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ABSTRACT

Modern industrial chemistry is based on catalytic processes. Approximately 80 % of
all catalytic processes require heterogeneous catalysts. Zero emission plants, green
chemistry, and sustainable development have become a maor driving force in
technological innovation. Green chemistry prevents pollution through better process design
than by managing emissions and wastes. Catalysis is one of the fundamental pillars of
green chemistry, the design of chemical products and processes that reduce or eliminate the
use and generation of hazardous substances. The design and application of new catalysts
and catalytic systems are simultaneously achieving the dual goas of environmentad
protection and economic benefit. Among the most important chemicals currently used,
acetic acid is one of them. Acetic acid is produced both synthetically and by bacterial
fermentation. The biological route accounts for only about 10 % of world production, about
75 % accounts by methanol carbonylation, and alternative methods account for the rest.
Acetic acid is widely used as solvent in many industrial processes, manufacture of daily
products, film industry, food additive, and testing blood in clinical laboratories. Thus, the
acetic acid becomes a significant product for chemical, food, textile, cosmetic,
agrochemical, and film industries due to its excellent physicochemical properties.
Oxidation of alcohols to adehydes, ketones or carboxylic acids is widely employed in
heterogeneous catalysis. Among the most important alcohols for chemical industry, ethanol
is one of them. An important application of ethanol is as reactant into oxidation reaction to

acetic acid.
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Nowadays, silica, carbon, clay, zeolites, metal oxides, and other mesoporous
materials are being used as inorganic solid supports. But, the quest of new materias as
catalyst supports continues being an important topic for catalytic community. Carbon is
currently used as catalyst support due to its unique physicochemical properties such as
porosity, high surface area, acidic and basic media resistance, electrical conductivity,
thermal resistance, and inertness. Carbon has also become a promising material in catalysis
compared to the catalyst supports already used. Many carbon materias frequently used as
catalyst supports due to their physicochemical properties and catalytic performances are
activated carbon, carbon black, and graphite, which are suitable carbon materials to prepare
supported metal catalysts for catalyzed chemical reactions. Activated carbon, carbon black,
and graphite are not only the carbon materials used as catalyst supports, but also different
carbon nanostructures which are synthesized by chemica methods. These carbon
nanostructures such as graphene (G), multi-walled carbon nanotubes (CNT), carbon
nanofibers (CNF), and fibrous carbon (FC) have unique physicochemical properties. It is
well known that the incorporation of functional groups, heteroatoms, or thermal treatment
improves the surface chemistry of such support. The use of palladium-group metals as
active phase on carbon supports has showed high activity and selectivity towards the main
product for oxidation reactions. Therefore, we propose to prepare highly selective
palladium catalysts supported on carbon nanostructures for aerobic ethanol oxidation to
acetic acid. Besides, the synthesis of carbon nanostructures, the preparation method of

palladium catalysts, and the results of aerobic ethanol oxidation are presented.
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1.1 Introduction

Catalysis is the key to chemical transformations. Most industrial syntheses and
nearly all biological reactions require catalysts. Furthermore, catalysis is the most important
technology in environmental protection.

The term “catalysis” was introduced as early as 1836 by Berzelius in order to
explain various decomposition and transformation reactions. He assumed that catalysts
possess specia powers that can influence the affinity of chemical substances.

A definition that is still valid today is due to Ostwald (1895): “A catal yst accelerates
a chemical reaction without affecting the position of the equilibrium.” ™

There are many different types of catalysts (see Figure 1.1). They range from the
proton, H*, through Lewis acids, various metals, organometallic complexes, organic and

inorganic polymers and all the way to enzymes. (2

-
SycoH Cgeey-Ye
H L

i B L-proline [organocatalyst)
f o] i
H B
F F

enzyme (biocatalyst) homogeneous acid catalysts zeaolite [crystalline aluminosilicate)

L

O

f@—ﬂ [J Ejo“e >'\f><'

copper-zine crystellites on amorphous slica (RRI-DiPAMP-Rh {organometallic comples)

p s
P W

Figure 1.1 Different types of catalysts.
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To clearly understand the structural order of this Chapter I: Introduction, the main
Issues are summarized in Table 1.1.

Table 1.1 Main issues of Chapter 1.

I ssues

1.2 Catalysis: The heart of the industrial processes

1.3 Acetic acid as an important product for human use

1.4 Commonly employed catal ysts for oxidation reactions.

1.5 Carbon as a promising material in supported catalysis

1.6 Frequently used carbon materials as catal yst supports

1.7 New carbon materials as catal yst supports

1.8 Support surface activation

1.9 Carbon materials compared to conventional oxides

1.10 Effect of active phase on the support surface

1.11 Palladium-group metals as active phase

1.12 Motivation

1.13 Problem identification

1.14 Aims

1.15 Summary

1.16 References
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1.2 Catalysis. The heart of theindustrial processes

Modern industrial chemistry is based on catal ytic processes. Approximately 80 % of
all catalytic processes require heterogeneous catalysts, 15 % homogeneous catalysts, and 5
% biocatalysts. ¥! The traditional areain which catalysts have been used for over 100 years
is the chemical industry. Nowadays, other important areas have emerged to be treated by
using catalysts. The catalyst market can be devided into four main areas (see Figure 1.2):

1. Environmental catalysts
2. Chemistry catalysts
3. Petroleum refining catalysts

4. Polymerization catalysts

Refining Chemicals
22 % _ esmen 27 %

Environmental
30 %

Polymers
21 %

Figure 1.2 Worldwide catalyst market according to application. [

In future, companies will choose more catal ytic routes since these are mostly shorter

and lead to cheaper processes than non-catal ytic processes.

4
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Heterogeneous catalysts are used on alarge scale in the following areas:

Production of organic and inorganic chemicals

Crude ail refining and petrochemistry

Environmental protection

Energy conversion processes

Fine or speciality chemicals, unlike the traditional products, have complex chemical
structures and properties that justify ahigh selling price.

In high added value products, where relatively small quantities of products are
manufactured, factors such as catalyst costs, separation of product from catayst and
reactants, recycling and regeneration of catalysts, etc., assume reduced significance relative
to that in the manufacture of chemicals. This is because these costs can be more readily
absorbed in the relatively high value of the products.

Whereas in bulk chemicals manufacture the choice of oxidant is largely restricted to
molecular oxygen, the economics of fine chemicals production alow a broader choice of
oxidants such as H20» or other peroxides. Increasingly stringent environmental constraints
are making the industrial use of classical stoichiometric oxidants such as dichromate,
permanganate, and manganese dioxide prohibitive.

There is a general trend toward substitution of such antiquated technologies by
catalytic methods that do not generate aqueous effluents containing large quantities of

inorganic salts (see Scheme 1.1).
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Oxidation catalysts
Stoichiometric Catalytic
Permanganate (0}
Dichromate Air

H:0:

CO; or H20 as by-product

Scheme 1.1 Comparison of stoichiometric and catalytic routes for oxidation processes.

Zero emission plants, environmentally benign or green chemistry, and sustainable
development have become a major driving force in technological innovation. The major
am of successful developing fine chemicals is, to design more precision into organic
synthesis.

As noted above, a prime cause of waste generation is the use of stoichiometric
inorganic reagents. Hence, the solution is simple: replacement of antiquated stoi chiometric
methodologies with cleaner catalytic aternatives, e.g., catalytic hydrogenations, catalytic
oxidations with O2 or H20, and catalytic carbonylations.

Traffic and industry are the most important sources of air pollution. They are
responsible for the emission of CO, nitrogen oxides (NOy), sulfur oxides (SOx), and all
sorts of volatile organic compounds (VOCs). Therefore, environmental catalysts are
necessary for cleaning flue gases.

Green chemistry, also called sustainable chemistry, prevents pollution through

better process design than by managing emissions and wastes.
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Catalysis is one of the fundamental pillars of green chemistry, the design of
chemical products and processes that reduce or eliminate the use and generation of
hazardous substances. The design and application of new catalysts and catalytic systems are
simultaneously achieving the dual goals of environmenta protection and economic benefit.
(6]

Catalysis offers numerous green chemistry benefits including:

Lower energy requirements

Catal ytic versus stoichiometric amounts of materials

Increased selectivity

Decreased use of processing and separation agents

Allows for the use of less toxic materials

Heterogeneous catalysis, in particular, addresses the goals of green chemistry by
providing the ease of separation of product and catalyst, thereby eliminating the need for

separation through distillation or extraction.

1.3 Acetic acid asan important product for human use

Acetic acid, also known as ethanoic acid, is an organic chemical compound. It is
one of the ssmplest carboxylic acids and has the chemical formula CoH4Oo2. This acid is an
important chemical reagent and acidity regulator.

Acetic acid is produced both synthetically and by bacterial fermentation. Today, the
biological route accounts for only about 10 % of world production, about 75 % accounts by

methanol carbonylation, and alternative methods account for the rest. [”)
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Total worldwide production of virgin acetic acid is estimated at 5 Mt/a (million
metric tons per year), approximately half of which is produced in the United States.
European production stands at approximately 1 Mt/a and is declining, and 0.7 Mt/a
IS produced in Japan. Another 1.5 Mt are recycled each year, bringing the total world
market to 6.5 Mt/a. 8
Acetic acid iswidely used for different applications such as:

Solvent in many industrial processes

In manufacture of daily products such as perfumes, synthetic fibers, inks, dyes,

pesticides, and wood glues.
Testing blood in clinical laboratories
Film industry

Food additive

Thus, the acetic acid becomes a significant product for chemical, food, textile,

cosmetic, agrochemical, and film industries due to its excellent physicochemical properties.

1.4 Commonly employed catalystsfor oxidation reactions

Oxidation of alcohols to aldehydes, ketones or carboxylic acids is widely employed
in heterogeneous catalysis. Furthermore, oxidation reactions may be considered as the heart
of chemical synthesis. However, the indiscriminate uses of corrosive chemicals in this
endeavor are threating to the ecosystems, public health, and terrestrial, aquatic, and aerial
flora and fauna. Heterogeneous catalysts minimize the use of chemicals in industries and
thus are friendly and green to the environment. The green chemistry approaches must meet

health and environmental safeties and use vary little chemicals reducing both cost and time.

(9]
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Catalytic approaches might be considered as green since specific chemical
transformation could be achieved within very short time with the addition of very little
catalysts, significantly reducing production cost as well as health and environmental risks.
[10, 11]

Heterogeneous catalysis is considered to be a better choice for the synthesis of
commodity materials. [>*4 Nowadays, silica, carbon, clay, zeolites, metal oxides, and other
mesoporous materials are being used as inorganic solid supports. *> 161 Supported materials
can be obtained as complexes with transition metals by heterogenization process. [

Various support materials along with their mgjor features are showed in Table 1.2.

Table 1.2 Mgor features, advantages, and disadvantages of commonly used support materials.

Support

. Features Advanrages Dizadvantages References
materiels
Hardness Thermally stable
; Resistant to zbrasion and chamical zttack  Well-crderad pote Enicul to eoni the Wodrobyen i ol Wil
Aluraina DIECUTSCES [1§]
High thermal conductivity Narrow pore size
Tendzncy tc form large networks High efficizncy Low compatibility
Silica  Found i nature and living orpamsms High selectivity Formation of aggregates/agglomerates [14]
Hardness Highly stable
Microporous Highly effective [rreversible adscrption
Zeolit=  Inertness Lzss or no cotrosion Impossibility of using microporosity [20,21]
Excellent electren conductivity High thermo stability Difficult 1o exploit the shape selectivity
Nonmetallic Large surfece area High terperature physical ectivation
Carbon  Tetravalent Exczllent electron conductivity Expensive [22.23]
Porous structure Thermal stability Emisston of greenhouse gass=s during pvrolysis

In heterogeneous catalysis reactions, the catalysts and reactants exist in different
phases. In reality, the vast magjority of heterogeneous catalysts are solids and the vast

majority of reactants are gases or liquids. 24
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A phase separation catalysis reaction greatly helps in reactant, product, and catalyst
separation at the end of the reaction. Heterogeneous catal ysts are also easier to prepare and
handle. Many heterogeneous catalysts widely employed for oxidation of alcohols are

presented in Table 1.3.

Table 1.3 The most commonly used catalysts for oxidation of acohols.

Catalyst Method of preparation Major application Reference
Au/Cu0 Coprecipitation Alcohol oxidation [25]
Microstructured Au/Ni-fiber Incipient impregnating Alcohol oxidation [26]
Silica-supported Au-Cu alloy - Alcohol oxidation [27]
Gold nanoparticles supported on MgOQ Deposition - precipitation Alcohol oxidation [28]
Metal-organic framework supported gold nanoparticles Colloidal deposition Alcohol oxidation [29]
AuwTiOz Deposition - precipitation Alcohol oxidation [30]
Gold Deposition - precipitation Alcohol oxidation [31]

MCM-48 molecular sieve modified with SnCly

Post - synthesis modification Alcohol oxidation [32]
Supported gold Deposition - precipitation Alcohol oxidation [33]
Gold - Alcohol oxidation [34]
Auw/C Immobilization Alcohol oxidation [33]

Among the most important alcohols for chemical industry, ethanol is one of them.
An important application of ethanol is as reactant into oxidation reaction to acetic acid. In
this reaction, acetic acid as main product and acetaldehyde, ethyl acetate, and carbon
dioxide as by-products, they are commonly obtained. Thus, acetic acid from ethanol
oxidation using molecular oxygen or air as oxidizing agent, moderate reaction conditions
and a heterogeneous catalyst becomes an interesting route due to its low operation costs, no

toxic by-products, and abundant reactants compared to the traditional routes.

10
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Table 1.4 shows other heterogeneous catalysts, which are employed for ethanol
oxidation to acetic acid. It is seen that reaction conditions are very important for ethanol
oxidation to acetic acid, being the acetic acid yield affected by both kind of catalyst and
reaction temperature.

Table 1.4 Heterogeneous catalysts employed for direct ethanol oxidation to acetic acid.

Temperature  ProductYield

Catalyst Atmosphere 0 pans Beference
- Ecetaldehyd='s
PAOVErC, Crzidant 175 Acetic acid 10 [36]
Ethyl] acetate’11
Acetaldehyde/10
PAOVZErD, + Zr0y Crzidant 175 Acetic acid’] [36]

Ethyl] acetate/26

_ . Acetic acid’36 W
TiPd; PO, Oridant Z Ethvl acetate/d3 L

Acetic acid’6

Pd/Zeolite Y Oxidant 110 Ethyl acetate’d1 [38]
Acetaldehyde/ 74
AuFn Orxidant 180 Acetic acid/15 [39]

Ethyl acetate/2

Acetaldehyda/dd

An/En Crzidant 220 Acetic acid/16 [39]
Ethyl acetate/G
F : Acetaldehyde/80

An/CuaCr Ormidant 160 Aretic asidid [39]
AnTiO,

AnfAl0s Ormidant 150 Acetic acidQ0 [40]
AnZnQ

AunhigAl0y Orxidant 180 Acetic acid 83 [41]

For some presented heterogeneous catalysts high acetic acid yields were achieved,
but not for all cases. This is particularly true for some gold catalysts. However, it is

important to note that Pd catal ysts are cheaper.

1.5 Carbon asa promising material in supported catalysis
The quest of new materials as catalyst supports continues being an important topic

for the catalysis community.

11
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Currently, carbon (see Figure 1.3) is used as catalyst support due to its unique
physicochemical properties such as porosity, high surface area, acidic and basic media
resistance, electrical conductivity, thermal resistance, and inertness. Carbon has aso
become a promising materia in catalysis compared to oxide catalyst supports already used.
The most important parameters for the catalyst manufacturer and the user of a catalyst are
porosity, pore size distribution, metal particle size distribution, attrition resistance, metal
oxidation state, and active surface area, which determine a vast part of the catalytic
response of catalyst in the chemical reaction. ¥4 According to that, highly porous materias
as carbon materials provide easy access of the reactants to the catalytically active sites and
thus exhibit higher catalytic activity. Furthermore, the pore size distribution plays an
important role on the catalytic performance, for it not only determines the active surface
area available for the deposition of highly dispersed, catalytically active metal particles, but
also controls the access of substrate molecules to these supported metalic particles. The
metal particle size distribution also plays an important role with respect to the catalytic
performance. Thus, an increase in the active surface area of the support with decreasing
metal particle size generally leads to higher catalytic activity. This may be achieved by both
the pretreatment of the support under oxidizing conditions [*> 44 and the technique of metal
deposition on the support. These pretreatments and deposition techniques can be applied to

catalyst supports such as carbon. KB

Diamond Crraphite

carbon

T
]

|

- —— —aa

Fiogure 1.3 Allotropes of carbon.
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1.6 Frequently used carbon materials as catalyst supports

Many carbon materiads frequently used as catalyst supports due to their
physicochemical properties and catalytic performances are activated carbon, carbon black,
and graphite, which are suitable carbon materials to prepare supported metal catalysts for

catalyzed chemical reactions.

1.6.1 Activated carbon

Activated carbon is manufactured from suitable precursors in two ways: chemical
activation and physical activation (see Figure 1.4). Chemically activated carbons are
manufactured by the simultaneous carbonization and activation of the raw materia at 600-
800 °C. Physically activated carbons are manufactured from a precarbonized material,
which is obtained by thermal decomposition of a carbonaceous precursor at 600-800 °C in
the absence or under controlled admission of air. [ The activation step is usualy
performed in the presence of steam and/or carbon dioxide at 800-1100 °C. Wood, coal,
lignite, coconut shell and peat are the most important raw materials for the production of
activated carbon. The final products show different properties, such as pore structure and
active surface area, depending on the nature of the precursor, the nature of the activating

agent and the conditions of the activation process.

Figure 1.4 Activated carbon and its structure.
13
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1.6.2 Carbon black

Carbon blacks are manufactured by the pyrolysis of hydrocarbons such as natural
gas or oil fractions from petroleum processing. ¢! Graphitized carbon black has a high
surface area and it is obtained by recrystallization of the spherical carbon black particles at
2500-3000 °C (see Figure 1.5a). The degree of graphitization is determined by the process
temperature. Carbon black particles possess the core-shell feature. The core units arrange
randomly due to their small sizes. In contrast, the shell units are connected approximately
in a concentric fashion, and this tendency is slightly more pronounced for larger shell units
(see Figure 1.5¢) than the one (see Figure 1.5b). The unique feature observed from carbon
black surfaces has a flake-like arrangement of graphite layers whose edges are
characteristic of the growth of formation systems. The deposition of these flakes during
formation process results in approximately spherica carbon particles. The flake-like
morphology of carbon black surfaces is rationally reproduced by the hexagonal graphite
sheets. Graphite sheets are partially covered with each other, resulting in the surface grain

pattern formed by the interconnected flake’s edges (see Figure 1.5d and €). [47]

Figure 1.5 Carbon black: a) its structure, b) carbon black particles with shell unitsd = 2.7 nm,
c¢) carbon black particles with shell units d = 3.7 nm, d) surface morphology of carbon black
particles with shell unitsd = 2.7 nm, and e) surface morphology of carbon black particles with
shell units d = 3.7 nm. The dark lines are drawn to highlight the grain pattern on the carbon
black surface. The radii of these carbon black particles are 20 nm and the densities are 2 g/cm?®.

14
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1.6.3 Graphite

In contrast to activated carbon and carbon black, graphite is a highly crystalline
material composed of stacked planes of aromatic rings 0.335 nm apart (see Figure 1.6). The
electronic character of the stacked aromatic systems makes it possible for definite atoms or
molecules to slip between the layers, either accepting or donating electrons to bond with the
carbon system, a process referred to as intercal ation. [48 4°)

Furthermore, this material is characterized by relatively low surface area of only 10-
50 m?g. Nevertheless, for some applications such graphite is indeed used as support
material. However, high surface area graphite (HSAG) is available from graphitized
material by a special grinding process. Surface areas of 100-300 m?%g make this graphite an

interesting support material for precious metal catalysts. 505

Fi ggGraphite and its structure.
1.7 New carbon materials as catalyst supports
Activated carbon, carbon black, and graphite are not the only carbon materials used
as catalyst supports. Thanks to the discovery of different carbon structures by chemical
methods, ¥ they are currently used as catalyst supports due to their excellent
physicochemical properties. These carbon structures such as graphene (G), multi-walled

carbon nanotubes (CNT), carbon nanofibers (CNF), and fibrous carbon (FC) have totally

changed the research approach in heterogeneous catalysis. 1%
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1.7.1 Graphene
The use of graphite as catalyst support also allowed paying attention on its unit
structure called graphene (see Figure 1.7). Thus, graphene as catalyst support became a

promising carbon material in catalysis as those already mentioned above (see section 1.6).
Mulecular bonds
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Figure 1.7 A graphene sheet.

1.7.2 Carbon nanotubes

Carbon nanotubes can be classified by the amount of rolled-up graphene layers, e.g.,
single-walled carbon nanotubes and multi-walled carbon nanotubes (see Figure 1.8).
Carbon nanotubes synthesized by chemical vapor deposition (CVD) are usually covered on
their outer surface with a layer of amorphous carbon, which is probably formed during the
cooling step of the synthesis. [ Besides, it is known that the capillarity is reduced when
the inner cavity of the tube decreases. (5 The wide nanotube cavities appeared to be more
preferentially filled compared to the narrower cavities. In small cavities, the van der Waals
repulsion forces are significantly higher than that of capillarity, and thus inhibit the
penetration of the solution inside the tube channel. It is well noting that the absence of
metallic particles on the outer surface of the tube when the metal active phase is attached
that is due to many factors such as hydrophobic character of the outer surface, relatively
large inner cavity, and the relatively low metal precursor, which affect dispersion and

distribution of active phase. But, it is not observed on the region near the tube tip. (58
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The relatively high interaction between the deposited metal and the inner wall of the
carbon nanotubes could come from the electronic modification of the graphene planes due
to the presence of curvature. As aready mentioned, the presence of structural defects on the
tube wall could also induced anchorage of the active phase particles on the wall surface.
The nature of the metal precursor salt has almost no detected effect on the final dispersion
state of the metallic particles, but if the solvent when a wetness impregnation method is
used. The curvature of the channel could also induce modification on the molecular
adsorption on the metallic phase, which in turn modifies the catalytic activity or selectivity

of the reaction products.

04-2nm 2-100nm

Figure 1.8 Carbon nanotube and its dimensions. a) Single-walled and b) Multi-walled.

1.7.3 Carbon nanofibers

Carbon nanofibers have no cavity compared to carbon nanotubes. Carbon
nanofibers with a diameter between 10-200 nm are grown from decomposition of carbon
containing gases, e.g., methane, carbon monoxide, and ethylene on metal particles of
similar sizes. ¥ Carbon atoms are generated on the free meta surface, diffuse through the
particle and are converted into a graphite-based fiber by segregation. By a proper choice of
the synthesis conditions such as temperature, gas and metal used the morphology of the
fiber can either be of the fishbone (exposed edge planes) or the parallel type (exposed basa

planes) (see Figure 1.9).
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Potentially these carbon structures have unique properties to be used as catalyst
supports. They have a high surface area from 10 to 200 m?g and do neither possess
micropores nor impurities, e.g., inorganic matter. (8 . 81 A mgjor disadvantage to the
application of carbon nanofibers for catalytic purposes was their limited availability and
high production costs. However, recently these drawbacks have been overcome due to the
development of fluidized bed technology for large-scale production. 6% 62 |t should be
noted that the yield is aresult of both the growth rate and longevity of the growth.

On the other hand, very large particles would be inactive because carbon diffusion
through these particlesis too sluggish. Therefore, a suitable particle size of metal precursor
it helps to increase the carbon nanofibers yield. Carbon nanofibers have a number of
characteristics that make them materials of promise as catalyst supports. Carbon nanofibers
are chemically stable for corrosive attack in acidic and basic environments; this can be a
serious advantage in certain liquid phase operations. Carbon nanofibers are also inert and
withstand most organic solvents. Carbon nanofibers are also stable toward sintering, for
high-temperature gas reactions, unlike oxide supports. However, carbon nanofibers are
prone to reactions in the presence of oxygen and hydrogen. It is important to note that
carbon nanofibers are also conductive. (% Thermal conductivity may be advantageous in

strongly exothermic or endothermic reactions where heat transfer may become limiting.
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Figure 1.9 Types of carbon nanofibers.
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1.8 Support surface activation
Currently, it is well known that the incorporation of functional groups, elements, or
pretreatments to carbon materials are carried out before, in or after synthesis to enhance

their surface chemistry.

1.8.1 Oxidation method

The incorporation of functional groups such as carboxylic groups, phenolic groups,
lactonic groups, and etheric groups on the carbon surface through an oxidative method
changes the acid/base and redox properties and decreases the hydrophobic character of the
carbon material (see Figure 1.10). 3 Furthermore, these surface functionalities are
assumed as anchoring sites to immobilize the metallic particles 6458 and enhance the
wettability of the carbon materia for polar solvents (e.g., water). However, it is essential to
carry out the oxidation in a controlled manner so as not to destroy the carbon materials.
When this oxidation method is carried out in liquid phase that can be controlled much
better; it proceeds more homogeneously than in gas phase. [ The defect sites present in
each carbon structure enhance the oxidation. (6”7

In general, oxidation with concentrated acids results in the formation of hydroxyl
and carbonyl groups, whereas oxidation with hydrogen peroxide results in the formation of
carboxyl groups. The choice of oxidant also depends on the nature of other phases that may
be present together with the carbon materials (e.g., metal or oxide layers). In the case of
pure carbon material aggregates, oxidative treatmentsin acids, e.g., nitric acid, can be used.
This aso helps to remove any residual metal such as iron, nickel, cobalt, or copper, which

was used to form the carbon materials. ['> 72
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On the other hand, the oxygen containing surface groups can be divided in acidic,
neutral and basic. This implies that the carbon surface may have different amounts and
types of oxygen surface groups and, consequently, both negatively and positively charged
surface sites. When preparing a supported catalyst, one needs not only physically accessible
sites but al'so chemical reactivity toward the metal precursor.

The electrostatic repulsion between the charged surface and the ionic catalyst
precursor may be stronger than the non-specific dispersion forces of attraction. The catal yst
dispersion is optima when the entire carbon surface is accessible, e.g., when there is an
electrostatic attraction between the positively charged surface and the catalyst precursor
anions or vice versa. [ Carboxyl, quinone and lactone groups are acidic. Because of their
negative charge they enhance the interaction between the carbon surface and a positively
charged metal precursor. Furthermore, they decrease the hydrophobic character of the
carbon, thus, making the surface more accessible for the solution of the metal precursor. [
7478 phenols, carbonyls and ethers are weakly acidic to neutral. These oxygen groups
increase the interaction of the metal precursor or the metal particle with the support, thus,

minimizing sintering. [
"
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Figure 1.10 Oxidation method (-COOH) applied to multi-walled carbon nanotubes (CNT).

1.8.2 Doping of heteroatoms
Doping of heteroatoms such as nitrogen, sulphur, or phosphorus also play an

important role in the surface chemistry of the carbon material (see Figure 1.11).
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But, the identification of surface heteroatom species is a delicate art and requires
much experience. ["-"® When ammonia or acetonitrile are used as nitrogen source for
doping the carbon surface, it is known that pyridine- and pyrrole-like functions are created
at the edges of the carbon material. [™> 881 Sylphur also plays an important role in
changing the catalytic properties of carbon support when it is used as heteroatom in the
doping process. 8" 8 Therefore, heteroatoms located at defect sites alter the electronic
properties of carbon supports. 8 % Specifically, the electronic perturbations caused by
nitrogen and sulphur can be significant as inert carbons became catalytically active as a

result of the doping process.

Figure 1.11 Possible groups obtained by doping of heteroatoms in a graphene (G) sheet. !
1.8.3 Thermal treatment
A thermal treatment may also improve the carbon surface removing impurities (e.g.,
amorphous carbon) and/or change its chemical activity, for example by selective removal

of functional groups (see Figure 1.12).

TTeated ‘f‘j;

Y

CNT,r

Figure 1.12 Multi-walled carbon nanotubes (CNT) modified by a high temperature (HT)
treatment.
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1.9 Carbon materials compar ed to conventional oxides

It should be mentioned that carbon materials are typically considered inert catalyst
supports compared to conventional oxides as they lack Lewis acid sites and present only
weak Brgnsted acid-base properties. According to that, on the carbon surface at least three
types of adsorption occur: weak (basal plane), strong (edge plane) and very strong or
irreversible (pores). Carbon materials as catalyst supports represent an obvious aternative
to oxides to study electronic metal-support interactions and eliminate the challenges

associated with atom migration and metal encapsulation. (%4

1.10 Effect of active phase on support surface

The preparation of supported catalysts generally involve contacting a (porous) pre-
shaped support with most often an solution of a suitable precursor of the active component
which, in one of the subsequent preparation steps, is converted into the active component.
Only when a sufficiently high interaction between the two exists at this stage of the
procedure, the wished distribution and high dispersion of the active component can be
achieved. With poor interactions notably during removal of the solvent, e.g., during drying,
an unwanted re-distribution may occur leading to broad particle size distribution of the
active component. 8 The interaction between the solvated precursors and the support
surface as modified by the solvent is generally of an electrostatic nature.

Generally speaking, dispersions tend to be relatively low in microporous carbons [

%1 while higher dispersions can be obtained when mesopores are present. [%4
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1.11 Palladium-group metals as active phase

The use of palladium-group metals as active phase on carbon supports has showed
high activity and selectivity towards the man product for hydrogenation, oxidation,
hydrodehal ogenation, decarbonylation, and debenzylation reactions (see Figure 1.13). [%597
Therefore, the catalytic activity of palladium catalyst supported on carbon strongly depends
on the physicochemical properties of palladium particles and carbon such as size and
dispersion of loaded palladium particles and surface chemistry of the carbon support. %
Hence, an effective control of these properties can be reached by modifying surface
functional groups on carbon supports [% 1% or by the use of carbon with well-defined
structures such as mesoporous carbons, [ 192 carbon nanotubes, % %4 carbon
nanofibers, and/or graphene layers. As already mentioned, the properties of carbon supports
are modified by surface functional groups, thus these carbon supports arise to be more
chemically actives and allow increasing the number of anchoring sites, ensuring a great
palladium dispersion on the support. % These anchoring sites can be destroyed during a
treatment (e.g., thermal), but the number of the remaining ones could still be sufficient to

bind the palladium metal on carbon support treated.

Figure 1.13 Palladium-group metals (located into the red rectangle).
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1.12 Motivation

The use of catalysis, together with green chemistry and sustainable development,
allow achieving the desired target without adverse implications in large- and small-scale
chemical processes, keeping a cleaner environment, lower costs, and stable public
relationship. According to that, the preparation and characterization of highly selective

supported catalysts for selected chemical reaction isthe main goal of this PhD thesis.

