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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 major 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 goals of environmental

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 aldehydes, 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.



ix

Nowadays, silica, carbon, clay, zeolites, metal oxides, and other mesoporous

materials are being used as inorganic solid supports. But, the quest of new materials 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 materials 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 chemical 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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H2 Hydrogen
H2O2 Hydrogen peroxide
O2 Oxygen
CO2 Carbon dioxide
CO Carbon monoxide
NOx Nitrogen oxides
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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 special powers that can influence the affinity of chemical substances.

A definition that is still valid today is due to Ostwald (1895): “A catalyst accelerates

a chemical reaction without affecting the position of the equilibrium.” [1]

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]

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 I.

Issues

1.2 Catalysis: The heart of the industrial processes

1.3 Acetic acid as an important product for human use

1.4 Commonly employed catalysts for oxidation reactions.

1.5 Carbon as a promising material in supported catalysis

1.6 Frequently used carbon materials as catalyst supports

1.7 New carbon materials as catalyst 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 the industrial processes

Modern industrial chemistry is based on catalytic processes. Approximately 80 % of

all catalytic processes require heterogeneous catalysts, 15 % homogeneous catalysts, and 5

% biocatalysts. [3] The traditional area in 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

Figure 1.2 Worldwide catalyst market according to application. [4]

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

and lead to cheaper processes than non-catalytic processes.



Chapter I Introduction

5

Heterogeneous catalysts are used on a large scale in the following areas:

 Production of organic and inorganic chemicals

 Crude oil refining and petrochemistry

 Environmental protection

 Energy conversion processes

Fine or speciality chemicals, unlike the traditional products, have complex chemical

structures and properties that justify a high selling price.

In high added value products, where relatively small quantities of products are

manufactured, factors such as catalyst costs, separation of product from catalyst 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 allow a broader choice of

oxidants such as H2O2 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). [5]



Chapter I Introduction

6

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

aim 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 stoichiometric

methodologies with cleaner catalytic alternatives, e.g., catalytic hydrogenations, catalytic

oxidations with O2 or H2O2 and catalytic carbonylations.

Traffic and industry are the most important sources of air pollution. They are

responsible for the emission of CO, nitrogen oxides (NOx), 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 environmental protection and economic benefit.

[6]

Catalysis offers numerous green chemistry benefits including:

 Lower energy requirements

 Catalytic 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 as an important product for human use

Acetic acid, also known as ethanoic acid, is an organic chemical compound. It is

one of the simplest carboxylic acids and has the chemical formula C2H4O2. 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. [7]
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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 is widely 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 catalysts for 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. [12-14] Nowadays, silica, carbon, clay, zeolites, metal oxides, and other

mesoporous materials are being used as inorganic solid supports. [15, 16] Supported materials

can be obtained as complexes with transition metals by heterogenization process. [17]

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

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

In heterogeneous catalysis reactions, the catalysts and reactants exist in different

phases. In reality, the vast majority 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 catalysts 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 alcohols.

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.
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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.

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 catalysts are cheaper.

1.5 Carbon as a promising material in supported catalysis

The quest of new materials as catalyst supports continues being an important topic

for the catalysis community.
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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 also

become a promising material 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. [42] According to that, highly porous materials

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 metallic 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 [43, 44] and the technique of metal

deposition on the support. These pretreatments and deposition techniques can be applied to

catalyst supports such as carbon.

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

Many carbon materials 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 material 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. [45] The activation step is usually

performed in the presence of steam and/or carbon dioxide at 800-1100 oC. 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.
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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. [46] 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 1.5c) 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 spherical 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 e). [47]

Figure 1.5 Carbon black: a) its structure, b) carbon black particles with shell units d = 2.7 nm,

c) carbon black particles with shell units d = 3.7 nm, d) surface morphology of carbon black

particles with shell units d = 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/cm3.
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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 intercalation. [48, 49]

Furthermore, this material is characterized by relatively low surface area of only 10-

50 m2/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 m2/g make this graphite an

interesting support material for precious metal catalysts. [50-53]

Figure 1.6 Graphite 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, [54] 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. [55]



Chapter I Introduction

16

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).

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. [56] Besides, it is known that the capillarity is reduced when

the inner cavity of the tube decreases. [57] 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 already 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.

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. [59] Carbon atoms are generated on the free metal 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 basal

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 m2/g and do neither possess

micropores nor impurities, e.g., inorganic matter. [48, 60, 61] A major 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. [61, 62] It should be

noted that the yield is a result 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 particles is 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. [63] Thermal conductivity may be advantageous in

strongly exothermic or endothermic reactions where heat transfer may become limiting.

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). [45] Furthermore, these surface functionalities are

assumed as anchoring sites to immobilize the metallic particles [64-66] and enhance the

wettability of the carbon material 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. [67] The defect sites present in

each carbon structure enhance the oxidation. [67-70]

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 treatments in acids, e.g., nitric acid, can be used.

This also helps to remove any residual metal such as iron, nickel, cobalt, or copper, which

was used to form the carbon materials. [71, 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 also 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 catalyst

dispersion is optimal 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. [73] 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. [73,

74-76] 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. [76]

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. [77-79] 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. [73, 80-86] Sulphur also plays an important role in

changing the catalytic properties of carbon support when it is used as heteroatom in the

doping process. [87, 88] Therefore, heteroatoms located at defect sites alter the electronic

properties of carbon supports. [89, 90] 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. [91]

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).

Figure 1.12 Multi-walled carbon nanotubes (CNT) modified by a high temperature (HT)
treatment.
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1.9 Carbon materials compared 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 Brønsted 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 alternative

to oxides to study electronic metal-support interactions and eliminate the challenges

associated with atom migration and metal encapsulation. [92]

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. [48] 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 [93,

94] while higher dispersions can be obtained when mesopores are present. [94]
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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 main product for hydrogenation, oxidation,

hydrodehalogenation, decarbonylation, and debenzylation reactions (see Figure 1.13). [95-97]

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. [98]

Hence, an effective control of these properties can be reached by modifying surface

functional groups on carbon supports [99, 100] or by the use of carbon with well-defined

structures such as mesoporous carbons, [101, 102] carbon nanotubes, [103, 104] 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. [105] 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 is the 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 social,

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 metal 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. The use 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 all 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 nanomaterials, the catalyst

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 catalytic processes.

To clearly understand the structural order of this Chapter II: Theoretical

Framework, the main issues are summarized in Table 2.1.

Table 2.1 Main issues of Chapter II.

Issues

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: [1]

 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 is usually 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 C60

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.
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b)

Figure 2.1 Widely accepted growth mechanisms for multi-walled carbon nanotubes (CNT) by

Catalytic-Chemical Vapor Deposition (C-CVD) technique using a supported metal catalyst. a)

tip-growth model and b) base-growth model.

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.

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

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

with modifications from. [3]

a)
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2.3 Production of heterogeneous catalysts

Depending on their structure and method of production, catalysts can be divided

into three main groups: [4]

 Bulk catalysts

 Impregnated catalysts

 Shell catalysts

One of the best-known methods for producing catalysts is the impregnation of a

porous support material with solutions of active components. [5, 6]

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.

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). [7] 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 this is

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.



Chapter II Theoretical framework

39

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

catalytic processes.

Most of the processes involved in crude-oil processing and petrochemistry, such as

purification stages, refining, and chemical transformations, require catalysts. Environmental

protection measures such as automobile exhaust control and purification of off-gases from

power stations and industrial plant would be inconceivable without catalysts. [8]

The suitability of a catalyst for an industrial process depends mainly on the

following three properties: [9, 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 calculated employing the following equations: [11]

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: [12]



Chapter II Theoretical framework

41

The selectivity of a reaction 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 a reaction 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):

Scheme 2.2 Parallel and sequential reactions.

Thus, the product selectivity can be calculated using the following equations: [11]

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 a function 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 crucial 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 adsorption 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. [13] 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

Brønsted acid sites) on the surface. It is also 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 I isotherms are

typical for adsorption on microporous materials, such as molecular sieves and some

activated carbons. Type II isotherms describe a multilayer adsorption on a nonporous or

macroporous material. Isotherm types III 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 IV

isotherms (monolayer formation followed by filling of mesopores). [14] The type IV

isotherm, in which the initial region is closely related to type II, 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

II isotherm obtained with the given adsorptive on the same surface area of the adsorbent in

a non-porous form. [15] 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. [16]
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Figure 2.4 The six types of adsorption isotherms.

2.6 Individual steps in 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): [17, 18]

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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Figure 2.5 Individual 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.



Chapter II Theoretical framework

46

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 electron acceptors

such as sulfur or oxygen; stable sulfides and oxides are formed. These metals 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 electrons in this band. In many cases,

a direct relationship has been found between the catalytic 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. [19, 20]
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The bonding in a transition metal is partially 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 orbitals in transition metals:

 Bonding d orbitals involved in covalent dsp hybrid bonds

 Metallic (free) d orbitals

 Atomic d orbitals

2.9 Energetic aspects of catalytic activity [4, 21]

Chemisorption and associated energetic aspects play a crucial role in understanding

heterogeneous catalysis. [22] 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 catalytic 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 PG.

where,

Ea,0 = Activation energy of the homogeneous uncatalyzed gas-phase reaction

Ea,1 = True activation energy

Ea,2 = Apparent activation energy of the catalyzed reaction

Z1 = Transition state of the gas-phase reaction

Z2 = Transition state of the surface reaction

ΔHR = Reaction enthalpy

2.10 Catalyst performance

2.10.1 Factors that 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.
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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 industrial 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 catalytic performance can be affected by many influences such as:

 Active phase

 Support

 Environment of the reaction

 Promoters

 Inhibitors



Chapter II Theoretical framework

50

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 catalytically active components of supported catalysts are often

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

the metal represents only a small 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 [23]

Promoters are substances that are themselves not catalytically 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 molecules decreases and

a favored 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:

Figure 2.8 Deactivation behavior of catalyst. [25]
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The four most common causes of catalyst deactivation are (see Figure 2.9): [26]

 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 lead to a loss of active surface area

 Catalyst losses by evaporation of components

Figure 2.9 Mechanisms of catalyst deactivation (M = Metal). [4]

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.

