists of a mixture of hydrocarbon compounds including
paraffinic, naphthenic, and aromatic hydrocarbons with small amounts of impurities like
sulfur, nitrogen, oxygen, and metals. Those processes separate these crude oil constituents

into common boiling-point fractions.

Conversion processes. The conversion processes turn the heavy unfinished products from the
crude distillation unit into more valuable lighter products such as high-octane gasoline, jet
fuel, and diesel fuel. Cracking, coking and visbreaking processes are used to break large
petroleum molecules into smaller ones. Polymerization and alkylation processes are used to
combine small petroleum molecules into larger ones. Isomerization and reforming processes
are applied to rearrange the structure of petroleum molecules to produce higher-value

molecules of a similar molecular size.

Treating processes. Petroleum treating processes stabilize and upgrade petroleum products
by separating them from less desirable products and by removing objectionable elements.
Undesirable elements such as nitrogen, oxygen and more important in our work, sulfur are
removed by hydrodesulfurization, hydrotreating, chemical sweetening, and acid gas removal.
Treating processes, employed primarily for the separation of petroleum products, include such
processes as deasphalting. Desalting is used to remove salt, minerals, grit, and water from
crude oil feedstocks before refining. Asphalt blowing is used for polymerizing and stabilizing

asphalt to improve its weathering characteristics.
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Appendix Il. Process providing hydrotreatment feedstocks

A.l1.1. Atmospheric distillation

Atmospheric distillation is the first process crude oil encounters in refineries. Because
hydrocarbons vaporize at different temperatures, crude oil is heated over 370 °C and then is
sent to a distillation tower. The temperature decrease as the vapors rise through the tower and
the components of the crude oil condense and separate at different heights (Figure A.11.1).

In most cases, the distillation is operated at a continuous steady state. New feed is
always being added to the distillation column and products are always being removed. Unless
the process is disturbed due to changes in feed, heat, ambient temperature, or condensing, the
amount of feed being added and the amount of product being removed are normally equal.

Gas (20 °C)
I

L = Naphtha
200°C
L— Kerosene
300°C

Crude oil — Diesel oil

Heavy fuel oil

Lubricating oil,
Paraffin wax,
Asphalt

Fumace

Figure A.11.1: Scheme of atmospheric distillation process
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A.11.2. Vacuum distillation

Crude fraction withdrawn from the bottom of the atmospheric distillation column is
composed of high boiling-point hydrocarbons. When distilled at atmospheric pressures, the
crude oil decomposes and polymerizes and will foul equipment. To separate this crude
fraction into components, it must be distilled in a vacuum column at a very low pressure and
in a steam atmosphere.

In the vacuum distillation unit, the charge is heated with a process heater to
temperatures ranging from 370 to 425°C. It is then flashed into a vacuum distillation column
operating at absolute pressures ranging from 3.4x10°Pa to 1.4x10%Pa. The charge is
separated into common boiling-point fractions by vaporization and condensation. Stripping
steam is normally injected into the bottom of the vacuum distillation column to assist the

separation by lowering the effective partial pressures of the components.

A.11.3. Fluidized-bed Catalytic Cracking (FCC)

Catalytic cracking, using heat, pressure, and catalysts, converts heavy oils into lighter
products with product distributions favoring the more valuable gasoline and distillate
blending components. Feedstocks are usually gas oils from atmospheric distillation, vacuum
distillation, coking, and deasphalting processes. These feedstocks typically have a boiling
range of 340 to 540°C.

The FCC process uses a catalyst in the form of very fine particles that act as a fluid
when aerated with a vapor. Fresh feed is preheated in a process heater and introduced into the
bottom of a vertical transfer line or riser with hot regenerated catalyst (Figure A.11.2). The hot
catalyst vaporizes the feed, bringing both to the desired reaction temperature, 470 to 525°C.
The high activity of modern catalysts causes most of the cracking reactions to take place in
the riser as the catalyst and oil mixture flows upward into the reactor. The hydrocarbon vapors
are separated from the catalyst particles by cyclones in the reactor. The reaction products are

sent to a fractionator for separation.
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Figure A.11.2: scheme of a Fluidized-bed Catalytic Cracking reactor

A.ll.4. Coking

Coking is a thermal cracking process used to convert low value residual fuel oil to
higher value gas oil and petroleum coke. Vacuum residuals and thermal tars are cracked in the
coking process at high temperature and low pressure. Products are petroleum coke, gas oils
(diesel), and lighter petroleum stocks (naphtha). Two types of coking processes exist: delayed
coking and fluid coking.