1.13 Problem identification

The need to carry out cleaner large-scale chemical reactions decreasing costs,
energy, wastes, hazard chemicals, and toxic solvents is only achieved by using supported
metal catalysts with higher performances compared to the catalysts commonly employed. A
clean environment, stable public health, suitable growth of flora and fauna, and a socidl,
economic and environmental coexistence will become the result of a catalyzed chemical

reaction.

1.14 Aims
According to Introduction, we propose to resolve the problem previously described

applying the following aims:

General

Preparation and characterization of highly selective supported meta catalysts for

aerobic ethanol oxidation to acetic acid.
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Specific
1. Synthesis of carbon nanostructures such as few layer graphene, carbon nanotubes,

doped carbon nanotubes, carbon nanofibers, and fibrous carbon by the catalytic-

chemical vapor deposition technique.

2. Detailed characterization of the carbon nanostructures.

3. Theuse of palladium metal as active phase.

4. Preparation of palladium catalysts supported on various carbon nanostructures by

the wetness impregnation method.

5. Detailed characterization of the palladium catalysts.

6. Palladium catalysts employed in the aerobic ethanol oxidation to acetic acid.

1.15 Summary

Catalysis continues being the main key for al industrial process. In particular,
oxidation of alcohols mainly ethanol oxidation to acetic acid is considered as an interesting
catalyzed chemical reaction by supported metal catalysts. Metals such as palladium and
gold are often employed for ethanol oxidation. Carbon materials such as graphene, carbon
nanotubes, and carbon nanofibers have become suitable catalyst supports due to their well-
defined nanostructures and unique physicochemical properties. Thus, palladium catalysts
supported on carbon materials will be considered as those heterogeneous catalysts
employed for ethanol oxidation reaction to acetic acid as will be discussed in this PhD

thesis.
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2.1 Introduction

In heterogeneous catalysis, the synthesis of carbon nanomaterias, the catayst
preparation method, and the catalytic process into the chemical reaction are three very
important steps to consider when activity, selectivity and stability of a catalyst must be
achieved. Atomic and/or molecular level knowledge about what is happening during the
synthesis, preparation and reaction must completely be understood to achieve the desired
goal. Furthermore, advanced characterization techniques become a necessary complement
to clearly understand the catal ytic processes.

To clearly understand the structural order of this Chapter 1l: Theoretical

Framework, the main issues are summarized in Table 2.1.

Table 2.1 Main issues of Chapter 1I.

I ssues

2.2 Growth methods of carbon nanotubes

2.3 Production of heterogeneous catalysts

2.4 Catalyst and its properties

2.5 Effect of physical adsorption on the catalyst

2.6 Individual steps in a heterogeneous catalytic reaction
2.7 Electron transfer between substrate and catalyst

2.8 Metals

2.9 Energetic aspects of catalytic activity

2.10 Catalyst performance

2.11 Catalyst deactivation and regeneration

2.12 Characterization of catalyst supports and metal catalysts
2.13 Summary

2.14 References
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2.2 Growth methods of carbon nanotubes (CNT)
There are three main methods to produce carbon nanotubes; [
Arc discharge method. This method creates CNT through arc-vaporization of two
carbon rods placed end to end, separated by approximately 1 mm, in an enclosure

that isusualy filled with inert gas at low pressure.

Laser vaporization method. In this method, CNT are prepared by laser vaporization
of graphite rods with a 50:50 catalyst mixture of cobalt and nickel at 1200°C in
flowing argon, followed by heat treatment in vacuum at 1000°C to remove the Ceo

and other fullerenes.

Catalytic-Chemical Vapor Deposition (C-CVD) method. This process consists in
the decomposition of a hydrocarbon vapor into carbon and hydrogen on a catalytic

surface at high temperature (600-1200 °C).

Depending upon the strength of the interaction between the catalyst metal and the
substrate upon which it is deposited, two different growth models have been proposed (see
Figure 2.1). 2 In each case, carbon is extracted from the hydrocarbon feedstock gas and
diffuses through the catalyst particle before taking its place in the forming nanotube. The
growth model when there is weak interaction between the catalyst particle and the substrate
is known as “tip growth”, as the catalyst particle stays at the tip of the nanotube. The model
when there is strong interaction is known as “base growth”, as the catalyst particle remains

anchored to the substrate at the base of the nanotube.
35



Chapter 11 Theoretical framework

Growth stops

Figure 2.1 Widely accepted growth mechanisms for multi-walled carbon nanotubes (CNT) by
Catalytic-Chemica Vapor Deposition (C-CVD) technique using a supported metal catalyst. a)
tip-growth model and b) base-growth mode!.

In contrast to Figure 2.1, Figure 2.2 shows the growth mechanism for multi-walled
carbon nanotubes (CNT) by catalytic-chemical vapor deposition (C-CVD) technique using
an unsupported catalyst. In this case, carbon is extracted from the hydrocarbon feedstock
gas and diffuses through the catalyst particle everywhere before taking its place in the

forming nanotube.

CNT

G, - -~ CH,

-

Figure 2.2 Growth mechanism for multi-walled carbon nanotubes (CNT) by Catalytic-

C.H,

Chemica Vapor Deposition (C-CVD) technique using an unsupported catalyst. Figure redrawn

with modifications from. [°!
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2.3 Production of heter ogeneous catalysts

Depending on their structure and method of production, catalysts can be divided
into three main groups: [l

Bulk catalysts

Impregnated catal ysts
Shell catalysts

One of the best-known methods for producing catalysts is the impregnation of a
porous support materia with solutions of active components. [5

In the impregnation process, active components with thermally unstable anions
(e.g., nitrates, acetates, carbonates, hydroxides) are used. The support is immersed in a
solution of the active component under precisely defined conditions (concentration, mixing,
temperature, time). Depending on the production conditions, selective adsorption of the
active component occurs on the surface or in the interior of the support. The result is
nonuniform distribution.

To achieve the best possible impregnation, the air in the pores of the support is
removed by evacuation, or the support is treated with gases such as CO2 or NH3 prior to
impregnation. After impregnation, the catalyst is dried and calcined.

For large-scale manufacture the so-called incipient wetness impregnation (also
called pore volume, or dry or capillary impregnation) is the most advantageous method. In
this approach the support is brought into contact with a solution the volume of which
corresponds to the total pore volume of the solid and which contains the appropriate

amount of precursor compound. The principle of this method is shown in Figure 2.3.
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If catalysts with high loadings of the active compounds are to be made, limited
solubility of the precursor compound may cause problems, and multiple impregnations may
have to be applied. With incipient wetness impregnation, even precursor compounds that do
not interact with the support can be deposited when the solvent is removed during a

subsequent drying procedure.

Preshaped catalyst
body

Driving force:
capillary forces

Impregnation
fast and exothermic

Increase of pressure
inside the pores

Solution of a metal salt

Figure 2.3 Principle of catalyst preparation by incipient wetness impregnation.

2.4 Catalyst and its properties

It is now known that the catalyst is involved in chemical bonding with the reactants
during the catalytic process. Thus catalysis is a cyclic process: the reactants are bound to
one form of the catalyst, and the products are released from another, regenerating the initial
state (see Scheme 2.1). I The intermediate catalyst complexes are in most of the cases
highly reactive and difficult to detect.

In theory, an ideal catalyst would not be consumed during the reaction, but thisis
not the case in practice. Owing to competing reactions, the catalyst undergoes chemical
changes, and its activity becomes lower (catalyst deactivation). Thus catalysts must be

regenerated or eventually replaced.
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R (Reactant)

Cat. Cat.—R

P (Product)

Scheme 2.1 Catalytic cycle.

Numerous organic intermediate products, required for the production of plastics,
synthetic fibers, pharmaceuticals, dyes, resins, and pigments, can only be produced by
catal ytic processes.

Most of the processes involved in crude-oil processing and petrochemistry, such as
purification stages, refining, and chemical transformations, require catal ysts. Environmental
protection measures such as automobile exhaust control and purification of off-gases from
power stations and industrial plant would be inconceivable without catalysts. (&

The suitability of a catalyst for an industrial process depends mainly on the
following three properties: [° 10

Activity

Selectivity
Stability (deactivation behavior)

Activity is a measure of how fast one or more reactions proceed in the presence of

the catalyst.
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The turnover frequency (TOF) quantifies the specific activity of a catalytic center
for a specific reaction under defined reaction conditions by the number of molecular
reactions or catalytic cycles occurring at the center per unit time. For a heterogeneous

catalyst, the TOF can be cal culated employing the following equations; (Y

Total feed (mol min—1)

X C -
Metal loading (mol) onversion

TOF (min~ 1) =

n (Ain) —n(Agur)
n(Ajn)

Conversion = x 100

where,
n(Ain) = Input moles of reactant “A”

n(Aout) = Output moles of reactant “A”

The turnover number (TON) specifies the maximum use that can be made of a
catalyst for a specific reaction under defined conditions by a number of molecular reactions
or reaction cycles occurring at the reactive center up to the decay of activity. The

relationship between TOF and TON is; [*2

TON = TOF (mmin— ') x Lifetime of the catalyst (min)
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The selectivity of areaction is the fraction of the starting material that is converted
to the desired product. It is expressed by the ratio of the amount of desired product to the
reacted quantity of areaction partner A and therefore gives information about the course of
the reaction. The selectivity of the reaction depends strongly on the catalyst and the
reaction conditions. In addition to the desired reaction, parallel and sequential reactions can

also occur (see Scheme 2.2):

El Desired

product
Parallel
A > R Side reactions
products
> R
A—> El — P Seqqentlal
reaction

Scheme 2.2 Parallel and sequential reactions.

Thus, the product selectivity can be calculated using the following equations: (4

o Product yield
Product selectivity = —— X x 100

Conversion

Fraction of A converted to product

Product yield = x 100
Ain
Ai,) —n(A
Conversion = n(Ain) — n(Aou) x 100
n(Aijn)

where,

A = reactant “A”

Ain = Input of reactant “A”

n(Ain) = Input moles of reactant “A”

n(Aout) = Output moles of reactant “A”
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The chemical, thermal, and mechanical stability of a catalyst determines its lifetime
in industrial reactors. Catalyst stability is influenced by numerous factors, including
decomposition, coking, and poisoning. Catalyst deactivation can be followed by measuring
activity or selectivity as afunction of time.

Catalysts that lose activity during a process can often be regenerated before they
ultimately have to be replaced. The total catalyst lifetime is of crucia importance for the
economics of a process. Today the efficient use of raw materials and energy is of major
importance, and it is often preferable to optimize existing processes than to develop new
ones. For various reasons, the target quantities should be given the following order of
priority:

Selectivity > Stability > Activity

2.5 Effect of physical adsor ption on the catalyst

In any gas/solid catalytic system, the reactant must first be adsorbed on the catalyst
surface. This is why surface characterization is so important. Studying the adsorption of
various molecules under controlled conditions yields information regarding the catalyst
surface area, pore volume, and pore size distribution. ¥ The key factor here is
accessibility. There are two types of adsorption. In physical adsorption, or physisorption,
the molecules are attached to the surface through Van der Waals interactions. Conversely,
chemical adsorption, or chemisorption, involves the breaking and creation of chemical
bonds. Both adsorption types are used in characterization studies. Physisorption is used for
determining the total surface area and pore volume, usually at temperatures that are close to

the boiling point of the adsorbate. Nitrogen adsorption at 77 K is normally used.
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Conversely, chemisorption is used for measuring specific chemical entities (such as
Brensted acid sites) on the surface. It is aso used to determine the active surface area.

The total surface area of a solid is related to the volume of gas that is adsorbed on
this surface at a given temperature and pressure. An adsorption isotherm is a graph, which
shows how the amount adsorbed depends on the equilibrium pressure of the gas, at constant
temperature. There are six main types of isotherms (see Figure 2.4). Type | isotherms are
typical for adsorption on microporous materials, such as molecular sieves and some
activated carbons. Type Il isotherms describe a multilayer adsorption on a nonporous or
macroporous material. 1sotherm types 111 and V are related to no monolayer formation, so
the incoming molecule is adsorbed preferentially on another adsorbed molecule, rather than
on an “empty” site, for example, when H2O is adsorbed on a hydrophobic material. For
heterogeneous catalysis applications, the most important materials are those with type 1V
isotherms (monolayer formation followed by filling of mesopores). [ The type IV
isotherm, in which the initial region is closely related to type |1, tends to level off at high
relative pressure. The initial part of the type IV isotherm is attributed to the monolayer-
multilayer adsorption, because it follows the same path as the corresponding part of a type
[l isotherm obtained with the given adsorptive on the same surface area of the adsorbent in
a non-porous form. ¥ It exhibits a hysteresis loop, the lower branch of which represents
measurements obtained by progressive addition of gas of the adsorbent, and the upper
branch represents measurements by progressive withdrawal. The hysteresis loop is
associated with the filling and emptying of the mesopores by capillary condensation. Type
IV isotherms are common, but the exact shape of the hysteresis loop varies from one

system to another. (6]
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I IV

Amount adsorbed ——»

Relative pressure —»
Figure 2.4 The six types ;f adsorption isotherms.
2.6 Individual stepsin a heterogeneous catalytic reaction
Heterogeneously catalyzed reactions are composed of purely chemical and purely

physical reaction steps. For the catalytic process to take place, the starting materials must
be transported to the catalyst. Thus, apart from the actual chemical reaction, diffusion,
adsorption, and desorption processes are of importance for the progress of the overall
reaction. In a catalytic gas reaction on a porous catalyst, the reaction steps are (see Figure
2.5): 1718

1) Diffusion of the starting materials through the boundary layer to the catalyst surface.

2) Diffusion of the starting materials into the pores (pore diffusion).

3) Adsorption of the reactants on the inner surface of the pores.

4) Chemical reaction on the catalyst surface.

5) Desorption of the products from the catalyst surface.

6) Diffusion of the products out of the pores.

7) Diffusion of the products away from catalyst through the boundary layer and into
the gas phase.
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Gas

Pore

-

Film diffusion
layer

Figure 2.5 Individua steps of a heterogeneously catalyzed gas-phase reaction.

In heterogeneous catalysis chemisorption of the reactants and products on the
catalyst surface is of central importance, so that the actual chemical reaction (step 4) cannot

be considered independently from steps 3 and 5.

2.7 Electron transfer between substrate and catalyst
The following classification is relative to the substrate:
Acceptor reactions. Electrons flow from catalyst to substrate; the adsorbate acts as
an acceptor (examples. starting materials with high electron affinity; reactions in

which oxygen is mobilized).

Donor reactions. Electrons flow from substrate to catalyst (examples: substrates that
readily release electrons, i.e, reducing agents with low ionization energies;

reactions in which H2 or CO is mobilized.

This classification is schematically shown in Figure 2.6.
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Figure 2.6 Electron transfer between catalyst and substrate.

2.8 Metals

For metals and metal alloys in particular, relationships have been sought between
collective properties and catalytic behavior. The metallic state was generally described by
the simple band model or the Pauling valence structure theory.

In metals the valence shell is formed by the s or d band. The main-group elements
with their s bands are typical electron donors and form strong bonds with el ectron acceptors
such as sulfur or oxygen; stable sulfides and oxides are formed. These metas are therefore
not suitable as catalysts. In contrast the transition metals with their d bands are excellent
catalysts. It is noteworthy that both hydrogenation and oxidation reactions can be carried
out with d-block elements.

Metals normally have a relatively narrow d band. The catalytic properties are
strongly influenced by the occupational density of the electronsin this band. In many cases,
a direct relationship has been found between the cataytic activity of transition metals and
the electronic properties of the unfilled d bands. This is shown by the general trend of the

rate of adsorption along the transition metal rows, 1% 20
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The bonding in atransition meta is partialy due to unpaired electrons in bonding d
orbitals. The contribution of these d electrons to the valence bonding was termed
“percentage of d character” of the metallic bonding by Pauling, who made a distinction
between three types of d orbitalsin transition metals:

Bonding d orbitalsinvolved in covaent dsp hybrid bonds
Metallic (free) d orbitals

Atomic d orbitals

2.9 Ener getic aspects of catalytic activity 421

Chemisorption and associated energetic aspects play a crucia role in understanding
heterogeneous catalysis. 2 The active centers on the catalyst surface are probably the
result of free valences or electron defects, which weaken the bonds in the adsorbed
molecules to such an extent that a reaction can readily occur. The course of a
heterogeneously catalyzed reaction is compared to that of an uncatalyzed reaction in Figure
2.7.

In this figure, the three elementary steps on the catalyst surface are depicted
qualitatively together with the corresponding energies. For the catalyzed reaction a
distinction should be made between the apparent activation energy, starting from the
ground state of the gaseous molecule, and the true activation energy, relative to the
chemisorbed state. The latter, also known as catal ytic activation energy, is more important.
Sometimes the product or intermediates being formed may be so strongly bound on the
surface that its desorption or further reaction is hindered. In this case the catalyst is

poisoned by the product and becomes inactive.
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Figure 2.7 Course of a heterogeneously catalyzed gas-phase reaction Ag = Pe.

where,

Eao = Activation energy of the homogeneous uncatalyzed gas-phase reaction
Ea1 = True activation energy

Ea2 = Apparent activation energy of the catalyzed reaction

Z, = Transition state of the gas-phase reaction

Z» = Trangition state of the surface reaction

AHRr = Reaction enthalpy

2.10 Catalyst performance
2.10.1 Factorsthat affect the catalyst performance

It is obvious that a good catalyst should possess high activity. A high activity allows
relatively small reactor volumes, short reaction times, and operation under mild conditions.
High selectivity is often more important than high activity. Furthermore, a catalyst should
maintain its activity and selectivity over a period of time, i.e., it should have sufficient

stability.

48



Chapter 11 Theoretical framework

Catalysts are developed for specific processes, e.g., for a specific reaction in a
specific reactor under specific reaction conditions. Therefore, there are many requirements
for an industria catalyst:

High activity

High selectivity

Sufficient stability

Possibilities for regeneration

Reproducible production method

Sufficient thermal stability against sintering

High compressive strength

High resistance against mechanical stress

The catal ytic performance can be affected by many influences such as:

Active phase

Support

Environment of the reaction

Promoters

Inhibitors
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The properties of a catalyst can be manipulated by any process that alters the
properties of its surface, since the nature of the individual sites at the surface is responsible
for the activity, selectivity, and stability of the catalyst.

The most important reasons to use supported catalysts in industry are:

Costs. The catalyticaly active components of supported catalysts are often

expensive metals. Since this active component is applied in a highly dispersed form,

the metal represents only asmall fraction of the total catalyst mass.

Activity. The high activity leads to fast reaction rates, short reaction times, and

maximum throughput.

Selectivity. The selectivity facilitates the following: maximum yield, elimination of

side products, and lowering of purification costs.

Regenerability. It helps keep process costs low.

2.10.1.1 Promoters %
Promoters are substances that are themselves not catal ytically active but increase the
activity of catalysts. There are four types of promoters:
Structure promoters. They increase the selectivity by influencing the catalyst surface
such that the number of possible reactions for the adsorbed molecul es decreases and

afavored reaction path dominates.

Electronic promoters. They become dispersed in the active phase and influence its

electronic character and therefore the chemical binding of the adsorbate.
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Textural promoters. They inhibit the growth of catalyst particles to form larger, less

active structures during the reaction.

Catalyst-poison-resistant promoters. They protect the active phase against poisoning
by impurities.

2.10.1.2 Inhibitors
An inhibitor is a substance that reduces the rate of a catalytic reaction, often as a

result of bonding chemically to the catalyst.

2.11 Catalyst deactivation and regeneration 24

Catalysts have only a limited lifetime. Some lose their activity after a few minutes,
others last for more than ten years. The maintenance of catalyst activity for as long as
possible is of major economic importance in industry. A decline in activity during the

process can be the result of various physical and chemical factors such as:

Blocking of the catalytically active sites
Loss of catalytically active sites due to chemical, thermal, or mechanical processes.

The course of the activity of an industrial catalyst with time can be described as

==
shown in Figure 2.8: % = — ideal
Lo \ —— .
E \‘ _"‘---.\_\\ ,2?_. real
[o] \ {
QO 3 \\
AY

e _— undesired
/

o=

Time
Figure 2.8 Deactivation behavior of catalyst. [*
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The four most common causes of catalyst deactivation are (see Figure 2.9): [0

Poisoning of the catalyst

Deposits on the catalyst surface that block the active centers and change the pore

structure
Thermal processes and sintering of the catalyst |ead to aloss of active surface area

Catalyst losses by evaporation of components

8
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Figure 2.9 Mechanisms of catalyst deactivation (M = Metal). [

The catalyst activity varies with time as shown in Figure 2.10. The activity
decreases with increasing operating time in a manner that depends on the reaction

conditions and the deactivation kinetics. The loss of activity can be gradual or very rapid.
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Figure 2.10 Catalyst regeneration and loss of activity during a process.
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2.12 Characterization of catalyst supportsand metal catalysts

Characterization of nanostructured materials is driven by the need to have
gualitative and quantitative information, which serve as the basis for comparison and
selection of nanostructured materials, such as, in our case, multi-walled carbon nanotubes,
doped multi-walled carbon nanotubes, few layer graphene, carbon nanofibers, and fibrous
carbon for specific applications. Such data are also useful for modeling the behavior and
performance of such carbon nanomaterials. Besides, characterization provides feedback for
use in the design and preparation of carbon nanomaterials. The characteristics often
measured are density, abrasion resistance, surface area, average pore Size, pore size

distribution, pore shape, pore volume, and the surface chemistry of the carbon.

2.12.1 Characterization techniques

Currently, advanced characterization techniques are a useful tool in the
nanotechnology field. They provide very important information about the sample measured.
In the preparation method, the knowledge of many characteristics from sample alows
carrying out a controlled preparation that is known by using advanced characterization
techniques such as Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), High Resolution Transmission Electron Microscopy (HRTEM),
Elemental Analysis (Microanalysis), Thermogravimetric Analysis (TGA), Physisorption
(BET surface ared), Raman Spectroscopy (Raman), X-Ray Powder Diffraction (XRPD),
Infrared Spectroscopy (IR), X-Ray Photoelectron Spectroscopy (XPS), and Inductively

Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES).
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2.12.1.1 Scanning electron microscopy (SEM)

SEM is one version of the electron microscopy which uses a beam of electrons to
scan the surface of a sample and makes possible the direct observation of its surface
features at the micro and submicro levels.

The main features of a scanning electron microscope are an electron source which
provides the electrons that interact with the sample to be examined, an arrangement of
metal apertures, magnetic lenses and scanning coils or deflector plates that confine, focus
and turn the beam of electrons into a thin and focused monochromatic beam which is
accelerated towards the sample and which irradiates the sample in a raster fashion as shown

in Figure 2.11. [27.281
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Figure 2.11 Schematic diagram of a scanning el ectron microscope.
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The interaction of the electrons with the sample initiates a number of reactions
inside the sample, which results in the generation of signals, which give information about
the sample. The SEM imaging process involves four main steps. These include sample
preparation, sample scanning process, image formation and image analysis.

The SEM can yield information about the topography (surface features of an
object), morphology (shape and size of the particles making up the surface of an object),
composition (the elements that the object is composed of and the relative amounts of these)
and crystallographic information (how the atoms are arranged in the object). This ability
makes the SEM a hugely useful instrument for the study of nanostructured materials. SEM
micrographs have a large depth of field that yields a pseudo three-dimensiona appearance

useful for understanding the surface structure of a sample. (%l

2.12.1.2 Transmission electron microscopy (TEM)

TEM is an imaging technique where a beam of electrons is focused onto a sample,
causing an enlarged version to appear on a fluorescent screen to be then registered by a
digital camera. [Vl

The transmission electron microscopeis avery powerful tool for material science. A
high energy beam of electrons is shone through a very thin sample, and the interactions
between the electrons and the atoms can be used to observe features such as the crysta
structure and features in the structure like dislocations and grain boundaries. Chemical

analysis can also be performed. (34
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The main components of a transmission electron microscope are an electron source,

a thermionic gun, an electron beam, electromagnetic lenses, a vacuum chamber,

condensers, a sample stage, and a fluorescent screen as shown in Figure 2.12.

Flectron gun |E‘_

Condensor aperture | | =

Objective aperture

1r Objective lens

Ditfraction lens

Intermediate lens

Projector lenses

Specimen port - J?a
—ULEINE
==
Intermediate aperture [-’2—(\' V53 ‘
= |
Binoculars . ((;;; Em.[,?;
Y -om B
4 &)) :
[
4/
N N ,.'rl
& ]

\ Fluorescent screen
-
{

Image recording system

|

Figure 2.12 Schematic diagram of a transmission electron microscope.

Air needs to be pumped out of the vacuum chamber, creating a space where

electrons are able to move. The electrons then pass through multiple electromagnetic

lenses. These solenoids are tubes with coil wrapped

around them. The beam passes through

the solenoids, down the column, makes contact with the screen where the eectrons are

converted to light and form an image. The image can be manipulated by adjusting the

voltage of the gun to accelerate or decrease the speed of electrons as well as changing the

electromagnetic wavelength via the solenoids. The coils focus images onto a screen or

photographic plate.
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During transmission, the speed of electrons directly correlates to electron
wavelength; the faster electrons move, the shorter wavelength and the greater the quality
and detail of the image.

In the image, the lighter areas represent the places where a greater number of
electrons were able to pass through the sample and the darker areas reflect the dense areas
of the sample. These differences provide information on the structure, texture, shape, and

size of the sample.

2.12.1.3 High-resolution transmission electron microscopy (HRTEM)

The most important benefit of HRTEM applied to problems in materials science is
its ability to provide real-space images of the local structure of thin samples with an atomic
resolution. The widespread availability of field-emission electron sources for transmission
electron  microscopy/scanning transmission electron microscopy (TEM/STEM)
instrumentation has been one of the most important advances in instrumentation. For
HRTEM, field-emission sources have provided an increase in image resolution and have
promoted the development of computational techniques that further extend image
resol ution and image interpretability. 52

The eectron column consists of an electron gun and set of 5 or more
electromagnetic lenses operating in vacuum. It is convenient to divide the TEM into three

components: the illumination system, the objective lens/stage, and the imaging system.
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The illumination system comprises the gun and the condenser lenses and its role is
to take the electrons from the source and transfer them to the sample. The objective lens
and the sample holder/stage system is the heart of the TEM. Here is where all of the beam-
sample interactions take place and the two fundamental TEM operations occur, namely, the
creation of the various images and diffraction patterns (DP) that are subsequently magnified
for viewing and recording. The imaging system uses several lenses to magnify the image or
the DP produced by the objective lens and to focus these on the viewing screen or computer

display via a detector, or TV camera as shown in Figure 2.13.

"'”LQL

[

= —3
_'FL}-_?iz‘._?- E

SR =
N |

v ¢ agemre — L]

ity

Figure 2.13 Schematic diagram of a high-resolution transmission electron microscope.

The TEM sample is placed in front of the objective lens in the form of a thin fail,
thin section, or fine particles transparent for the electron beam. The objective lens forms an
image of the electron density distribution at the exit surface of the sample based on the

electron optical principles.
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A diffraction pattern is formed in the back focal plane of the objective lens and the
recombination of the diffracted beams forms an image in the image plane of the objective
lens. The diffraction, projection, and intermediate lenses below the objective lens are used
to focus and magnify either the diffraction pattern or the image onto a fluorescent screen,
which converts the electrons into visible light signal. Because of its high resolution, it is a
valuable tool to study nanoscale properties of crystalline material such as semiconductors
and metals. TEM imaging can be combined with severa material analysis techniques as
Electron Energy Loss Spectroscopy (EELS), Energy Filtered TEM (EFTEM), and Energy
Dispersive X-ray (EDX).

HRTEM provides a direct evidence in the local structure and its irregularities at the
atomic scale. Furthermore, a structure analysis of crystalline and amorphous materias,
characterization of the rea structure, especially of structure defects, analysis of internal
interface structure, phase analysis, detection of superstructures, detection of order-disorder
phenomena, structure investigation of non-stoichiometric compounds, investigation of
dynamic processes, imaging of single atoms and atom clusters, detection of point defects,

and point defect agglomerates can be performed. [*3!

2.12.1.4 Elemental analysis (microanalysis)

Microanalysis is a process where a sample of some material is analyzed for its
elemental and sometimes isotopic composition. Elemental analysis can be qualitative and
quantitative.

The CHNS elemental analyzer is a proven instrument for the rapid determination of

carbon, hydrogen, nitrogen, or sulphur content in organic and other types of materials.
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The main components of an elemental analyzer are a furnace (up to 1100 °C), a
reactor (combustion chamber, for CHNS determination), a gas chromatographic column, a
thermal conductivity detector (TCD), adsorption filters, and an autosampler as shown in

Figure 2.14.
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Figure 2.14 Schematic diagram of an elemental analyzer.

The analytical method is based on the complete and instantaneous oxidation of the
sample by “flash combustion”, which converts all organic and inorganic substances into
combustion products. The resulting combustion gases pass through a reduction furnace and
are swept into the chromatographic column by the carrier gas (helium), where they are
separated and detected by a thermal conductivity detector (TCD), which gives an output

signal proportional to the concentration of the individual components of the mixture.
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The organic elemental analysis determines the percentage (%) composition of
carbon, hydrogen, nitrogen, and sulphur contained in organic, inorganic, and polymeric

materials and in substances of different nature and origin (e.g., solid or liquid samples).

2.12.1.5 Thermogravimetric analysis (TGA)

TGA is atechnique in which the mass of a substance is monitored as a function of
temperature or time as the sample is subjected to a controlled temperature program in a
controlled atmosphere.

The main components of a thermogravimetric analyzer are a furnace, a balance, an

autosampler, and a thermocouple as shown in Figure 2.15.

T Thermocouple
sample
Carrier gas environment
Furnace
Balance

Figure 2.15 Schematic diagram of a thermogravimetric analyzer.

A TGA consists of a sample pan that is supported by a balance. That pan resides in
a furnace and is heated or cooled during the experiment. The sample mass is monitored
during the experiment. A sample purge gas controls the sample environment. This gas may

be inert or reactive, and flows over the sample and exits through an exhaust.
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TGA can quantify loss of water, pyrolysis, oxidation, decomposition, amount of
metallic catalytic residue remaining on carbon nanotubes, and weight % ash. All these
guantifiable applications are usually done upon heating, but there are some experiments

where information may be obtained upon cooling.