Figure 2.10 Catalyst regeneration and loss of activity during a process.
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2.12 Characterization of catalyst supports and metal catalysts

Characterization of nanostructured materials is driven by the need to have

qualitative 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 allows

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 area), 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, 28]

Figure 2.11 Schematic diagram of a scanning electron 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-dimensional appearance

useful for understanding the surface structure of a sample. [29]

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. [30]

The transmission electron microscope is a very 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 crystal

structure and features in the structure like dislocations and grain boundaries. Chemical

analysis can also be performed. [31]
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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.

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 electrons 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

resolution and image interpretability. [32]

The electron 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.

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 foil,

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 several 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 materials,

characterization of the real 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. [33]

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.

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 a technique 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.

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

quantifiable 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.

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. Initially, 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/P0, 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 analysis.

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.

Figure 2.17 Schematic diagram of a Raman spectrometer.

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

shown in Figure 2.18.

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

a diffraction 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:

where,

n = Order of diffraction (whole number)

λ = The wavelength of the rays

d = The spacing between layers of atoms

ϴ = 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 analysis), the

quantity of materials that are crystallized (crystallinity), the amount of stress present in the

solid (residual stress), the size of crystallites 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, as illustrated in the following equation:

where,

L = Mean crystallite size (nm)

K = Scherrer constant

λ = Wavelength (Å) in the case of Cu Kα1

d = Full width at half maximum (rad)

ϴ = 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 at which any peak in an absorption spectrum appears corresponding to the

frequency of a vibration 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.

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 alternates passing the sample and reference beams to the

dispersing element and finally to detector to give the spectrum.

An infrared analysis allows the identification of all types of organic and many types

of inorganic compounds, determination of functional groups in organic materials,

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 analysis. It is a versatile

technique to study physical and chemical phenomena occurring at surfaces of materials

ranging from metals, oxides, semiconductors, glasses, ceramics, polymers, composites and

biomaterials. [35]

The main components of an X-ray photoelectron spectrometer are an electron

energy analyzer, an X-ray source, a sample, an electron gun, and a detector as shown in

Figure 2.20.

Figure 2.20 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 0 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-AES)

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. [36]

The main components of an ICP-AES equipment are an oscillator, a coupling unit,

an induction coil, a plasma torch, an outer gas, an intermediate plasma gas, and an injection

gas as shown in Figure 2.21.

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. [37]

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

less to 1 ppb.

2.13 Summary

As that mentioned in section 2.2, we will use the catalytic-chemical 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 all 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 evaluate 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). [1, 2] This process involved the thermal

decomposition of hydrocarbon vapor in the presence of a metal catalyst. [3] In this work, all

carbon supports were synthesized by C-CVD into a fluidized bed reactor using ethylene

(C2H4) as a carbon source, acetonitrile (C2H3N) 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 AlCoFeO4 for CNT, NiFe2O4 and CoFe2O4 for

FLG and CNF, and Cu0.1Ni0.9Co2O4 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 catalysts 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 materials 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 commercially used in the

industry.
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To clearly understand the structural order of this Chapter III: Methodology, the

main issues are summarized in Table 3.1.

Table 3.1 Main issues of Chapter III.

Issues

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 Commercial silica-alumina and alumina used as catalyst 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 scale reactor

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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Doping system

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.

Figure 3.2 Quartz tubes with quartz fritted glasses.
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3.2.2 Large scale reactor

The experiments were also carried out in a larger vertical fluidized bed reactor

equipped with a temperature controller and flow controllers as shown in Figure 3.3.

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.

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%, AlN3O9 9H2O), cobalt (II) nitrate hexahydrate (99%, CoN2O6 6H2O),

iron (III) nitrate nonahydrate (>98%, FeN3O9 9H2O), nickel (II) nitrate hexahydrate (>99%,

NiN2O6 6H2O), copper (II) nitrate trihydrate (>99%, CuN2O6 3H2O), citric acid (99%,

C6H8O7), bis(cyclopentadienyl)nickel(II) (C10H10Ni), alumina (>99%, Al2O3), silica-

alumina catalyst support (grade 135, SiO2-Al2O3), acetonitrile (>99%, C2H3N), thiophene

(>99%, C4H4S), ammonium hydroxide solution (~25% NH3 basis, H5NO), acetone

(>99.5%, C3H6O), and palladium (II) nitrate dihydrate (~40% Pd basis, PdN2O6 2H2O).

Nitrogen (99.999%, N2), hydrogen (99.999% H2), and ethylene (99.999%, C2H4) were

purchased from Air Liquide.

3.4 Unsupported catalysts used as starting materials to prepare carbon supports

3.4.1 Catalyst preparation method

As already mentioned above, all 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 value was reached. The slightly 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 AlCoFeO4 catalyst

The AlCoFeO4 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 allow the formation of multi-walled carbon nanotubes.

3.4.1.2 NiFe2O4 catalyst

The NiFe2O4 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 phases in its chemical structure

allow the formation of few layer graphene and carbon nanofibers.

3.4.1.3 CoFe2O4 catalyst

The CoFe2O4 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 cobalt and iron metals as active phases in its chemical structure

allow the formation of few layer graphene and carbon nanofibers.

3.4.1.4 Cu0.1Ni0.9Co2O4 catalyst

The Cu0.1Ni0.9Co2O4 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 chemical structure

allow the formation of fibrous carbon.



Chapter III Methodology

80

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(II) (C10H10Ni) was added to a

diethyl ether solution (500 mL) containing 10 g of alumina (Al2O3), so as to introduce 10

wt% of the metal 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-

1 N2) and hydrogen (300 mL min-1 H2) flow at 450 °C for 2 h.

3.5.1.1 10%Ni/Al2O3 catalyst

The 10%Ni/Al2O3 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 NiFe2O4 and CoFe2O4 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 CoFe2O4 catalyst. The synthesis of FLG was carried

out in 2 steps.
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In the first step, 0.25 g of CoFe2O4 catalyst were reduced in the fluidized bed under

a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 650 °C. In the

second step, the ethylene flow was adjusted at 225 mL min-1 for 30 min. The formula ξ =

gcarbon/gcatalyst provides the performance obtained after synthesis. Therefore, the performance

for raw few layer graphene was ξ = 5.5.

In the purification method, the raw FLG was purified by hydrochloric acid (HCl, 37

wt%) treatment at room temperature overnight. [1] The acidic solution was filtered and then

washed with distilled water until a 6.5 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 AlCoFeO4 catalyst. The synthesis of CNT was carried

out in 2 steps.

In the first step, 0.1 g of AlCoFeO4 catalyst were reduced in the fluidized bed under

a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 650 °C. In the

second step, the ethylene flow was adjusted at 225 mL min-1 for 30 min. [5] Therefore, the

performance for raw multi-walled carbon nanotubes was ξ = 28.5.

In the purification method, the raw CNT were purified by aqueous solution (50

vol% H2SO4) under a reflux system using an oil bath at 140 °C for 3 h. [6] 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 CoFe2O4 catalyst. The synthesis of CNF was carried

out in 2 steps.

In the first step, 0.25 g of CoFe2O4 catalyst were reduced in the fluidized bed under

a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 450 °C. In the

second step, the ethylene flow was adjusted at 225 mL min-1 for 30 min. The performance

for raw carbon nanofibers was ξ = 2.95.

In the purification method, the raw CNF were purified by hydrochloric acid (HCl,

37 wt%) treatment at room temperature overnight. [1] 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/Al2O3 catalyst. The synthesis of sCNF was

carried out in 2 steps.

In the first step, 2 g of 10%Ni/Al2O3 catalyst were reduced in the fluidized bed

under a nitrogen (160 mL min-1 N2) and hydrogen (120 mL min-1 H2) flow at 650 °C. In the

second step, the ethylene flow was adjusted at 60 mL min-1 for 1 h. The performance for

raw small carbon nanofibers was ξ = 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% H2SO4) 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 (sCNF) was

manually crushed and recovered to be used as catalyst support.

3.6.1.5 Fibrous carbon (FC)

FC was prepared using the Cu0.1Ni0.9Co2O4 catalyst. The synthesis of FC was

carried out in 2 steps. In the first step, 0.1 g of Cu0.1Ni0.9Co2O4 catalyst were reduced in the

fluidized bed under a nitrogen (18 L h-1 N2) and hydrogen (18 L h-1 H2) flow at 675 °C. In

the second step, the nitrogen and hydrogen flow were adjusted at 12 L h-1 and 45 L h-1,

respectively. Besides, the ethylene flow was also adjusted at 60 L h-1 for 20 min. The

performance for raw fibrous carbon was ξ = 100.

In the purification method, the raw FC was purified by hydrochloric acid (HCl, 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 (FC) was manually crushed and

recovered to be used as catalyst support.