In the delayed coking process (Figure A.11.3), heated charge stock is fed into the
bottom of a fractionator, where light ends are stripped from the feed. The stripped feed is then
combined with recycle products from the coke drum and rapidly heated in the coking heater
to a temperature of 480 to 590°C. Steam injection is used to control the residence time in the
heater. The vapor-liquid feed leaves the heater, passing to a coke drum where, with controlled
residence time, pressure (0.17 MPa to 0.2 MPa), and temperature (400 °C), it is cracked to
form coke and vapors. Vapors from the drum return to the fractionator, where the thermal

cracking products are recovered.
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In the fluid coking process (Figure A.l11.4), residual oil feeds are injected into the
reactor, where they are thermally cracked, yielding coke and a wide range of vapor products.
Vapors leave the reactor and are quenched in a scrubber, where entrained coke fines are
removed. The vapors are then fractionated. Coke from the reactor enters a heater and is
pyrolized. The volatiles from the heater are treated for fines to yield a particulate-free gas.
The pyrolized coke is circulated from the heater to a gasifier where 95 % of the reactor coke
is gasified at high temperature with steam and air or oxygen. The gaseous products and coke
from the gasifier are returned to the heater to supply heat for the pyrolization. These gases exit

the heater with the heater volatiles through the same fines removal processes.

S

Figure A.11.3: Scheme of delayed coking process

Steam
+ air/O;

Coke

team

Fractionator

Off gas

Scrubber |
S—

Kerosene

Diesel

Scrubber HCGO

Gasifier

+air/O

Naphtha
>

Steam Il

-]

Fresh Coker
feed

Recycled

Figure A.11.4: Scheme of fluid coking process
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Appendix 11l. Hydrodesulfurization

A.lI1.1. Industrial process

The liquid feed is pumped up to the required elevated pressure (1 to 20.7 MPa) and is
joined by a stream of hydrogen-rich recycle gas. The resulting liquid-gas mixture is preheated
by flowing through a heat exchanger. The preheated feed then flows through a fired heater
where the feed mixture is totally vaporized and heated to the required elevated temperature
(290 °C to 445 °C) before entering the reactor and flowing through a fixed-bed of catalyst
where the hydrodesulfurization reaction takes place.

The hot reaction products are partially cooled by flowing through the heat exchanger
where the reactor feed was preheated and then flows through a water-cooled heat exchanger
before it flows through the pressure controller (PC) and undergoes a pressure reduction down
to about 0.3 to 0.5 MPa. The resulting mixture of liquid and gas enters the gas separator
vessel at about 35 °C and 0.3 to 0.5 MPa of absolute pressure.

Most of the hydrogen-rich gas from the gas separator vessel is recycle gas which is
routed through an amine contactor for removal of the reaction product H,S that it contains.
The H,S-free hydrogen-rich gas is then recycled back for reuse in the reactor section. Any
excess gas from the gas separator vessel joins the sour gas from the stripping of the reaction
product liquid. The recycle gas scheme is used to minimize the physical losses of expensive
hydrogen. HDS reactions require a high hydrogen partial pressure in the gas phase to maintain
high HDS reaction rates and to suppress carbon laydown that would lead to catalyst
deactivation. The high hydrogen partial pressure is maintained by supplying hydrogen to the
reactors at several times the chemical hydrogen consumption rate. Hydrogen is physically lost
in the process by solubility in the desulfurized liquid hydrocarbon product, and from losses
during the scrubbing or purging of hydrogen sulfide and light hydrocarbon gases from the
recycle gas.

The liquid from the gas separator vessel is routed through a stripper distillation tower.
The bottoms product from the stripper is the final desulfurized liquid product from
hydrodesulfurization unit. The hydrogen sulfide removed and recovered by the amine gas
treating unit is subsequently converted to elemental sulfur in a Claus process unit or to

sulfuric acid in a wet sulfuric acid process or in the conventional contact process [1].
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Figure A.111.1: Scheme of industrial HDS process

Kerosene and light gas oils are generally processed at mild severity and high
throughput, whereas light catalytic cycle oils require slightly more severe conditions.
Higher-boiling distillates, such as vacuum gas oils, require the most severe conditions. Those

considerations are detailed hereafter.