2.12.1.6 Physisorption (BET surface area)

The BET surface area and the pore size distribution are fundamental parameters for
the characterization of solids. Properties such as porosity, strength, hardness, permeability,
separation selectivity, corrosion, and thermal stress resistance can be directly correlated to
the porous structure of a material. These properties can be easily investigated by the
physisorption technique.

The basic components of physical adsorption analyzer are an analysis manifold of
accurately known volume and temperature, a vacuum system with valve to manifold, a
source of adsorptive gas (typically, N2) with valve to manifold, a pressure transducer and
temperature sensor, a sample tube connected to analysis manifold, and a liquid nitrogen

bath as shown in Figure 2.16.
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Figure 2.16 Schematic diagram of a physical adsorption analyzer.
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Determination of internal surface area is based on adsorption and condensation of
N2 at liquid N2 temperature, 77K. Initialy, the sample is evacuated at 293-523 K (120-
250°C) followed by cooling to 77 K by liquid N2. Then gradually the partial pressure of
nitrogen above the sample is increased. Some quantity of gas will be adsorbed by the
sample and removed from the gas phase. After stabilization, the equilibrated pressure is
recorded and amount of nitrogen adsorbed at each equilibrated pressure is noted. The
isotherm, volume adsorbed as function of relative pressure P/Po, is plotted from the data.
The pressure over the sample is gradually increased, until pressure reaches near saturation
pressure, by when the complete adsorption isotherm is obtained. The desorption isotherm is
measured by a step-wise reduction in pressure until a low pressure over the sample is
achieved. Although the volumes are adsorbed at different conditions, the values are
reported at STP conditions.

Thus, the BET surface area, pore volume, and pore size distribution of a solid can

be known through a physical adsorption anaysis.

2.12.1.7 Raman spectroscopy (Raman)

Raman is a spectroscopic technique based on inelastic scattering of monochromatic
light, usually from a laser source. Inelastic scattering means that the frequency of photons
in monochromatic light changes upon interaction with a sample. Photons of the laser light
are absorbed by the sample and then reemitted. Frequency of the reemitted photons is
shifted up or down in comparison with original monochromatic frequency, which is called

the Raman effect.
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A Raman spectrometer typically consists of four main components. an excitation
source (laser), a sample illumination system and light collection optics, a wavelength

selector (filter or spectrophotometer), and a detector (photodiode array) as shown in Figure

2.17.
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Figure 2.17 Schematic diagram of a Raman spectrometer.
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Raman spectroscopy uses a laser light source to irradiate a sample, and generates an

infinitesimal amount of Raman scattered light, which is detected as a Raman spectrum

using a CCD camera.

The Raman spectroscopy provides information about vibrational, rotational and

other low frequency transitions in molecules. It is particularly useful for the

characterization of carbon nanomaterials.
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2.12.1.8 X-ray diffraction (XRD)

XRD is one of the most potential characterization tools and a non-destructive
technique for characterizing both organic and inorganic crystalline materials.

The main components of an X-ray diffractometer are: i) an X-ray tube (source of X-
rays), ii) incident-beam optics (condition of the X-ray beam before it hits the sample), iii) a
goniometer (platform that holds and moves the sample, and detector), iv) a sample and
sample holder, receiving-side optics (condition of the X-ray beam after it has encountered

the sample), and v) a detector (count the number of X-rays scattered by the sample) as
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shown in Figure 2.18.
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Figure 2.18 Schematic diagram of an X-ray diffractometer.

An X-ray diffractometer produces waves at a known frequency, which is
determined by their source. The source is often X-rays, because they are the only kind of
energy with the correct frequency for inter-atomic-scale diffraction. However, electrons and
neutrons are also common sources, with their frequency determined by their de Broglie
wavelength. When these waves reach the sample, the atoms of the sample act just like

adiffraction grating, producing bright spots at particular angles.
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By measuring the angle where these bright spots occur, the spacing of the
diffraction grating can be determined by the Bragg's law, as illustrated in the following
equation:

nA=2dsin (©)

where,

n = Order of diffraction (whole number)

A = The wavelength of the rays

d = The spacing between layers of atoms

© = The angle between the incident rays and the surface of the crystal

The XRD analysis shows the kinds of materials that compose a solid (qualitative
analysis), the quantity of materials that compose the solid (quantitative anaysis), the
quantity of materials that are crystallized (crystallinity), the amount of stress present in the
solid (residual stress), the size of crystalites that compose the solid (crystallite size), and
the average orientation of crystallites that compose the solids (texture). The crystallite size
can be calculated by applying the Scherrer formula, asillustrated in the following equation:

o B
d cos(6)

where,

L = Mean crystallite size (nm)

K = Scherrer constant

A = Wavelength (A) in the case of Cu Kal
d = Full width at half maximum (rad)

O = Theta angle (°)
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2.12.1.9 Infrared spectroscopy (IR)

IR is a technique based on the vibrations of the atoms of a molecule. An infrared
spectrum is commonly obtained by passing infrared radiation through a sample and
determining what fraction of the incident radiation is absorbed at a particular energy. The
energy a which any peak in an absorption spectrum appears corresponding to the
frequency of avibration from a sample molecule.

An infrared spectrometer consists of three basic components: a radiation source, a

monochromator, and a detector as shown in Figure 2.19.
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Figure 2.19 Schematic diagram of the infrared spectrometer.

The infrared radiation from the source by reflecting to a flat mirror passes through
the sample and reference monochromator then through the sample. The beams are reflected
on a rotating mirror, which aternates passing the sample and reference beams to the
dispersing element and finally to detector to give the spectrum.

Aninfrared analysis allows the identification of all types of organic and many types
of inorganic compounds, determination of functional groups in organic materias,
determination of the molecular composition of surfaces, identification of chromatographic
effluents, quantitative determination of compounds in mixtures, determination of molecular

conformation, and determination of molecular orientation. 34
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2.12.1.10 X-ray photoelectron spectroscopy (XPS)

XPS is a powerful research tool for surface chemical anaysis. It is a versdtile
technique to study physical and chemical phenomena occurring at surfaces of materias
ranging from metals, oxides, semiconductors, glasses, ceramics, polymers, composites and
biomaterials. *

The main components of an X-ray photoelectron spectrometer are an electron
energy anayzer, an X-ray source, a sample, an electron gun, and a detector as shown in

Figure 2.20.

Figure 220 Schematic diagram of an XPS system.

XPS spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape from the
top O to 10 nm of the material being analyzed.

XPS is used to determine: i) the elements present and the quantity of these elements
within the top 1-12 nm of the sample surface, ii) any contamination on the surface or in the
bulk of the sample, iii) the empirical formula of a material that is free of excessive surface
contamination, and iv) the chemical state identification of one or more of the elements in
the sample. XPS also gives information on local bonding of atoms, the binding energy of
one or more electronic states, the thickness of one or more thin layers (1-8 nm) of different

materials within the top 12 nm of the surface, and the density of electronic states.
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2.12.1.11 Inductively coupled plasma-atomic emission spectroscopy (ICP-AEYS)

AES is one of the oldest spectroscopy techniques. In atomic emission spectroscopy,
the atomic spectra emitted by a sample are used for the determination of its qualitative or
quantitative elemental composition.

In principle, atomic emission spectroscopy can be used for the multi-element
analysis of materials in gaseous, liquid, powdered, or solid physical form. Because of its
high detection power and the increasing variety of excitation sources available, atomic
emission spectroscopy is the most universally used method for multi-element analysis.
Atomic emission spectroscopy could involve the dissolution of 1 g of a powdered sample,
nebulization into an inductively coupled plasma (ICP), dispersion by a spectrometer with a
grating of 1-metre focal length, photo-electric detection, and data processing by a computer
to provide quantitative results. [*¢

The main components of an ICP-AES equipment are an oscillator, a coupling unit,
an induction coil, a plasmatorch, an outer gas, an intermediate plasma gas, and an injection

gas as shown in Figure 2.21.
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Figure 2.21 Schematic diagram of an ICP-AES equipment.
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Atomic emission spectroscopy is based on the principle that excited atoms and ions
emit radiation of a characteristic wavelength when electrons return to lower-energy orbitals.
Excitation causes one or more electrons to be raised to higher energy levels, and the atom is
then in an excited state. When the source of energy is removed, the atom returns to its
lowest possible energy state. 371

An ICP-AES analysis determines the elements present in the sample and the weight
percentage (wt%) of each one. Thus, this technique has a detection capability for metals

lessto 1 ppb.

2.13 Summary

As that mentioned in section 2.2, we will use the catalytic-chemica vapor
deposition (C-CVD) technique to synthesize our carbon nanomaterials, which will be
employed as catalyst supports. Furthermore, the palladium metal will be used as active
phase to prepare al catalysts by the wetness impregnation method. Thus, we expect to
obtain highly active and selective palladium catalysts for aerobic ethanol oxidation to acetic
acid. Besides, the best catalyst will be selected to evauate its catalytic stability through

recycling tests.
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3.1 Introduction

As mentioned in the literature, the catalytic-chemical vapor deposition (C-CVD)
technique is the method of choice in heterogeneous catalysis for preparing carbon supports
such as few layer graphene (FLG), multi-walled carbon nanotubes (CNT), carbon
nanofibers (CNF), and fibrous carbon (FC). [* 2 This process involved the thermal
decomposition of hydrocarbon vapor in the presence of ametal catalyst. ¥ In this work, all
carbon supports were synthesized by C-CVD into a fluidized bed reactor using ethylene
(C2H4) as a carbon source, acetonitrile (C2HsN) as a carbon and nitrogen source, or
thiophene (C4H4S) as a carbon and sulphur source. The carbon supports were prepared
using various metal oxide catalysts such as AlCoFeOs for CNT, NiFexOs and CoFexO4 for
FLG and CNF, and Cuo.1Nip.9C0204 for FC. These metal oxide catalysts were prepared in
our laboratory using the same method for all them. For a long time, the production of
carbon supports synthesized by C-CVD has employed supported catalysts, [4 but now we
propose the use of unsupported catal ysts as those mentioned above. The use of unsupported
catalysts as starting materials to synthesize carbon materials is a new way in catalysis to
produce these carbon materials. These unsupported catalysts allow preparing carbon
nanomaterials with high yield and well-shaped carbon structures, thus becoming promising
starting materias in heterogeneous catalysis. These well-shaped carbon structures such as
FLG, CNT, CNF, and FC synthesized by C-CVD using unsupported catalysts have allowed
exploring new preparation ways of metal catalysts supported on these carbon structures to
be compared to metal catalysts supported on metal oxides commercialy used in the

industry.
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To clearly understand the structural order of this Chapter 111: Methodology, the
main issues are summarized in Table 3.1.

Table 3.1 Main issues of Chapter I11.

I ssues

3.2 Catalytic-Chemical Vapor Deposition (C-CVD) technique

3.3 Reactants

3.4 Unsupported catalysts used as starting materials to prepare carbon supports

3.5 Supported catalyst used as starting material to prepare carbon supports

3.6 Preparation of carbon supports

3.7 Activation of carbon support surface by chemical methods

3.8 Commercia silica-alumina and alumina used as catal yst supports

3.9 Preparation of palladium catalysts

3.10 Summary

3.11 References

3.2 Catalytic-chemical vapor deposition (C-CVD) technique
3.2.1 Small scalereactor
The experiments were carried out in a vertical fluidized bed reactor equipped with a

temperature controller, flow controllers, and doping system as shown in Figure 3.1.
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| - I |
- Temperaturep
controller

Doping system

Flow controllers

Figure 3.1 Fluidized bed reactor

The synthesis of carbon nanomaterials from thermal decomposition of a
hydrocarbon vapor in presence of a metal catalyst was carried out in a quartz tube (2.5 cm
internal diameter and 100 cm height), which has a quartz fritted glass (2.5 cm diameter and

0.4 cm height) at half height maximum as shown in Figure 3.2.

Quartz fritted glass

Figure 3.2 Quartz tubes with quartz fritted glasses.
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3.2.2 Large scalereactor
The experiments were also carried out in a larger vertical fluidized bed reactor
equipped with atemperature controller and flow controllers as shown in Figure 3.3.

I

Fluidized 3

Temperature controllers¥

controller

Figure 3.3 Fluidized bed reactor

In that case, the synthesis was also carried out in a quartz tube, which has a quartz

fritted glass at half height maximum as shown in Figure 3.4.

Quartz
fritted glass

\

Figure 3.4 Quartz tubes with quartz fritted glasses
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3.3 Reactants

Many reactants were purchased from Sigma-Aldrich such as aluminum nitrate
nonahydrate (>98%, AIN3O9 9H20), cobalt (I1) nitrate hexahydrate (99%, CoN2Os 6H20),
iron (I11) nitrate nonahydrate (>98%, FeN3Og 9H20), nickel (I1) nitrate hexahydrate (>99%,
NiN2Os 6H20), copper (I1) nitrate trihydrate (>99%, CuN20Os 3H20), citric acid (99%,
CeHsgOy), bis(cyclopentadienyl)nickel(1l) (CioHi1oNi), alumina (>99%, Al203), silica
alumina catalyst support (grade 135, SiO2-Al>0s), acetonitrile (>99%, C>HsN), thiophene
(>99%, CiH4S), ammonium hydroxide solution (~25% NH3z basis, HsNO), acetone
(>99.5%, C3HeO), and palladium (I1) nitrate dihydrate (~40% Pd basis, PdN2Os 2H:0).
Nitrogen (99.999%, N3), hydrogen (99.999% H>), and ethylene (99.999%, C.H4) were

purchased from Air Liquide.

3.4 Unsupported catalysts used as starting materialsto prepare carbon supports
3.4.1 Catalyst preparation method

As aready mentioned above, al unsupported catalysts were prepared using the
same method. To prepare 1 g of metal oxide catalyst, the desired amount of metal
precursors and 3 g of citric acid were placed in 30 mL of water. Then, the solution was
stirred for 10 min and a concentrated ammonium hydroxide solution (NH4OH) was slowly
adding until a 6.5 pH vaue was reached. The dlightly acidic solution was newly stirred for
30 additional min. Then, the solution was placed into an oven at 100 °C overnight. The
resulting solid was then placed into an oven at 200 °C for 2 h under air. The new resulting
solid was crushed until a fine powder was obtained. This resulting fine powder was placed
into an oven at 400 °C for 5 h under air.
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3.4.1.1 AICoFeO4 catalyst

The AICoFeO, catalyst is a metal oxide catalyst, which has often been used to
prepare carbon materials due to its high performance. It produces multi-walled carbon
nanotubes. The presence of aluminum, cobalt and iron metals as active phases in its

chemical structure alow the formation of multi-walled carbon nanotubes.

3.4.1.2 NiFexOq4 catalyst

The NiFexO4 catalyst is a metal oxide catalyst, which has often been used to prepare
carbon materials due to its high performance. It produces few layer graphene and carbon
nanofibers. The presence of nickel and iron metals as active phasesin its chemical structure

allow the formation of few layer graphene and carbon nanofibers.

3.4.1.3 CoFex04 catalyst

The CoFexO4 catalyst is ametal oxide catalyst, which has often been used to prepare
carbon materials due to its high performance. It produces few layer graphene and carbon
nanofibers. The presence of cobalt and iron metals as active phasesin its chemical structure

allow the formation of few layer graphene and carbon nanofibers.

3.4.1.4 Cuo0.1Nio9C0204 catalyst

The Cuo.1Nio9C0204 catalyst is a metal oxide catalyst, which has often been used to
prepare carbon materials due to its high performance. It produces fibrous carbon. The
presence of copper, nickel, and cobalt metals as active phases in its chemica structure

alow the formation of fibrous carbon.
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3.5 Supported catalyst used as starting material to prepare carbon supports
3.5.1 Catalyst preparation method

A wetness impregnation method was used to prepare a nickel catalyst supported on
alumina. The desired amount of bis(cyclopentadienyl)nickel(I1) (CioH10Ni) was added to a
diethyl ether solution (500 mL) containing 10 g of aumina (Al203), so as to introduce 10
wt% of the meta phase. The obtained solution was magnetically stirred at room
temperature for 3 h. The resulting solution was then placed in a rotating evaporator to
remove the solvent from solution. The resulting solid was then dried under vacuum for 15
h. Finally, the catalyst was reduced in a horizontal tube oven under a nitrogen (300 mL min

1N2) and hydrogen (300 mL min"t Hy) flow at 450 °C for 2 h.

3.5.1.1 10% Ni/Al203 catalyst

The 10%Ni/Al2Oz catalyst was also used as a starting material to prepare carbon
nanomaterials due to its high performance. It produces carbon nanofibers with small
diameters. These carbon nanofibers present different characteristics compared to the carbon
nanofibers produced with the NiFe-O4 and CoFexO4 catalysts. The presence of nickel metal

as active phase in its chemical structure allow the formation of small carbon nanofibers.

3.6 Preparation of carbon supports
3.6.1 Preparation and purification method
3.6.1.1 Few layer graphene (FLG)
FLG was prepared using the CoFe>O4 catalyst. The synthesis of FLG was carried

out in 2 steps.
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In the first step, 0.25 g of CoFexO4 catalyst were reduced in the fluidized bed under
a nitrogen (225 mL mint N2) and hydrogen (150 mL mint Hy) flow at 650 °C. In the
second step, the ethylene flow was adjusted at 225 mL min for 30 min. The formula & =
Ocarbon/Qeatalyst Provides the performance obtained after synthesis. Therefore, the performance
for raw few layer graphene was ¢ = 5.5.

In the purification method, the raw FLG was purified by hydrochloric acid (HCI, 37
Wt%) treatment at room temperature overnight. [ The acidic solution was filtered and then
washed with distilled water until a6.5 pH value.

The resulting solid was dried in an oven at 80 °C overnight. The resulting solid

(FLG) was manually crushed and recovered to be used as catalyst support.

3.6.1.2 Multi-walled carbon nanotubes (CNT)

CNT were prepared using the AICoFeO4 catalyst. The synthesis of CNT was carried
out in 2 steps.

In the first step, 0.1 g of AlICoFeO4 catalyst were reduced in the fluidized bed under
a nitrogen (225 mL mint N2) and hydrogen (150 mL mint Hy) flow at 650 °C. In the
second step, the ethylene flow was adjusted at 225 mL min™ for 30 min. [® Therefore, the
performance for raw multi-walled carbon nanotubes was & = 28.5.

In the purification method, the raw CNT were purified by aqueous solution (50
vol% H2S04) under a reflux system using an oil bath at 140 °C for 3 h. [ The acidic
solution was filtered and then washed with distilled water until a 6.5 pH value was reached.
The resulting solid was dried in an oven at 80 °C overnight. The resulting solid was then
crushed in a ball milling for 3 min. The resulting powder solid (CNT) was recovered and

used as catalyst support.
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3.6.1.3 Carbon nanofibers (CNF)

CNF were prepared using the CoFe>O4 catalyst. The synthesis of CNF was carried
out in 2 steps.

In the first step, 0.25 g of CoFexO4 catalyst were reduced in the fluidized bed under
a nitrogen (225 mL mint N2) and hydrogen (150 mL mint Hy) flow at 450 °C. In the
second step, the ethylene flow was adjusted at 225 mL min! for 30 min. The performance
for raw carbon nanofibers was & = 2.95.

In the purification method, the raw CNF were purified by hydrochloric acid (HCI,
37 wt%) treatment at room temperature overnight. ! The acidic solution was filtered and
then washed with distilled water until a 6.5 pH value was reached. The resulting solid was
dried in an oven at 80 °C overnight. The resulting solid (CNF) was manually crushed and

recovered to be used as catalyst support.

3.6.1.4 Small carbon nanofibers (SCNF)

SCNF were prepared using the 10%Ni/Al>Oz catalyst. The synthesis of SCNF was
carried out in 2 steps.

In the first step, 2 g of 10%Ni/Al2Oz catalyst were reduced in the fluidized bed
under anitrogen (160 mL min't N2) and hydrogen (120 mL min™ Hy) flow at 650 °C. In the
second step, the ethylene flow was adjusted at 60 mL min™ for 1 h. The performance for
raw small carbon nanofibers was & = 1.8. The presence of nickel (Ni) metal mainly allowed

the formation of well-shaped carbon materials such as small carbon nanofibers.
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In the purification method, the raw sCNF were purified by aqueous solution (50
vol% H2>SO04) under areflux system using an oil bath at 140 °C for 3 h. The acidic solution
was filtered and then washed with distilled water until a 6.5 pH value was reached. The
resulting solid was dried in an oven at 80 °C overnight. The resulting solid (SCNF) was

manually crushed and recovered to be used as catalyst support.

3.6.1.5 Fibrouscarbon (FC)

FC was prepared using the CuoiNiosC0:04 catalyst. The synthesis of FC was
carried out in 2 steps. In the first step, 0.1 g of Cuo.1Nio9C0204 catalyst were reduced in the
fluidized bed under a nitrogen (18 L h'* N») and hydrogen (18 L h Hy) flow at 675 °C. In
the second step, the nitrogen and hydrogen flow were adjusted at 12 L h™ and 45 L h?,
respectively. Besides, the ethylene flow was also adjusted at 60 L h™* for 20 min. The
performance for raw fibrous carbon was & = 100.

In the purification method, the raw FC was purified by hydrochloric acid (HCI, 37
wit%) treatment at room temperature overnight. The acidic solution was filtered and then
washed with distilled water until a 6.5 pH value was reached. The resulting solid was dried
in an oven at 80 °C overnight. The resulting solid (FC) was manually crushed and

recovered to be used as catal yst support.

3.7 Activation of carbon support surface by chemical methods

As dready known, the surface chemistry of a catalyst support can be improved by
heteroatom doping, oxidation method and/or thermal treatment. [> 7 Doping with
heteroatoms assures a high loading and dispersion of the active phase.
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The incorporation of oxygen-containing functional groups on carbon support
surface increases the amount of anchoring sites everywhere. [1 A high temperature
treatment removes impurities (e.g., anorphous carbon) and decreases the grade of structural
disorder. Therefore, the surface chemistry of carbon supports has been modified by at |east

a chemical method mentioned above before using them as catalyst supports.

3.7.1 Functionalization (-COOH), High temperature treatment (HT), and High

temperaturetreated functionalization (-COOH HT)

3.7.1.1 Multi-walled carbon nanotubes (CNT, CNT-coon, CNTHt, and CNT-coon
HT)

A portion of purified CNT was functionalized by nitric acid (HNOz, 65 wt%)
treatment under a reflux system at 140 °C for 3 h. [l The acidic solution was filtered and
then washed with distilled water until a 6.5 pH value was reached. The resulting solid was
dried in an oven at 80 °C overnight. The resulting solid was crushed in a ball milling for 3
min. The resulting powder solid (CNT.coon) Was recovered and used as catalyst support.

Another portion of purified CNT was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h. The resulting solid (CNTHT) was recovered and used as
catalyst support.

A portion of CNT.coon Was then treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (CNT-coon HT) Was recovered and used as

catalyst support.
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Thus, purified multi-walled carbon nanotubes (CNT), functionalized multi-walled
carbon nanotubes (CNT.-coon), high temperature treated multi-walled carbon nanotubes
(CNTHT), and high temperature treated functionalized multi-walled carbon nanotubes

(CNT-coon HT) have been produced to be used as catalyst supports.

3.7.1.2 Few Layer Graphene (FLG, FL G-cooH, FLGHT, and FL G-cooH HT)

A portion of purified FLG was functionalized by nitric acid (HNOs, 65 wt%)
treatment under a reflux system at 140 °C for 3 h. The acidic solution was filtered and then
washed with distilled water until a 6.5 pH value was reached. The resulting solid was dried
in an oven at 80 °C overnight. The resulting solid (FLG.coon) was manually crushed and
recovered to be used as catalyst support.

Another portion of purified FLG was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h. The resulting solid (FLGHt) was recovered and used as
catalyst support.

A portion of FLG.coon Was then treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (FLG.coon HT) Was recovered and used as
catalyst support.

Thus, purified few layer graphene (FLG), functionalized few layer graphene (FLG.
cooH), high temperature treated few layer graphene (FLGHr), and high temperature treated
functionalized few layer graphene (FL G.coon HT) have been produced to be used as catalyst

supports.
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3.7.1.3 Carbon nanofibers (CNF, CNF-coor, CNFHT, and CNF-cooH HT)

A portion of purified CNF was functionalized by nitric acid (HNOs, 65 wt%)
treatment under a reflux system at 80 °C for 3 h. The acidic solution was filtered and then
washed with distilled water until a 6.5 pH value was reached. The resulting solid was dried
in an oven a 80 °C overnight. The resulting solid (CNF.coon) was manually crushed and
recovered to be used as catalyst support.

Another portion of purified CNF was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h. The resulting solid (CNFxT) was recovered and used as
catalyst support.

A portion of CNF.coon Was then treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (CNF.coon HT) Was recovered and used as
catalyst support.

Thus, purified carbon nanofibers (CNF), functionalized carbon nanofibers (CNF-.
cooH), high temperature treated carbon nanofibers (CNFyT), and high temperature treated
functionalized carbon nanofibers (CNF.coon HT) have been produced to be used as catalyst

supports.

3.7.1.4 Small carbon nanofibers (SCNF, SCNF-cooH, SCNFHT, and SCNF-cooH HT)

A portion of purified SCNF was functionalized by nitric acid (HNOsz, 65 wt%)
treatment under a reflux system at 80 °C for 3 h. The acidic solution was filtered and then
washed with distilled water until a 6.5 pH value was reached. The resulting solid was dried
in an oven at 80 °C overnight. The resulting solid (SCNF.coon) was manually crushed and

recovered to be used as catalyst support.
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Another portion of purified SCNF was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h. The resulting solid (SCNFuT) was recovered and used as
catalyst support.

A portion of SCNF.coon Was then treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (SCNF.coon HT) Was recovered and used as
catalyst support.

Thus, purified small carbon nanofibers (SCNF), functionalized small carbon
nanofibers (SCNF.coon), high temperature treated small carbon nanofibers (SCNFuT), and
high temperature treated functionalized small carbon nanofibers (SCNF.coon HT) have been

produced to be used as catalyst supports.

3.7.1.5 Fibrouscarbon (FC, FC-cooH, FChT, and FC.cooH HT)

A portion of purified FC was functionalized by nitric acid (HNOz, 65 wt%)
treatment under a reflux system at 140 °C for 3 h. The acidic solution was filtered and then
washed with distilled water until a 6.5 pH value was reached. The resulting solid was dried
in an oven at 80 °C overnight. The resulting solid (FC.coon) was manually crushed and
recovered to be used as catal yst support.

Another portion of purified FC was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h. The resulting solid (FCnt) was recovered and used as
catalyst support.

A portion of FC.coon Was then treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (FC.coon HT) Was recovered and used as catal yst

support.

87



Chapter 111 Methodology

Thus, purified fibrous carbon (FC), functionalized fibrous carbon (FC.coon), high
temperature treated fibrous carbon (FCht), and high temperature treated functionalized

fibrous carbon (FC.coon HT) have been produced to be used as catal yst supports.

3.7.2 Doping of heter oatoms

As already known, doping is a technique currently used to modify the surface
chemistry of catalyst supports. The incorporation of heteroatoms (e.g., nitrogen or sulphur)
in the carbon structure has alowed higher interaction between support and metal due to an
electronic exchange from metal to support. [ Therefore, the surface chemistry of multi-
walled carbon nanotubes has been modified by doping of heteroatoms before using them as

catalyst supports.

3.7.2.1 Doped multi-walled carbon nanotubes (X-CNT, where X =N or S)

3.7.2.1.1 Preparation and purification method

3.7.2.1.1.1 Nitrogen doped multi-walled carbon nanotubes (N-CNT)

N-CNT were prepared using the AICoFeO, catalyst. The synthesis of N-CNT was
carried out in 2 steps.

In the first step, 0.1 g of AlCoFeOs catalyst were reduced in the fluidized bed
reactor under a nitrogen (225 mL min® N) and hydrogen (150 mL min Hy) flow at 650
°C. In the second step, the nitrogen (225 mL min™? N2) and hydrogen (150 mL min? Hy)
flow was followed by an acetonitrile flow to the catalyst for 30 min. @ Therefore, the

performance for raw nitrogen doped multi-walled carbon nanotubeswas & = 7.
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In the purification method, the raw N-CNT were purified by agueous solution (50
vol% H2SO4) under areflux system at 140 °C for 3 h. The acidic solution was filtered and
then washed with distilled water until a 6.5 pH value was reached. The resulting solid was
dried in an oven at 80 °C overnight. The resulting solid was then crushed in a ball milling

for 3 min. The resulting powder solid was recovered and used as catalyst support.

3.7.2.1.1.2 Sulphur1 doped multi-walled carbon nanotubes (S:-CNT)

S1-CNT were prepared using the AICoFeO4 catalyst. The synthesis of Si-CNT was
carried out in 2 steps.

In the first step, 0.25 g of AlCoFeO, catalyst were reduced in the fluidized bed
reactor under a nitrogen (225 mL min® N) and hydrogen (150 mL min Hy) flow at 750
°C. In the second step, the nitrogen (225 mL min™? N2) and hydrogen (150 mL min Hy)
flow was followed by a thiophene flow to the catalyst for 30 min. Therefore, the
performance for raw sulphur: doped multi-walled carbon nanotubes was ¢ = 2.3.

In the purification method, the raw S;-CNT were purified by agueous solution (50
vol% H>SO4) under areflux system at 140 °C for 3 h. The acidic solution was filtered and
then washed with distilled water until a 6.5 pH value was reached. The resulting solid was
dried in an oven at 80 °C overnight. The resulting solid was then crushed in a ball milling

for 3 min. The resulting powder solid was recovered and used as catalyst support.

3.7.2.1.1.3 Sulphur2 doped multi-walled carbon nanotubes (S:-CNT)
S>-CNT were prepared using the AICoFeOs catalyst. The synthesis of S-CNT was
carried out in 3 steps.
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In the first step, 0.25 g of AlCoFeO, catalyst were reduced in the fluidized bed
reactor under a nitrogen (225 mL min't N2) and hydrogen (150 mL min't Hy) flow at 750
°C. In the second step, the ethylene flow was adjusted at 225 mL min for 3 min. In the
third step, the ethylene flow was newly adjusted at 0 mL min™ and the nitrogen (225 mL
min N2) and hydrogen (150 mL min! Hy) flow was followed by a thiophene flow to the
remaining catalyst for 27 min. [¥ Therefore, the performance for sulphurz doped multi-
walled carbon nanotubes was ¢ = 3.6.