3.7 Activation of carbon support surface by chemical methods

As already known, the surface chemistry of a catalyst support can be improved by

heteroatom doping, oxidation method and/or thermal treatment. [2, 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. [7] A high temperature

treatment removes impurities (e.g., amorphous carbon) and decreases the grade of structural

disorder. Therefore, the surface chemistry of carbon supports has been modified by at least

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

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

temperature treated functionalization (-COOH HT)

3.7.1.1 Multi-walled carbon nanotubes (CNT, CNT-COOH, CNTHT, and CNT-COOH

HT)

A portion of purified CNT was functionalized by nitric acid (HNO3, 65 wt%)

treatment under a reflux system at 140 °C for 3 h. [7] 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-COOH) 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-COOH was then treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (CNT-COOH 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-COOH), high temperature treated multi-walled carbon nanotubes

(CNTHT), and high temperature treated functionalized multi-walled carbon nanotubes

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

3.7.1.2 Few Layer Graphene (FLG, FLG-COOH, FLGHT, and FLG-COOH HT)

A portion of purified FLG was functionalized by nitric acid (HNO3, 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-COOH) 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-COOH was then treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (FLG-COOH 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 (FLGHT), and high temperature treated

functionalized few layer graphene (FLG-COOH HT) have been produced to be used as catalyst

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

A portion of purified CNF was functionalized by nitric acid (HNO3, 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 (CNF-COOH) 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 (CNFHT) was recovered and used as

catalyst support.

A portion of CNF-COOH was then treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (CNF-COOH HT) was recovered and used as

catalyst support.

Thus, purified carbon nanofibers (CNF), functionalized carbon nanofibers (CNF-

COOH), high temperature treated carbon nanofibers (CNFHT), and high temperature treated

functionalized carbon nanofibers (CNF-COOH 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 (HNO3, 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-COOH) 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 (sCNFHT) was recovered and used as

catalyst support.

A portion of sCNF-COOH was then treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (sCNF-COOH HT) was recovered and used as

catalyst support.

Thus, purified small carbon nanofibers (sCNF), functionalized small carbon

nanofibers (sCNF-COOH), high temperature treated small carbon nanofibers (sCNFHT), and

high temperature treated functionalized small carbon nanofibers (sCNF-COOH HT) have been

produced to be used as catalyst supports.

3.7.1.5 Fibrous carbon (FC, FC-COOH, FCHT, and FC-COOH HT)

A portion of purified FC was functionalized by nitric acid (HNO3, 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-COOH) was manually crushed and

recovered to be used as catalyst 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 (FCHT) was recovered and used as

catalyst support.

A portion of FC-COOH was then treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (FC-COOH HT) was recovered and used as catalyst

support.
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Thus, purified fibrous carbon (FC), functionalized fibrous carbon (FC-COOH), high

temperature treated fibrous carbon (FCHT), and high temperature treated functionalized

fibrous carbon (FC-COOH HT) have been produced to be used as catalyst supports.

3.7.2 Doping of heteroatoms

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 allowed higher interaction between support and metal due to an

electronic exchange from metal to support. [8] 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 AlCoFeO4 catalyst. The synthesis of N-CNT was

carried out in 2 steps.

In the first step, 0.1 g of AlCoFeO4 catalyst were reduced in the fluidized bed

reactor under a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 650

°C. In the second step, the nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2)

flow was followed by an acetonitrile flow to the catalyst for 30 min. [2] Therefore, the

performance for raw nitrogen doped multi-walled carbon nanotubes was ξ = 7.
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In the purification method, the raw N-CNT were purified by aqueous solution (50

vol% H2SO4) 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 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 (S1-CNT)

S1-CNT were prepared using the AlCoFeO4 catalyst. The synthesis of S1-CNT was

carried out in 2 steps.

In the first step, 0.25 g of AlCoFeO4 catalyst were reduced in the fluidized bed

reactor under a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 750

°C. In the second step, the nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2)

flow was followed by a thiophene flow to the catalyst for 30 min. Therefore, the

performance for raw sulphur1 doped multi-walled carbon nanotubes was ξ = 2.3.

In the purification method, the raw S1-CNT were purified by aqueous solution (50

vol% H2SO4) 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 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 (S2-CNT)

S2-CNT were prepared using the AlCoFeO4 catalyst. The synthesis of S2-CNT was

carried out in 3 steps.
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In the first step, 0.25 g of AlCoFeO4 catalyst were reduced in the fluidized bed

reactor under a nitrogen (225 mL min-1 N2) and hydrogen (150 mL min-1 H2) flow at 750

°C. In the second step, the ethylene flow was adjusted at 225 mL min-1 for 3 min. In the

third step, the ethylene flow was newly adjusted at 0 mL min-1 and the nitrogen (225 mL

min-1 N2) and hydrogen (150 mL min-1 H2) flow was followed by a thiophene flow to the

remaining catalyst for 27 min. [9] Therefore, the performance for sulphur2 doped multi-

walled carbon nanotubes was ξ = 3.6.

In the purification method, the raw S2-CNT were purified by aqueous solution (50

vol% H2SO4) 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 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 temperature treated doped multi-walled carbon nanotubes

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

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 catalyst

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 (S1-CNT and S1-CNTHT)

A portion of purified S1-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 (S1-CNT) and high

temperature treated sulphur doped multi-walled carbon nanotubes (S1-CNTHT) were

produced to be used as catalyst supports.

3.7.2.2.3 Sulphur2 doped multi-walled carbon nanotubes (S2-CNT and S2-CNTHT)

A portion of purified S2-CNT was treated in a horizontal tube oven under a nitrogen

flow at 1000 °C for 1 h. The resulting solid (S2-CNTHT) was recovered and used as catalyst

support.

Thus, purified sulphur doped multi-walled carbon nanotubes (S2-CNT) and high

temperature treated sulphur doped multi-walled carbon nanotubes (S2-CNTHT) were

produced to be used as catalyst supports.

3.8 Commercial silica-alumina and alumina used as catalyst supports

As already 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, alumina 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. [10, 11, 12] According to that, we suggest to use palladium (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 palladium catalysts

supported on carbon nanomaterials. The desired amount of palladium (II) nitrate dihydrate

[Pd(NO3)2.2H2O] 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% H2) at 300 °C for 2 h. [9] All

palladium catalysts are shown in Figure 3.5.

Figure 3.5 Palladium catalysts 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 catalysts 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 min-1 under air atmosphere using a TG/DTA Shimadzu. The Brunauer-Emmett-Teller

(BET) analyses by N2 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 a micro Raman Spectrometer HR 800 Jobin Yvon Horiba using a laser of

532 nm wavelength as an excitation source. XRPD spectra were measured at room

temperature with a Panalytical X’PERT PRO diffractometer, employing Cu Kα radiation (λ

= 1.54 Å) and a parabolic MPD-mirror for Cu radiation. The diffractograms were acquired

in 2θ 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, a resolution of 4 cm-1, and 16 scans.
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XPS spectra were obtained with an XPS K-alpha ThermoScientific apparatus, which

operated with a non chromatized Mg K source (1253.6 eV). Palladium particle size

distribution was determined using the ImageJ software on at least 250 particles. The

palladium percentage results were measured using an iCAP 6300 ICP 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 IV, 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.

Issues

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

commercial support

4.2.1 Unsupported catalysts characterized by SEM, ICP-AES, and BET

4.2.1.1 Results obtained by SEM

The SEM micrographs from AlCoFeO4, NiFe2O4, CoFe2O4, and Cu0.1Ni0.9Co2O4

catalysts have showed a heterogeneous morphology for all them, forming flakes with

different sizes as shown in Figure 4.1.

Figure 4.1 SEM micrographs of unsupported catalysts. a) AlCoFeO4, b) NiFe2O4, c) CoFe2O4

and d) Cu0.1Ni0.9Co2O4.
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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 all them as

shown in Figure 4.2.

1

Figure 4.2 Contrasting analyses (a2, b2, c2, and d2) of unsupported catalysts. a1-a2) AlCoFeO4,

b1-b2) NiFe2O4, c1-c2) CoFe2O4 and d1-d2) Cu0.1Ni0.9Co2O4.
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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. a) AlCoFeO4, b) NiFe2O4, c) CoFe2O4 and d)

Cu0.1Ni0.9Co2O4.

Spectrum 1

Spectrum 1

Spectrum 6

Spectrum 2
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4.2.1.2 Results obtained 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 %

AlCoFeO4

Al 13.11 11.70
Co 28.64 27.75
Fe 27.14 25.70

NiFe2O4
Ni 25.04 25.42
Fe 47.65 49.14

CoFe2O4
Co 25.12 26.36
Fe 47.60 49.16

Cu0.1Ni0.9Co2O4

Cu 2.64 2.97
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 their

structures.

Table 4.3 BET results of unsupported catalysts.

Catalyst
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

AlCoFeO4 91 0.3 12.9

NiFe2O4 30 0.1 17.8

CoFe2O4 19 0.1 26.3

Cu0.1Ni0.9Co2O4 28 0.2 35.1
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4.2.2 FLG, FLG-COOH, FLGHT, and FLG-COOH HT characterized by TEM, HRTEM,

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

4.2.2.1 Results obtained 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-COOH, c) FLGHT, and d)

FLG-COOH HT.
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4.2.2.2 Results obtained by HRTEM

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

layers as shown in Figure 4.5.

Figure 4.5 HRTEM micrograph of FLG support.

4.2.2.3 Results obtained by microanalysis

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

FLG-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 Results obtained 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.

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 surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

FLG 36 0.2 24.9

FLG-COOH 50 0.2 16.8

FLGHT 74 0.3 16.2

FLG-COOH HT 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.

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.

Figure 4.8 XRD diffractograms of few layer graphene.
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4.2.2.8 Results obtained by IR

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.