A.l11.2. Feedstock considerations for reaction conditions

The properties of the feedstock, especially its boiling range, have to be considered for
the ultimate design of the desulfurization unit and process flow. In agreement, there is a
definite relationship between the percent by weight sulfur in the feedstock and the hydrogen
requirements. Moreover, the HDS reaction rate decreases rapidly with increasing average
boiling point in the kerosene and light gas oil range, but much more slowly in the heavy gas
oil range. This is attributed to the difficulty in removing sulfur from ring structures present in
the entire heavy gas oil boiling range.

The HDS of light (low-boiling) distillate (naphtha or kerosene) is one of the more

common catalytic HDS processes, as it is usually used as a pretreatment prior to further
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processing. It can be achieved under relatively mild conditions. If the feedstock arises from a
cracking operation, HDS will be accompanied with some degree of saturation, resulting in
increased hydrogen consumption. This HDS is usually a gas-phase reaction and may employ
the catalyst in fixed beds, and (with all of the reactants in the gaseous phase) only minimal
diffusion problems are encountered within the catalyst pore system. It is, however, important
that the feedstock completely gasifies before entering the reactor, as the possibility of pressure
variations exists if part of the feed enters the reactor in the liquid phase and is vaporized
within the reactor, leading to less satisfactory results.

The HDS of middle distillates is also an efficient process, and applications include
predominantly the desulfurization of diesel fuel, jet fuel, and heating oil that boil over the
general range of 250 °C to 400 °C. However, with this type of feedstocks, hydrogenation of
the higher-boiling catalytic cracking feedstocks has become increasingly important, where
HDS is accomplished alongside the saturation of condensed-ring aromatic compounds as an
aid to subsequent processing. Under the relatively mild processing conditions used for the
HDS of these particular feedstocks, it is difficult to achieve complete vaporization of the feed.
Process conditions may dictate that only part of the feedstock is actually in the vapor phase
and that sufficient liquid phase is maintained in the catalyst bed to carry the larger molecular
constituents of the feedstock through the bed. If the amount of liquid phase is insufficient for
this purpose, molecular stagnation (leading to carbon deposition on the catalyst) will occur.

High-boiling distillates, such as atmospheric and vacuum gas oils, merely serve as
feedstocks to other processes for conversion to lower-boiling materials. For example, gas oil
can be desulfurized to remove more than 80 % of the sulfur originally present in it with some
conversion to lower-boiling materials. The treated gas oil (which has a reduced carbon residue
as well as lower sulfur and nitrogen contents relative to the untreated material) can then be
converted to lower-boiling products in, say, a catalytic cracker where an improved catalyst
life and volumetric yield may be noted. The conditions used for the HDS of gas oil may be
somewhat more severe than the conditions employed for the HDS of middle distillates, and in

this case the feedstock will be liquid.

The operating conditions in HDS are strongly dependent upon the feedstock as

well as the desired degree of desulfurization or quality improvement.
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The principal variables that can be adjusted to operate at the required severity in
distillate HDS, depending on the feedstock to be processed, are the hydrogen partial pressure,
the space velocity, the reaction temperature. Their effects are explained in the following
paragraph.

A.l11.3. Operating variables

The important effect of hydrogen partial pressure is the minimization of cocking
reactions. If the hydrogen pressure is too low for the required duty at any position within the
reaction system, premature aging of the remaining portion of the catalyst will be encountered.
In addition, the effect of hydrogen pressure on HDS varies with feed boiling range. For a
given feed, there exists a threshold level above which hydrogen pressure is beneficial to the
desired HDS reaction. Below this level, HDS drops off rapidly as hydrogen pressure is
reduced.

To enhance the production capacity of the HDS unit, the space velocity of the
feedstock flow can be increased. Yet, as the space velocity is increased, the extension of HDS
is decreased, but increasing the hydrogen partial pressure and the reactor temperature can
offset the detrimental effect of increasing space velocity.

A higher reaction temperature increases the rate of HDS at constant feed rate, and the
start-of-run temperature is set by the design desulfurization level, space velocity, and
hydrogen partial pressure. The capability to increase temperatures as the catalyst deactivates
is built into most process or unit designs. Temperatures of 415 °C and above result in
excessive cocking reactions and higher-than-normal catalyst aging rate. Therefore, units are
designed to avoid the use of such temperatures for any significant part of the cycle life.

Industrial considerations are important to highlight the practical issues a refinery
encounters and has to address. Hydrotreatment process is clearly an inevitable step in any

refinery stream and it is now important to get to know better how hydrodesulfurization works.
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Appendix IV. Characterization techniques

The following part briefly exposes the characterization techniques considered and their
principle and utility in this work.