In the purification method, the raw S-CNT were purified by agueous solution (50
vol% H2>SO4) under areflux system at 140 °C for 3 h. The acidic solution was filtered and
then washed with distilled water until a 6.5 pH value was reached. The resulting solid was
dried in an oven at 80 °C overnight. The resulting solid was then crushed in a ball milling

for 3 min. The resulting powder solid was recovered and used as catalyst support.

3.7.2.2 High temperaturetreated doped multi-walled carbon nanotubes

3.7.2.2.1 Nitrogen doped multi-walled carbon nanotubes (N-CNT and N-CNTnT)

A portion of purified N-CNT was treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (N-CNTHT) was recovered and used as catal yst
support.

Thus, purified nitrogen doped multi-walled carbon nanotubes (N-CNT) and high
temperature treated nitrogen doped multi-walled carbon nanotubes (N-CNTHT) were

produced to be used as catalyst supports.
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3.7.2.2.2 Sulphur1 doped multi-walled carbon nanotubes (Si-CNT and Si-CNThT)
A portion of purified S;-CNT was treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. The resulting solid (S1-CNTHt) was recovered and used as catalyst
support.
Thus, purified sulphur doped multi-walled carbon nanotubes (Si-CNT) and high
temperature treated sulphur doped multi-walled carbon nanotubes (Si-CNTwt) were

produced to be used as catalyst supports.

3.7.2.2.3 Sulphur2 doped multi-walled carbon nanotubes (S.-CNT and S-CNTHhr)
A portion of purified S;-CNT was treated in a horizontal tube oven under a nitrogen
flow at 1000 °C for 1 h. Theresulting solid (S.-CNTwT) was recovered and used as catal yst
support.
Thus, purified sulphur doped multi-walled carbon nanotubes (S;-CNT) and high
temperature treated sulphur doped multi-walled carbon nanotubes (S-CNTwT) were

produced to be used as catalyst supports.

3.8 Commercial silica-alumina and alumina used as catalyst supports

As aready known, silica, alumina, or mixed are often used as catalyst supports in
many catalytic processes due to their unique physicochemical properties. Thus, many
supported catalysts involve the use of metal oxides as support.

Thus, silica, dumina or mixed silica-alumina are catalyst supports in heterogeneous
catalysis. We used commercial silica-alumina as support in a palladium catalyst to be
compared to the palladium catalysts supported on carbon nanomaterials.
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3.9 Preparation of palladium catalysts

As mentioned in the literature, the use of palladium-group metal catalysts supported
on carbon have shown high activity and selectivity in oxidation and hydrogenation
reactions. [1% 11 14 According to that, we suggest to use paladium (Pd) metal as active

phase supported on our carbon nanomaterials.

3.9.1 Wetness impregnation method

A wetness impregnation method was used to prepare the paladium catalysts
supported on carbon nanomaterias. The desired amount of palladium (1) nitrate dihydrate
[PA(NO3)..2H20] was added to an acetone solution (100 mL) containing 1 g of carbon
nanomaterial, so as to introduce 2 wt% of the metallic phase. The solution was then
sonicated at room temperature for 1 h and magnetically stirred at room temperature
overnight. The solution was then filtered and washed with acetone. The resulting solid was
then dried in an oven at 120 °C overnight. Finally, the catalyst was reduced in a horizontal
tube oven under a nitrogen and hydrogen flow (20 vol% Ha) at 300 °C for 2 h. [¥ All

palladium catalysts are shown in Figure 3.5.

T ] e = e

Figure 3.5 Palladium catal ysts supported on carbon nanomaterials.
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3.10 Summary

A controlled preparation of carbon supports and their surface activation through
doping of heteroatoms, functionalization and/or thermal treatment have been performed to
produce catalyst supports. In the preparation of palladium catalysts, the preparation method
play an important role to assure the immobilization of active phase on the support.

Finally, all characterization analyses of the unsupported catalysts, carbon supports,
commercial supports, and palladium cataysts were carried out using the following
characterization techniques. TEM micrographs were taken with a JEOL JEM 1011
microscope operating at 100 kV. HRTEM micrographs were obtained using a JEOL JEM-
ARM200F Cold FEG microscope operating at 200 KV with a point resolution of > 1.9°A.
The elemental analysis results were obtained using a CHNS Perkin-Elmer elemental
analyzer. The thermograms were acquired in a temperature range from 30 to 1000 °C at 10
°C mint under air atmosphere using a TG/DTA Shimadzu. The Brunauer-Emmett-Teller
(BET) analyses by N> adsorption isotherms at 77 K (QuantaChrome instrument) were
performed to give the specific surface area, pore volume, and pore diameter. Raman spectra
were measured in amicro Raman Spectrometer HR 800 Jobin Yvon Horiba using alaser of
532 nm wavelength as an excitation source. XRPD spectra were measured at room
temperature with a Panalytical X’PERT PRO diffractometer, employing Cu Ka radiation (A
= 1.54 A) and a parabolic MPD-mirror for Cu radiation. The diffractograms were acquired
in 20 range from 5° to 90°, using a continuous scan mode with an acquisition step size of
0.0170° and a counting time of 299.72 s. IR spectra were acquired with a Thermo Scientific
Nicolet 6700 FT-IR Spectrometer equipped with a DLaTGS (deuterated L-alanine doped

triglycine sulfate) detector, using a KBr pellet, aresolution of 4 cm™, and 16 scans.
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XPS spectrawere obtained with an XPS K-al pha ThermoScientific apparatus, which
operated with a non chromatized Mg K source (1253.6 eV). Paladium particle size
distribution was determined using the Image] software on at least 250 particles. The

palladium percentage results were measured using an iCAP 6300 |CP spectrometer.
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4.1 Introduction

In the nanotechnology field, advanced characterization techniques such as SEM,
TEM, HRTEM, Microanalysis, TGA, BET, Raman, XRPD, IR, XPS, and ICP-AES have
become fundamental unit for the technological research and development. Currently,
heterogeneous catalysis is mainly focused in the preparation of catalysts with improved
characteristics and properties. This is only achieved by using characterization techniques,
which provide specific information from the catalyst. Thus, the catalyst behavior can
clearly be understood through this specific information. In this Chapter 1V, the
characterization results of carbon supports and palladium catalysts are presented.

To clearly understand the structural order of this Chapter IV: Results, the main

issues are summarized in Table 4.1.

Table 4.1 Main issues of Chapter IV.

I ssues

4.2 Characterization results of unsupported catalysts, carbon supports, and

commercial supports

4.3 Characterization results of palladium catalysts

4.4 Summary

4.5 References
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4.2 Characterization results of unsupported catalysts, carbon supports, and
commer cial support
4.2.1 Unsupported catalysts characterized by SEM, | CP-AES, and BET
4.2.1.1 Results obtained by SEM

The SEM micrographs from AlCoFeOas, NiFexOs, CoFexO4, and Cuo.iNiosC0204
catalysts have showed a heterogeneous morphology for al them, forming flakes with

different sizes as shown in Figure 4.1.

Figure 4.1 SEM micrographs of unsupported catalysts. a) AlICoFeOs, b) NiFexO4, ¢) CoFexO4
and d) Cuo.1Nio9C020s4.
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Furthermore, the contrasting analysis performed on a flake in each unsupported
catalyst has displayed no difference in chemical composition around surface for al them as

shownin Figure 4.2.

Figure 4.2 Contrasting analyses (az, bz, ¢, and d2) of unsupported catalysts. ai-a) AlCoFeOs.,
b1-b2) NiFexOa, c1-¢2) CoFexO4 and di-d2) Cuo.1NioeC0204.
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Finally, the EDX spectra from unsupported catalysts have indeed presented the
chemical composition and the mass percentage of each element according to their chemical

formulas as shown in Figure 4.3.

Figure 4.3 EDX spectra of unsupported catalysts. @) AICoFeQOs, b) NiFexOa, ¢) CoFexOs and d)

Cuo.1Ni09C0204.
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4.2.1.2 Resultsobtained by ICP-AES
The ICP-AES results of unsupported catalysts are summarized in Table 4.2.

Table 4.2 ICP-AES results of unsupported catalysts.

Catalyst Element Theoretical %  Experimental %

Al 13.11 11.70

AlCoFeQq4 Co 28.64 27.75
Fe 27.14 25.70

. Ni 25.04 25.42
NiFez0s Fe 47.65 49.14
Co 25.12 26.36

Core04 Fe 47.60 49.16
Cu 2.64 2.97

Cuo0.1Ni0.9C0204 Ni 21.91 22.50
Co 48.90 51.56

4.2.1.3 Results obtained by BET

The BET results of unsupported catalysts are summarized in Table 4.3. They
exposed medium to low surface areas, small pore volumes, and mesopores in ther
structures.

Table 4.3 BET results of unsupported catalysts.

Catalyst BET surzfa_cie area Porevsolylme Por e diameter
(m“g™) (cm*g™) (hm)
AlCoFeO4 91 0.3 12.9
NiFezO4 30 0.1 17.8
CoFe;04 19 0.1 26.3
Cuo.1Nip9C0204 28 0.2 35.1
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4.2.2 FLG, FLG-cooH, FLGHT, and FL G-coon HT characterized by TEM, HRTEM,
microanalysis, TGA, BET, Raman, XRPD, IR, and XPS
4.2.2.1 Resultsobtained by TEM

The TEM micrographs of few layer graphene have showed the same morphological

pattern (stacked graphene layers) no matter their preparation methods as shown in Figure

4.4.

Figure 4.4 TEM micrographs of few layer graphene. a) FLG, b) FLG.coon, €) FLGHr, and d)
FL G.cooH HT.
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4.2.2.2 Results obtained by HRTEM

Chapter IV Results

The HRTEM micrograph of FLG support has clearly displayed the flat graphene

layers as shown in Figure 4.5.

4.2.2.3 Results obtained by microanalysis

Figure 4.5 HRTEM micrograph of FLG support.

The microanalysis results of few layer graphene have presented carbon percentage

up to 97 % as summarized in Table 4.4.

Table 4.4 Microanalysis results of few layer graphene.

Support Elements
C% H% N% S%
FLG 98.8 0 0 0
FL G.cooH 97.1 0 0 0
FLGHT 98.6 0 0 0
FLG.cooH HT 98.7 0 0 0
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4.2.2.4 Resultsobtained by TGA

The TGA results of few layer graphene have revealed a similar tendency in their

decomposition temperatures and purities up to 96 % as shown in Figure 4.6.
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Figure 4.6 TGA analyses of few layer graphene.

4.2.2.5 Results obtained by BET

The BET results of few layer graphene are summarized in Table 4.5. Low surface

areas, small pore volumes, and mesopores in their structures have been measured.

Table 4.5 BET results of few layer graphene.

Support BET surfacearea Pore volume Por e diameter
PP (m2g) (cmg?) (nm)
FLG 36 0.2 24.9
FLG.coou 50 0.2 16.8
FLGHT 74 0.3 16.2
FLG.coon Ut 71 0.3 15.3
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4.2.2.6 Results obtained by Raman
The Raman spectra of few layer graphene exhibited a structural order acceptable as

shown in Figure 4.7.
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Figure 4.7 Raman spectra of few layer graphene.

4.2.2.7 Results obtained by XRPD
The XRD diffractograms of few layer graphene supports have indicated a similar

crystallinity for carbon no matter their preparation methods as shown in Figure 4.8.
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Figure 4.8 XRD diffractograms of few layer graphene.
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4.2.2.8 Resultsobtained by IR
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The IR spectra of few layer graphene supports have shown for those treated

supports the carbonyl group from carboxylic acid functional groups as shown in Figure 4.9.

4.2.2.9 Results obtained by XPS

£
(%)

Transmittance

EEN

Figure 4.9 IR spectrafrom few layer graphene supports.

Wavenumber (e 1)
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The XPS spectra of few layer graphene presented a chemical composition equal to

100 % and the sp*/sp? ratio for all them are summarized in Table 4.6.

Table 4.6 Chemical composition and sp*/sp? ratio from XPS spectrafor FLG supports.

Elements sp3/sp?
Support
C% 0% N% S% ratio
FLG 99.1 0.9 0.0 0.0 0.3
FL G-coon 96.2 3.8 0.0 0.0 0.3
FLGuT 99.2 0.8 0.0 0.0 0.3
FLG.coon Ut 99.0 1.0 0.0 0.0 0.3
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4.2.3 CNT, CNT-cooH, CNTHT, and CNT-coon HT characterized by TEM, HRTEM,

microanalysis, TGA, BET, Raman, XRPD, IR, and XPS

4.2.3.1 Results obtained by TEM

The TEM micrographs of multi-walled carbon nanotubes have shown

morphologica damages after nitric acid oxidation as shown in Figure 4.10.

Figure 4.10 TEM micrographs of multi-walled carbon nanotubes. a) CNT, b) CNT.cooH, C)
CNTur, and d) CNT.cooH HT.
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4.2.3.2 Results obtained by HRTEM

The HRTEM micrograph has clearly displayed the multi-walled carbon tube

structures as shown in Figure 4.11.

Figure 4.11 HRTEM micrograph of CNT support.

4.2.3.3 Results obtained by microanalysis

The microanalysis results of multi-walled carbon nanotubes presented carbon

percentage up to 90 % as summarized in Table 4.7.

Table 4.7 Microanalysis results of multi-walled carbon nanotubes.

Support Elements
C% H% N% S%
CNT 92.3 0 0 0
CNT-cooH 90.4 0 0 0
CNTur 96.2 0 0 0
CNT.coon HT 97.6 0 0 0
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4.2.3.4 Resultsobtained by TGA
The TGA results of multi-walled carbon nanotubes have revealed a similar tendency
in their decomposition temperatures and purities up to 93 % as shown in Figure 4.12.
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Figure 4.12 TGA analyses of multi-walled carbon nanotubes.

4.2.3.5 Resultsobtained by BET
The BET results of multi-walled carbon nanotubes show high surface aress,

medium pore volumes, and mesopores in their structures as summarized in Table 4.8.

Table 4.8 BET results of multi-walled carbon nanotubes.

Support BET surfa_ce area PorevoI}Jme Por e diameter
(m?g™) (cmg?) (nm)
CNT 152 2.6 68.6
CNT-coon 220 1.2 22.2
CNTur 166 2.7 65.4
CNT-cooH HT 251 14 23.1
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4.2.3.6 Results obtained by Raman

The Raman spectra of multi-walled carbon nanotubes exhibited a structural order

relatively acceptable as shown in Figure 4.13.

b [ il
Infensity (Counts’s)

1000 1500 2000 25
Raman ahift (em-")

Figure 4.13 Raman spectra of multi-walled carbon nanotubes.

4.2.3.7 Results obtained by XRPD

The XRD diffractograms of multi-walled carbon nanotubes have indicated a define

crystallinity no matter their preparation methods as shown in Figure 4.14.

C (002)

Inznedty (an)

C o0
pReloi D))
Crlz

\
- / \
CNT coce st { 1A=

|
CNI‘_HT’/ || A

‘ L\ r..
r\Tcoog/ |I . e iy

\fm

29()

10 20

Figure 4.14 XRD diffractograms of multi-walled carbon nanotubes.
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4.2.3.8 Resultsobtained by IR
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The IR spectra of multi-walled carbon nanotubes have showed for those treated

supports the carbonyl group from carboxylic acid groups as shown in Figure 4.15.
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4.2.3.9 Results obtained by XPS

Figure 4.15 IR spectra of multi-walled carbon nanotubes.

The XPS spectra of multi-walled carbon nanotubes have presented the chemical

composition equal to 100 % and the sp®/sp? ratio for al them as summarized in Table 4.9.

Table 4.9 Chemical composition and sp*/sp? ratio from XPS spectra for multi-walled carbon

nanotubes.
3 2

Support Elements sp /§p

C% 0% N% S% ratio
CNT 99.2 0.8 0.0 0.0 04
CNT-coon 94.3 57 0.0 0.0 0.5
CNTHT 99.8 0.3 0.0 0.0 04
CNT.cooH HT 99.2 0.8 0.0 0.0 04
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4.2.4 N-CNT and N-CNTwr characterized by TEM, HRTEM, microanalysis, TGA,
BET, Raman, XRPD, IR, and XPS

4.2.4.1 Results obtained by TEM
The TEM micrographs of nitrogen doped multi-walled carbon nanotubes have

indeed showed unique characteristics due to nitrogen doping as shown in Figure 4.16.

‘ ‘ % ‘._'_ .-I'._\- 4 I. I H ¢ ’ . .. 7
Figure 4.16 TEM micrographs of nitrogen doped multi-walled carbon nanotubes. @) N-CNT
and b) N-CNThwr.

4.2.4.2 Results obtained by HRTEM

The HRTEM micrograph of N-CNT support has clearly displayed its structural

difference compared to pristine CNT support as shown in Figure 4.17.

54

Fi gure.4;-17 HRTEM i crograph of N-CNT support.
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4.2.4.3 Results obtained by microanalysis

The microanalysis results of nitrogen doped multi-walled carbon nanotubes have

presented carbon and nitrogen percentages up to 92% and 1% respectively as summarized

in Table 4.10.

Table 4.10 Microanalysis results of nitrogen doped multi-walled carbon nanotubes.

SupDOrt Elements

PP C% H% N% %
N-CNT 92.3 0 295 0
N-CNTur 95.6 0 1.65 0

4.2.4.4 Resultsobtained by TGA

The TGA results of nitrogen doped multi-walled carbon nanotubes have revealed a

similar tendency in their decomposition temperatures and purities up to 92 % as shown in

Figure 4.18.
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Figure 4.18 TGA analyses of nitrogen doped multi-walled carbon nanotubes.
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4.2.4.5 Resultsobtained by BET
The BET results of nitrogen doped multi-walled carbon nanotubes have exposed
high surface areas, large pore volumes, and macropores in their structures as summarized in

Table4.11.

Table 4.11 BET results of nitrogen doped multi-walled carbon nanotube supports.

Support BET surfacearea Por e volume Por e diameter
PP (m2g) (cm*g?) (nm)
N-CNT 183 2.7 59.7
N-CNTHT 168 25 58.9

4.2.4.6 Results obtained by Raman
The Raman spectra of nitrogen doped multi-walled carbon nanotubes exhibited a

structural order amost acceptable as shown in Figure 4.19.
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Figure 4.19 Raman spectra of nitrogen doped multi-walled carbon nanotubes.
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4.2.4.7 Results obtained by XRPD
The XRD diffractograms of nitrogen doped multi-walled carbon nanotubes have

indicated a define crystallinity no matter their preparation methods as shown in Figure 4.20.
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Figure 4.20 XRD diffractograms of nitrogen doped multi-walled carbon nanotubes.

4.2.4.8 Results obtained by IR
The IR spectrum of nitrogen doped multi-walled carbon nanotubes have clearly

showed a C-N stretching from amine groups as shown in Figure 4.21.
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Figure 4.21 IR spectra of multi-walled carbon nanotubes.
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4.2.4.9 Results obtained by XPS
The XPS spectra of nitrogen doped multi-walled carbon nanotubes have presented

two results:
1. The chemical composition equal to 100 % and the sp®sp? ratio for al them as

summarized in Table 4.12.

Table 4.12 Chemical composition and sp*/sp? ratio from XPS spectra for nitrogen doped muilti-

walled carbon nanotubes.

Elements sp3/sp?
Support C% 0% N% % ratio
N-CNT 96.7 1.7 1.7 0.0 0.5
N-CNTuT 97.7 0.8 15 0.0 05

2. Nitrogen species formed in nitrogen doped multi-walled carbon nanotubes.

At least three types of nitrogen species were found in nitrogen doped multi-walled
carbon nanotubes: pyridinic, pyrrolic, N-oxide, and quaternary nitrogen. Nitrogen peak
deconvolution indicated the presence of 29% pyridinic nitrogen, 31% of pyrrolic nitrogen,

12% of quaternary nitrogen, and 28% of nitrogen oxides. [
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4.25 S1-CNT and Si-CNTwt characterized by TEM, microanalysis, TGA, BET,

Raman, XRPD, IR, and XPS

4.2.5.1 Results obtained by TEM
The TEM micrographs of sulphury doped multi-walled carbon nanotubes have

indeed showed unique characteristics due to sulphur doping as shown in Figure 4.22.

100 100l

Figure 4.22 TEM micrographs of sulphury doped multi-walled carbon nanotubes. a) S;-CNT
and b) S1-CNTHhr.

4.2.5.2 Results obtained by microanalysis
The Microanalysis results of sulphur: doped multi-walled carbon nanotubes have
presented carbon and sul phur percentages up to 64% and 9% respectively as summarized in

Table 4.13.

Table 4.13 Microanalysis results of sulphur; doped multi-walled carbon nanotubes.

SupDort Elements
PP C% H% N% %
Si-CNT 64.1 0 0 12.3
Si-CNTHT 67.1 0 0 9.55
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4.2.5.3 Resultsobtained by TGA
The TGA results of sulphur: doped multi-walled carbon nanotubes have revealed a

similar tendency in their decomposition temperatures and purities up to 65 % as shown in

Figure 4.23.
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Figure 4.23 TGA analyses of sulphur; doped multi-walled carbon nanotubes.

4.2.5.4 Results obtained by BET
The BET results of sulphur: doped multi-walled carbon nanotubes have exposed

low surface areas, large pore volumes, and macropores in their structures as summarized in

Table 4.14.

Table 4.14 BET results of sulphur: doped multi-walled carbon nanotubes.

Support BET surfacearea Pore volume Por e diameter
PP (m2g) (cmg?) (nm)
Si-CNT 48 4.2 349.7
Si-CNTHT 79 04 18.3
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4.2.5.5 Results obtained by Raman

The Raman spectra of sulphur: doped multi-walled carbon nanotubes exhibited a

high structural disorder as shown in Figure 4.24.
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Figure 4.24 Raman spectra of sulphur; doped multi-walled carbon nanotubes.

4.2.5.6 Resultsobtained by XRPD
The XRD diffractograms of sulphur: doped multi-walled carbon nanotubes have

indicated presence of metal traces from catalyst as shown in Figure 4.25.
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Figure 4.25 XRD diffractograms of sulphur; doped multi-walled carbon nanotubes.
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4.2.5.7 Resultsobtained by IR

The IR spectrum of sulphur; doped multi-walled carbon nanotubes have clearly
showed a C=S stretching and an S=0O stretching from thiocarbonyl and sulfoxide

compounds respectively as shown in Figure 4.26.
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Figure 4.26 IR spectra of sulphur: doped multi-walled carbon nanotubes.

4.2.5.8 Results obtained by XPS
The XPS spectra of S;-CNT supports have presented two results:

1. The chemical composition up to 99% and sp®/sp? ratio as summarized in Table 4.15.

Table 4.15 Chemical composition and sp®/sp? ratio from X PS spectra for S;-CNT supports.

Elements sp3/sp?
Support
ppor C% 0% N% % ratio
S-CNT 91.4 5.2 0.0 28 0.5
S-CNTur 953 36 0.0 18 0.5

2. Sulphur species formed in S;-CNT.
Sulphur species were found in sulphury doped multi-walled carbon nanotubes: thiol

compounds, sulfoxide compounds, thioether functional groups, and sulphur oxides. (4
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426 S-CNT and S-CNTur characterized by TEM, HRTEM, microanalyss,
TGA, BET, Raman, XRPD, IR, and XPS
4.2.6.1 Results obtained by TEM

The TEM micrographs of sulphur> doped multi-walled carbon nanotubes have

indeed showed unique characteristics due to sulphur doping as shown in Figure 4.27.

Figure 4.27 TEM micrographs from sulphur, doped multi-walled carbon nanotubes. a) S;-CNT
and b) S-CNThr.

4.2.6.2 Results obtained by HRTEM
The HRTEM micrograph of S-CNT support has clearly displayed its structural

difference compared to pristine CNT support as shown in Figure 4.28.

Figure 4.28 HRTEM micrograph of S-CNT support.
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4.2.6.3 Results obtained by microanalysis

The microanalysis results of sulphur, doped multi-walled carbon nanotubes have

presented carbon and sul phur percentages up to 77% and 4% respectively as summarized in

Table 4.16.

Table 4.16 Microanalysis results of sulphuri doped multi-walled carbon nanotubes.

SupDOrt Elements
PP C% H% N% %
S,-CNT 78.6 0 0 5.0
S2-CNTHr 77.4 0 0 4.0

4.2.6.4 Resultsobtained by TGA

The TGA results of sulphury doped multi-walled carbon nanotubes have revealed a
similar tendency in their decomposition temperatures and purities up to 81 % as shown in

Figure 4.29.
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Figure 4.29 TGA analyses of sulphur, doped multi-walled carbon nanotubes.
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4.2.6.5 Resultsobtained by BET

The BET results of sulphur> doped multi-walled carbon nanotubes have exposed

low surface areas, small pore volumes, and mesopores in their structures as summarized in

Table4.17.

Table 4.17 BET results of sulphur. doped multi-walled carbon nanotubes.

Support BET surfacearea Por e volume Pore diameter
PP (m2g) (cm*g?) (nm)
S-CNT 90 11 50.1
So-CNTHT 116 0.6 19.4

4.2.6.6 Results obtained by Raman

The Raman spectra of sulphur. doped multi-walled carbon nanotubes exhibited a

structural order acceptable as shown in Figure 4.30.
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Figure 4.30 Raman spectra of sulphur, doped multi-walled carbon nanotubes.
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4.2.6.7 Results obtained by XRPD

The XRD diffractograms of sulphur> doped multi-walled carbon nanotubes have

indicated presence of metal traces from catalyst as shown in Figure 4.31.
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Figure 4.31 XRD diffractograms of sulphur> doped multi-walled carbon nanotubes.

4.2.6.8 Resultsobtained by IR

The IR spectrum of sulphur, doped multi-walled carbon nanotubes have clearly
showed a C=S dtretching and an S=O stretching from thiocarbonyl and sulfoxide

compounds respectively as shown in Figure 4.32.
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Figure 4.32 IR spectra of sulphur, doped multi-walled carbon nanotubes.
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4.2.6.9 Results obtained by XPS
The XPS spectra of So-CNT supports have presented two results:
1. The chemical composition up to 99 % and the sp®sp? ratio for all them as

summarized in Table 4.18.

Table 4.18 Chemical composition and sp®/sp? ratio from X PS spectrafor S,-CNT supports.

Elements sp¥/sp?
Support C% 0% N% % ratio
S-CNT 95.6 28 0.0 1.3 0.4
So-CNTHT 96.7 1.8 0.0 11 04

2. Sulphur speciesformed in S-CNT.
Sulphur species were found in sulphurz doped multi-walled carbon nanotubes: thiol

compounds, sulfoxide compounds, thioether functional groups, and sulphur oxides. (4

4.2.7 CNF, CNF-.cooH, CNFut, and CNF.-coon 1T characterized by microanalysis,
TEM, HRTEM, TGA, BET, Raman, XRPD, IR, and XPS

4.2.7.1 Results obtained by microanalysis

The microanalysis results of carbon nanofibers have presented carbon percentage up
t0 95 % as summarized in Table 4.19.

Table 4.19 Microanalysis results of carbon nanofibers.

Support Elements
C% H% N% S%
CNF 97.9 0 0 0
CNF-coon 95.7 0 0 0
CNFur 97.9 0 0 0
CNF-cooH HT 98.4 0 0 0
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4.2.7.2 Resultsobtained by TEM
The TEM micrographs of carbon nanofibers have showed no physical attrition due
to the methods and/or treatments applied. But only morphological change anywhere as

shown in Figure 4.33.

_100nm

Figure 4.33 TEM micrographs of carbon nanofibers. @) CNF, b) CNF.coon, €) CNFxt, and d)
CNF-cooH HT.
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4.2.7.3 Results obtained by HRTEM
The HRTEM micrograph of CNF support has clearly displayed any morphological

irregularities on the edge boundaries as shown in Figure 4.34.

Figure 4.34 HRTEM micrograph of CNF support.

4.2.7.4 Resultsobtained by TGA
The TGA results of carbon nanofibers have revealed a similar tendency in their
decomposition temperatures and purities up to 92 % as shown in Figure 4.35.
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Figure 4.35 TGA analyses of carbon nanofibers.
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4.2.7.5 Resultsobtained by BET
The BET results of carbon nanofibers have exposed low surface areas, small pore

volumes, and mesopores in their structures as summarized in Table 4.20.

Table 4.20 BET results of carbon nanofibers.

Support BET surzfa_cle area Porev30|_ulme Por e diameter
(m2g™) (cm*g™) (nm)
CNF 80 0.4 18.8
CNF-cooH 70 0.3 17.1
CNFur 95 0.4 15.3
CNF.cooH HT 82 0.3 16.6

4.2.7.6 Results obtained by Raman

The Raman spectra of carbon nanofibers exhibited a high structural disorder as

shown in Figure 4.36.
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Figure 4.36 Raman spectra of carbon nanofibers.
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4.2.7.7 Results obtained by XRPD

The XRD diffractograms of carbon nanofibers have indicated a define crystallinity

no matter their preparation methods as shown in Figure 4.37.
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Figure 4.37 XRD diffractograms of carbon nanofibers.

4.2.7.8 Resultsobtained by IR

The IR spectra of carbon nanofibers have dightly showed for those treated supports

the carbonyl group from carboxylic acid groups as shown in Figure 4.38.
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Figure 4.38 IR spectra of carbon nanofibers.
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4.2.7.9 Results obtained by XPS
The XPS spectra of carbon nanofibers have presented the chemica composition

equal to 100 % and the sp®/sp? ratio for all them as summarized in Table 4.21.

Table 4.21 Chemical composition and sp%/sp? ratio from X PS spectra for carbon nanofibers.

Elements sp3/sp?
Su t
ppor C% 0% N% % ratio
CNF 98.5 15 0.0 0.0 05
CNF-cooH 93.4 6.6 0.0 0.0 05
CNFyT 97.7 2.3 0.0 0.0 05
CNF.cooH HT 98.6 11 0.0 0.0 0.4

428 SCNF, SCNF.coon, SCNFut, and SCNF.coon Ht characterized by
microanalysis, TEM, HRTEM, TGA, BET, Raman, XRPD, IR, and XPS

4.2.8.1 Results obtained by microanalysis
The microanalysis results of small carbon nanofibers have presented carbon

percentage up to 87 % as summarized in Table 4.22.

Table 4.22 Microanalysis results of small carbon nanofibers.

Support Elements
C% H% N% S%
SCNF 92.7 0 0 0
SCNF-coon 87.2 0 0 0
SCNFuT 95.8 0 0 0
SCNF-cooH HT 96.6 0 0 0
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4.2.8.2 Results obtained by TEM
The TEM micrographs of small carbon nanofibers have showed no physical attrition

due to the methods and/or treatments applied as shown in Figure 4.39.