Figure 4.9 IR spectra from few layer graphene supports.

4.2.2.9 Results obtained by XPS

The XPS spectra of few layer graphene presented a chemical composition equal to

100 % and the sp3/sp2 ratio for all them are summarized in Table 4.6.

Table 4.6 Chemical composition and sp3/sp2 ratio from XPS spectra for FLG supports.

Support
Elements sp3/sp2

C% O% N% S% ratio

FLG 99.1 0.9 0.0 0.0 0.3

FLG-COOH 96.2 3.8 0.0 0.0 0.3

FLGHT 99.2 0.8 0.0 0.0 0.3

FLG-COOH HT 99.0 1.0 0.0 0.0 0.3
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4.2.3 CNT, CNT-COOH, CNTHT, and CNT-COOH 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

morphological 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)

CNTHT, and d) CNT-COOH HT.



Chapter IV Results

108

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
CNTHT 96.2 0 0 0
CNT-COOH HT 97.6 0 0 0
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4.2.3.4 Results obtained 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.

Figure 4.12 TGA analyses of multi-walled carbon nanotubes.

4.2.3.5 Results obtained by BET

The BET results of multi-walled carbon nanotubes show high surface areas,

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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

CNT 152 2.6 68.6
CNT-COOH 220 1.2 22.2
CNTHT 166 2.7 65.4
CNT-COOH HT 251 1.4 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.

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.

Figure 4.14 XRD diffractograms of multi-walled carbon nanotubes.
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4.2.3.8 Results obtained by IR

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.

Figure 4.15 IR spectra of multi-walled carbon nanotubes.

4.2.3.9 Results obtained by XPS

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

composition equal to 100 % and the sp3/sp2 ratio for all them as summarized in Table 4.9.

Table 4.9 Chemical composition and sp3/sp2 ratio from XPS spectra for multi-walled carbon

nanotubes.

Support
Elements sp3/sp2

C% O% N% S% ratio

CNT 99.2 0.8 0.0 0.0 0.4

CNT-COOH 94.3 5.7 0.0 0.0 0.5

CNTHT 99.8 0.3 0.0 0.0 0.4
CNT-COOH HT 99.2 0.8 0.0 0.0 0.4
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4.2.4 N-CNT and N-CNTHT 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.

Figure 4.16 TEM micrographs of nitrogen doped multi-walled carbon nanotubes. a) N-CNT

and b) N-CNTHT.

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.

Figure 4.17 HRTEM micrograph 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.

Support
Elements

C% H% N% S%

N-CNT 92.3 0 2.95 0
N-CNTHT 95.6 0 1.65 0

4.2.4.4 Results obtained 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.

Figure 4.18 TGA analyses of nitrogen doped multi-walled carbon nanotubes.
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4.2.4.5 Results obtained 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

Table 4.11.

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

Support
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

N-CNT 183 2.7 59.7
N-CNTHT 168 2.5 58.9

4.2.4.6 Results obtained by Raman

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

structural order almost acceptable as shown in Figure 4.19.

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.

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.

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 sp3/sp2 ratio for all them as

summarized in Table 4.12.

Table 4.12 Chemical composition and sp3/sp2 ratio from XPS spectra for nitrogen doped multi-

walled carbon nanotubes.

Support
Elements sp3/sp2

C% O% N% S% ratio

N-CNT 96.7 1.7 1.7 0.0 0.5

N-CNTHT 97.7 0.8 1.5 0.0 0.5

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. [1]
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4.2.5 S1-CNT and S1-CNTHT characterized by TEM, microanalysis, TGA, BET,

Raman, XRPD, IR, and XPS

4.2.5.1 Results obtained by TEM

The TEM micrographs of sulphur1 doped multi-walled carbon nanotubes have

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

Figure 4.22 TEM micrographs of sulphur1 doped multi-walled carbon nanotubes. a) S1-CNT

and b) S1-CNTHT.

4.2.5.2 Results obtained by microanalysis

The Microanalysis results of sulphur1 doped multi-walled carbon nanotubes have

presented carbon and sulphur percentages up to 64% and 9% respectively as summarized in

Table 4.13.

Table 4.13 Microanalysis results of sulphur1 doped multi-walled carbon nanotubes.

Support
Elements

C% H% N% S%

S1-CNT 64.1 0 0 12.3
S1-CNTHT 67.1 0 0 9.55
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4.2.5.3 Results obtained by TGA

The TGA results of sulphur1 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.

Figure 4.23 TGA analyses of sulphur1 doped multi-walled carbon nanotubes.

4.2.5.4 Results obtained by BET

The BET results of sulphur1 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 sulphur1 doped multi-walled carbon nanotubes.

Support BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

S1-CNT 48 4.2 349.7

S1-CNTHT 79 0.4 18.3
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4.2.5.5 Results obtained by Raman

The Raman spectra of sulphur1 doped multi-walled carbon nanotubes exhibited a

high structural disorder as shown in Figure 4.24.

Figure 4.24 Raman spectra of sulphur1 doped multi-walled carbon nanotubes.

4.2.5.6 Results obtained by XRPD

The XRD diffractograms of sulphur1 doped multi-walled carbon nanotubes have

indicated presence of metal traces from catalyst as shown in Figure 4.25.

Figure 4.25 XRD diffractograms of sulphur1 doped multi-walled carbon nanotubes.
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4.2.5.7 Results obtained by IR

The IR spectrum of sulphur1 doped multi-walled carbon nanotubes have clearly

showed a C=S stretching and an S=O stretching from thiocarbonyl and sulfoxide

compounds respectively as shown in Figure 4.26.

Figure 4.26 IR spectra of sulphur1 doped multi-walled carbon nanotubes.

4.2.5.8 Results obtained by XPS

The XPS spectra of S1-CNT supports have presented two results:

1. The chemical composition up to 99% and sp3/sp2 ratio as summarized in Table 4.15.

Table 4.15 Chemical composition and sp3/sp2 ratio from XPS spectra for S1-CNT supports.

Support
Elements sp3/sp2

C% O% N% S% ratio
S1-CNT 91.4 5.2 0.0 2.8 0.5
S1-CNTHT 95.3 3.6 0.0 1.8 0.5

2. Sulphur species formed in S1-CNT.

Sulphur species were found in sulphur1 doped multi-walled carbon nanotubes: thiol

compounds, sulfoxide compounds, thioether functional groups, and sulphur oxides. [2]
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4.2.6 S2-CNT and S2-CNTHT characterized by TEM, HRTEM, microanalysis,

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

4.2.6.1 Results obtained by TEM

The TEM micrographs of sulphur2 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 sulphur2 doped multi-walled carbon nanotubes. a) S2-CNT

and b) S2-CNTHT.

4.2.6.2 Results obtained by HRTEM

The HRTEM micrograph of S2-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 S2-CNT support.



Chapter IV Results

122

4.2.6.3 Results obtained by microanalysis

The microanalysis results of sulphur2 doped multi-walled carbon nanotubes have

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

Table 4.16.

Table 4.16 Microanalysis results of sulphur1 doped multi-walled carbon nanotubes.

Support
Elements

C% H% N% S%

S2-CNT 78.6 0 0 5.0

S2-CNTHT 77.4 0 0 4.0

4.2.6.4 Results obtained by TGA

The TGA results of sulphur1 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.

Figure 4.29 TGA analyses of sulphur2 doped multi-walled carbon nanotubes.
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4.2.6.5 Results obtained by BET

The BET results of sulphur2 doped multi-walled carbon nanotubes have exposed

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

Table 4.17.

Table 4.17 BET results of sulphur2 doped multi-walled carbon nanotubes.

Support
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

S2-CNT 90 1.1 50.1
S2-CNTHT 116 0.6 19.4

4.2.6.6 Results obtained by Raman

The Raman spectra of sulphur2 doped multi-walled carbon nanotubes exhibited a

structural order acceptable as shown in Figure 4.30.

Figure 4.30 Raman spectra of sulphur2 doped multi-walled carbon nanotubes.
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4.2.6.7 Results obtained by XRPD

The XRD diffractograms of sulphur2 doped multi-walled carbon nanotubes have

indicated presence of metal traces from catalyst as shown in Figure 4.31.

Figure 4.31 XRD diffractograms of sulphur2 doped multi-walled carbon nanotubes.

4.2.6.8 Results obtained by IR

The IR spectrum of sulphur2 doped multi-walled carbon nanotubes have clearly

showed a C=S stretching and an S=O stretching from thiocarbonyl and sulfoxide

compounds respectively as shown in Figure 4.32.

Figure 4.32 IR spectra of sulphur2 doped multi-walled carbon nanotubes.
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4.2.6.9 Results obtained by XPS

The XPS spectra of S2-CNT supports have presented two results:

1. The chemical composition up to 99 % and the sp3/sp2 ratio for all them as

summarized in Table 4.18.

Table 4.18 Chemical composition and sp3/sp2 ratio from XPS spectra for S2-CNT supports.

Support
Elements sp3/sp2

C% O% N% S% ratio

S2-CNT 95.6 2.8 0.0 1.3 0.4
S2-CNTHT 96.7 1.8 0.0 1.1 0.4

2. Sulphur species formed in S2-CNT.

Sulphur species were found in sulphur2 doped multi-walled carbon nanotubes: thiol

compounds, sulfoxide compounds, thioether functional groups, and sulphur oxides. [2]

4.2.7 CNF, CNF-COOH, CNFHT, and CNF-COOH HT 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

to 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-COOH 95.7 0 0 0
CNFHT 97.9 0 0 0
CNF-COOH HT 98.4 0 0 0



Chapter IV Results

126

a)

d)c)

b)

4.2.7.2 Results obtained 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.

Figure 4.33 TEM micrographs of carbon nanofibers. a) CNF, b) CNF-COOH, c) CNFHT, 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 Results obtained 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.