A.IV.1. X-ray Diffraction (XRD)

XRD experiments are carried out by Eric Lebraud and Stanislav Pechev in the “X-ray
Diffraction” department of the ICMCB. The Rietveld refinements were performed with the

help of Stanislav Pechev.

Equipment. Powder diffraction patterns are obtained at room temperature from Philips
PW1820 and PANalytical X’Pert X-ray diffractometers (Bragg-Brentano geometry,
A =1.5418 A).

The diffractometer used to acquire XRD patterns for Rietveld refinements is a PANalytical
X’Pert Pro MDD (0 - 26 Bragg-Brentano) with primary Ge (111) monochromator, Cu Koy
(L = 1.54059 A).

Crystal phase identification. X-ray diffraction first allows the identification of the crystal
phase in the powders. Indeed, a XRD pattern could be compared to a fingerprint for the
sample that can thus be identified through comparisons with the Powder Diffraction Files
(PDF) database of JCPDS-ICDD. This investigation can easily be achieved with the help of
the software DIFFRACP" EVA from Bruker AXS Gmbh, Karlsruhe, Germany .

However, one must point out that the obtained XRD pattern actually results from two
overlaid contrinbutions, each one due to the Koy ray (relative intensity of 100, A = 1.54059 A)
and the Ko, one (relative intensity of 50, A = 1.54439 A). For low values of the 6 angle, the
two diffractograms merge, but their resolution power increase with 8 which results in a
splitting of the peaks. This also depends on the full width at half maximum (FWHM) of the
peaks that can hide the splitting if it is too important. If we admit that “the resolution of the
doublet” is obtained when its angle separation is equal to the FWHM, the angle 26 (°) for

which the splitting appears can be calculated from the equation (eq. 1):
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2.A
H.A

S

cotd = (D
With 0 the diffraction angle (rad), A\ (A) the deviation between Akq; and Ak, (0.00383 A), H
the full width at half maximum (rad) and A (A) the weightened mean wavelength (1.5418 A).
This is useful to make a difference between this splitting effect and an effect actually due to

the structure of the material.

Crystalline rate estimation of the powders. The sharpness of the peaks could be related to
the crystalline rate of the powders. Indeed, a well crystallized powder has a XRD pattern with
thin diffraction peaks (Bragg reflection) whereas an amorphous substance presents a diffusion
pattern. Consequently, the pattern of partially crystallized samples will present weakened
broad peaks. The observed intensity of the diffraction peaks is thus proportional to the
crystalline rate of the powder and it is possible to estimate it by comparing three patterns: the
one from the amorphous material, the one from the fully crystallized powder and finally the

one of the semi-crystallized powder.

Size of the crystallites. Providing that the peaks resolution allows it, this characterization
technique also gives the possibility to access the size of the crystallites L (coherent domains
of diffraction excluding edge effects) and the microstrains € (Ad/d characterizing the local
variations of the reticular distance d due to non-uniform crystalline distortions) by analyzing
the broadening of the diffraction peaks. Indeed, their integral breadth B (rectangle having the
same surface area and of same height than the considered peak), is the resultant of the
convolution of three types of contributions: instrumental function Bins;, Coherent domains size

function B, (for a reduced size of the crystallites) and microstrains function fg.

Binst 1S experimentally determined from the pattern of standard powder (Si, LaBg...) for
which the other factors of broadening are negligible.
BL function is described by the Scherrer formula:

_ A
" Lcos®

By (2)

with A = Ak, (A), L the mean size of the crystallites (A) and 0 the diffraction angle (rad).
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Bq is described by the expression:
Bq = 4. (tanB).¢ 3)

with 0 the diffraction angle (rad) and € the mean rate of microstrains Ad/d

It is thus possible to access the size of the crystallites by measuring the integral
breadth of the diffraction peaks (Bops). A pseudo-Voigt function (convolution of Lorentzian
and Gaussian functions) is usually used for the peak profile fitting. Then a Lorentzian
approach is widely accepted to describe the microstructure of the material by simple

subtraction of the instrumental broadening (Binst) from Bops (€Q. 4):

Bmat = Bobs = Binst (4)

Two methods are then applied:

(i) Use of the Scherrer formula
In this case, microstrains are neglected (generally, € < 10”%) and the size of the crystallites is
obtained via the formula (eq. 2) with B = Bmat.