Figure 4.39 TEM micrographs of small carbon nanofibers. @) SCNF, b) SCNF.coon, €) SCNFyr,
and d) SCNF.cooH HT.
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4.2.8.3 Resultsobtained by HRTEM

The HRTEM micrograph of SCNF support has clearly displayed any morphological

irregularities on the edge boundaries as shown in Figure 4.40.

Figure 4.40 HRTEM micrograph of SCNF support.

4.2.8.4 Results obtained by TGA
The TGA results of small carbon nanofibers have revealed a similar tendency in
their decomposition temperatures, purities up to 92 %, and the SCNFut support exhibited

remaining nickel, which is oxidized when finishing the analysis as shown in Figure 4.41.
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Figure 4.41 TGA analyses of small carbon nanofibers.
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4.2.8.5 Resultsobtained by BET
The BET results of small carbon nanofibers have exposed high surface areas,

medium pore volumes, and mesoporesin their structures as summarized in Table 4.23.

Table 4.23 BET results of small carbon nanofibers.

Support BET surfa_ce area Porevolpme Por e diameter
(m?g™) (cmg?) (nm)
SCNF 299 1.0 14.1
SCNF-coon 296 1.0 13.1
SCNFuT 204 0.8 15.7
SCNF-coon HT 296 1.2 16.3

4.2.8.6 Results obtained by Raman
The Raman spectra of small carbon nanofibers exhibited a high structural disorder

as shown in Figure 4.42.
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Figure 4.42 Raman spectra of small carbon nanofibers.
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4.2.8.7 Results obtained by XRPD
The XRD diffractograms of small carbon nanofibers have indicated a define
crystallinity no matter their preparation methods and the sCNFut support exposed

remaining nickel from catalyst (peak at 45°) as shown in Figure 4.43.
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Figure 4.43 XRD diffractograms of small carbon nanofibers.

4.2.8.8 Results obtained by IR

The IR spectra of small carbon nanofibers have dightly showed for those treated

supports the carbonyl group from carboxylic acid groups as shown in Figure 4.44.

Transmittance (%)

2000 o suou 1muw oy
Wavenumber {cm-1)

Figure 4.44 IR spectra of small carbon nanofibers.
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4.2.8.9 Results obtained by XPS
The XPS gspectra of small carbon nanofibers have presented the chemical

composition equal to 100 % and the sp®/sp? ratio for all them as summarized in Table 4.24.

Table 4.24 Chemical composition and sp¥sp? ratio from XPS spectra for small carbon

nanofibers.
Elements sp3/sp?
Support C% 0% N% % ratio
SCNF 98.5 15 0.0 0.0 04
SCNF.coon 93.8 6.2 0.0 0.0 05
SCNFuT 99.2 0.8 0.0 0.0 04
SCNF.cooH HT 98.6 14 0.0 0.0 0.4

4.2.9 FC, FC-cooH, FCht, and FC.coon HT characterized by microanalysis, TEM,
HRTEM, TGA, BET, Raman, XRPD, IR, and XPS

4.2.9.1 Results obtained by microanalysis

The Microanalysis results of fibrous carbon supports have presented carbon

percentage up to 86 % as summarized in Table 4.25.

Table 4.25 Microanalysis results of fibrous carbon supports.

Support Elements
C% H% N% S%
FC 97.2 0 0 0
FC_cooH 86.3 0 0 0
FCur 97.2 0 0 0
FC.cooH HT 96.3 0 0 0
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4.2.9.2 Resultsobtained by TEM
The TEM micrographs of fibrous carbon supports have showed no physical attrition

due to the methods and/or treatments applied as shown in Figure 4.45.

Figure 4.45 TEM micrographs of fibrous carbon. @) FC, b) FC.coon, ¢) FCxr, and d) FC.coon

HT.
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4.2.9.3 Resultsobtained by HRTEM

The HRTEM micrograph of FC support has clearly displayed any morphological

irregularities on the edge boundaries as shown in Figure 4.46.

Figure 4.46 HRTEM micrograph of FC support.

4.2.9.4 Resultsobtained by TGA
The TGA results of fibrous carbon have revealed a similar tendency in their

decomposition temperatures and purities up to 90 % as shown in Figure 4.47.
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Figure 4.47 TGA analyses of fibrous carbon.
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4.2.9.5 Resultsobtained by BET
The BET results of fibrous carbon have exposed high surface areas, small pore

volumes, and mesopores in their structures as summarized in Table 4.26.

Table 4.26 BET results of fibrous carbon.

Support BET surfacearea Pore volume Por e diameter
(m?g™) (cmg?) (nm)
FC 134 0.3 9.6
FC.coon 173 0.4 9.0
FChr 128 0.3 10.7
FC.coon HT 215 0.4 8.4

4.2.9.6 Results obtained by Raman

The Raman spectra of fibrous carbon exhibited a high structural disorder as shown

in Figure 4.48.
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Figure 4.48 Raman spectra of fibrous carbon.
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4.2.9.7 Results obtained by XRPD

The XRD diffractograms of fibrous carbon have indicated a define crystallinity no

matter their preparation methods as shown in Figure 4.49.
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Figure 4.49 XRD diffractograms of fibrous carbon.

4.2.9.8 Resultsobtained by IR

The IR spectra of fibrous carbon have clearly showed for those treated supports the

carbonyl group from carboxylic acid groups as shown in Figure 4.50.
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Figure 4.50 IR spectra of fibrous carbon.
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Chapter 1V Results

The XPS spectra of fibrous carbon have presented the chemical composition equal

to 100 % and the sp*/sp? ratio for al them as summarized in Table 4.27.

Table 4.27 Chemical composition and sp®/sp? ratio from X PS spectra for fibrous carbon.

Support C% owflementsN% % SFZ?EZ
FC 93.4 6.6 0.0 0.0 0.7
FC.coon 90.3 9.7 0.0 0.0 05
FCur 88.3 117 0.0 0.0 12
FC.coom Hr 92.3 75 0.0 0.0 0.8

4.2.10 Characterization data of all carbon supports

As shown above, all carbon supports were characterized by using advanced

characterization techniques, which have provided specific information that has allowed

studying their physica and chemical properties. Thus, we have performed a detailed

comparison of characterization data from carbon supports to clearly understand the

influence of carbon nanomaterials before using them as catalyst supports. Chemical,

textural, and crystallite properties of the carbon supports are summarized in Table 4.28.
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Table 4.28 Chemical, textural and crystallite properties of the carbon supports.

Support Elemental analysis XPSanalysis Textural properties Crystallite properties TGA TGA residue

C N S C @) N S BET surface Porevolume doo2 Lc(002) (°C) (%)

(%) (W) (%) (%) (W) (%) (%) area(m’g’) (cm*g?) (nm) (nm)
CNT 92.3 99.2 0.8 151 2.6 0.3444 4.20 628 6.6
CNThr 96.2 99.8 0.3 165 2.7 0.3446 4.57 663 55
CNTcooH 90.4 943 57 220 1.2 0.3407 4.48 640 1.3
CNTcoor-nr  97.6 99.2 0.8 251 2.7 0.3427 381 630 1.1
N-CNT 923 295 9.7 17 17 182 2.7 0.3436 4.25 542 7.4
N-CNThr 95.6 1.65 977 08 15 168 24 0.3379 4.14 505 6.6
Si-CNT 64.1 123 914 52 2.8 48 4.1 0.3450 3.28 530 34.1
S1-CNThr 67.1 955 953 36 1.8 79 0.4 0.3428 4.19 525 259
S-CNT 78.6 50 956 28 1.3 90 11 0.3422 5.75 610 18.7
S-CNThr 774 40 967 18 11 116 0.6 0.3423 5.23 614 159
FLG 98.8 99.1 0.9 41 0.2 0.3407 9.36 657 3.7
FLGHT 98.6 99.2 0.8 74 0.3 0.3396 10.56 704 25
FL Gcoon 97.1 96.2 38 51 0.2 0.3393 10.34 724 25
FLGcoon-HT ~ 98.7 99.0 1.0 71 0.3 0.3396 10.48 719 1.3
FC 97.2 934 6.6 134 0.3 0.3401 6.38 577 9.9
FCur 97.2 88.3 117 128 0.3 0.3398 5.77 608 2.3
FCcoon 86.3 90.3 9.7 215 0.4 0.3375 6.71 575 0.8
FCcooH-HT 96.3 923 75 214 0.4 0.3361 5.81 595 2.3
CNF 97.9 985 15 80 04 0.3444 4.49 530 75
CNFur 97.9 97.7 23 95 04 0.3424 4.36 577 6.6
CNFcoon 95.7 934 6.6 71 0.3 0.3434 4.64 538 25
CNFcoon-Ht  98.4 986 1.1 71 0.3 0.3446 5.00 566 14
SCNF 92.7 985 15 299 1.0 0.3384 2.83 579 7.0
SCNFHT 95.8 99.2 0.8 204 0.8 0.3390 2.96 591 7.1
SCNFcooH 87.2 938 6.2 296 1.0 0.3397 2.94 549 35
SCNFcooH-HT ~ 96.6 986 14 296 1.2 0.3402 2.93 614 4.4
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Furthermore, XPS analyses carried out on the carbon supports have also provide
particular information for C1s. Therefore, the assignments for the Cls peak from

deconvolution are summarized in Table 4.29.

Table 4.29 C1s peak deconvol ution assignments.

XPS analysis— C1s peak

I [ Il v \% VI VIl

Vacancies C=C (sp? C-C (sp®) OH, C-O c=0 COOH, lactone  m-1* shake up
2835-2839eVv  284.6eV  2851-285.2eV 286.0-286.2eV  287.3-287.5eV  288.4-289.2¢eV  290.6-291.2 eV

Finally, XPS and Raman data of the carbon supports are summarized in Table 4.30.

Table 4.30 XPS (C1s peak) and Raman analyses of the carbon supports.

Raman analysis XPS analysis— C1s peak
Supports
Lo FWHM
o/l lelle lellp m)  (eV) I [ i 1v v VI VI
CNT 087 059 043 128 069 24 485 181 98 81 30 101
CNTHr 079 079 067 135 069 15 505 177 111 66 34 93

CNTcoon 101 083 059 119 069 13 459 200 105 79 55 89
CNTcoonwr 1.03 099 067 118 068 15 503 198 80 80 3.6 88

N-CNT 1.02 017 022 118 079 24 439 204 121 84 39 88
N-CNTwr 095 019 023 123 082 15 456 203 120 76 35 94
Si-CNT 112 007 015 113 080 13 477 183 107 76 46 76
Si-CNThr 114 010 015 112 078 15 458 198 93 88 37 85
S-CNT 099 072 081 121 070 31 486 186 95 81 38 84
S-CNTHr 058 104 130 158 071 23 495 187 92 7.8 40 87
FLG 061 117 121 154 066 11 541 155 103 65 40 83
FLGHt 053 122 133 165 066 10 538 166 94 69 50 93

FLGcooH 064 106 1.04 150 067 10 525 162 107 71 59 091
FLGcoon-wr 0.63 100 101 149 065 10 536 166 100 6.8 41 81

FC 149 020 024 98 075 24 388 261 136 7.0 43 6.0
FCur 163 024 023 94 076 30 323 362 124 48 39 45
FCcooH 141 027 026 101 074 17 443 202 104 83 58 9.2
FCcoot-HT 165 018 028 93 076 16 385 30.7 108 64 58 6.9
CNF 1.30 032 013 105 076 48 463 187 94 84 40 83
CNFur 115 018 015 112 079 26 467 224 103 49 29 80

CNFcooH 124 026 018 10.7 074 42 433 185 114 80 34 87
CNFcoon-vt 126 045 014 107 077 29 486 183 100 7.6 3.7 85
SCNF 112 039 038 113 076 27 478 182 101 79 6.0 90
SCNFut 130 024 022 105 077 24 487 188 93 73 68 95
SCNFcoon 110 012 023 114 076 20 443 192 115 82 60 90
SCNFcoon-vr  1.20 031  0.27 10.9 075 25 489 173 127 29 50 99
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4.2.11 Commercial SiO2-Al203 and Al2Oscharacterized by SEM, TEM and BET
4.2.11.1 Commercial alumina (Al203)
4.2.11.1.1 Results obtained by TEM

The TEM micrographs of alumina have shown a similar morphology everywhere in

the sample as shown in Figure 4.51.

4.2.11.1.2 Resultsobtained by BET
The BET results of alumina show high surface area, small pore volume, and

mesopores in its structure as summarized in Table 4.31.

Table 4.31 BET results of alumina.

BET surfacearea Por e volume Pore diameter
Support
PP (m2g) (cm3g?) (nm)
Al>O3 194 0.4 77
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4.2.11.2 Commercial silica-alumina (SiO2-Al203)
4.2.11.2.1 Results obtained by SEM
The SEM micrographs of silica-alumina have shown a homogeneous morphol ogy,

forming spheres with different sizes as shown in Figure 4.52.

Figure 4.52 SEM micrographs of silica-alumina. Scale bar: a) 10 ym and b) 1 ym.

Furthermore, the contrasting analysis performed on various silica-alumina spheres

has displayed no difference in chemical composition as shown in Figure 4.53.

Figure 4.53 Contrasting analysis (a) of silica-alumina. a-ap) SiO.-Al20s.
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Finaly, the EDX spectrum of silica-alumina has indeed presented the chemical
composition and the mass percentage of each element according to its chemical formula as

shown in Figure 4.54.

Figure 4.54 EDX spectrum of silica-alumina.

4.2.11.2.2 Resultsobtained by BET
The BET results of silica-alumina show high surface area, small pore volume, and

mesopores in its structure as summarized in Table 4.32.

Table 4.32 BET results of silica-alumina.

Supbort BET surfacearea Por e volume Porediameter
PP (m2g) (cm3g?) (nm)
SiO»-Al203 485 0.7 55
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4.3 Characterization results of palladium catalysts

4.3.1 Palladium catalysts supported on FLG, FL G-coon, FLGHT, and FL G-cooH HT
characterized by TEM, XRPD, BET, and ICP-AES
4.3.1.1 Results obtained by TEM

The TEM micrographs of palladium catalysts supported on few layer graphene have
showed a great palladium dispersion and a palladium particle size distribution ranging from

0.1to 7.0 nm as shown in Figure 4.55.

d)

d=253%1.89nm w . d=285x275nm f 1000m

Figure 4.55 TEM micrographs of palladium catalysts supported on few layer graphene. a)
Pd/FLG, b) Pd/FLG.coon, ¢) PA/FLGHT, and d) Pd/FL G.coon HT.
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4.3.1.2 Resultsobtained by XRPD
The XRD diffractograms of palladium catalysts supported on few layer graphene

have clearly indicated the presence of palladium metal as shown in Figure 4.56.
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Figure 4.56 XRD diffractograms of palladium catalysts supported on few layer graphene.

4.3.1.3 Resultsobtained by BET
The BET results of palladium catalysts supported on few layer graphene show low

surface areas, small pore volumes, and mesopores as summarized in Table 4.33.

Table 4.33 BET results of palladium catalysts supported on few layer graphene.

BET surfacearea Por e volume Pore diameter

Catalys (m2g) (cm*g?) (nm)
Pd/FLG 43 0.3 26.5
Pd/FL G.coon 54 0.3 20.2
Pd/FLGuT 85 04 18.6
Pd/FLG.cooH HT 80 04 20.2
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4.3.1.4 Resultsobtained by ICP-AES
The ICP-AES results of palladium catalysts supported on few layer graphene have
clearly exhibited a close ratio between theoretical and experimental percentages as

summarized in Table 4.34.

Table 4.34 ICP-AES results of palladium catalysts supported on few layer graphene.

Catalyst Element Theoretical %  Experimental %
Pd/FLG Pd 2 1.76
Pd/FLG-coon Pd 2 1.87
PAd/FLGHT Pd 2 1.66
PA/FLG.cooH HT Pd 2 151
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4.3.2 Palladium catalysts supported on CNT, CNT-cooH, CNTHT, and CNT-cooH HT
characterized by TEM, XRPD, BET, and ICP-AES

4.3.2.1 Results obtained by TEM
The TEM micrographs of palladium catalysts supported on multi-walled carbon
nanotubes have showed a great paladium dispersion and a palladium particle size

distribution ranging from 0.1 to 7.0 nm as shown in Figure 4.57.

Figure 457 TEM micrographs of paladium catalysts supported on multi-walled carbon
nanotubes. &) PA/CNT, b) Pd/CNT-coon, €) PA/CNTwr, and d) PA/CNT-cooH Hr-
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4.3.2.2 Resultsobtained by XRPD

Chapter 1V Results

The XRD diffractograms of palladium catalysts supported on multi-walled carbon

nanotubes have clearly indicated the presence of palladium metal and remaining CoFe from

catalyst (peak at 44°) as shown in Figure 4.58.
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Figure 4.58 XRD diffractograms of palladium catalysts supported on multi-walled carbon

nanotubes.

4.3.2.3 Results obtained by BET

The BET results of palladium catalysts supported on multi-walled carbon nanotubes

have exposed high surface areas, large pore volumes, and macropores as summarized in

Table 4.35.

Table 4.35 BET results of palladium catalysts supported on multi-walled carbon nanotubes.

Catalyst BET surfacearea Pore volume Por e diameter
(m2g™) (cm3g?) (hm)
Pd/CNT 158 2.8 71.9
Pd/CNT-cooH 232 29 50.6
Pd/CNTHT 146 2.8 75.7
Pd/CNT-cooH HT 203 1.8 35.5
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4.3.2.4 Results obtained by ICP-AES
The ICP-AES results of palladium catalysts supported on multi-walled carbon
nanotubes have clearly exhibited a close ratio between theoretica and experimental

percentages as summarized in Table 4.36.

Table 4.36 ICP-AES results of palladium catalysts supported on multi-walled carbon

nanotubes.
Catalyst Element Theoretical %  Experimental %
Pd/CNT Pd 2 1.60
Pd/CNT.cooH Pd 2 2.04
Pd/CNTHr Pd 2 1.60
Pd/CNT.coo HT Pd 2 1.89
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4.3.3 Palladium catalysts supported on N-CNT and N-CNTHr characterized by
TEM, ICP-AES, XRPD, and BET
4.3.3.1 Resultsobtained by TEM

The TEM micrographs of palladium catalysts supported on nitrogen doped multi-
walled carbon nanotubes have showed a great palladium dispersion and a palladium particle

size distribution ranging from 0.1 to 4.0 nm as shown in Figure 4.59.

| d=211+088nm el

Figure 4.59 TEM micrographs of palladium catalysts supported on nitrogen doped multi-walled
carbon nanotubes. @) Pd/N-CNT and b) Pd/N-CNTHr.

4.3.3.2 Results obtained by ICP-AES
The ICP-AES results of palladium catalysts supported on nitrogen doped multi-
walled carbon nanotubes have clearly exhibited a close ratio between theoretical and

experimental percentages as summarized in Table 4.37.

Table 4.37 ICP-AES results of Pd/N-CNT catalysts.

Catalyst Element Theoretical %  Experimental %
Pd/N-CNT Pd 2 181
Pd/N-CNTHT Pd 2 1.14
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4.3.3.3 Resultsobtained by XRPD

The XRD diffractograms of palladium catalysts supported on nitrogen doped muilti-

walled carbon nanotubes have clearly indicated the presence of palladium metal as shown

in Figure 4.60.
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Figure 4.60 XRD diffractograms of palladium catalysts supported on nitrogen doped muilti-
walled carbon nanotubes.

4.3.3.4 Resultsobtained by BET

The BET results of palladium catalysts supported on nitrogen doped multi-walled

carbon nanotubes have exposed high surface areas, large pore volumes, and macropores as

summarized in Table 4.38.

Table 4.38 BET results of palladium catalysts supported on nitrogen doped multi-walled carbon
nanotubes.

Catalvst BET surfacearea Pore volume Por e diameter
g (m*g) (cmier) (nm)
Pd/N-CNT 166 33 79.1
Pd/N-CNTHT 195 31 63.9
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4.3.4 Palladium catalysts supported on S;-CNT and Si-CNTwt characterized by
TEM, ICP-AES, XRPD, and BET
4.3.4.1 Resultsobtained by TEM

The TEM micrographs of palladium catalysts supported on sulphur; doped muilti-
walled carbon nanotubes have showed a great palladium dispersion and a palladium particle

size distribution ranging from 0.1 to 6.0 nm as shown in Figure 4.61.

d= 184+ 0.69 nm ] | d= 2,62+ 252 nm _
Figure 4.61 TEM micrographs of palladium catalysts supported on sulphur, doped multi-walled
carbon nanotubes. a) Pd/S;-CNT and b) Pd/S;-CNThr.

4.3.4.2 Resultsobtained by ICP-AES
The ICP-AES results of paladium catalysts supported on sulphury doped muilti-
walled carbon nanotubes have clearly exhibited a close ratio between theoretical and

experimental percentages as summarized in Table 4.39.

Table 4.39 ICP-AES results of Pd/S;-CNT catalysts.

Catalyst Element Theoretical %  Experimental %
Pd/S-CNT Pd 2 1.82
Pd/S;-CNThr Pd 2 0.94
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4.3.4.3 Results obtained by XRPD
The XRD diffractograms of palladium catalysts supported on sulphur, doped multi-
walled carbon nanotubes have indicated metal traces from catalyst used as starting material

and low palladium diffraction patterns as shown in Figure 4.62.
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Figure 4.62 XRD diffractograms of palladium catalysts supported on sulphur: doped multi-

walled carbon nanotubes.

4.3.4.4 Resultsobtained by BET
The BET results of palladium catalysts supported on sulphur: doped multi-walled
carbon nanotubes have exposed low surface areas, small pore volumes, and mesopores as

summarized in Table 4.40.

Table 4.40 BET results of palladium catalysts supported on sulphuri doped multi-walled carbon

nanotubes.
Catalvst BET surfacearea Pore volume Por e diameter
g (m*g) (cmier) (nm)
Pd/Si-CNT 50 0.2 20.3
Pd/Si-CNTHT 50 0.3 237
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4.3.5 Palladium catalysts supported on S;-CNT and S-CNTwt characterized by
TEM, ICP-AES, XRPD, and BET
4.3.5.1 Resultsobtained by TEM

The TEM micrographs of palladium catalysts supported on sulphur> doped muilti-
walled carbon nanotubes have showed a great palladium dispersion and a palladium particle

size distribution ranging from 0.8 to 3.0 nm as shown in Figure 4.63.

d=17:07erm M AT T
Figure 4.63 TEM micrographs of palladium catalysts supported on sulphur, doped multi-walled
carbon nanotubes. a) Pd/S-CNT and b) Pd/S-CNThr.

4.3.5.2 Resultsobtained by ICP-AES
The ICP-AES results of paladium catalysts supported on sulphur, doped muilti-
walled carbon nanotubes have clearly exhibited a close ratio between theoretical and

experimental percentages as summarized in Table 4.41.

Table 4.41 ICP-AES results of Pd/S;-CNT catalysts.

Catalyst Element Theoretical %  Experimental %
Pd/S-CNT Pd 2 1.70
Pd/S-CNThr Pd 2 1.45
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4.3.5.3 Results obtained by XRPD

The XRD diffractograms of palladium catalysts supported on sulphur, doped multi-
walled carbon nanotubes have indicated metal traces from catalyst used as starting material

and low palladium diffraction patterns as shown in Figure 4.64.
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Figure 4.64 XRD diffractograms of palladium catalysts supported on sulphurz doped multi-

walled carbon nanotubes.

4.3.5.4 Resultsobtained by BET

The BET results of palladium catalysts supported on sulphur, doped multi-walled

carbon nanotubes have exposed low surface areas, small pore volumes, and mesopores as

summarized in Table 4.42.

Table 4.42 BET results of palladium catalysts supported on sul phur2 doped multi-walled carbon

nanotubes.
Catalvst BET surfacearea Pore volume Por e diameter
g (m*g) (cmier) (nm)
Pd/S-CNT 97 13 52.9
Pd/S-CNTHT 85 0.7 32.2
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4.3.6 Palladium catalysts supported on CNF, CNF-coon, CNFH1, and CNF-cooH HT
characterized by TEM, XRPD, BET, and ICP-AES

4.3.6.1 Results obtained by TEM
The TEM micrographs of palladium catalysts supported on carbon nanofibers have

showed a great palladium dispersion and a palladium particle size distribution ranging from

0.1 to 5.0 nm as shown in Figure 4.65.
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Figure 4.65 TEM micrographs of palladium catalysts supported on carbon nanofibers. a)
Pd/CNF, b) Pd/CNF.coon, ¢) Pd/CNF4T, and d) PA/CNF.cooH HT.
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4.3.6.2 Resultsobtained by XRPD
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The XRD diffractograms of palladium catalysts supported on carbon nanofibers

have clearly indicated the presence of palladium metal as shown in Figure 4.66.
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Figure 4.66 XRD diffractograms of palladium catalysts supported on carbon nanofibers.

4.3.6.3 Results obtained by BET

The BET results of palladium catalysts supported on carbon nanofibers have

exposed low surface areas, small pore volumes, and mesopores as summarized in Table

4.43.

Table 4.43 BET results of palladium catalysts supported on carbon nanofibers.

Catalyst BET surfacearea Pore volume Por e diameter
(m2g™) (cm3g?) (hm)
Pd/CNF 104 0.4 17.4
Pd/CNF.-coon 82 0.4 19.6
Pd/CNFut 67 0.4 25.5
Pd/CNF-coou uT 71 0.4 22.1
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4.3.6.4 Results obtained by ICP-AES
The ICP-AES results of paladium catalysts supported on carbon nanofibers have
clearly exhibited a close ratio between theoretical and experimental percentages as

summarized in Table 4.44.

Table 4.44 |CP-AES results of palladium catalysts supported on carbon nanofibers.

Catalyst Element Theoretical %  Experimental %
Pd/CNF Pd 2 1.65
Pd/CNF-coon Pd 2 1.70
Pd/CNFxt Pd 2 1.18
Pd/CNF-cooH HT Pd 2 141
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4.3.7 Palladium catalysts supported on SCNF, SCNF-coon, SCNFHT, and SCNF-coor
nt characterized by TEM, XRPD, BET, and ICP-AES

4.3.7.1 Results obtained by TEM
The TEM micrographs of palladium catal ysts supported on small carbon nanofibers
have showed a great palladium dispersion and a palladium particle size distribution ranging

from 0.1 to 5.0 nm as shown in Figure 4.67.
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Figure 4.67 TEM micrographs of palladium catalysts supported on small carbon nanofibers. a)
Pd/sCNF, b) Pd/sCNF.cooH, ¢) PA/SCNFxT, and d) Pd/SCNF.cooH HT.
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4.3.7.2 Results obtained by XRPD
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The XRD diffractograms of palladium catalysts supported on small carbon

nanofibers have clearly indicated the presence of palladium metal and remaining nickel

from catalyst (peak at 45°) as shown in Figure 4.68.
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Figure 4.68 XRD diffractograms of palladium catalysts supported on small carbon nanofibers.

4.3.7.3 Results obtained by BET

The BET results of palladium catalysts supported on small carbon nanofibers have

exposed high surface areas, medium pore volumes, and mesopores as summarized in Table

4.45.

Table 4.45 BET results of palladium catalysts supported on small carbon nanofibers.

Catalyst BET surfacearea Pore volume Por e diameter
(m2g™) (cm3g?) (hm)
Pd/sCNF 465 1.9 16.2
Pd/sCNF-coon 392 1.4 14.4
Pd/sCNFut 285 11 15.9
Pd/sCNF-coon HT 305 1.2 16.2
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4.3.7.4 Results obtained by ICP-AES
The ICP-AES results of palladium catalysts supported on small carbon nanofibers
have clearly exhibited a close ratio between theoretical and experimental percentages as

summarized in Table 4.46.

Table 4.46 ICP-AES results of palladium catalysts supported on small carbon nanofibers.

Catalyst Element Theoretical %  Experimental %
Pd/sCNF Pd 2 1.71
Pd/SCNF.coon Pd 2 1.69
Pd/SCNFxT Pd 2 0.97
Pd/SCNF.cooH HT Pd 2 131
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4.3.8 Palladium catalysts supported on FC, FC.coon, FCht, and FC.coon HT
characterized by TEM, XRPD, BET, and ICP-AES

4.3.8.1 Results obtained by TEM
The TEM micrographs of palladium catalysts supported on fibrous carbons have
showed a great palladium dispersion and a palladium particle size distribution ranging from

0.1 to 8.0 nm as shown in Figure 4.69.
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Figure 4.69 TEM micrographs of palladium catalysts supported on fibrous carbons. a) Pd/FC,
b) Pd/FC.coon, €) Pd/FCwT, and d) Pd/FC.coon HT.
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4.3.8.2 Results obtained by XRPD
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The XRD diffractograms of palladium catalysts supported on fibrous carbons have

clearly indicated the presence of palladium metal as shown in Figure 4.70.

< [002)

Figure 4.70 XRD diffractograms of palladium catalysts supported on fibrous carbons.

4.3.8.3 Results obtained by BET

The BET results of palladium catalysts supported on fibrous carbons have exposed

high surface areas, small pore volumes, and mesopores as summarized in Table 4.47.

Table 4.47 BET results of palladium catalysts supported on fibrous carbons.

Catalyst BET surfacearea Pore volume Por e diameter
(m2g™) (cm3g?) (hm)
Pd/FC 140 04 11.7
Pd/FC.coon 186 0.4 9.6
Pd/FCur 138 0.5 13.8
Pd/FC.cooH HT 232 0.5 9.3
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4.3.8.4 Resultsobtained by ICP-AES
The ICP-AES results of palladium catalysts supported on fibrous carbons have
clearly exhibited a close ratio between theoretical and experimental percentages as

summarized in Table 4.48.

Table 4.48 ICP-AES results of palladium catalysts supported on fibrous carbons.

Catalyst Element Theoretical %  Experimental %
Pd/FC Pd 2 1.50
Pd/FC.cooH Pd 2 2.05
Pd/FChr Pd 2 1.49
Pd/FC.cooH HT Pd 2 1.61

4.3.9 Characterization data of all palladium catalysts

As shown above, al paladium catalysts were characterized by advanced
characterization techniques, which have provided specific information that has allowed
knowing the physical and chemical properties of paladium catalysts. Thus, we have
performed a detailed comparison of characterization data from palladium catalysts to
clearly understand the participation of palladium metal on carbon supports before using
them as catalyst. Characterization data of palladium catalysts are summarized in Table

4.49.

170



Chapter 1V Results

Table 4.49 Characterization data of palladium catalysts.