Figure 4.35 TGA analyses of carbon nanofibers.
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4.2.7.5 Results obtained 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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

CNF 80 0.4 18.8

CNF-COOH 70 0.3 17.1

CNFHT 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.

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.

Figure 4.37 XRD diffractograms of carbon nanofibers.

4.2.7.8 Results obtained by IR

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

the carbonyl group from carboxylic acid groups as shown in Figure 4.38.

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 chemical composition

equal to 100 % and the sp3/sp2 ratio for all them as summarized in Table 4.21.

Table 4.21 Chemical composition and sp3/sp2 ratio from XPS spectra for carbon nanofibers.

Support
Elements sp3/sp2

C% O% N% S% ratio

CNF 98.5 1.5 0.0 0.0 0.5
CNF-COOH 93.4 6.6 0.0 0.0 0.5
CNFHT 97.7 2.3 0.0 0.0 0.5
CNF-COOH HT 98.6 1.1 0.0 0.0 0.4

4.2.8 sCNF, sCNF-COOH, sCNFHT, and sCNF-COOH 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-COOH 87.2 0 0 0
sCNFHT 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. a) sCNF, b) sCNF-COOH, c) sCNFHT,

and d) sCNF-COOH HT.
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4.2.8.3 Results obtained 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 sCNFHT support exhibited

remaining nickel, which is oxidized when finishing the analysis as shown in Figure 4.41.

Figure 4.41 TGA analyses of small carbon nanofibers.
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4.2.8.5 Results obtained by BET

The BET results of small carbon nanofibers have exposed high surface areas,

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

Table 4.23 BET results of small carbon nanofibers.

Support
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

sCNF 299 1.0 14.1
sCNF-COOH 296 1.0 13.1
sCNFHT 204 0.8 15.7
sCNF-COOH 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.

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 sCNFHT support exposed

remaining nickel from catalyst (peak at 45°) as shown in Figure 4.43.

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 slightly showed for those treated

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

Figure 4.44 IR spectra of small carbon nanofibers.
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4.2.8.9 Results obtained by XPS

The XPS spectra of small carbon nanofibers have presented the chemical

composition equal to 100 % and the sp3/sp2 ratio for all them as summarized in Table 4.24.

Table 4.24 Chemical composition and sp3/sp2 ratio from XPS spectra for small carbon

nanofibers.

Support
Elements sp3/sp2

C% O% N% S% ratio

sCNF 98.5 1.5 0.0 0.0 0.4
sCNF-COOH 93.8 6.2 0.0 0.0 0.5
sCNFHT 99.2 0.8 0.0 0.0 0.4
sCNF-COOH HT 98.6 1.4 0.0 0.0 0.4

4.2.9 FC, FC-COOH, FCHT, and FC-COOH 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
FCHT 97.2 0 0 0
FC-COOH HT 96.3 0 0 0
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a)

d)c)

b)

4.2.9.2 Results obtained 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. a) FC, b) FC-COOH, c) FCHT, and d) FC-COOH

HT.
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4.2.9.3 Results obtained 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 Results obtained 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.

Figure 4.47 TGA analyses of fibrous carbon.
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4.2.9.5 Results obtained 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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

FC 134 0.3 9.6
FC-COOH 173 0.4 9.0
FCHT 128 0.3 10.7
FC-COOH 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.

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.

Figure 4.49 XRD diffractograms of fibrous carbon.

4.2.9.8 Results obtained 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.

Figure 4.50 IR spectra of fibrous carbon.
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4.2.9.9 Results obtained by XPS

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

to 100 % and the sp3/sp2 ratio for all them as summarized in Table 4.27.

Table 4.27 Chemical composition and sp3/sp2 ratio from XPS spectra for fibrous carbon.

Support
Elements sp3/sp2

C% O% N% S% ratio

FC 93.4 6.6 0.0 0.0 0.7

FC-COOH 90.3 9.7 0.0 0.0 0.5

FCHT 88.3 11.7 0.0 0.0 1.2

FC-COOH HT 92.3 7.5 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 physical 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.



Chapter IV Results

145

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

Support
Elemental analysis XPS analysis Textural properties Crystallite properties

TGA
(°C)

TGA residue
(%)C

(%)
N

(%)
S

(%)
C

(%)
O

(%)
N

(%)
S

(%)
BET surface
area (m2 g-1)

Pore volume
(cm3 g-1)

d002

(nm)
LC(002)

(nm)
CNT 92.3 99.2 0.8 151 2.6 0.3444 4.20 628 6.6
CNTHT 96.2 99.8 0.3 165 2.7 0.3446 4.57 663 5.5
CNTCOOH 90.4 94.3 5.7 220 1.2 0.3407 4.48 640 1.3
CNTCOOH-HT 97.6 99.2 0.8 251 2.7 0.3427 3.81 630 1.1
N-CNT 92.3 2.95 96.7 1.7 1.7 182 2.7 0.3436 4.25 542 7.4
N-CNTHT 95.6 1.65 97.7 0.8 1.5 168 2.4 0.3379 4.14 505 6.6
S1-CNT 64.1 12.3 91.4 5.2 2.8 48 4.1 0.3450 3.28 530 34.1
S1-CNTHT 67.1 9.55 95.3 3.6 1.8 79 0.4 0.3428 4.19 525 25.9
S2-CNT 78.6 5.0 95.6 2.8 1.3 90 1.1 0.3422 5.75 610 18.7
S2-CNTHT 77.4 4.0 96.7 1.8 1.1 116 0.6 0.3423 5.23 614 15.9
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 2.5
FLGCOOH 97.1 96.2 3.8 51 0.2 0.3393 10.34 724 2.5
FLGCOOH-HT 98.7 99.0 1.0 71 0.3 0.3396 10.48 719 1.3
FC 97.2 93.4 6.6 134 0.3 0.3401 6.38 577 9.9
FCHT 97.2 88.3 11.7 128 0.3 0.3398 5.77 608 2.3
FCCOOH 86.3 90.3 9.7 215 0.4 0.3375 6.71 575 0.8
FCCOOH-HT 96.3 92.3 7.5 214 0.4 0.3361 5.81 595 2.3
CNF 97.9 98.5 1.5 80 0.4 0.3444 4.49 530 7.5
CNFHT 97.9 97.7 2.3 95 0.4 0.3424 4.36 577 6.6
CNFCOOH 95.7 93.4 6.6 71 0.3 0.3434 4.64 538 2.5
CNFCOOH-HT 98.4 98.6 1.1 71 0.3 0.3446 5.00 566 1.4
sCNF 92.7 98.5 1.5 299 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 93.8 6.2 296 1.0 0.3397 2.94 549 3.5
sCNFCOOH-HT 96.6 98.6 1.4 296 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 C1s peak from

deconvolution are summarized in Table 4.29.

Table 4.29 C1s peak deconvolution assignments.

XPS analysis – C1s peak

I II III IV V VI VII

Vacancies
283.5-283.9 eV

C=C (sp2)
284.6 eV

C-C (sp3)
285.1-285.2 eV

OH, C-O
286.0-286.2 eV

C=O
287.3-287.5 eV

COOH, lactone
288.4-289.2 eV

π-π* shake up
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.

Supports
Raman analysis XPS analysis – C1s peak

ID/IG IG’/IG IG’/ID
LD

(nm)
FWHM

(eV) I II III IV V VI VII

CNT 0.87 0.59 0.43 12.8 0.69 2.4 48.5 18.1 9.8 8.1 3.0 10.1
CNTHT 0.79 0.79 0.67 13.5 0.69 1.5 50.5 17.7 11.1 6.6 3.4 9.3
CNTCOOH 1.01 0.83 0.59 11.9 0.69 1.3 45.9 20.0 10.5 7.9 5.5 8.9
CNTCOOH-HT 1.03 0.99 0.67 11.8 0.68 1.5 50.3 19.8 8.0 8.0 3.6 8.8
N-CNT 1.02 0.17 0.22 11.8 0.79 2.4 43.9 20.4 12.1 8.4 3.9 8.8
N-CNTHT 0.95 0.19 0.23 12.3 0.82 1.5 45.6 20.3 12.0 7.6 3.5 9.4
S1-CNT 1.12 0.07 0.15 11.3 0.80 1.3 47.7 18.3 10.7 7.6 4.6 7.6
S1-CNTHT 1.14 0.10 0.15 11.2 0.78 1.5 45.8 19.8 9.3 8.8 3.7 8.5
S2-CNT 0.99 0.72 0.81 12.1 0.70 3.1 48.6 18.6 9.5 8.1 3.8 8.4
S2-CNTHT 0.58 1.04 1.30 15.8 0.71 2.3 49.5 18.7 9.2 7.8 4.0 8.7
FLG 0.61 1.17 1.21 15.4 0.66 1.1 54.1 15.5 10.3 6.5 4.0 8.3
FLGHT 0.53 1.22 1.33 16.5 0.66 1.0 53.8 16.6 9.4 6.9 5.0 9.3
FLGCOOH 0.64 1.06 1.04 15.0 0.67 1.0 52.5 16.2 10.7 7.1 5.9 9.1
FLGCOOH-HT 0.63 1.00 1.01 14.9 0.65 1.0 53.6 16.6 10.0 6.8 4.1 8.1
FC 1.49 0.20 0.24 9.8 0.75 2.4 38.8 26.1 13.6 7.0 4.3 6.0
FCHT 1.63 0.24 0.23 9.4 0.76 3.0 32.3 36.2 12.4 4.8 3.9 4.5
FCCOOH 1.41 0.27 0.26 10.1 0.74 1.7 44.3 20.2 10.4 8.3 5.8 9.2
FCCOOH-HT 1.65 0.18 0.28 9.3 0.76 1.6 38.5 30.7 10.8 6.4 5.8 6.9
CNF 1.30 0.32 0.13 10.5 0.76 4.8 46.3 18.7 9.4 8.4 4.0 8.3
CNFHT 1.15 0.18 0.15 11.2 0.79 2.6 46.7 22.4 10.3 4.9 2.9 8.0
CNFCOOH 1.24 0.26 0.18 10.7 0.74 4.2 43.3 18.5 11.4 8.0 3.4 8.7
CNFCOOH-HT 1.26 0.45 0.14 10.7 0.77 2.9 48.6 18.3 10.0 7.6 3.7 8.5
sCNF 1.12 0.39 0.38 11.3 0.76 2.7 47.8 18.2 10.1 7.9 6.0 9.0
sCNFHT 1.30 0.24 0.22 10.5 0.77 2.4 48.7 18.8 9.3 7.3 6.8 9.5
sCNFCOOH 1.10 0.12 0.23 11.4 0.76 2.0 44.3 19.2 11.5 8.2 6.0 9.0
sCNFCOOH-HT 1.20 0.31 0.27 10.9 0.75 2.5 48.9 17.3 12.7 2.9 5.0 9.9
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a) b)