(i) Plot of the Williamson-Hall diagrams

The expression of Bmst (€7. 5) evolved toward the expression (eg. 6):

Bmat = B + Bq = +4.c.tanf (5)

L.cos®
Bmat-€0s0 = A + B.sinf = f(sin@) with A = A/L and B = 4¢ (6)

The Williamson-Hall Diagrams correspond to the plotting of the curve described by equation
(eq. 6) and thus give the mean size of the crystallites L (y-value = A at the origin) and a mean
rate of microstrains (slop of the straight line B). When the samples present an anisotropic
morphology of the crystallites (hkl dependent peak broadening) the Williamson-Hall
diagrams present different straight lines corresponding to the different behavior associated
with the family plans. When the microstrains are anisotropic as well, the straight lines present
different slops.

Crystal structure refinement (Rietveld method) [2,3]. In the late 70’s, H.M. Rietveld
proposed a method of refinement of the crystal structure from the global profile of a

diffraction pattern. The idea is to compare an experimental pattern with a calculated one, not
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only focusing on the diffracted intensities but in an overall view. At each point of the pattern,
the observed intensity is considered as the sum of the intensity of all the individual peaks.
Yet, the Rietveld method is a least squares method of structure refinement which is thus based
on a starting structural hypothesis.

Realizing a structure refinement on powders requires a data acquisition of high
quality. Not only the equipment but also the preparation of the samples is of high importance
to get reproducible results of quality since those fundamental information are influenced by
the sample:

- The position of the peaks
- Their intensity

- Their shape

- The background

There is of course no universal protocol to prepare the samples, yet here are some
useful precautions (also applicable to more classical procedure):

As far as possible, the product must be of single phase to avoid the overlay of
diffraction peaks with peaks from parasite phases, in sufficient quantity to fill deep sample
carrier thus avoiding absorption in Bragg-Brentano geometry and with crystallites of small
and homogenous size (use a sieve of 20 um). The sample surface must be as plan as possible
(Bragg-Brentano geometry) yet avoiding preferential orientations. During the acquisition the
sample should rotate on itself to improve the statistic repartition of the crystallites.

The methodology to refine the diffractogram implies the following steps:

1. diffraction pattern indexing (Bragg relation),
2. refinement of the cell parameters and origin offset by the least squares method,
3. total profile refinement:

The profile refinement can be realized with the option “profile matching”
of the software FULLPROF (Rodriguez-Carvajal J. 1995) which permits the
refinement of the profile parameters without knowing the crystal structure (if we
have at least an idea of the approximative lattice cell):

- The positions of the peaks,

- The Full Width at Half Maximum (FWHM),

- The shape of the peaks (gaussian, lorentzian, Pseudo-Voigt,...),
- The asymmetry parameter,

- The background noise,

4. Rietveld analysis.
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Once the peaks profile parameters accurately determined, structural parameters must
be cautiously refined, this means one by one. The following sequence proved to be rather
efficient:

- Phase scale,

- Zero shift or specimen displacement,

- Lattice parameters,

- Coordinates of atoms,

- Profile parameters and asymmetry,

- Individual atomic displacement parameters in isotropic approximation,

- Occupation rate of the atoms,

- Individual atomic displacement parameters in anisotropic approximation,

In the structural refinement by the Rietveld method based on the least squares statistic

principal, the value to minimize is:
Z_Wi()/iobs - yical)z (7)
L

with Yiobs the measured intensity for an angle 26;,

W; the statistic weight of each measured intensity:

1 . :
w; = ———— where a2(y;,ps) is the variance,
! 02(YViobs) tobs

Yical the calculate intensity for an angle 26,
Yicat = Yipr + 5. XnLp Fi.02(26; — 26),). Ap. Py
with Yigr the intensity of the background (a degree 6 polynomial function of 26;)
S the scale factor
L, the Lorentz polarization correction and reflection multiplicity
F, the structure factor

Q(x) the profile function for the reflection h taking into account structural and
instrumental parameters

20; the diffraction angle for abscissa i
20y the diffraction angle for the reflection h
A\, the asymmetric function

Py, the function describing the preferential orientation of the crystallites
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A series of agreement factors calculated at each refinement cycle give an idea of the
validity of this refinement. The comparison of both the calculated and observed patterns is the
most relevant way to detect imperfections and deduce the corrections to be done.

The agreement factors are divided into two groups:

- The profile related:

Zilyiobs - yicall Ziwi- |yiobs - )’icall2
i i Viobs wE i Wi-Yiobs*
Zilyiobs - yicall Ziwi- |yi0bs - yicall2
cRp = ,CR,p = (10), (11)
F 2ilYions — Yigrl wE 2iWi- Qiobs — Yigr)?