Pd BET surfacearea Particlesize? Particlesize®

Catalyst (o) (m?g") (nm) (nm)
Pd/CNT 1.60 158 22+1.1 47
Pd/CNTHt 1.60 146 3.1+30 11.2
Pd/CNT -coon 2.04 232 22+1.1 -
PJd/CNT.coonnr  1.89 203 21+14 10.9
Pd/N-CNT 1.81 166 21+0.9 -
Pd/N-CNTht 1.14 194 1.9+18 12.0
Pd/Si-CNT 1.82 50 1.8+0.7 -
Pd/S1-CNTHr 0.94 50 26+25 -
Pd/S-CNT 1.70 97 1.8+0.8 -
Pd/S-CNTHr 1.45 85 1.8+ 0.9 -
PA/FLG 1.76 43 33+29 7.4
Pd/FLGHT 1.66 84 25+19 -
Pd/FL G.coon 1.87 50 26+1.6 -
Pd/FLG.cooH HT 151 79 28+ 27 13.2
Pd/FC 1.50 140 32+3.1Y 6.3
Pd/FCht 1.49 138 1.8+ 1.0 -
Pd/FC.coon 2.05 186 3.9+ 349 10.7
Pd/FC.cooH HT 1.61 231 25+2.49 94
Pd/CNF 1.65 104 20+12 12.6
Pd/CNFit 1.18 67 21+20 -
Pd/CNF.cooH 1.70 82 16+09 12.2
Pd/CNF.coon HT 1.41 71 19+14 15.7
Pd/SCNF 1.71 465 25+2.1 13.4
Pd/SCNFHt 0.97 285 13+11 12.1
Pd/sCNF.coon 1.69 392 15+0.7 -
Pd/sSCNF.coon vt 1.31 305 1.7+16 12.6

a) From TEM. b) bimodal: 1.8 + 1.2 and 87 = 3.0 nm. c) bimoda: 15 + 04 and 7.9 + 24 nm.
d) bimodal: 1.2 + 05 and 6.1 + 43 nm. € From XRD.

171



Chapter 1V Results

4.3.10 Palladium catalysts supported on SiO2-Al203 characterized by |CP-AES,
TEM, and BET
4.3.10.1 Results obtained by ICP-AES

The ICP-AES results of palladium catalysts supported on silica-alumina have
clearly exhibited a close ratio between theoretical and experimental percentages as

summarized in Table 4.50.

Table 4.50 ICP-AES results of palladium catalysts supported on silica-alumina.

Catalyst Element Theoretical %  Experimental %
Pd/SiO2-Al203 nc Pd 2 1.91
Pd/SiO2-Al203¢ Pd 2 1.73

nc =no calcination. ¢ = calcination (In air at 430 °C for 2 h).

4.3.10.2 Results obtained by TEM
The TEM micrographs of palladium catalysts supported on silica-alumina have
showed a great palladium dispersion and a palladium particle size distribution ranging from

5t0 13 nm as shown in Figure 4.71.
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Figure 4.71 TEM micrographs of palladium catalysts supported on silica-alumina. a)Pd/SiO»-

Al203nc and b)Pd/SIO2-Al203¢. nc = no calcination. ¢ = calcination (In air at 430 °C for 2 h).
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4.3.10.3 Results obtained by BET
The BET results of palladium catalysts supported on silica-alumina have exposed

high surface areas, small pore volumes, and mesopores as summarized in Table 4.51.

Table 4.51 BET results of palladium catalysts supported on silica-alumina.

BET surfacearea Pore volume Por e diameter
Catalyst

(m?g?) (cm3*g?) (nm)
Pd/Sl OZ'Al 203 nc 495 07 57
Pd/SiO2-Al203¢ 558 0.8 5.8

nc = no calcination. ¢ = calcination (In air at 430 °C for 2 h).

4.3.11 Nickel catalyst supported on Al203 characterized by ICP-AES, TEM, and
BET

4.3.11.1 Results obtained by ICP-AES
The ICP-AES results of nickel catalyst supported on alumina has clearly exhibited a

close ratio between theoretical and experimental percentages as summarized in Table 4.52.

Table 4.52 ICP-AES results of nickel catalyst supported on alumina.

Catalyst Element Theoretical %  Experimental %

Ni/Al203 Pd 10 6.15
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4.3.11.2 Results obtained by TEM
The TEM micrographs of nickel catalyst supported on alumina have showed a great

nickel dispersion as shown in Figure 4.72.

Figure 4.72 TEM micrographs of nickel catalyst supported on alumina. Scale bar: a8 200 nm
and b) 100 nm.

4.3.11.3 Results obtained by BET
The BET results of nickel catalyst supported on alumina has exposed high surface

area, small pore volumes, and mesopores as summarized in Table 4.53.

Table 4.53 BET results of nickel catalyst supported on alumina

BET surfacearea Porevolume Por e diameter
(m2g™h) (cmig™) (nm)

Catalyst

Ni/Al20s3 186 0.3 6.9
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4.4 Summary

In this chapter, all characterization data for carbon supports and palladium catalysts
are summarized. Various advanced characterization techniques were used to clearly
understand the role of carbon supports and/or palladium catalysts before using them as
catalyst supports and/or catalysts, respectively. All information obtained from carbon
supports and/or palladium catalysts is an important resource before taking some decisions
such as choice of the best catalyst, selection of the chemica reaction, and optimization of

the reaction conditions using the best catalyst.

4.5 References

[1] A. Benyounes, M. Kacimi, M. Ziyad, P. Serp, Chinese Journal of Catalysis 35 (2014)
970-978.

[2] S. Louisia, R. Castro Contreras, M. Heitzmann, M. R. Axet, P.-A. Jacques, P. Serp,
Catalysis Communications 109 (2018) 65-70.

175



Chapter V Discussion

CHAPTER YV

Discussion

176



Chapter V Discussion

5.1 Introduction

The need to understand the catalyst behavior during its preparation and application
is a very important issue for the catalytic community. In heterogeneous cataysis, the
catalyst plays a significant role in a chemica reaction, being the heart of the catalytic
process. High activity and selectivity towards the main product will depend on the catalyst
up to 90 %. According to that, we have performed a detailed comparison of al results
obtained from our carbon supports and palladium cataysts by using advanced
characterization techniques. Therefore, the best catalyst will be selected through its
physicochemical properties such as porosity, surface area, pore volume, active phase
loading and dispersion, metal particle size, and attrition resistance.

To clearly understand the structural order of this Chapter V: Discussion, the main

issues are summarized in Table5.1.

Table 5.1 Main issues of Chapter V.

I ssues

5.2 Understanding the surface chemistry of carbon materials

5.3 Understanding the metal-support interaction of palladium catalysts

5.4 Summary

5.5 References
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5.2 Under standing the surface chemistry of carbon materials
5.2.1 Morphology, elemental distribution, and chemical composition of
unsupported catalysts by SEM

The results obtained by SEM, have provided important information about the
unsupported catalysts. According to that, the contrasting anayses (see Figure 4.2)
performed on AICoFeOs, NiFe:Os4, CoFexOs, and CuoiNiooC0204 catalysts, they have
revealed same chemical composition everywhere for al them. This means that carbon
nanomaterials uniformly growth on al catalyst surface, obtaining well-shaped carbon
structures and high yield performances. Furthermore, the chemical composition of the

unsupported catal ysts plays a very important role to determine the carbon structure desired.

5.2.2 Morphology of carbon materialsby HRTEM and LRTEM
Carbon nanomaterials are clearly observed by using transmission electron

microscopy (TEM). High and low resolution have allowed making a detailed study on the
morphological characteristics of the carbon nanomaterials, which present differences
between them. These structural changes such as arrangement of the graphene layers,
particular markings, surface damages, and kind of edges, are mainly originated by the
preparation method. The detailed study performed on the carbon nanomaterials has
provided a broad knowledge of the morphological characteristics, alowing their
identification under certain parameters such as dimensions (width, length, and height),
shape (square, rectangle, or cylinder), angle (from 0 to 90 °), and edges (open, close or
mixed). But, this identification is only possible reading TEM micrographs of high and low

resolution as shown in next paragraphs.
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LRTEM micrographs of carbon materials are shown in Figure 5.1. Carbon materials
can be distinguished according to their morphology. The graphene layers are oriented in
different ways to originate unique carbon structures depending on some parameters such as

kind of catalyst using as starting material and reaction temperature during the synthesis.

Figure 5.1 LRTEM micrographs of carbon materials. @) FLG, b) CNT, c) N-CNT, d) Si-CNT,
e) $-CNT, f) CNF, g) SCNF, and h) FC. Scale bar for all micrographs: 100 nm.
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Besidess, HRTEM micrographs of carbon materials have revealed unique
characteristics, which allow identifying to carbon materials depending on the arrangement
of their graphene layers. According to that, the filamentous carbon materials such as CNT
and S-CNT present graphene layers in paralel connection to the filament axis, and N-
CNT, CNF, sCNF, and FC present an angle between filament axis and graphene layers. The
average angle with respect to the filament axis is different, 20°, 26°, 40° and 90° for N-
CNT, CNF, sCNF and FC, respectively. These structural arrangements are showed in

Figure 5.2

Figure 5.2 HRTEM micrographs of carbon materials. @) CNT (scale bar 5 nm), b) S-CNT
(scale bar 20 nm), ¢) N-CNT (scale bar 10 nm), d) CNF (scale bar 10 nm), €) SCNF (scale bar

10 nm), and f) FC (scale bar 5 nm). Red line: Filament axis. Yellow line: Graphene layer.
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Also, the N-CNT (bamboo structures), S;-CNT (branched tube structures), and Sp-
CNT (bulbous segments) compared to pristine CNT (tube structures) present differences

between them, being possible the identification of each one as shown in Figure 5.3.

Figure 5.3 LRTEM micrographs of carbon materials. a) CNT, b) N-CNT, ¢) $;-CNT, and d) S-
CNT. Scale bar of all micrographs: 50 nm.
After the purification method of carbon materials, we independently checked that

the post-treatments have no significant effect on the general morphology of these carbon
materials, at the exception of HNO3 treatment that creates some surface damages,
particularly for small diameter CNT. These surface damages on CNT.-coon are showed in

Figure 5.4.

Figure 5.4 HRTEM micrograph of CNT.coon. Scale bar: 10 nm.
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Furthermore, for these carbon materials, the surface is mainly composed from
edges. Therefore, it is reasonable to propose that some of the graphene edges are likely to
be closed. For open edges, they may be easily terminated by -OH or -COOH under ambient

conditions, or more likely by —H. Both close and open edges are shown in Figure 5.5.

Figure 5.5 HRTEM micrograph of close and open edges from fibrous carbon. Scale bar: 5 nm.

Considering the structure of these carbon materials, it is very likely that the carbon
edges end in CH2/CH3 or aromatic C-H groups. ¥

In the case of CNF, disordered carbon can also be seen at their surface. The surface
of this support is composed by a mixture of edges and disordered carbon (curved surfaces
[41), This structure is similar to the one of the hollow vapor grown CNF from Pyrograf
Products that shows a dual-wall structure. In that industrial material, the core layer is a
catalytically-grown hollow fishbone-type carbon fiber, whereas the outer layer consists of
disordered, pyrolytically grown walls, parallel to the main axis of the fiber. [¥ The CNF

surfaces with or without a dual-wall structure are shown in Figure 5.6.
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Figure 5.6 TEM micrographs of @) CNF without a dual-wall structure (scale bar 50 nm), b)
CNF without a dual-wall structure (scale bar 10 nm), ¢) CNF with a dua-wall structure (scale
bar 50 nm), and d) CNF with a dual-wall structure (scale bar 10 nm).

Finally, the mean external diameter of CNF is 50 nm, and their mean inner diameter
6 nm. The CNT are multi-walled CNT, with an average externa diameter of 15 nm and an
internal diameter of 7 nm. The tubes are made up of 5-10 graphene layers. N-CNT, € S;-
CNT and S,-CNT ™ have mean external diameters of 18, 15, and 50 nm, respectively. The
different diameters between S;-CNT and S;-CNT come from their preparation method (see
Chapter I11: Methodology, sections: 3.7.2.1.1.2 and 3.7.2.1.1.3). The FC shows a quite
broad diameter size distribution, ranging from 50 to 400 nm with an average diameter of
about 100 nm. The FLG consists in graphitic flakes of turbostratic carbon of around 1 pm?;

the number of graphene layers ranged between 5 and 20. (@
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5.2.3 Elemental composition of carbon materials by Elemental Analysis
According to the elemental analyses, high levels of purity are achieved for all

carbon materials (see Table 4.4, 4.7, 4.10, 4.19, 4.22, and 4.25), at the exception of S;-CNT
and S-CNT (see Table 4.13 and 4.16), which contain significant amounts of residua

catalyst. This should be connected to the slow growth of these kinds of nanotubes. []

5.2.4 Effect of nitric acid oxidation in carbon materialsby TGA and XPS analyses

The treatment with nitric acid, for a given type of material, allows decreasing the
amount of residual catalyst, as shown by the TGA analyses, where a decrease of the residue
amount is notices after this treatment. This decrease of residua catalyst is shown in Figure

5.7.
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Figure 5.7 Evolution of the amount of catalyst residue (from TGA) and the percentage of
surface oxygen (from XPS) with the nitric acid treatment.
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Another effect of the HNOs treatment is to significantly increase the amount of
surface oxygen, as revealed by XPS (see Table 4.28 and Figure 5.7). This does not
significantly affect the temperature of decomposition of these carbon materials (see Figure
4.6,4.12, 4.35, 4.41, and 4.47).

The introduction of N or Sin the carbon structure via doping, resultsin its part to a
higher reactivity of the materials towards air oxidation; as shown by the TGA results (see
Table 4.28, Figure 4.18, 4.23, and 4.29).

The XPS analysis has also shown that, as expected, the high temperature treatment
allows decreasing significantly the amount of surface heteroatoms (O, N or S). For the non-
functionalized supports (FLG, CNT, CNF, sCNF and FC), this treatment also resultsin an
increased stability of the materias, as shown by the TGA anayses. This increased stability

of the materialsis shown in Figure 5.8.
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Figure 5.8 Decomposition temperature (from TGA) of pristine and heat-treated carbon
materials.
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In that case, this treatment results in a surface reconstruction that produces a less
reactive surface. The same phenomenon is not systematically observed for the
functionalized carbons (oxidized materials and S- or N-doped CNTSs); so for these materials

the surface reconstruction does not provide aless reactive surface.

5.2.5 BET surface area and pore volume of carbon materials by Physisorption
analysis

The textural properties of the supports have been evaluated from the nitrogen
adsorption/desorption isotherms. These carbon materials present pore volumes of 0.2-4.1
cm.g! and are predominantly mesoporous (see Table 4.28). For the fibrous carbons, the
pores are arising from interstices between entangled fibers or tubes. The specific surface
area of the supports ranged between 40 and 300 m? gt (see Table 4.28). Their N2
adsorption isotherms are typical of IV. The lowest surface area was measured for FLG (40
m? g1), and the highest for SCNF.coon (296 m? g1). At the exception of CNF, the HNOs
treatment generally results in an increase of the Sger. A little change in surface area was
aso observed by Pittman et al. by N, BET for vapor-grown carbon nanofibers, ©
confirming our findings. For CNTSs, Sger increases after HNOs treatments have aready
been reported, which are associate to tube tips opening. % The high temperature treatment
induces different effects on the Sger, according to the materials. For CNTs, FLG, and CNF
adlight increase in Sger is generally observed after the heat treatment. Such a phenomenon
has already been observed for CNT, and has been attributed to the removal of surface
functional groups during the heat-treatment that could create some porosity. [
Interestingly, materials such as CNF, sSCNF and FC, for which surface is mainly composed

from edges, behave differently.
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In that case, the heat-treatment induces a significant decrease of the Sger for the
pristine materials, and has no effect on the oxidized materials. It has been shown that the
graphitization of CNF does not affect their morphology, but contributes to the formation of
loops to connect the edges of the graphene sheets. >4 A decrease of CNF Sger after hest-
treatment has already been observed, [*> 18 which could be associated with the increase of

the degree of structural order as a consequence of the removal of the structural defects.

5.2.6 Effect of TGA and BET parameterson carbon materials combined with XRD
analysis
The doo2 graphene interlayer distance and the average stacking height paralel to the

fiber axis, L, as found from XRD are shown in Table 4.28. The highest intensity of the
graphite (002) peak (26 = 26°) and thereby doo2 values close to the value for graphite (0.335
nm) was seen for the FLG, FC and sCNF samples. The higher amount of macro-sized
defects indicated by a lower L. can be correlated with a higher Sger and a higher reactivity
(lower decomposition temperature in air oxidation) of the materials (see Figure 5.9).

Similar tendencies were reported for carbon blacks ) and carbon fibers. (18
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Figure 5.9 Evolution of: @) Sger and b) Decomposition temperature (from TGA) for the carbon
materials with the L¢ value (from XRD).

5.2.7 Effect of Raman parameters on carbon materials combined with XPS and

XRD analyses
The XPS and Raman characterizations of the carbon materials are reported in Tables

4.29, 4.30, and 4.49. Raman spectroscopy is extensively used for investigating, and
quantitatively and qualitatively measuring structural disorder in carbonaceous materials. [*
2 1n spite of these advantages, Raman spectroscopy has certain inherent limitations in
detecting defects in these materials like charged impurities, perfect zigzag edges,
intercalants, uniaxial and biaxia strain, as they do not manifest as defect band (D band).
Furthermore, the defects caused by surface functional groups aso do not leave any
significant footprints in Raman spectra. XPS, in addition to ascertain chemical composition
and bonding environment, can also provide useful information about defects and disorder in
carbonaceous materials. [ The presence of defects and functional groups in these

materials introduce new peaks and alter the peak position and line width of C1s peak.
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The best fit for the main C1s spectrum was obtained by deconvoluting the profile
into seven Gaussian-Lorentzian line shapes and their respective parameters are given in
Table 4.29. The peak | at around 283.7 €V is attributed to the presence of point defects,
which could arise from C vacancies, pentagon and heptagon rings, Stone-Wales defects, or
formation of fullerene like structures. 2224 The peak Il at 284.6 eV, represents sp> C-C
bonds in the regions containing only unmodified C rings at the surface or in deeper layers.
The peak 111 at 285.1-285.2 eV was assigned to sp® carbon species. [ The peaks at 286.0-
286.2 (1V), 287.3-287.5 (V) and 288.4-289.2 eV (VI), correspond to carbon atoms attached
to different oxygen-containing moieties. 2 271 Finally, the m—n* transition loss pesk was
detected at 290.6-291.2 eV; it typically comprised 15-18 % of the total sp? signal. The full
width at half-maximum (FWHM) of the Cls peak has been used to assess the graphitic
nature of carbons, with alarger FWHM corresponding to a more disordered structure. (2!

A reasonable correlation was observed between the L¢ (from XRD) and the FWHM
as shown in Figure 5.10.
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Figure 5.10 Evolution of the FWHM from XPS C1s peak and the L from XRD.
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Raman spectroscopy was aso used to evaluate the degree of structural order of the
different carbon materials. It is complementary to XRD athough it has the advantage of
surface specificity, thus alowing the study of very heterogeneous materials. The most
important parameter calculated with this technique is the ratio of the integrated intensities
of the D band (Ip) at ~1380 cm™, attributed to the defects of the graphitic structure, and the
G band (Ic) at ~1580 cm™, which is ascribed to a graphitic (ordered) structure, both bands
belonging to the first-order Raman spectrum for carbon materials. Obviously, the graphitic
character will reduce the intensity of the D band, therefore decreasing the Ip/lc ratio. The
degree of structural order estimated by this technique possesses a bi-dimensional character,
being strongly dependent on the orientation of the crystallites, whereas in the case of XRD

it has athree-dimensional nature.

Disorder is aso responsible for the changes in the intensities of other bands, such as
D" and G’, and also affects the position and shape of the Raman peaks. The G’ band is
indicative of long-range order in a sample and arises from the two-phonon, second-order
scattering process that results in the creation of an inglastic phonon. 2% % Finally, another
parameter measurable by Raman spectroscopy, which is relevant to catalyst preparation is
the Lp; Lp is a typical inter-defect distance, with the defect being a point-like (zero-
dimensional) structure. 3 Correlations between the Lc and the Raman parameters are

showed in Figure 5.11.
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The best correlations were obtained based on Lp and lc'/lc. A comparative study on
defect estimation using XPS and Raman spectroscopy in few layer nano-graphitic
structures has shown nice correlations in estimating defect density between these two
techniques, in general. (22 In our case, the best correlations were found between the I/l

and the FWHM of the C1s peak of the sp? carbon as shown in Figure 5.12.

a) R2 = 0.4075

FWHM (eV)

o
=]
o
]

[=]
1]
w
| ]

[=]
[=1]
(=]

b) 1 - R? = 0.4818

FWIIM (eV)
]

[
-l
]
[y
[
=1
w
!
un
=
]
-
u

L (nm)

0.85
- R?=0.7029

\e)

1LHD -

'_?lu
..‘. [ ]
o

(]

075 +

070 + T,

FWHM (eV)
L ]

0.6 L

Q.60




d)

FWHM (eV)

0.8% +

0.80 +

075 +

0.6 +

U.6l

Chapter V Discussion

& R? = 0.8323
@
ogn &
° o
-
e,
[ s
.,
..
o ®
- 5
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 5.12 Evolution of the FWHM of the Cls sp? carbon peak from XPS with Raman

parameters: a) Ip/lg, b) Lp, €) lc/lp, and d) le/le.

And, between the 1o/l and the % of sp? carbon from XPS as shown in Figure 5.13.
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5.2.8 The best correlations of carbon materials by XPS, Raman, and TGA analyses

A comparison of Figures 5.11-5.13 shows that the best correlations were obtained

between XPS and Raman analyses. Thus, we decide to use these two techniques to try to

classify the numerous carbon materias investigated. Figure 5.14 shows the classification of

the supports according to Raman and XPS parameters.
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From Figures 5.14a and 5.14b, two groups of materials present different
characteristics, from one side FLG and CNT (pristine or doped with nitrogen or sulfur),
which present less defects (low Ip/l or sp*/sp? ratio) and a relatively large Lp, and on the
other side the FC, CNF, and sCNF with opposite characteristics. But the more interesting
classification is seen on Figure 5.14c and 5.14d, where differences in long range order
appears more clearly with the I/l (or le/Ip) and FWHM parameters. From this figure, it
is clear that FLG, pristine CNT and Sx-CNT present very different characteristics than the
other materials. On these carbon supports, significantly higher extent of long range order is
expected. Thislong range order has a significant influence on the resistance of the materias
towards air oxidation; indeed we find a very good correlation between the lc'/lc (or lc'/Ip)
or FWHM values and the decomposition temperature obtained during the TGA experiments

as shown in Figure 5.15.
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Such correlations were not so good if we consider parameters such as the Lc (from

XRD), the Ip/lg or the Lp values as shown in Figure 5.16.
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A significant higher extent of long range order may also have a pronounced
influence on the basicity of these materials. Indeed, it was pointed out that the 1 electrons

of basal planes of graphene layers could act as Lewis bases. (2832 33

5.2.9 Effect of high temperature treatment in carbon materials by XPS and Raman
analyses
We have dready seen that one effect of the high temperature treatment is to

significantly decrease the amount of surface heteroatoms (O, N or S). Another expected
effect of this treatment is to decrease the amount of defects in the materials. Figure 5.17
shows the effect of this treatment on structural parameters such as Ip/lg, le/lc or the

amount of sp? carbon from XPS.,

a)

15 T

1.0 +

Iyl

.—.nf-‘-l-JZZEEEQm'T"Ti'TIE'Tj'Ti'T"!'f-‘-(‘J(‘}:II.ml:'ﬂm
f5aE0008555057 8885855584543
Hesd£3393 835 88785357 H23
= li=1 = o 5 & = = o = 2 0
e = =X o 5 = ==
= = = = z

Kind of carbon material

199



Chapter V Discussion

14 +
b) 1,1
1.0 +
0.8 +
0.6 +

Lafla

4 +

0.2 T

oOn Zzumﬂm'ﬂ"r"ﬂﬂ"ﬂ'ﬂ"f'ﬂ - S ]
A T I Y] [ 1 (SRS ] (B
gzﬁggga EEQQOQEE%Q%E%/QH
ERna32928% 845 3837289377
=88 EFH =05 tols] o  gae
e li=] o m [elts] T o O.C e o
= = m 3 E;‘ o T il

= =
3 3 | m

Kind ol carbon malcral

RO
0 .1
—_ L0 T
=
vy
&) 45
= 10 -

LI

20 14

NNN0ZZC e e REAE AT R A0 000" A & &
20008 E s EERERR e 0208080
508599285485 fgg "gg Agg AL
c o

5§ RTETE g Fr o Tgg Tgg

; 5 : 5

Kind ol carbon mnateral

Figure 5.17 Influence of the high temperature treatment on: a) Io/lg, b) le/lc, and ) % of sp?
carbon from XPS.

The general tendency is indeed a decrease of the Ip/lg ratio and an increase of the
amount of sp? carbon and long range order (Ie/lc) after the heat-treatment. The clearest
exception comes from fibrous carbon (FC) that presents edges with an angle of 90° with
respect to the fiber axis. For this material the amount of sp? carbon detected by XPS
decreases significantly after the heat-treatment, with concomitant increase of the sp®
carbon, and the Ip/l ratio increases as shown in Figure 5.18.
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Figure 5.18 Influence of the high temperature treatment on: a) % of sp? carbon from XPS and
b) Ip/lG.

We can tentatively attribute this phenomenon to the reactivity of the edges, which
may have the tendency to easily form loops upon heating. The hybridization of carbon in
these curved structure should be between sp? and sp°, like in fullerene (Ceo) for which a
2.28 hybridization has been estimated. ¥ This phenomenon is less pronounced on sCNF,
and not visible on CNF. This might be correlated to the average angle with respect to the

filament axisthat is different: 26°, 40° and 90° for CNF, sSCNF, and FC, respectively.
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The higher this angle, the higher is the propensity to form loops. A higher chemical
reactivity (proton affinity) has already been proposed by Chen et al. for CNFs presenting
different average angle with respect to the filament axis; there also, the higher thisangle s,

the higher is the reactivity. [

5.2.10 Effect of nitric acid oxidation in carbon materials by XPS and Raman
analyses

An important effect of nitric acid oxidation, which is regularly performed on carbon
nanomaterials to improve metal adhesion, is to increase the amount of surface oxygen, and
particularly the carboxylic groups. For CNT, FLG and FC, an increase of peak VI
(carboxylic acid and lactone groups) from the C1s XPS spectra is indeed observed after
HNOs oxidation (see Figure 5.19a); but this is not the case for CNF and sCNF. For this
latter supports it is mainly the intensity of peak IV from the Cls XPS spectra (OH, C-O
containing groups) that increases. The nitric acid functionalization of CNF has already been
studied in the literature. > 38 Upon treatment at room temperature, an increase of the
carboxylic groups has been reported; [ whereas with increasing temperature and process
duration, the yield of functionalization products decreases, and their concentration
(“solubility”) in the aqueous dispersion increases. 9 It can thus be anticipated that in our
case this treatment should not have a significant impact on palladium loading on carbon
nanofibers. The introduction of oxygenated surface groups in carbon nanomaterials is
generally associated to an increase of disorder. For CNT and FLG, we indeed measured an
increase of the Ip/lc values and a decrease of the Lp values, which is consistent with an
increase of the disorder in these materials upon oxidation (see Figure 5.19b-c). Such a

phenomenon has aready been reported in the literature. 2371
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An opposite evolution was observed for the supports showing alow basal- to “non-
basal-plane” ratio. A decrease of the Ip/lg ratio upon nitric acid oxidation of CNF has

already been reported. [
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The authors proposed that the small amount of amorphous carbon that is deposited
on the CNF during their synthesis is almost completely removed through the oxidization
process. It is also possible that the acidic oxidation cutoff the closed loop ends on the
surface of CNF, consequently to improve overall aignment of hexagonal planes to be more
graphitic, because a nano-sized loop end must suffer some reactivity. [3

The investigated supports reflect the broad spectrum of carbon nanomaterials for
Pd/C catalyst preparation. They are characterized by a different surface chemistry, arising
from: i) the presence or not of oxygen, sulfur or nitrogen bearing surface groups, which can
contribute to the stabilization of the metal precursor or metallic nanoparticles, ii) different
concentration of defects illustrated by different Ip/l ratio, different inter-defect distances
(Lp) or different long range order illustrated by different Is'/Ig ratio, which can also affect
metal deposition, and iii) different orientations of the graphene layers, which allow metal
deposition either on the flat (FLG) or curved (CNT) graphitic shell, or on the edges (CNF
and FC). These supports were also characterized by Physisorption (BET surface area). The
specific surface area is aso an important parameter that could affect metal dispersion, as

discussed in next paragraphs.

5.3 Under standing the metal-support interaction of palladium catalysts

In the preparation method of a catalyst, certain conditions play a very important role
during the method. In our case, the wetness impregnation method was employed to prepare
all palladium catalysts (see Chapter I11: Methodology, section: 3.9.1). This method uses a
solvent as facilitator between the metal precursor salt and the solid carbon support,

affecting the final dispersion state of the metallic particles on the carbon support.
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According to that, we used acetone as solvent instead of water (solvent commonly
used), considering the solubility of the metal precursor salt and the hydrophobic character
from carbon support. At the same time, a selection of the palladium salt was performed.
Thus, palladium nitrate was preferred over other salts as its reduction yields palladium
particles free of any impurities.

In the characterization techniques applied to the palladium catalysts, the parameters
measured were palladium loading (from ICP), palladium particle size (from TEM), and

BET surface area (from Physisorption).

5.3.1 Influence of palladium loading, palladium particle size, and specific surface
area on the carbon supports

The surface chemistry of a support plays a fundamental role in the metal amount
deposited on the support. In our case, different methods and/or treatments were applied to
the carbon supports to improve their surface chemistry, assuring a high palladium loading.

As that already mentioned, 2 wt% of palladium was introduced in the carbon
supports (see Chapter 111: Methodology, section: 3.9.1). Figure 5.20a clearly shows as the
palladium loading varied between al catalysts. Among the catalysts with a higher
palladium loading, we identified to the palladium catalysts in which their carbon support
was previously treated. Besides, the methods and/or treatments applied to carbon supports
before adding the metal phase allowed a higher palladium loading compared to the catalysts

supported on pristine carbon, as expected.
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As that already known, the metal particle size is also an important parameter in
heterogeneous catalysis. Thus, a moderate particle size leads to high activity and selectivity
(see Chapter I: Introduction, section 1.5). In our case, we obtained palladium particle sizes
ranging from 1 to 3 nm (see Figure 5.20b). In those catalysts in which their carbon support
was previoudly treated before introducing the palladium metal, small particle sizes were
measured compared to the catalysts in which their carbon support was not previously
treated. This means that the methods and/or treatments applied to activate the carbon
support surface lead towards small particle sizes, as expected.