4.2.11 Commercial SiO2-Al2O3 and Al2O3 characterized by SEM, TEM and BET

4.2.11.1 Commercial alumina (Al2O3)

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.

Figure 4.51 TEM micrographs of alumina. Scale bar: a) 500 nm and b) 100 nm.

4.2.11.1.2 Results obtained 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.

Support BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Al2O3 194 0.4 7.7
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a2)a1)

4.2.11.2 Commercial silica-alumina (SiO2-Al2O3)

4.2.11.2.1 Results obtained by SEM

The SEM micrographs of silica-alumina have shown a homogeneous morphology,

forming spheres with different sizes as shown in Figure 4.52.

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

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 (a2) of silica-alumina. a1-a2) SiO2-Al2O3.

b)

15 μm

a)
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Finally, 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 Results obtained 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.

Support BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

SiO2-Al2O3 485 0.7 5.5

Spectrum 2
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a)

c)

b)

d)

4.3 Characterization results of palladium catalysts

4.3.1 Palladium catalysts supported on FLG, FLG-COOH, FLGHT, and FLG-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

0.1 to 7.0 nm as shown in Figure 4.55.

Figure 4.55 TEM micrographs of palladium catalysts supported on few layer graphene. a)

Pd/FLG, b) Pd/FLG-COOH, c) Pd/FLGHT, and d) Pd/FLG-COOH HT.

d = 3.35 ± 2.90 nm d = 2.60 ± 1.58 nm

d = 2.53 ± 1.89 nm d = 2.85 ± 2.75 nm



Chapter IV Results

151

4.3.1.2 Results obtained 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.

Figure 4.56 XRD diffractograms of palladium catalysts supported on few layer graphene.

4.3.1.3 Results obtained 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.

Catalyst
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

Pd/FLG 43 0.3 26.5
Pd/FLG-COOH 54 0.3 20.2
Pd/FLGHT 85 0.4 18.6
Pd/FLG-COOH HT 80 0.4 20.2
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4.3.1.4 Results obtained 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-COOH Pd 2 1.87

Pd/FLGHT Pd 2 1.66

Pd/FLG-COOH HT Pd 2 1.51
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a)

d)c)

b)

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 palladium dispersion and a palladium particle size

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

Figure 4.57 TEM micrographs of palladium catalysts supported on multi-walled carbon

nanotubes. a) Pd/CNT, b) Pd/CNT-COOH, c) Pd/CNTHT, and d) Pd/CNT-COOH HT.

d = 2.25 ± 1.16 nm d = 2.17 ± 1.10 nm

d = 3.16 ± 3.01 nm d = 2.14 ± 1.45 nm
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4.3.2.2 Results obtained by XRPD

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.

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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

Pd/CNT 158 2.8 71.9
Pd/CNT-COOH 232 2.9 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 theoretical 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/CNTHT Pd 2 1.60

Pd/CNT-COOH HT Pd 2 1.89
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4.3.3 Palladium catalysts supported on N-CNT and N-CNTHT characterized by

TEM, ICP-AES, XRPD, and BET

4.3.3.1 Results obtained 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.

Figure 4.59 TEM micrographs of palladium catalysts supported on nitrogen doped multi-walled

carbon nanotubes. a) Pd/N-CNT and b) Pd/N-CNTHT.

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 1.81
Pd/N-CNTHT Pd 2 1.14

d = 2.11 ± 0.88 nm d = 1.87 ± 1.77 nm
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4.3.3.3 Results obtained by XRPD

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

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

in Figure 4.60.

Figure 4.60 XRD diffractograms of palladium catalysts supported on nitrogen doped multi-

walled carbon nanotubes.

4.3.3.4 Results obtained 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.

Catalyst BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Pd/N-CNT 166 3.3 79.1
Pd/N-CNTHT 195 3.1 63.9
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4.3.4 Palladium catalysts supported on S1-CNT and S1-CNTHT characterized by

TEM, ICP-AES, XRPD, and BET

4.3.4.1 Results obtained by TEM

The TEM micrographs of palladium catalysts supported on sulphur1 doped multi-

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.

Figure 4.61 TEM micrographs of palladium catalysts supported on sulphur1 doped multi-walled

carbon nanotubes. a) Pd/S1-CNT and b) Pd/S1-CNTHT.

4.3.4.2 Results obtained by ICP-AES

The ICP-AES results of palladium catalysts supported on sulphur1 doped multi-

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/S1-CNT catalysts.

Catalyst Element Theoretical % Experimental %

Pd/S1-CNT Pd 2 1.82
Pd/S1-CNTHT Pd 2 0.94

d = 1.84 ± 0.69 nm d = 2.62 ± 2.52 nm
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4.3.4.3 Results obtained by XRPD

The XRD diffractograms of palladium catalysts supported on sulphur1 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.

Figure 4.62 XRD diffractograms of palladium catalysts supported on sulphur1 doped multi-

walled carbon nanotubes.

4.3.4.4 Results obtained by BET

The BET results of palladium catalysts supported on sulphur1 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 sulphur1 doped multi-walled carbon

nanotubes.

Catalyst BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Pd/S1-CNT 50 0.2 20.3
Pd/S1-CNTHT 50 0.3 23.7
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4.3.5 Palladium catalysts supported on S2-CNT and S2-CNTHT characterized by

TEM, ICP-AES, XRPD, and BET

4.3.5.1 Results obtained by TEM

The TEM micrographs of palladium catalysts supported on sulphur2 doped multi-

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.

Figure 4.63 TEM micrographs of palladium catalysts supported on sulphur2 doped multi-walled

carbon nanotubes. a) Pd/S2-CNT and b) Pd/S2-CNTHT.

4.3.5.2 Results obtained by ICP-AES

The ICP-AES results of palladium catalysts supported on sulphur2 doped multi-

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/S2-CNT catalysts.

Catalyst Element Theoretical % Experimental %

Pd/S2-CNT Pd 2 1.70
Pd/S2-CNTHT Pd 2 1.45

d = 1.78 ± 0.78 nm d = 1.79 ± 0.90 nm
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4.3.5.3 Results obtained by XRPD

The XRD diffractograms of palladium catalysts supported on sulphur2 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.

Figure 4.64 XRD diffractograms of palladium catalysts supported on sulphur2 doped multi-

walled carbon nanotubes.

4.3.5.4 Results obtained by BET

The BET results of palladium catalysts supported on sulphur2 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 sulphur2 doped multi-walled carbon

nanotubes.

Catalyst BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Pd/S2-CNT 97 1.3 52.9
Pd/S2-CNTHT 85 0.7 32.2
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a)

d)c)
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4.3.6 Palladium catalysts supported on CNF, CNF-COOH, CNFHT, 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.

Figure 4.65 TEM micrographs of palladium catalysts supported on carbon nanofibers. a)

Pd/CNF, b) Pd/CNF-COOH, c) Pd/CNFHT, and d) Pd/CNF-COOH HT.

d = 2.02 ± 1.21 nm d = 1.57 ± 0.94 nm

d = 2.12 ± 2.02 nm d = 1.86 ± 1.37 nm
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4.3.6.2 Results obtained by XRPD

The XRD diffractograms of palladium catalysts supported on carbon nanofibers

have clearly indicated the presence of palladium metal as shown in Figure 4.66.

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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

Pd/CNF 104 0.4 17.4
Pd/CNF-COOH 82 0.4 19.6
Pd/CNFHT 67 0.4 25.5
Pd/CNF-COOH HT 71 0.4 22.1
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4.3.6.4 Results obtained by ICP-AES

The ICP-AES results of palladium 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 ICP-AES results of palladium catalysts supported on carbon nanofibers.

Catalyst Element Theoretical % Experimental %

Pd/CNF Pd 2 1.65

Pd/CNF-COOH Pd 2 1.70

Pd/CNFHT Pd 2 1.18

Pd/CNF-COOH HT Pd 2 1.41
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d)c)
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4.3.7 Palladium catalysts supported on sCNF, sCNF-COOH, sCNFHT, and sCNF-COOH

HT characterized by TEM, XRPD, BET, and ICP-AES

4.3.7.1 Results obtained by TEM

The TEM micrographs of palladium catalysts 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.