2
,N—P+C Ryp
Royp = |[oe———, x> = ( ud ) (12), (13)
exp Zi w;. yiobs2 Rexp

- The structural related:

_ Zkllkobs - Ikcall
Zk Ikobs

Rp (14)

with lyops the integrated intensity of the peak k.

In the expression of Rexp, N is the number of points considered in the refinement, P is
the number of variables and C the number of constraints which implies that N - P + C
represents the degrees of liberty of the system.

The agreement factors cRp and cRyp include a “background” correction which make
them higher in value than Rp and Rwe but more realistic. Rg (Or Regragg) IS the best
“crystallochemical indicator” since it is related to the structural model. Finally, for a gaussian

type residuals distribution, y* should converge toward the value 1.
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A.IV.2. Microscopy (Transmission Electron Microscopy (TEM), High
Resolution TEM, Scanning Electron Microscopy (SEM))

TEM acquisitions were carried out by Mélanie Majimel from the “supercritical fluids”
group and Sonia Gomez from the "Thin films and interface center” of the ICMCB, High
resolution TEM by Mélanie Majimel and Jérome Majimel from the “Functionalized
Materials: Fluorine, Hybrids, Nanoparticles” group of the ICMCB, and SEM micrographs
were acquired by Sonia Gomez and Elisabeth Sellier from the CREMEM (Centre de
Ressources en Microscopie Electronique et Microanalyse). Most of the interpretations were

done in collaboration with either Mélanie Majimel or Jérome Majimel.

With scanning and transmission electron microscopy, we can observe the shape and
estimate the size of the particles and their size distribution. With high resolution micrographs
we can confirm the size of the crystallites obtained by XRD and their crystalline structure.
STEM mode (Scanning TEM) is used to make chemical X-ray mapping of our particles

(distribution of the elements considered).

Equipment. Different microscopes localized at the CREMEM were used. Their
characteristics are summed up in Table A.I1V.1:

Table A.1V.1: Characteristics of the equipments used in microscopy

Microscone TEM TEM SEM
P JEOL 2000 FX JEOL JEM-2200FS JEOL 6700F
electron aun Thermo-ionic Field effect Thermo-ionic W
g LaB6 (FEG 1000 V) (FEG)
accelerating 200 KV 200 KV 30 kV
voltage
resolution mode Low resolution high resolution high resolution
additional EDX EDX, EELS, STEM EDX
equipment

Preparation protocol.
-  TEM and HR-TEM: The nanoparticles are dispersed in ethanol with the help of an
ultrasonic wave bath. A droplet of this suspension is then deposited on specific

supports and the ethanol is evaporated at room temperature. The supports are made of
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a 3 mm diameter copper grid of 300 mesh recovered of thin amorphous membrane of
carbon.

- SEM: The samples must be conductive, that is why powders are metalized 10 to 30 s
with Au, Pt, Pd or C before being stuck on a double-face carbon adhesive tape and

fixed to the conductive sample carrier of the SEM (made of Al).

A.IV.3. Inductively Coupled Plasma/Optical Emission Spectrometry
(ICP-OES)

ICP-OES analysis were performed either by Laétitia Etienne from the “Energy:
Hydrogen, Fuel Cells, Thermoelectrics” group of the ICMCB or the “chemical analysis”
center of the ITQ.

ICP-OES is an analytical technique in solution that uses a plasma to obtain thermal
dissociation of the molecules into atoms and ions, then to excite them. The equipment used is
a Varian 720-ES. This technique permits to control the stoichiometry of the powders and
verify the existence of pollutants.

Solutions of the powders to analyze are prepared by dissolving 10 mg of powder in a
mixture of 3 mL of nitric acid and 3 mL of hydrochloric acid. Once the powder dissolved,
distilled water is added up to 100 mL. This solution is then injected with a flow of argon in a
nebulization chamber to create an aerosol. Spraying the solution on the chamber wall gives
very small droplets that are then sucked in the plasma. The plasma is obtained by ionization
of argon via a magnetic field. Once in the plasma, the sample is vaporized, atomized, ionized
and excited.

Once the ion goes back to its ground state, it emits a photon which is collected and
analyzed by a polychromator then a CCD detector (Charge-Coupled Device). The energy of
the photon is typical of the emitting element. The results are expressed in mass percentage

and the accuracy of measurement is of 2 % for each analyzed element (Ni, Co, Mo).
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A.IV.4. X-ray photoelectron spectroscopy (XPS)

XPS analysis and interpretations were performed by Christine Labrugéere from the
“CeCaMA” center of the ICMCB.