Along with the palladium loading and the palladium particle size, the specific
surface area is another very important parameter to include into the study of a catalyst. It is
known that porous materials possess high specific surface areas compared to the non-
porous materials. Carbon materials are considered as porous materials. Therefore, our
carbon supports provide specific surface areas acceptable. But, these specific surface areas
significantly vary between al them. Among the most important characteristics from carbon
supports for considering in the fina calculation of specific surface area, they are the
arrangement of graphene layers and the surface chemistry of carbon support, which should
be responsible of these high specific surface areas. The specific surface area of a catalyst is
considered like it when the active phase is introduced in the support. In our case, the
palladium metal was adding in the carbon supports to prepare such catalysts.

According to that, the specific surface area of palladium catalysts did not change
significantly compared to the bared supports, except for the SCNF supports for which a
significant increase of the specific surface area was measured for the palladium catalysts

(see Table 4.28 and Figure 5.20c).
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Figure 5.20 Influence of the surface chemistry on: a) the palladium loading (from ICP), b) the

palladium particle size (from TEM), and c) the BET surface area (from Physisorption) for the

catalysts.
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According to that already mentioned above, the palladium catalysts supported on
carbon materials, which have previously been treated, they have showed a better response
towards palladium loading, palladium particle size, and specific surface area compared to

the palladium catal ysts supported on non-treated carbon materials.

5.3.2 Influence of nitric acid oxidation on palladium loading, palladium particle
size, and specific surface area for the catalysts

Figure 5.21a shows the positive effect in the paladium catalysts supported on
functionalized carbon materials (nitric acid oxidation) compared to the palladium catalysts
supported on pristine carbon materials. Indeed, palladium catalysts supported on
functionalized carbon materials present a palladium loading higher than palladium catalysts
supported on pristine carbon materials for al them.

Palladium catalysts supported on functionalized carbon materials have exhibited
palladium particle sizes smaller than palladium catalysts supported on pristine carbon
materials (see Figure 5.21b). These palladium catalysts supported on functionalized carbon
materials with smaller palladium particle sizes, should promote their catalytic activity,
being a positive effect on them.

Specific surface area, like paladium loading, and like palladium particle size, has
also exposed a positive effect in those palladium catalysts supported on functionalized
carbon materials, obtaining higher specific surface areas compared to the palladium
catalysts supported on pristine carbon materials, except for Pd/CNF.coon and Pd/sCNF.
cooH catalysts, which have displayed lower specific surface areas compared to Pd/CNF and

Pd/SCNF catal ysts (see Figure 5.21c).
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5.3.3 Influence of high temperature treatment on palladium loading, palladium
particle size, and specific surface area for the catalysts

Another way to activate the support surface is using a thermal treatment as that
already mentioned. Therefore, a high temperature treatment produces significant changesin
the surface chemistry of support. In our case, the palladium catalysts supported on heat-
treated carbon materials showed lower palladium loading compared to the palladium
catalysts supported on pristine carbon materials (see Figure 5.22a). Indeed, this high
temperature treatment made on carbon supports before introducing the palladium metal,
decreases the structural disorder, providing any anchoring sites (see Figure 5.18b).

Thus, the palladium particle size is also affected by the high temperature treatment.
Figure 5.22b shows the effect produced in the palladium catal ysts supported on heat-treated
carbon materials compared to the paladium catalysts supported on pristine carbon
materials, wherever smaller palladium particle sizes were produced in those palladium
catalysts supported on heat-treatment carbon materias, except for Pd/CNTxr and
Pd/CNFuT catalysts, which present larger palladium particle sizes compared to Pd/CNT and
Pd/CNF catalysts.

Along with the paladium loading, and palladium particle size, the specific surface
areais aso affected by the high temperature treatment. In our case, the palladium catalysts
supported on heat-treated carbon materials exhibit lower specific surface areas compared to
the palladium catalysts supported on pristine carbon materials, except for Pd/FLGHT
catalyst, which exposes a larger specific surface area compared to Pd/FLG catalyst as

shown in Figure 5.22c.
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Figure 5.22 Influence of high temperature treatment on: a) the palladium loading (from ICP), b)
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5.3.4 Influence of heteroatoms on palladium loading, palladium particle size, and
specific surface area for the catalysts

In the doping process, the heteroatoms play a very important role in the surface
chemistry of support. Nitrogen, sulphur or phosphorous are commonly used as
heteroatoms. The incorporation of these heteroatoms in the carbon structure significantly
improve the electronic properties of support. In our case, nitrogen and sulphur were used as
heteroatoms during the doping process. Along with nitrogen and sulphur, oxygen was aso
used as heteroatom, which was added by nitric acid oxidation. The doping process was only
performed in the multi-walled carbon nanotubes. Hence, a higher palladium loading is
observed in the palladium catalysts supported on doped multi-walled carbon nanotubes
compared to that palladium catalyst supported on pristine multi-walled carbon nanotubes.
This means that the incorporation of heteroatoms improve the surface chemistry of support
and consequently the palladium loading increases (see Figure 5.23a).

Palladium particle size as well as palladium loading, it is an important parameter for
considering when the support has chemically been modified. Figure 5.23b shows a positive
tendency in the palladium particle size in those palladium catalysts supported on doped
multi-walled carbon nanotubes, which exhibit smaller palladium particle sizes compared to
that palladium catalyst supported on pristine multi-walled carbon nanotubes.

Along with palladium loading and palladium particle size, the specific surface area
is also modified by a doping process. Palladium catalysts supported on doped multi-walled
carbon nanotubes present specific surface areas higher than palladium catalyst supported on
pristine multi-walled carbon nanotubes, except for Pd/S;-CNT and Pd/S;-CNT catalysts

(see Figure 5.23c).
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5.3.5 Influence of edges (defects) on palladium loading, palladium particle size,
and specific surface areafor the catalysts

In contrast to nitric acid oxidation, thermal treatment, and doping of heteroatoms,
the edges are produced in the synthesis, affecting positively the palladium loading, the
palladium particle size, and the specific surface area. Although the level of defects between
carbon supports considerably varies, a similar tendency on the paladium loading is
observed for al catalysts, except for Pd/FLG catalyst, which shows the highest palladium
loading compared to other ones (see Figure 5.24a).

Figure 5.24b shows as palladium particle size significantly varies between all
catalysts. According to that mentioned in previous paragraph, Pd/FLG catalyst presents the
largest palladium particle size compared to other ones.

Specific surface area of palladium catalysts supported on pristine carbon materials
considerably varies between all them, being Pd/FLG catalyst, who has the lowest specific
surface area compared to other ones as shown in Figure 5.24c.

The content of edges in a material could be controlled, but did not totally remove.
We propose that a low specific surface area and a low level of defect produce large

palladium particle sizes as shown in PA/FLG catalyst (see Figure 5.24b-c and 5.26).
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5.3.6 Influence of specific surface area on palladium loading for the catalysts

Both specific surface area and palladium loading significantly vary between all
catalysts. Figure 5.25 shows a comparison between specific surface area and palladium
loading from all catalysts, wherever a tendency is observed. On one side, low specific
surface areas obtain low paladium loading and on the other side, high specific surface
areas achieve high palladium loading.
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Figure 5.25 Evolution of BET surface area (from Physisorption) for the palladium catalysts
with the palladium loading (from ICP).

5.3.7 Influence of specific surface area on palladium particle size for the catalysts
Along with the specific surface area, the palladium particle size considerably varies
between all catalysts. Figure 5.26 shows a comparison between specific surface area and
palladium particle size from all catalysts, wherever a tendency is aso observed. On one
hand, low specific surface areas obtain large palladium particle sizes and on the other hand,

high specific surface areas get small palladium particle sizes.
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5.3.8 Palladium loading, palladium particle size, and specific surface area on the
catalysts: A detailed study

Among the most important parameters of a catalyst, they are: metal loading, metal
particle size, and specific surface area. These parameters provide specia information,
which is considered to select the best catalyst.

Figure 5.27 shows palladium loading, palladium particle size, and specific surface
areafrom all catalyst. Thus, it is possible to determine the best catalyst between all them. A
high palladium loading, a moderate palladium particle size, and a large specific surface
area, allow selecting the best catalyst.

According to that mentioned above, the Pd/CNT.cooH, PAd/FC.coon, and Pd/sCNF.
coon catalysts exhibit high palladium loading, moderate palladium particle sizes, and large

specific surface areas.
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Figure 5.27 Palladium loading, palladium particle size, and BET surface area on the catalysts.
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Considering the selected palladium catalysts, HRTEM analyses were performed.
HRTEM micrographs made on the PA/CNT-coon, Pd/FC.coon, and Pd/SCNF.coon catalysts

show great palladium dispersion and moderate palladium particle sizes (see Figure 5.28).

50 nm

Figure 5.28 HRTEM micrographs performed on: @) Pd/CNT.coon, b) Pd/FC.coon, and c)
Pd/SCNF.coon. Scale bar for all micrographs: 50 nm.

5.4 Summary

Indeed, the detailed study performed on the carbon supports and palladium catalysts
allowed identifying the most important parameters through the results obtained by using the
characterization techniques. All studied parameters let understand the surface chemistry of
carbon supports. The best carbon support was selected by its large specific surface area and
high concentration in edges and heteroatoms. After that, the palladium loading, palladium
particle size and specific surface area allowed selecting the best palladium catalysts, which
will be employed in the selected chemical reaction to find the better reaction conditions and
then evaluating all paladium catalyst under the best reaction conditions as discussed next

Chapter V1: Catalytic tests.
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6.1 Introduction

After the preparation and characterization steps, the catalyst must be tested in a
chemical reaction to evaluate its catalytic activity and selectivity towards the main product.
In our case, al paladium catalysts were tested in the selected chemical reaction.
Furthermore, three bimetallic catalysts were also prepared to be evaluated in the selected
chemical reaction. Finally, recycling tests were performed using the best catalysts in both
cases for the selected chemical reaction.

To clearly understand the structural order of this Chapter V1. Catalytic tests, the

main issues are summarized in Table 6.1.

Table 6.1 Main issues of Chapter V1.

I ssues

6.2 Reactants

6.3 Aerabic ethanol oxidation

6.4 Possible pathway and reaction mechanism for ethanol oxidation to acetic acid
6.5 Review of reaction conditions for ethanol oxidation to acetic acid

6.6 Equipment used in the catal ytic tests

6.7 Optimization of reaction conditions

6.8 Results obtained from aerobic ethanol oxidation using al Pd catalysts

6.9 Recycling tests using the best Pd catal yst

6.10 Preparation and Characterization of bimetallic catalysts

6.11 Results obtained from aerobic ethanol oxidation using the bimetallic catalyst
6.12 Recycling tests using the best bimetallic catalyst

6.13 Summary

6.14 References
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6.2 Reactants
All reactants were purchased from Sigma-Aldrich. Ethanol (99.8%, C>HsO), diethyl

ether (>99.8%, C4H100), ethyl acetate (>99.5, C4HgO2), acetaldehyde (99.5%, C2H4O),
acetic acid (>99.8%, CyH402), acetonitrile (>99.9%, C.HsN), toluene (>99.7%, CrHs),
acetone (>99.5%, C3HsO), paladium (1) nitrate dihydrate (~40% Pd basis, PdAN2Os 2H20),
gold (1) chloride (97%, AuCls), cobalt (Il) nitrate hexahydrate (99%, CoN20Os 6H20),
ruthenium (111) nitrosyl nitrate, solution [1.5% Ru, Ru(NO)(NOs)3], nitrogen (99.999%,
N>), and hydrogen (99.999% H>) were used to prepare the bimetalic catalysts and carry out

the catalytic tests.

6.3 Aerobic ethanol oxidation
Among the most important reactions, the oxidation of alcohols is one of them.

Aerobic ethanol oxidation to acetic acid is a useful route to produce carboxylic acids from
oxidation of alcohols under aerobic conditions. Ethanol is a primary alcohol and renewable
fuel used as starting material in different chemica reactions such as ester formation,
dehydration, combustion, halogenation and/or oxidation. In our case, aerobic oxidation of
ethanol to acetic acid is the selected chemical reaction to test all palladium catalysts.

Along with ethanol, acetic acid is a colourless liquid, weak acid, and the most
important of the carboxilic acids. Acetic acid is widely used for different uses and
applications such as acidic component of vinegar, acidity regulator in foods, household
cleaner for windows and mirrors, chemical reagent to produce vinyl acetate, and precursor

to photographic films, inks, dyes, and synthetic fibers.
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Presently, 75% of acetic acid is formed via methanol carbonylation using fossil
resources, and 25% by other processes, including classical fermentation. ¥ Gold, @

ruthenium, ¥ and palladium [ supported catal ysts are active for aerobic ethanol oxidation.

6.4 Possible pathway and reaction mechanism for ethanol oxidation to acetic acid

A complete ethanol oxidation reaction leads to acetic acid. In an incomplete
reaction, any by-products can be formed due to different parameters such as reaction
temperature, oxidizing agent pressure, catalyst weight, solution volume, and ethanol
concentration. The by-products commonly formed are acetaldehyde, ethyl acetate, and
carbon dioxide, which result in different concentrations depending on the reaction
conditions. High ethanol conversion and high selectivity towards acetic acid can be
controlled by the catalyst and the reaction time. Parameters such as ethanol conversion,
selectivity towards acetic acid, and reaction time are mainly used to determine the catalyst
activity. Another very important parameter in liquid phase reactions is the solvent, which
allows a good interaction between the reactant and the catalyst. After the chemical reaction,
the main product separation from the solvent must be considered due to additional taxesin
this process.

Scheme 6.1 shows a possible pathway for ethanol oxidation to acetic acid. [ The
chemical equilibrium from ethanol to acetic acid is promoted when the stoichiometric ratio
is achieved. A stoichiometric change on the ethanol oxidation reaction to acetic acid leads
to undesired products and a different chemical equilibrium. Therefore, all parameters
already mentioned above, they play a very important role on the chemical reaction

advancement.
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Scheme 6.1 A possible pathway for ethanol oxidation to acetic acid.

According to the possible pathway for ethanol oxidation to acetic acid, a reaction
mechanism is proposed to clearly understand the ethanol oxidation reaction in presence of
an oxidizing agent and in liquid phase as showed in scheme 6.2. An ethanol molecule is
oxidized by 0.5 moles of molecular oxygen to form the acetaldehyde hydrate. If a water
molecule is removed from the acetaldehyde hydrate, the acetaldehyde is formed else the
acetaldehyde hydrate will newly be oxidized by 0.5 moles of molecular oxygen to form

acetic acid when a second water molecule is removed.

H H @]
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Scheme 6.2 A reaction mechanism for ethanol oxidation to acetic acid.
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6.5 Review of reaction conditionsfor ethanol oxidation to acetic acid
A detailed review of reaction conditions for ethanol oxidation to acetic acid was

performed before starting the catal ytic tests. The following information allowed identifying
the better reaction conditions to carry out the ethanol oxidation catalyzed by our palladium
catal ysts under the reaction parameters commonly used.

In this study, ethanol concentrations of 5% in water were used. Gold supported on
titanium oxide or zinc oxide showed a high initial activity towards ethanol oxidation.
Ethanol conversions of >90% was achieved. After 10 h about 80% of ethanol conversion
was observed. An ethanol conversion of 93% was observed when 1% Au/TiO2was used in
reactions conducted for longer than 20h. When a slight excess oxygen was used, an ethanol
conversion of 99.4%, with an acetic acid selectivity of 99.8% were achieved. The activities
seen when using 1% Au/ZnO and 1% AuU/TiO2 were similar. TEM images were used to
confirm the presence of gold in the catalysts.

The gold particle size distributions seen with Au/TiO2> and Au/ZnO were very
narrow with most of the particles being in the range of 2 to 3 nm.

The conversion of ethanol was observed to decrease with increasing ethanol
concentration at a given time. Ethanol conversion of 93% was achieved in al reactions with
different initial ethanol concentration after the reactions had been run for 4 days.

The selectivities to the various products obtained as a function of different initial
ethanol concentration. At higher initial ethanol concentrations, the production of ethyl
acetate becomes more apparent, as was reported by Christiansen et al. (8 At 40 wt% initial

ethanol concentration, ethyl acetate is the maor product after 20h.
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The yield of acetic acid decreased from 75 to 19% with increasing initial ethanol
concentration in the range 5 — 40 wt%, respectively. [

Another study revealed that paladium and platinum cataysts have received
attention as catalysts for ethanol oxidation.’®! The catalytic oxidation of acohols with air
has also attracted significant attention as a “green” reaction.[¥ Among the heterogeneous
catalysts, mainly Pd and Pt have shown promising result.[!% 1 A gold catalyst also used in
this study, it has exhibited similar or higher catalytic activity than paladium or platinum
catalysts, but a significantly higher selectivity towards acetic acid than both of these well-
known catalysts. The mgor by-product for the gold catalyst is CO2, whereas the Pd and Pt
catal ysts also produce significant amounts of acetaldehyde.

During the reaction, the solution became more and more acidic, but this did not
influence the catalyst performance.

It is seen that gold catalysts are indeed able to selectively oxidize ethanol to acetic
acid in air at moderate temperatures and dioxygen pressures with very high yields, [*%

Another study showed highly selective and efficient aerobic oxidation of aqueous
ethanol (2.5-50 wt%) to acetic acid with supported ruthenium hydroxide catalysts at
elevated temperatures and oxygen pressures. Under the applied reaction conditions a
change in ethanol concentration had only minor effect on the yields. However, a
temperature of 125 °C or higher was needed to give high yield of acetic acid. At
temperatures about 200 °C, over oxidation of the ethanol was observed leading to lower
acetic acid selectivity and yields. The performance of catalysts based on different supports
increased in the order Ru(OH)x/TiO2 < RUu(OH)x/Al203 < RuUu(OH)x/MgAl20s <

Ru(OH)x/CeO. when applying identical reaction conditions.
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Furthermore, the activity of the CeO»-supported Ru(OH)x catalyst was found to be
dependent on the ruthenium species |oading on the surface of the support.

Increases in ruthenium loading gave larger particle sizes, as expected, and thereby
lower catalytic activity. The optimal performance was found to occur with approximately 1
wt% Ru(OH)x loading with a particle size of 0.6-2 nm. Above this |loading a decrease of the
catalytic activity contributed by ruthenium species was found. Furthermore, calcination of
the catalysts gave lower activity which most likely was due to a combination of dehydration
and sintering of the small Ru-containing particles. Quantitative yield of acetic acid was
obtained with a 1.2 wt% Ru(OH)x/CeO- catalyst at reaction conditions of 150 °C, 10 bar O2
after 12 h of reaction time. [*3

Another study exposed that Pd nanoparticles supported on carbon nanotubes were
applied in the selective oxidation of ethanol in liquid phase. The characterization of the
surface and bulk properties combined with the catalytic tests indicated the dissolution and
redeposition of Pd under the reaction conditions. Nitrogen-doped carbon nanotubes were
found to act as an excellent support for the Pd catalyst system by efficiently stabilizing and
recapturing the Pd species, which resulted in high activity and selectivity to acetic acid. 4

Finally, another study revealed that the main reason for specifically studying the
ethanol oxidation is because the ethanol could be one of the future feedstocks of the
chemical industry. The reaction mixture contained 0.1 g of Pd/N-CNT, 1 wt% of ethanol in
10 mL of toluene, 5 bar air, at 80 °C for 3 h. Ethanol conversion of 23 % and selectivity
towards acetic acid of 95 % were achieved. [*°

Table 6.2 shows the reaction conditions according to the literature for ethanol

oxidation reaction to acetic acid.
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The work ranges for reaction conditions were identified before starting the catalytic
tests. Ethanol concentration ranging from 1 to 50 wt%, catalyst weight ranging from 0.03 to
0.21 g, air pressure ranging from 5 to 50 bar, temperature ranging from 80 to 250 °C,
reaction time ranging from 3 to 45 h, stirring ranging from 400 to 500 rpm, solution volume
for al cases 10 mL, water or toluene as solvent, metal percentage ranging from 1 to 2 %,
and kind of catalyst depending on the meta (e.g., Au, Pt, Ru, Pd) and the support (e.g.,
metal oxides, carbon nanomaterials). High ethanol conversions and acetic acid yields are
also observed.

According to the work ranges, we selected those reaction conditions more used for

ethanol oxidation reaction to acetic acid (see section 6.7).

231



Chapter VI Catalytic tests

Table 6.2 Comparison of the reaction conditions according to the literature for ethanol oxidation reaction to acetic acid.

Reaction conditions

S.M. Tembe C.H. Christensen Y.Y.Gorbanev W. Dongetal. ™ A. Benyounes

etal.l” etal. [t et al. [ et al. ™
Ethanol concentration (wt%) 5-40 5 25-50 5 1
Catalyst weight (g) 0.15 0.15 0.21 0.03-0.12 0.1
_ RUu(OH)x/TiO2
AU/TiO2 AU/MgAI,Oq4 Pd/OCNT
. Ru(OH)x/Al203 Pd/ICNT
Kind of catalyst Au/ZnO Pt/MgAI204 Pd/NCNT-NH3
Ru(OH)x/MgAI204 Pd/N-CNT
AU/Al2Os3 Pd/MgAI204 PA/INCNT-G
Ru(OH)x/CeO2
Air pressure (bar) 48 25-50 10-30 30 5
Temperature (°C) 150 100 - 200 125 - 250 80-180 80
Reaction time (h) 5-25 4-45 20 5 3
Stirring (rpm) 400 - 500 - -
Volume (mL) 10 10 10 10 10
Solvent Water Water Water Water Toluene
Metal porcentage (%) 1 1 1 - 2
Ethanol conversion (%) >90 75 >99 77 23
Acetic acid yield (%) 75 50 >99 49 22
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6.6 Equipment used in the catalytic tests
All experiments were performed using a batch reactor, a Clarus 500 gas
chromatograph, and a TitroLine KF trace Titrator in those experiments in which toluene

was used as solvent.

6.6.1 Batch reactor
The oxidation experiments were conducted in a 65 mL stainless steel autoclave
reactor equipped with magnetic stirring, temperature controller, pressure controller, ar

pressurizer and heated in asilicone oil bath as shown in Figure 6.1.

Temperature
controller

Air pressurizer

Batch reactor
Silicone oil

Magnetic stirring

Pressur e controller

Figure 6.1 65 mL stainless steel autoclave reactor.
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6.6.2 Clarus 500 Gas chromatograph
The analyses were performed in a Clarus 500 gas chromatograph equipped with a

split/splitless injector, a capillary column (Stabilwax®-DA Fused Silica 30 m, 0.25 mm

1.d.) and aflame ionization detector (FID) as shown in Figure 6.2.

Figure 6.2 Clarus 500 gas chromatograph.

6.6.3TitroLine KF trace Titrator

The liquid reaction mixture was analyzed by Coulometry using a TitroLine KF trace
Titrator equipped with a magnetic stirrer and an electrode with digphragm as shown in

Figure 6.3.

Electrode with
diaphragm 7

= Magnetic stirrer

Figure 6.3 TitroLine KF trace Titrator.
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6.7 Optimization of reaction conditions
According to Chapter V: Discussion, section 5.3.8, we selected between the best

palladium catalysts, the Pd/FC.coon catalyst as the sacrifice catalyst to find the best reaction
conditions.

The reactor was charged with 10 mL of 5 wt% ethanol in toluene and the desired
Pd/FC.coon catalyst weight (0.05-0.15 g). The reactor was then closed and heated at 150
°C. The reactor was then pressurized with technical air (80 vol% N2 and 20 vol% O) at 30
bar. The reaction was allowed to stir for 3 h. The stirring rate was kept constant at 400 rpm
for all experiments. When the reaction was finished, the reactor was cooled with an ice-
water mixture at a temperature below 5 °C, to ensure that the volatile products such as
acetaldehyde remain in solution before analysis. [! The analyses were performed in the
Clarus 500 gas chromatograph. After the reaction, the catalyst was separated from the
liquid reaction mixture by filtration and the liquid reaction mixture was analyzed by
Coulometry to determine the water amount from ethanol oxidation reaction using the
TitroLine KF trace Titrator.

Table 6.3 shows the results obtained for ethanol oxidation reaction to acetic acid
using the Pd/FC.coon catalyst at different catalyst weights. It is seen that the ethanol
conversion and selectivity towards acetic acid increase when the catalyst weight is
increased. This effect is also observed in the water amount formed in the reaction. In
contrast, the acetaldehyde amount decreases when using higher catalyst weights. Carbon
dioxide formation was also detected as aresult of total oxidation.

Therefore, a catalyst weight of 0.1 g was selected as the top extent to test all

palladium catalysts (see Table 6.3, Entry 2).
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Table 6.3 Main product distribution in the ethanol oxidation reaction using the Pd/FC.cooH
catalyst at different catalyst weights®.

Enry  Cadyst Catalyst weight Ethanol conversion Products selectivity (%) Water amount
(9) (%) Carbon dioxide  Acetaldehyde  Acetic acid (ppm)
1 Pd/FM.coon 0.05 50 0 10 90 403
2 Pd/FMcoon 0.10 58 5 7 88 490
3 Pd/FM -coon 0.15 65 6 3 91 571
8Reaction conditions: 10 mL of 5 wt% ethanol in toluene, 2 wt% Pd, 150 °C, 30 bar air, and 3 h of

reaction time.

Once the catalyst weight was determined, we tested with 0.1 g Pd/FC_coon catalyst
for al experiments to find the best reaction temperature and air pressure.

Thus, the reactor was newly charged with 10 mL of 5 wt% ethanol in toluene and
0.1 g Pd/FC.coon catalyst. The reactor was then closed and heated at desired temperature
(100-200 °C). The reactor was then pressurized with technical air (80 vol% N> and 20 vol%
O») at desired pressure (10-50 bar). The reaction was alowed to stir for 3 h. The stirring
rate was kept constant at 400 rpm for al experiments. When the reaction was finished, the
reactor was cooled with an ice-water mixture at a temperature below 5 °C, to ensure that
the volatile products such as acetaldehyde remain in solution before analysis. [l The
analyses were performed in the Clarus 500 gas chromatograph. After the reaction, the
catalyst was separated from the liquid reaction mixture by filtration and the liquid reaction
mixture was analyzed by Coulometry to determine the water amount from ethanol
oxidation reaction using the TitroLine KF trace Titrator.

Table 6.4 shows the results obtained for ethanol oxidation reaction to acetic acid
using 0.1 g Pd/FC.coon catalyst at different reaction temperatures and air pressures. It is
seen that the ethanol conversion and selectivity towards acetic acid increase when the
reaction temperature is increased, except for the ethanol conversion at 10 bar of air

pressure, which decreases, but not its selectivity towards acetic acid.
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The acetaldehyde amount decreases when using higher reaction temperatures. In
contrast, the ethanol conversion increases and the selectivity towards acetic acid decreases
when the air pressure is increased. The acetaldehyde amount increases when using higher
air pressures. This effect is also detected in the carbon dioxide formed in the reaction.

Therefore, a reaction temperature of 175 °C and an air pressure of 30 bar were

selected as the top extents to test all palladium catalysts (see Table 6.4, Entry 9).

Table 6.4 Main product distribution in the ethanol oxidation reaction using the Pd/FC.cooH
catalyst at different reaction temperatures and air pressures®.

Temperature Gas/Pressure  Ethanol conversion Products selectivity (%) Water amount
Entry Catalyst
(°C) (bar) (%) Carbon dioxide  Acetaldehyde Acetic acid (ppm)
1 Pd/FM cooH 100 Air/10 33 64 12 24 434
2 Pd/FM cooH 125 Air/10 30 63 10 27 818
3 Pd/FM cooH 150 Air/10 54 8 2 90 573
4 Pd/FM cooH 175 Air/10 46 7 0 93 736
5 Pd/FM cooH 200 Air/10 38 8 0 92 439
6 Pd/FM cooH 100 Air/30 24 40 21 39 524
7 Pd/FM -coon 125 Air/30 41 1 19 80 684
8 Pd/FM -coon 150 Air/30 66 21 3 76 403
9 Pd/FM -coon 175 Air/30 75 15 0 85 464
10  Pd/FM-cooH 200 Air/30 69 9 0 91 663
11 Pd/FM-cooH 100 Air/50 36 58 14 28 534
12 Pd/FM-cooH 125 Air/50 49 67 18 15 711
13 Pd/FM -cooH 150 Air/50 69 23 9 68 506
14 Pd/FM cooH 175 Air/50 83 25 2 73 627
15 Pd/FM -cooH 200 Air/50 86 19 0 81 845

aReagtion_ conditions: 10 mL of 5wt% ethanol in toluene, 2wt% Pd, 0.1 g of catalyst, and 3 h of
reaction time.

The selected reaction conditions (e.g., 0.1 g Pd/FC.coon catalyst, 175 °C, and 30 bar
air) as the top extents lead to high ethanol conversions and selectivities towards acetic acid,
and low acetaldehyde amounts, as expected.

Figure 6.4 shows the Pd/FC.coon catalyst [@) fresh and b) spent] under the best

reaction conditions (see Table 6.4, Entry 9).
237



Chapter VI Catalytic tests

A significant change on the palladium particle size was observed. Larger palladium
particle sizes were measured on the spent Pd/FC.coon catalyst compared to that fresh

Pd/FC.coon catalyst.

d=336x345mm T

Figure 6.4 TEM micrographs of the Pd/FC.coon catalyst. a) fresh and b) spent. Scale bar for all
micrographs: 100 nm.

d=3.79+1.88nm 1 mem

6.8 Results obtained from aer obic ethanol oxidation using all Pd catalysts
After the optimization of reaction conditions, all palladium catalysts were tested

under the best reaction conditions.