Figure 4.67 TEM micrographs of palladium catalysts supported on small carbon nanofibers. a)

Pd/sCNF, b) Pd/sCNF-COOH, c) Pd/sCNFHT, and d) Pd/sCNF-COOH HT.

d = 2.54 ± 2.08 nm d = 1.49 ± 0.69 nm

d = 1.34 ± 1.11 nm d = 1.71 ± 1.61 nm
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4.3.7.2 Results obtained by XRPD

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.

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 surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

Pd/sCNF 465 1.9 16.2
Pd/sCNF-COOH 392 1.4 14.4
Pd/sCNFHT 285 1.1 15.9
Pd/sCNF-COOH 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-COOH Pd 2 1.69

Pd/sCNFHT Pd 2 0.97

Pd/sCNF-COOH HT Pd 2 1.31
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a)

d)c)

b)

4.3.8 Palladium catalysts supported on FC, FC-COOH, FCHT, and FC-COOH 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.

Figure 4.69 TEM micrographs of palladium catalysts supported on fibrous carbons. a) Pd/FC,

b) Pd/FC-COOH, c) Pd/FCHT, and d) Pd/FC-COOH HT.

d = 3.23 ± 3.13 nm d = 3.88 ± 3.45 nm

d = 1.82 ± 1.05 nm d = 2.49 ± 2.39 nm
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4.3.8.2 Results obtained by XRPD

The XRD diffractograms of palladium catalysts supported on fibrous carbons have

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

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 surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Pd/FC 140 0.4 11.7
Pd/FC-COOH 186 0.4 9.6
Pd/FCHT 138 0.5 13.8
Pd/FC-COOH HT 232 0.5 9.3
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4.3.8.4 Results obtained 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/FCHT Pd 2 1.49

Pd/FC-COOH HT Pd 2 1.61

4.3.9 Characterization data of all palladium catalysts

As shown above, all palladium catalysts were characterized by advanced

characterization techniques, which have provided specific information that has allowed

knowing the physical and chemical properties of palladium 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.
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Table 4.49 Characterization data of palladium catalysts.

Catalyst Pd
(%)

BET surface area
(m2 g-1)

Particle sizea)

(nm)
Particle sizee)

(nm)
Pd/CNT 1.60 158 2.2 ± 1.1 4.7
Pd/CNTHT 1.60 146 3.1 ± 3.0 11.2
Pd/CNT-COOH 2.04 232 2.2 ± 1.1 -
Pd/CNT-COOH HT 1.89 203 2.1 ± 1.4 10.9
Pd/N-CNT 1.81 166 2.1 ± 0.9 -
Pd/N-CNTHT 1.14 194 1.9 ± 1.8 12.0
Pd/S1-CNT 1.82 50 1.8 ± 0.7 -
Pd/S1-CNTHT 0.94 50 2.6 ± 2.5 -
Pd/S2-CNT 1.70 97 1.8 ± 0.8 -
Pd/S2-CNTHT 1.45 85 1.8 ± 0.9 -
Pd/FLG 1.76 43 3.3 ± 2.9 7.4
Pd/FLGHT 1.66 84 2.5 ± 1.9 -
Pd/FLG-COOH 1.87 50 2.6 ± 1.6 -
Pd/FLG-COOH HT 1.51 79 2.8 ± 2.7 13.2
Pd/FC 1.50 140 3.2 ± 3.1b) 6.3
Pd/FCHT 1.49 138 1.8 ± 1.0 -
Pd/FC-COOH 2.05 186 3.9 ± 3.4c) 10.7
Pd/FC-COOH HT 1.61 231 2.5 ± 2.4d) 9.4
Pd/CNF 1.65 104 2.0 ± 1.2 12.6
Pd/CNFHT 1.18 67 2.1 ± 2.0 -
Pd/CNF-COOH 1.70 82 1.6 ± 0.9 12.2
Pd/CNF-COOH HT 1.41 71 1.9 ± 1.4 15.7
Pd/sCNF 1.71 465 2.5 ± 2.1 13.4
Pd/sCNFHT 0.97 285 1.3 ± 1.1 12.1
Pd/sCNF-COOH 1.69 392 1.5 ± 0.7 -
Pd/sCNF-COOH HT 1.31 305 1.7 ± 1.6 12.6

a)  From   TEM.   b)  bimodal:   1.8  ±  1.2   and   8.7  ±  3.0   nm.   c)  bimodal:   1.5  ±  0.4   and   7.9  ±  2.4  nm.
d)  bimodal:   1.2  ±  0.5   and   6.1  ±  4.3 nm. e) From XRD.
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4.3.10 Palladium catalysts supported on SiO2-Al2O3 characterized by ICP-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-Al2O3 nc Pd 2 1.91
Pd/SiO2-Al2O3 c Pd 2 1.73

nc = no calcination. c = 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

5 to 13 nm as shown in Figure 4.71.

Figure 4.71 TEM micrographs of palladium catalysts supported on silica-alumina. a)Pd/SiO2-

Al2O3 nc and b)Pd/SiO2-Al2O3 c. nc = no calcination. c = calcination (In air at 430 °C for 2 h).

d = 6.63 ± 1.49 nm d = 10.19 ± 1.95 nm
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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.

Catalyst
BET surface area

(m2 g-1)
Pore volume

(cm3 g-1)
Pore diameter

(nm)

Pd/SiO2-Al2O3 nc 495 0.7 5.7

Pd/SiO2-Al2O3 c 558 0.8 5.8

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

4.3.11 Nickel catalyst supported on Al2O3 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/Al2O3 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: a) 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.

Catalyst BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Ni/Al2O3 186 0.3 6.9

Ni particles

a) b)
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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 chemical reaction, and optimization of

the reaction conditions using the best catalyst.
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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 catalysis, the

catalyst plays a significant role in a chemical 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 all results

obtained from our carbon supports and palladium catalysts 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 Table 5.1.

Table 5.1 Main issues of Chapter V.

Issues

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 Understanding 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 analyses (see Figure 4.2)

performed on AlCoFeO4, NiFe2O4, CoFe2O4, and Cu0.1Ni0.9Co2O4 catalysts, they have

revealed same chemical composition everywhere for all them. This means that carbon

nanomaterials uniformly growth on all catalyst surface, obtaining well-shaped carbon

structures and high yield performances. Furthermore, the chemical composition of the

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

5.2.2 Morphology of carbon materials by 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, allowing 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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g)

f)e)

d)c)

b)a)

h)

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. a) FLG, b) CNT, c) N-CNT, d) S1-CNT,

e) S2-CNT, f) CNF, g) sCNF, and h) FC. Scale bar for all micrographs: 100 nm.



Chapter V Discussion

180
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c)

e) f)

d)

Besides, 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 S2-CNT present graphene layers in parallel 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. a) CNT (scale bar 5 nm), b) S2-CNT

(scale bar 20 nm), c) N-CNT (scale bar 10 nm), d) CNF (scale bar 10 nm), e) sCNF (scale bar

10 nm), and f) FC (scale bar 5 nm). Red line: Filament axis. Yellow line: Graphene layer.
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a) b)

c) d)

Also, the N-CNT (bamboo structures), S1-CNT (branched tube structures), and S2-

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, c) S1-CNT, and d) S2-

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-COOH are showed in

Figure 5.4.

Figure 5.4 HRTEM micrograph of CNT-COOH. 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. [3]

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

[4]). 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. [5] The CNF

surfaces with or without a dual-wall structure are shown in Figure 5.6.

open edge

close edge
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Figure 5.6 TEM micrographs of a) CNF without a dual-wall structure (scale bar 50 nm), b)

CNF without a dual-wall structure (scale bar 10 nm), c) CNF with a dual-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 external diameter of 15 nm and an

internal diameter of 7 nm. The tubes are made up of 5-10 graphene layers. N-CNT, [6] S1-

CNT and S2-CNT [7] have mean external diameters of 18, 15, and 50 nm, respectively. The

different diameters between S1-CNT and S2-CNT come from their preparation method (see

Chapter III: 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 μm2;

the number of graphene layers ranged between 5 and 20. [8]
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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 S1-CNT

and S2-CNT (see Table 4.13 and 4.16), which contain significant amounts of residual

catalyst. This should be connected to the slow growth of these kinds of nanotubes. [7]

5.2.4 Effect of nitric acid oxidation in carbon materials by 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 residual catalyst is shown in Figure

5.7.

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 HNO3 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 S in the carbon structure via doping, results in 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 results in an

increased stability of the materials, as shown by the TGA analyses. This increased stability

of the materials is shown in Figure 5.8.

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 CNTs); so for these materials

the surface reconstruction does not provide a less 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

cm3.g-1 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 m2 g-1 (see Table 4.28). Their N2

adsorption isotherms are typical of IV. The lowest surface area was measured for FLG (40

m2 g-1), and the highest for sCNF-COOH (296 m2 g-1). At the exception of CNF, the HNO3

treatment generally results in an increase of the SBET. A little change in surface area was

also observed by Pittman et al. by N2 BET for vapor-grown carbon nanofibers, [9]

confirming our findings. For CNTs, SBET increases after HNO3 treatments have already

been reported, which are associate to tube tips opening. [10] The high temperature treatment

induces different effects on the SBET, according to the materials. For CNTs, FLG, and CNF

a slight increase in SBET 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. [11]

Interestingly, materials such as CNF, sCNF 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 SBET 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. [12-14] A decrease of CNF SBET after heat-

treatment has already been observed, [15, 16] 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 parameters on carbon materials combined with XRD

analysis

The d002 graphene interlayer distance and the average stacking height parallel to the

fiber axis, Lc, as found from XRD are shown in Table 4.28. The highest intensity of the

graphite (002) peak (2θ = 26°) and thereby d002 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 Lc can be correlated with a higher SBET and a higher reactivity

(lower decomposition temperature in air oxidation) of the materials (see Figure 5.9).