XPS is a physical method allowing on one hand to identify chemical species (emitting
atoms) and their different valence states or oxidation degree and to estimate the relative
concentration (relative error of 5 %) of the different elements of a compound in the surface
layers (3 -5 nm).

This technique is based on the analysis of a sample placed in a high vacuum chamber
irradiated by an X-ray source, commonly magnesium (E = 1253.6 €V) or aluminum anode
(E=1486.6eV). The as emitted photoelectrons (from valence electrons and internal
electrons, except for hydrogen and helium), characteristic from the present atoms, are sorted
by mean of energy in a hemispheric analyzer and counted via a Channeltron type detector.
The kinetic energy thus measured is closely related to the binding energy of the electrons on
the specific orbitals. Each atom has is own signature by mean of electronic level, we can thus
identify the nature of the elements on the surface of the sample. Moreover, this binding
energy can present variations called “chemical shift” due to chemical environment changes.

An XPS spectrum is realized according to the following equation:
hv S EC + Eb + (De (15)

Where hv is the energy of the source (eV, known value), Ec is the measured Kinetic
energy (eV), Ep the binding energy (eV) and ®, a constant inherent to the equipment. The
spectrum displays the counts per second versus Ey,.

A survey is firstly carried out to determine the elements present in the sample. The
peaks are then indexed from energy values databases. Then, high energetic resolution spectra
are recorded for each identified atoms. Those values compared to references give information
on the oxidation state of the elements. As a general rule, the binding energy slightly increase
(few eV) with the degree of oxidation. Fitting of those spectra also give information on the
relative abundance of an oxidation state for a specific element.

Surveys realized on some of our product detect all the elements of our catalyst
precursor (nickel, molybdenum, oxygen and carbon, Figure A.I1V.1).
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Figure A.1V.1: Surveys and elements present on the precursors surface

The XPS acquisitions were carried out on a VG ESCALAB 220-iXL apparatus
equipped with a monochromatic Alg, X-ray source (1486,6 eV). The spectra were collected
via the ECLIPSE software. The analyzed spot correspond to a surface of 150 um diameter for
a 3 to 5 nm depth, with the following acquisition parameters:

- survey: Ep =150 eV, 1 eV step,
- high energetic resolution spectra: Ep = 20 eV, 0.2 eV step

Deconvolutions were performed with the AVANTAGE software from ThermoFischer
Scientific.

A.IV.5. Elemental analysis (CHNS-O)

CHNS-O analysis were interpreted by Patrick Rosa from the “Molecular Sciences:
Photo, Piezo and thermo-sensible Materials” group of the ICMCB or by the “chemical

analysis” center of the ITQ.

CHNS-O analysis, the most common form of elemental analysis, is accomplished by
combustion analysis according to the Pregl-Dumas procedure. In this technique, a sample is
burned in an excess of oxygen, and various traps collect the combustion products, namely
carbon dioxide, water, and nitric oxide. The weights of these combustion products are used to
calculate the composition of the sample and to detect carbon pollutions in our case. The
equipment used is a Flash EH 1112 from Thermo Fisher.
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A.IV.6. Specific surface area (BET)

BET measurements were done by Odile Babot from the Institute of Molecular
Sciences (ISM) at the Université Bordeaux |, at the ITQ by Amparo Ferrero and Maribel
Tadeo, and at the ICMCB.

BET measurements (named after the authors of the theory Brunauer, Emmett and
Teller) permit to access the specific surface area of the powders (Sger) [4].

Measurements were carried out with an Autosorb-1 from Quantachrome at the
ICMCB, and an ASAP2010 from Micrometrics at the ISM as well as at the ITQ. After having
been sufficiently outgased at low temperature (outgas pressure rise limit of 20 micron/minute)
to remove surface pollutions, the apparatus injects precise volumes of nitrogen at 77.3 K
(liquid nitrogen). The measured relative pressure P/Py gives an isothermal curve that is then
transformed into a BET straight line (the software does all the transformation based on the

BET theory and equations).

A.IV.7. Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS)

The acquisitions were carried out by Odile Babot at the ISM and by Dominique Denux
from the “thermal analysis” center of the ICMCB.