6.8.1 Toluene as solvent

A very important parameter for a catalyzed chemical reaction in liquid phase is the
solvent, which allows the interaction between the reactant and the catalyst. This solvent
must friendly be for both. Hence, we selected toluene as solvent to carry out the catalytic
tests using al palladium catalysts. Once the catalyst weight was determined, we tested with
0.1 g Pd/FC.coon catalyst for al experiments to find the best reaction temperature and air

pressure.
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Thus, the reactor was newly charged with 10 mL of 5 wt% ethanol in toluene and
0.1 g of the desired palladium catalyst (see Table 4.49). The reactor was then closed and
heated at 175 °C. The reactor was then pressurized with technical air (80 vol% N2 and 20
vol% O») at 30 bar. The reaction was allowed to stir for 3 h. The stirring rate was kept
constant at 400 rpm for all experiments. When the reaction was finished, the reactor was
cooled with an ice-water mixture at a temperature below 5 °C, to ensure that the volatile
products such as acetaldehyde remain in solution before analysis. [l The analyses were
performed in the Clarus 500 gas chromatograph. After the reaction, the catalyst was
separated from the liquid reaction mixture by filtration and the liquid reaction mixture was
analyzed by Coulometry to determine the water amount from ethanol oxidation reaction
using the TitroLine KF trace Titrator.

Table 6.5 shows the results obtained for ethanol oxidation reaction to acetic acid
using the desired palladium catalyst under the best reaction conditions. It is seen that the
ethanol conversion and selectivity towards acetic acid significantly vary between all
palladium catalysts. This effect is aso observed on the acetaldehyde and carbon dioxide
amounts formed in the reaction. Among ethanol conversion, selectivity towards acetic acid,
acetaldehyde amount, carbon dioxide formed, and catalyst activity (TOF), a balance must
be found to select the best palladium catalyst. According to that, the Pd/S;-CNT catalyst
exhibited >95 % ethanol conversion, >98 % selectivity towards acetic acid, <2 %
acetaldehyde produced, no carbon dioxide formed, and 436 h'* TOF, it is considered as the
best palladium catalyst (see Table 6.5, Entry 10). Furthermore, the paladium catalysts
supported on commercial silica-alumina did not exposed very high catalytic activity

compared to the palladium catalysts supported on carbon nanomaterials.
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Reaction was observed in the absence of catalyst, but very low ethanol conversion
and selectivity towards acetic acid were achieved. In contrast, high carbon dioxide

formation was detected.

Table 6.5 Main product distribution in the ethanol oxidation reaction using all Pd catalysts®.

Ethanol conversion Products selectivity (%) Water amount TOF (hy)P
Entry Catalyst _
(%) Carbon dioxide Acetaldehyde Acetic acid (ppm) Acetic acid

1 without catalyst 37 92 3 5 3487

2 Pd/CNT 92 8 1 91 527 593
3 Pd/CNT.coon 98 6 0 94 560 348
4 Pd/CNTHr 97 2 0 98 561 458
5 PA/CNT.-cooH HT 96 12 0 88 566 345
6 Pd/N:CNT 96 15 0 85 724 348
7 Pd/N:CN T 87 9 2 89 606 524
8 Pd/Si-CNT 97 1 0 99 737 407
9 Pd/S;-CNThr 80 11 1 88 600 578
10  Pd/S-CNT 96 1 0 99 889 436
11  Pd/S-CNTur 91 4 0 96 902 465
12 Pd/FLG 95 30 1 69 450 287
13 Pd/FLG.cooH 96 3 0 97 523 384
14 Pd/FLGHT 96 16 0 84 570 375
15  Pd/FLG.cooH HT 93 15 1 84 452 399
16  Pd/CNF 94 16 0 84 441 369
17 Pd/CNF.coon 97 5 0 95 509 418
18  Pd/CNFur 89 4 2 94 408 547
19  Pd/CNF.cooH HT 94 5 0 95 650 489
20 Pd/FM 88 23 0 7 387 349
21 Pd/FM.coon 75 15 0 85 464 240
22 PdIFMur 89 1 0 99 420 456
23 Pd/FM . coot HT 78 29 4 67 540 250
24 Pd/SiO2-Al20s (n/c) 73 23 8 69 1555 203
25  Pd/SiO2-Al20s (€) 80 36 1 63 1150 225

8Reaction conditions: 10 mL of 5wt% ethanol in toluene, 2 wt% Pd, 0.1g of catalyst, 30bar air,
175°C, and 3h of reaction time.
bmolAce(ica;id producaj/ (molpd t| me), at 3 h

Indeed, the favourable catalytic results obtained by using the Pd/S,-CNT catalyst for

aerobic ethanol oxidation to acetic acid, they do it apromising catalyst in catalysis.
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Figure 6.5 shows the Pd/S;-CNT catalyst [a) fresh and b) spent] under the best
reaction conditions (see Table 6.5, Entry 10).

A significant change on the palladium particle size was observed. Larger palladium
particle sizes were measured on the spent Pd/S;-CNT catalyst compared to that fresh Pd/S;-

CNT catalyst.

a)

d=178+078nm W% A = | d=364z1530m [ BT e

*

Figure 6.5 TEM micrographs of the Pd/S,-CNT catalyst. @) fresh and b) spent. Scale bar for all
micrographs. 100 nm.

6.8.2 Water as solvent

Among the most important reaction parameters, the solvent is one of them. We used
water instead toluene as solvent to observe the influence of a polar media compared to a
non-polar media. Besides, the use of water as solvent decreases costs and environmental
damages. Therefore, the reactor was newly charged with 10 mL of 5 wt% agueous ethanol
and 0.1 g of the desired palladium catalyst (see Table 4.49). The reactor was then closed
and heated at 175 °C. The reactor was then pressurized with technical air (80 vol% N2 and

20 vol% Op) at 30 bar. The reaction was allowed to stir for 3 h.
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The gtirring rate was kept constant at 400 rpm for al experiments. When the
reaction was finished, the reactor was cooled with an ice-water mixture at a temperature
below 5 °C, to ensure that the volatile products such as acetaldehyde remain in solution
before analysis. [! The analyses were performed in the Clarus 500 gas chromatograph.

After the reaction, the catalyst was separated from the liquid reaction mixture by filtration.

Table 6.6 shows the results obtained for ethanol oxidation reaction to acetic acid
using the desired palladium catalyst under the best reaction conditions. It is seen that the
ethanol conversion and selectivity towards acetic acid significantly vary between all
palladium catalysts. This effect is aso observed on the acetaldehyde and carbon dioxide
amounts formed in the reaction. Among ethanol conversion, selectivity towards acetic acid,
acetaldehyde amount, carbon dioxide formed, and catalyst activity (TOF), a balance must
be found to select the best palladium catalyst. According to that, the Pd/CNF.coon HT
catalyst exhibited >87 % ethanol conversion, >94 % selectivity towards acetic acid, <4 %
acetaldehyde produced, <3 % carbon dioxide formed, and 457 h'* TOF, it is considered as

the best palladium catalyst (see Table 6.6, Entry 16).

Furthermore, the palladium catalysts supported on high temperature treated carbon
nanomaterials were not used for aerobic ethanol oxidation reaction to acetic acid using

water as solvent due to their high hydrophobic character.

No reaction was observed in the absence of catalyst. This means that the reaction
does not work without catalyst in aqueous media. But, the reaction works when using a

non-agueous media (e.g., in toluene).
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Table 6.6 Main product distribution in the ethanol oxidation reaction using all Pd catalysts®.

Ethanol conversion Products selectivity (%) TOF (hb)°
Entry Catalyst
(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid

1 without catalyst 0 0 0 0

2 Pd/CNT 74 0 7 93 487
3 PAd/CNT.-cooH 63 1 21 78 186
4 Pd/CNT -coon HT 43 1 20 79 139
5 Pd/N:CNT 98 13 8 79 330
6 Pd/N:CNThr 55 0 35 65 242
7 Pd/S;-CNT 83 8 5 87 306
8 Pd/Si-CNThr 68 35 6 59 329
9 Pd/S-CNT 80 0 11 89 327
10 Pd/Sz-CNTwr 71 0 23 7 291
11 Pd/FLG 92 0 10 90 363
12 Pd/FL G.coon 87 0 5 95 341
13 Pd/FL G.cooH HT 74 0 3 97 367
14 Pd/CNF 75 1 4 95 333
15 Pd/CNF-coon 75 0 11 89 303
16 Pd/CNF-cooH HT 88 2 3 95 457
17 Pd/sCNF 55 0 9 91 226
18 Pd/sCNF.coon 91 1 5 9% 393
19 Pd/SCNF.cooH HT 58 16 7 7 263
20 Pd/FM 48 0 25 75 185
21 Pd/FM -coon 83 0 7 93 291
22 Pd/FM -coon HT 68 0 4 9% 313

8Reaction conditions: 10 mL of 5wt% agueous ethanol, 2wt% Pd, 0.1 g of catalyst, 30 bar air,
175°C, and 3 h of reaction time.
bmolAcetic acid produced / (molpd t| me), at 3 h

Indeed, the favourable catalytic results obtained by using the Pd/CNF.coon HT
catalyst for aerobic ethanol oxidation to acetic acid, they do it a promising catalyst in
catalysis.

Figure 6.6 shows the Pd/CNF.coon HT catalyst [a) fresh and b) spent] under the best
reaction conditions (see Table 6.6, Entry 16). A significant change on the palladium particle
size was observed. Larger palladium particle sizes were measured on the spent Pd/CNF.

cooH HT catalyst compared to that fresh PA/CNF.coon vt catalyst.
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d=186+1.37nm 0 d=372x217nm

Figure 6.6 TEM micrographs of the Pd/CNF.coon 1T catalyst. a) fresh and b) spent. Scale bar
for al micrographs: 100 nm.

6.9 Recycling testsusing the best Pd catalyst (Pd/CNF-cooH HT)
Among al palladium catalysts, the Pd/CNF.coon HT catalyst was selected as the best

catalyst for aerobic ethanol oxidation to acetic acid in an aqueous media. Due to its high
ethanol conversion, high selectivity towards acetic acid, low acetaldehyde produced, low
carbon dioxide formed, and high catalytic activity compared to al the other ones.
Recycling tests were performed to eva uate the stability of the Pd/CNF.coon 1T catalyst.
Thus, the reactor was newly charged with 10 mL of 5 wt% aqueous ethanol and 0.1
g Pd/ICNF.coon HT catalyst. The reactor was then closed and heated at 175 °C. The reactor
was then pressurized with technical air (80 vol% N2 and 20 vol% O) a 30 bar. The
reaction was allowed to stir for 3 h. The stirring rate was kept constant at 400 rpm. When
the reaction was finished, the reactor was cooled with an ice-water mixture at atemperature
below 5 °C, to ensure that the volatile products such as acetaldehyde remain in solution

before analysis. [
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The analyses were performed in the Clarus 500 gas chromatograph. After the
reaction, the catalyst was separated from the liquid reaction mixture by filtration and then
transferred to next test.

Table 6.7 shows the results obtained in the recycling tests using the Pd/CNF.cooH HT
catalyst for ethanol oxidation reaction to acetic acid. It is seen that the ethanol conversion
and selectivity towards acetic acid significantly decreased after each recycling test. In

contrast, the acetaldehyde amount increased.

Table 6.7 Recycling tests in the ethanol oxidation reaction using the PA/CNF.coon 1t catalyst®.

Ethanol conversion Products selectivity (%) TOF (h)°
Entry Catalyst
(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid
1 Test 1 88 2 3 95 457°
2 Test 2 (recycle 1) 49 2 10 88 271¢
3 Test 3 (recycle 2) 28 0 22 78 161°
4 Test 4 (recycle 3) 26 4 27 69 160'

®Reaction conditions: 10 mL of 5wt% agueous ethanol, 2wt% Pd, 0.1g of Pd/CNF.coon nt
catalyst, 30 bar air, 175°C, and 3 h of reaction time.

TOF calculated on: ©100, 987, €74, and '61mg of catalyst weight, respectively.

Mol acetic acid produced / (MOlpg time), at 3 h.

Among the Entry 1 and 2, the ethanol conversion decreased up to 44 % and 42 %

between the Entry 2 and 3 as shown in Figure 6.7.
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Among the Entry 1 and 2, the selectivity towards acetic acid also decreased up to 7

% and 11 % between the Entry 2 and 3 as shown in Figure 6.8.
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Figure 6.8 Evolution of selectivity towards acetic acid on the recycling tests.

In summary, ethanol conversions and selectivities towards acetic acid lower than
first test could be attributed to a catalyst deactivation by blockage of the surface through
strongly adsorbed molecules (e.g., oxygen), reaction products (e.g., acetaldehyde, ethyl
acetate, acetic acid, or carbon dioxide), and/or leaching of metal (e.g., palladium) into the
liquid reaction mixture. Therefore, the recycling tests revealed that the Pd/CNF.coon HT
catalyst can only be used once, and still maintain higher ethanol conversion and selectivity
towards acetic acid of 87 % and 94 %, respectively.

Figure 6.9 shows the Pd/CNF.coon nT catalyst [a) fresh and b) spent after third
recycle] under the best reaction conditions (see Table 6.7, Entry 4). A significant change on
the palladium particle size was observed. Larger palladium particle sizes were measured
and surface damages were aso found on the Pd/CNF.coon HT catalyst spent after third

recycle compared to that fresh Pd/CNF.coon HT catalyst.
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d=186+1.37nm 0 d=11.19+572nm

Figure 6.9 TEM micrographs of the PA/CNF.coon HT catalyst. a) fresh and b) spent after third
recycle. Scale bar for all micrographs: 100 nm.

6.10 Preparation and Char acterization of bimetallic catalysts
The incorporation of a second metal on the best monometallic catalyst may increase

the activity and selectivity towards main product due to a larger amount of active sites. As
that already mentioned in section 6.3, certain metals such as gold and ruthenium are often
used as active phase for ethanol oxidation to acetic acid. According to that previously

mentioned, we selected gold, cobalt, and ruthenium as second metals.

6.10.1 Preparation of bimetallic catalysts

Along with palladium (Pd), gold (Au), cobat (Co), and ruthenium (Ru), they were
introduced in the CNF.coon HT Support as to prepare three bimetallic catalysts such as Au-
Pd/CNF.coon HT, Co-Pd/CNF.coon HT, and Ru-Pd/CNF.coon HT. An only synthesis method

was employed to prepare the three bimetallic catal ysts.
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6.10.1.1 Wetness impr egnation method
A wetness impregnation method was used to prepare the bimetallic catalysts

supported on CNF.coon HT. The desired amount of metal precursors was added to an
acetone solution (100 mL) containing 1 g of CNF-cooH HT, SO as to introduce 2 wt% Pd and
1 wt% of second meta (Au, Co, or Ru). The solution was then sonicated at room
temperature for 1 h and magnetically stirred at room temperature overnight. The solution
was then filtered and washed with acetone. The resulting solid was then dried in an oven at
120 °C overnight. Finally, the catalyst was then reduced in a horizontal tube oven under a
nitrogen and hydrogen flow (20 vol% H>) at 300 °C for 2 h. 1% All bimetallic catalysts are

shown in Figure 6.10.

Figure 6.10 Bimetalic cataysts supported on CNF.coon wt. @) Au-Pd/CNF.coon wt, b) Co-

Pd/CNF-coon HT, and ¢) Ru-Pd/CNF.cooH Hr.

6.10.2 Characterization results from bimetallic catalysts
6.10.2.1 Bimetallic catalysts supported on CNF.coon nt were characterized by
TEM, XRPD, BET, and ICP-AES
6.10.2.1.1 Results obtained by TEM
The TEM micrographs from bimetallic catalysts supported on high temperature

treated functionalized carbon nanofibers have showed an excellent dispersion of both
metals and a particle size distribution on both metals ranging from 0.0 to 0.0 nm for all
cases as shown in Figure 6.11.
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d=0.88+0.29 nm

Figure 6.11 TEM micrographs from bimetalic catalysts supported on CNF.coon HT. @ Au-
Pd/CNF.coon w1, b) Co-Pd/CNF.coon nt, and ¢) Ru-Pd/CNF.coon wr. Scale bar for all
micrographs. 100 nm.

6.10.2.1.2 Results obtained by XRPD
The XRD diffractograms from bimetallic catalysts supported on high temperature
treated functionalized carbon nanofibers have clearly indicated the presence of gold-

palladium, cobalt-palladium, and ruthenium-palladium metals as shown in Figure 6.12.
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Figure 6.12 XRD diffractograms from bimetallic catalysts supported on CNF.coon HT. @) Au-
Pd/CNF-coon HT, b) Co-Pd/CNF.coon 1T, and ¢) Ru-Pd/CNF.coon HT.

6.10.2.1.3 Results obtained by BET

The BET results from bimetallic catalysts supported on high temperature treated
functionalized carbon nanofibers have exposed high surface areas, small pore volumes, and
mesopores, except the Ru-Pd/CNF.coon HT catalyst, which exhibited high surface area,

large pore volume and macropores as summarized in Table 6.8.
250



Chapter VI Catalytic tests

Table 6.8 BET results from bimetallic catalysts supported on CNF.cooH Hr.

BET surfacearea Porevolume Porediameter
Catalyst

(m?g™) (cm3g™) (nm)
Au-Pd/CNF.coon HT 139 0.6 17.2
Co-Pd/CNF.coou HT 103 0.7 27.6
Ru-Pd/CNF.coon 1T 148 3.9 105.7

6.10.2.1.4 Results obtained by ICP-AES
The ICP-AES results from bimetallic catalysts supported on high temperature
treated functionalized carbon nanofibers did not present a close ratio between theoretical

and experimental percentages as summarized in Table 6.9.

Table 6.9 ICP-AES results from bimetallic catalysts supported on CNF.cooH Hr.

Catalyst Element Theoretical %  Experimental %
AU-Pd/CNF.cooH HT Au 1 0.14
Pd 2 1.64
Co-Pd/CNF.cooH HT Co 1 0.12
Pd 2 1.20
Ru-Pd/CNF-cooH HT Ru 1 1.40
Pd 2 0.65
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6.11 Results obtained from aer obic ethanol oxidation using the bimetallic catalysts
After the preparation and characterization steps, all bimetallic catalysts were tested
under the best reaction conditions, which were previously employed for the monometallic

catalysts.

6.11.1 Water as solvent

Along with in the monometallic catalysts, water was also used as solvent in the
bimetallic catalysts for aerobic ethanol oxidation to acetic acid.

Thus, the reactor was newly charged with 10 mL of 5 wt% agueous ethanol and 0.1
g of the desired bimetalic catalyst (see Figure 6.11 and Table 6.8-6.9). The reactor was
then closed and heated at 175 °C. The reactor was then pressurized with technical air (80
vol% N2 and 20 vol% O») at 30 bar. The reaction was alowed to stir for 3 h. The stirring
rate was kept constant at 400 rpm for all experiments. When the reaction was finished, the
reactor was cooled with an ice-water mixture at a temperature below 5 °C, to ensure that
the volatile products such as acetaldehyde remain in solution before anaysis. ! The
analyses were performed in the Clarus 500 gas chromatograph. After the reaction, the
catalyst was separated from the liquid reaction mixture by filtration.

Table 6.10 shows the results obtained using the desired bimetalic catalyst for
aerobic ethanol oxidation to acetic acid under the best reaction conditions. It is seen that the
ethanol conversion and selectivity towards acetic acid significantly vary between all
bimetallic catalysts. This effect is also observed on the acetaldehyde amount produced in
the reaction. No carbon dioxide formed for all cases.
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Among al results obtained using al bimetalic catalysts for aerobic ethanol
oxidation to acetic acid, the Au-Pd/CNF.coon HT catalyst revealed the higher ethanol
conversion and selectivity towards acetic acid compared to the other ones. Moreover, the
Au-Pd/CNF.coon HT catalyst exposed ethanol conversion and selectivity towards acetic acid
higher than the best monometallic catalyst (Pd/CNF.coon HT). According to that, the Au-
Pd/CNF.coon HT catalyst exhibited >94 % ethanol conversion, >97 % selectivity towards
acetic acid, <3 % acetaldehyde produced, no carbon dioxide formed, and 404 h'* TOF,

being considered as the best bimetallic catalyst (see Table 6.10, Entry 1).

Table 6.10 Main product distribution in the ethanol oxidation reaction using the bimetallic
catalysts supported on CNF.coon HT?.

Ethanol conversion Products selectivity (%) TOF (h)®
Entry Catalyst Acetic
(%) Carbon dioxide Acetaldehyde Acetic acid cid
1 1%AU2%Pd/CNF.cooH HT 95 0 2 98 404
2 1%C02%Pd/CNF.cooH HT 62 0 8 92 333
3 1%Ru2%Pd/CNF.cooH HT 83 0 43 57 178

®Reaction conditions: 10 mL of 5 wt% aqueous ethanol, 1 wt% Au 2 wt% Pd (Entry 1),
1wt% Co 2wt% Pd (Entry 2), 1wt% Ru 2 wt% Pd (Entry 3), 0.1 g of bimetallic catalyst, 175 °C,
30 bar air, and 3 h of reaction time.

bmoIAoeﬁc acid produced/ (m0|pdti me), a 3h.

Indeed, the favourable catalytic results obtained by using the Au-Pd/CNF.cooH HT
catalyst for aerobic ethanol oxidation to acetic acid, they do it a promising catalyst in
catalysis.

Figure 6.13 shows the Au-Pd/CNF.coon HT catalyst [a) fresh and b) spent] under the
best reaction conditions (see Table 6.10, Entry 1). A significant change on the particle size
of metals was observed. Larger metal particle sizes were measured on the spent Au-

Pd/CNF.coon HT catalyst compared to that fresh Au-Pd/CNF.coon HT catalyst.
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d=2.26+1.48nm

Figure 6.13 TEM micrographs of the Au-Pd/CNF.coon T catalyst. @) fresh and b) spent. Scale
bar for all micrographs: 100 nm.

6.12 Recycling testsusing the best bimetallic catalyst (Au-Pd/CNF-cooH HT)

Among al bimetallic catalysts, the Au-Pd/CNF.coon 1T catalyst was selected as the
best catalyst for aerobic ethanol oxidation to acetic acid in an agueous media. Due to its
high ethanol conversion, high selectivity towards acetic acid, low acetaldehyde produced,
no carbon dioxide formed, and high catalytic activity compared to all the other ones.
Recycling tests were performed to evaluate the catalytic stability of the Au-Pd/CNF.cooH HT

catalyst.

Therefore, the reactor was newly charged with 10 mL of 5 wt% agueous ethanol and
0.1 g Au-Pd/CNF.coon HT catalyst. The reactor was then closed and heated at 175 °C. The
reactor was then pressurized with technical air (80 vol% N2 and 20 vol% O) at 30 bar. The

reaction was allowed to stir for 3 h. The stirring rate was kept constant at 400 rpm.
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When the reaction was finished, the reactor was cooled with an ice-water mixture at
a temperature below 5 °C, to ensure that the volatile products such as acetaldehyde remain
in solution before analysis. [1 The analyses were performed in the Clarus 500 gas
chromatograph. After the reaction, the catalyst was separated from the liquid reaction
mixture by filtration and then transferred to next test.

Table 6.11 shows the results obtained in the recycling tests using the Au-Pd/CNF.
cooH HT catalyst for aerobic ethanol oxidation to acetic acid. It is seen that the ethanol
conversion and selectivity towards acetic acid significantly decreased after each recycling

test. In contrast, the acetaldehyde amount increased.

Table 6.11 Recycling tests in the ethanol oxidation using the Au-Pd/CNF.coon 1t catalyst®.

Ethanol conversion Products selectivity (%) TOF (h)°
Entry Catalyst
(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid
1 Test 1 95 0 2 98 404°
2 Test 2 (recycle 1) 57 1 3 96 2964
3 Test 3 (recycle 2) 29 3 6 91 191°
4 Test 4 (recycle 3) 25 1 9 elo] 160’

®Reaction conditions: 10 mL of 5 wt% aqueous ethanol, 1 wt% Au 2 wt% Pd, 0.1 g of
Au-Pd/CNF.coon vt catalyst, 30 bar air, 175 °C, and 3 h of reaction time.

TOF calculated on: ©100, 980, %60, and /40 mg of catalyst weight, respectively.

Mol acetic acid produced / (MOlpg time), at 3 h.

Among the Entry 1 and 2, the ethanol conversion decreased up to 39 % and 49 %

between the Entry 2 and 3 as shown in Figure 6.14.
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Figure 6.14 Evolution of ethanol conversion on the recycling tests.
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Among the Entry 1 and 2, the selectivity towards acetic acid also decreased up to 2

% and 5 % between the Entry 2 and 3 as shown in Figure 6.15.
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Figure 6.15 Evolution of selectivity towards acetic acid on the recycling tests.

In summary, ethanol conversions and selectivities towards acetic acid lower than
first test could be attributed to a catalyst deactivation by blockage of the surface through
strongly adsorbed molecules (e.g., oxygen), reaction products (e.g., acetaldehyde, ethyl
acetate, acetic acid, or carbon dioxide), and/or leaching of metal (e.g., gold and/or
palladium) into the liquid reaction mixture. Therefore, the recycling tests reveaed that the
AU-Pd/CNF.coon HT catalyst can only be used once, and still maintain higher ethanol

conversion and selectivity towards acetic acid of 94 % and 97 %, respectively.

Figure 6.16 shows the Au-Pd/CNF.coon Ht catalyst [a) fresh and b) spent after third
recycle] under the best reaction conditions (see Table 6.11, Entry 4). A significant change
on the particle size of metals was observed. Larger metal particle sizes were measured and
surface damages were also found on the Au-Pd/CNF.coon HT catalyst spent after third

recycle compared to that fresh Au-Pd/CNF.cooH HT catalyst.
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b "

d=2.26+1.48nm

Figure 6.16 TEM micrographs of the Au-Pd/CNF.coon 1T catalyst. a) fresh and b) spent after
third recycle. Scale bar for all micrographs: 100 nm.
6.13 Summary

Excellent cataytic results are commonly obtained by a good preparation and
characterization of metal catalyst, being the case of palladium catalysts. According to that,
the catalytic results obtained using the palladium catalysts for aerobic ethanol oxidation to
acetic acid exhibited ethanol conversion and selectivity towards acetic acid higher than
those metallic catalysts supported on metal oxides often used in catalysis. But, the best
palladium catalysts (e.g., Pd/FC.coon, Pd/S;-CNT, Pd/CNF.coon Ht, and Au-Pd/CNF-coon
HT) revealed ethanol conversion and selectivity towards acetic acid much higher than those
other palladium catalysts supported on carbon nanostructures and metallic catalysts

supported on metal oxides aready reported in the literature.
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7.1 Introduction
To clearly understand the structural order of this Chapter VII: Conclusions and

Future perspectives, the main issues are summarized in Table 7.1.

Table 7.1 Main issues of Chapter VII.

I ssues

7.2 Conclusions

7.3 Future perspectives

7.2 Conclusions
According to aims and results exposed in this PhD thesis, we can conclude the
following claims:

Well-defined carbon nanostructures were achieved through a controlled synthesis.

Improved physicochemical properties were achieved on chemically treated carbon

nanostructures compared to the pristine carbon nanostructures.

Highly efficient catalyst supports such as few layer graphene, multi-walled carbon
nanotubes, doped multi-walled carbon nanotubes, carbon nanofibers, and fibrous

carbon were obtained by catal ytic-chemical vapor deposition technique.
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Higher palladium loading and dispersion were generaly observed on catalysts

supported on chemically treated carbon nanostructures.

Higher catalytic activities were generally obtained on chemically treated carbon

nanostructures compared to the pristine carbon nanostructures.

Higher ethanol conversion and selectivity towards acetic acid were achieved using
palladium catalysts supported on chemically treated carbon nanostructures

compared to the metallic catal ysts supported on metal oxides commonly used.

Much higher ethanol conversion and selectivity towards acetic acid were achieved

when using bimetallic catalysts supported on carbon nanostructures.

Therefore, a controlled synthesis of carbon nanostructures, a suitable preparation
method of palladium catalysts, and a detailed characterization of both support and catalyst
allowed achieving higher ethanol conversion and selectivity towards acetic acid compared

to the results aready reported in the literature.
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7.3 Future per spectives
According to catalytic tests and conclusions, we propose the following challenges.
Previously used reaction conditions for aerobic ethanol oxidation to acetic acid
might be changed to determine certain kinetic parameters such as order of reaction
and activation energy, which are very important values for a catalyzed chemical

reaction.

A detailed study on the best palladium catalysts used in recycling tests may be

carried out to clearly understand and then improve their catalytic stability.

DFT calculations might be applied to widely understand the palladium-carbon

interaction and thus increase the activity, selectivity, and stability of such catalysts.

The paladium catalysts supported on carbon nanostructures may be tested in

another  chemica  reaction, for example, hydrogenation  reaction.
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A.lIntroduction
Many accumulated evidences which grant veracity to this PhD thesis are

summarized in Table A.1.

Table A.1 Main evidences of this PhD thesis.

Evidences

A.2 INP-ENSIACET, LCC
A.3 Research collaboration
A.4 As co-author in ascientific article

A.5 As co-author in a presentation for an international congress

A.2INP-ENSIACET, LCC
A.2.1INP-ENSIACET

Figure A.1 Ecole Nationale Supérieure des Ingénieurs en Arts Chimiques Et Technologiques
(ENSIACET) in Toulouse, France.
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A22LCC

Figure A.2 Supported catalysis |aboratory in Toulouse, France.

A.2.3Work team

Figure A.3 Work team of Institut National Polytechnique-Ecole Nationale Supérieure des

Ingénieurs en Arts Chimiques Et Technologiques, Laboratoire de Chimie de Coordination
(INP-ENSIACET, LCC) in Toulouse, France.
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A.5 Asco-author in a presentation for an international congress
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A.6 Asfirst author in a scientific article (in process)

The broad spectrum of carbon nanomaterials for Pd/C catalyst preparation.
Part I. Influence of the support on Pd loading and dispersion
Part Il. Involvement of Pd single atoms in Pd/C catalyzed myrcene hydrogenation

Part IIl. Direct coating of Pd/C on metallic foams for terpene hydrogenation

R. Castro Contreras,®® B. Machado,® C. Rivera,® B. Guicheret,” M. A. Curiel Alvarez,® B. Valdez 5alas,”
M. Ruttert,® T. Placke,® R. Philippe,® P. Serp®’

51 CC-CNRS, Universite de Toulouse, CNRS, INPT, Toulouse, France
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Normal, s/n, C. P. 21280 Mexicali, B. C., Mexico

“Laboratory of Separation and Reaction Engineering - Laboratory of Catalysis and Materials ([ SRE-
LCM), Departamento de Engenharia Quimica, Faculdade de Engenharia, Universidade do Porto, Rua
Dr. Roberto Frias s/n, 4200-465 Porto, Portugal

dlaboratoire de Génie des Procédés Catalytiques, UMR 5285 CNRS - CPE Lyon — UCBL, France

*University of Muenster, MEET Battery Research Center, Institute of Physical Chemistry, Corrensstr.
46, 48149 Miinster, Germany
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