Thermogravimetry is used to study chemical, physical or physico-chemical
phenomenon related to temperature variation resulting in a mass variation. It is based on
continuous recording of mass changes of a sample of material, as a function of a combination
of temperature with time. The principal application is the study of reactions in which a solid
sample undergoes a mass variation by releasing or fixing gases. When the TGA is coupled
with a mass spectrometer, precise information on the nature of those gases is obtained since
the released gaseous molecules are ionized and sorted by mean of weight. We thus can deduce

the molar mass of the released molecules responsible for the mass variation of the sample [5].
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At the ITQ, The acquisitions were carried out on the following equipment:
- a STA 409 Netzsch thermobalance equipped with a S-type thermocouple
(Tmax : 1500 °C) for 50 pL ceramic crucibles, under a 60 mL.min™ flow of
nitrogen-oxygen | (Air Liquide). The temperature gradient programmed was a
5 °C.min™ ramp from 20 °C to 1000 °C.
- a Mass Spectrometer ThermoStar from Balzers (0-300 amu), a quadripole
type MS which transfer line was heated at 190 °C.

At the ICMCB, they were performed on:
- a Setaram TAG 2400 symetrical thermobalance in DSC 1500 °C
configuration for 100 pL ceramic crucibles, under a 50 mL.min™ flow of
Argon Alpha n°1 (Air Liquide). The temperature gradient programmed was a
3 °C.min™ ramp from 20 °C to 800 °C.

Mass spectrometry were performed with a Mass Spectrometer ThermoStar from

Balzers (0-300 amu), a quadripole type MS which transfer line was heated at 190 °C in both

laboratory.

A.1V.8. Flame lonization Detector (FID)

Combined with the PFPD, our Chromatograph is also equipped with a Flame
lonization Detector (FID) (Figure A.I1V.2). FIDs are best for detecting hydrocarbons and other
easily flammable compounds. They are very sensitive to them and response tends to be linear
across a wide range of concentrations [6].

As the name suggests, analysis involves the detection of ions. The source of these ions
is a small hydrogen-air flame. Sometimes hydrogen-oxygen flames are used due to an ability
to increase detection sensitivity, however for most analysis, the use of compressed air is
sufficient. The resulting flame burns at such a temperature that it pyrolyzes most organic
compounds, producing positively charged ions and electrons [7]. In order to detect these ions,
two electrodes are used to provide a potential difference. The positive electrode is the nozzle
head where the flame is produced. The negative one (called collector plate) is positioned
above the flame or surrounds it and a relatively high voltage is applied between the two
electrodes to collect the ions that are formed and upon hitting the plate, induce a current. This

current is measured with a high-impedance picoammeter and fed into an integrator. It
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corresponds roughly to the proportion of reduced carbon atoms in the flame. The response of
the detector is determined by the number of carbon atoms (ions) hitting the detector per unit
time. This makes the detector sensitive to the mass rather than the concentration, which is
useful as the response of the detector is not greatly affected by changes in the carrier gas flow
rate.

However, one thing to note - even if not of great importance in our specific case - is
that the FID detects oxidized carbon atoms in ion form. In organic species that already have
oxidized carbons via the presence of oxygen, a weaker signal is given when the sample enters
the detector because the oxidized carbons are not ionized as effectively as compared to
compounds solely made of carbon and hydrogen. Functional groups such as carbonyl,
alcohol, halogens, or amines are sources of these oxidized carbons, sometimes causing few if
any ions. This points out one of the main drawbacks of using a FID to detect effluent as it
comes off a gas chromatograph column. Another drawback of FID is that the sample is
destroyed, making it impossible to use for further measurements. For this reason the FID is

stage in series with the PFPD in our chromatograph.

Collector electrode

||
Flame ignition

coil +300v
Polarising voltage

Air—T +—Hydrogen

Column

Figure A.IV.2: Scheme of a FID

The design of the flame ionization detector varies from manufacturer to manufacturer,
but the principles are the same. The eluent exits the GC column and enters the FID. As the
eluent travels up the FID, it is first mixed with the hydrogen fuel and then with the oxidant
(Air). The effluent/fuel/oxidant mixture continues to travel up to the nozzle head where a
positive bias voltage exists. This positive bias helps to repel the reduced carbon ions created
by the flame pyrolyzing the eluent. The ions are repelled up toward the collector plate
connected to a very sensitive ammeter (picoammeter) which detects the ions hitting the plates,
then feeds that signal to an amplifier, integrator, and display system. The products of the

flame are finally vented out of the detector through the exhaust port.
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