Similar tendencies were reported for carbon blacks [17] and carbon fibers. [18]

a)
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Figure 5.9 Evolution of: a) SBET and b) Decomposition temperature (from TGA) for the carbon

materials with the Lc 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. [19,

20] In 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 biaxial strain, as they do not manifest as defect band (D band).

Furthermore, the defects caused by surface functional groups also 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. [21] The presence of defects and functional groups in these

materials introduce new peaks and alter the peak position and line width of C1s peak.

b)
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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 I at around 283.7 eV 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. [22-24] The peak II at 284.6 eV, represents sp2 C−C

bonds in the regions containing only unmodified C rings at the surface or in deeper layers.

The peak III at 285.1-285.2 eV was assigned to sp3 carbon species. [25] The peaks at 286.0-

286.2 (IV), 287.3-287.5 (V) and 288.4-289.2 eV (VI), correspond to carbon atoms attached

to different oxygen-containing moieties. [26, 27] Finally, the π–π∗ transition loss peak was

detected at 290.6-291.2 eV; it typically comprised 15-18 % of the total sp2 signal. The full

width at half-maximum (FWHM) of the C1s peak has been used to assess the graphitic

nature of carbons, with a larger FWHM corresponding to a more disordered structure. [28]

A reasonable correlation was observed between the Lc (from XRD) and the FWHM

as shown in Figure 5.10.

Figure 5.10 Evolution of the FWHM from XPS C1s peak and the Lc from XRD.
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Raman spectroscopy was also used to evaluate the degree of structural order of the

different carbon materials. It is complementary to XRD although it has the advantage of

surface specificity, thus allowing 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 (ID) at ∼1380 cm−1, attributed to the defects of the graphitic structure, and the

G band (IG) at ∼1580 cm−1, 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 ID/IG 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 a three-dimensional nature.

Disorder is also 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 inelastic phonon. [29, 30] Finally, another

parameter measurable by Raman spectroscopy, which is relevant to catalyst preparation is

the LD; LD is a typical inter-defect distance, with the defect being a point-like (zero-

dimensional) structure. [31] Correlations between the LC and the Raman parameters are

showed in Figure 5.11.
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Figure 5.11 Evolution of Lc from XRD with Raman parameters: a) ID/IG, b) LD, c) IG’/ID, and d)

IG’/IG.

a)
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a)

b)

c)

The best correlations were obtained based on LD and IG’/IG. 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 IG’/IG

and the FWHM of the C1s peak of the sp2 carbon as shown in Figure 5.12.
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d)

a)

b)

Figure 5.12 Evolution of the FWHM of the C1s sp2 carbon peak from XPS with Raman

parameters: a) ID/IG, b) LD, c) IG’/ID, and d) IG’/IG.

And, between the ID/IG and the % of sp2 carbon from XPS as shown in Figure 5.13.
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c)

d)

Figure 5.13 Evolution of the % of sp2 carbon from XPS with Raman parameters: a) ID/IG, b) LD,

c) IG’/ID, and d) IG’/IG.

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 materials investigated. Figure 5.14 shows the classification of

the supports according to Raman and XPS parameters.
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Figure 5.14 Carbon supports classified according to: a) sp2/sp3 carbon ratio from XPS and ID/IG

from Raman, b) % of sp2 carbon from XPS and LD from Raman, c) IG’/IG from Raman and the

FWHM of the C1s peak from XPS, and d) IG’/ID from Raman and the FWHM of the C1s peak

from XPS.

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 ID/IG or sp3/sp2 ratio) and a relatively large LD, 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 IG’/IG (or IG’/ID) and FWHM parameters. From this figure, it

is clear that FLG, pristine CNT and S2-CNT present very different characteristics than the

other materials. On these carbon supports, significantly higher extent of long range order is

expected. This long range order has a significant influence on the resistance of the materials

towards air oxidation; indeed we find a very good correlation between the IG’/IG (or IG’/ID)

or FWHM values and the decomposition temperature obtained during the TGA experiments

as shown in Figure 5.15.
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a)

c)

b)
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d)

b)

a)

Figure 5.15 Evolution of the decomposition temperature of carbon materials (from TGA) with:

a-b) the IG’/IG, and c-d) the FWHM of the C1s peak from XPS.

Such correlations were not so good if we consider parameters such as the LC (from

XRD), the ID/IG or the LD values as shown in Figure 5.16.
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c)

a)

Figure 5.16 Evolution of the decomposition temperature of carbon materials (from TGA) with:

a) the LC, b) the ID/IG, and c) the LD.

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 π electrons

of basal planes of graphene layers could act as Lewis bases. [28, 32, 33]

5.2.9 Effect of high temperature treatment in carbon materials by XPS and Raman

analyses

We have already 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 ID/IG, IG’/IG or the

amount of sp2 carbon from XPS.
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c)

b)

Figure 5.17 Influence of the high temperature treatment on: a) ID/IG, b) IG’/IG, and c) % of sp2

carbon from XPS.

The general tendency is indeed a decrease of the ID/IG ratio and an increase of the

amount of sp2 carbon and long range order (IG’/IG) 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 sp2 carbon detected by XPS

decreases significantly after the heat-treatment, with concomitant increase of the sp3

carbon, and the ID/IG ratio increases as shown in Figure 5.18.
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a)

b)

Figure 5.18 Influence of the high temperature treatment on: a) % of sp2 carbon from XPS and

b) ID/IG.

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 sp2 and sp3, like in fullerene (C60) for which a

2.28 hybridization has been estimated. [34] 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 axis that is different: 26°, 40° and 90° for CNF, sCNF, 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 this angle is,

the higher is the reactivity. [1]

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

HNO3 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 C1s XPS spectra (OH, C-O

containing groups) that increases. The nitric acid functionalization of CNF has already been

studied in the literature. [35, 36] Upon treatment at room temperature, an increase of the

carboxylic groups has been reported; [35] whereas with increasing temperature and process

duration, the yield of functionalization products decreases, and their concentration

(“solubility”) in the aqueous dispersion increases. [36] 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 ID/IG values and a decrease of the LD values, which is consistent with an

increase of the disorder in these materials upon oxidation (see Figure 5.19b-c). Such a

phenomenon has already been reported in the literature. [2, 37]
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a)

b)

c)

An opposite evolution was observed for the supports showing a low basal- to “non-

basal-plane” ratio. A decrease of the ID/IG ratio upon nitric acid oxidation of CNF has

already been reported. [38]

Figure 5.19 Influence of the nitric acid oxidation on: a) the peak VI of the C1s XPS spectrum

(carboxylic acid and lactone groups), b) ID/IG, and c) LD.
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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 alignment of hexagonal planes to be more

graphitic, because a nano-sized loop end must suffer some reactivity. [39]

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 ID/IG ratio, different inter-defect distances

(LD) or different long range order illustrated by different IG’/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 also an important parameter that could affect metal dispersion, as

discussed in next paragraphs.

5.3 Understanding 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 III: 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 III: Methodology, section: 3.9.1). Figure 5.20a clearly shows as the

palladium loading varied between all 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.



Chapter V Discussion

206

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 previously 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 all them. Among the most important characteristics from carbon

supports for considering in the final 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).



Chapter V Discussion

207

a)

b)

c)

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.



Chapter V Discussion

208

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 catalysts 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 palladium 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 all 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 palladium 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-COOH and Pd/sCNF-

COOH catalysts, which have displayed lower specific surface areas compared to Pd/CNF and

Pd/sCNF catalysts (see Figure 5.21c).
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b)

c)

a)

Figure 5.21 Influence of nitric acid oxidation 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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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 changes in

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 catalysts supported on heat-treated

carbon materials compared to the palladium catalysts supported on pristine carbon

materials, wherever smaller palladium particle sizes were produced in those palladium

catalysts supported on heat-treatment carbon materials, except for Pd/CNTHT and

Pd/CNFHT catalysts, which present larger palladium particle sizes compared to Pd/CNT and

Pd/CNF catalysts.

Along with the palladium loading, and palladium particle size, the specific surface

area is also 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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a)

b)

c)

Figure 5.22 Influence of high temperature treatment 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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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 also

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/S1-CNT and Pd/S2-CNT catalysts

(see Figure 5.23c).
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a)

b)

c)

Figure 5.23 Influence of heteroatoms 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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a)

5.3.5 Influence of edges (defects) on palladium loading, palladium particle size,

and specific surface area for 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 palladium loading is

observed for all 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 Pd/FLG catalyst (see Figure 5.24b-c and 5.26).
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b)

c)

Figure 5.24 Influence of edges (defects) 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.

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 palladium 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 also 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.

Figure 5.26 Evolution of BET surface area (from Physisorption) for the palladium catalysts

with the palladium particle size (from TEM).



Chapter V Discussion

217

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 special information,

which is considered to select the best catalyst.

Figure 5.27 shows palladium loading, palladium particle size, and specific surface

area from 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, Pd/FC-COOH, and Pd/sCNF-

COOH catalysts exhibit high palladium loading, moderate palladium particle sizes, and large

specific surface areas.

Figure 5.27 Palladium loading, palladium particle size, and BET surface area on the catalysts.
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c)b
)

a)

Considering the selected palladium catalysts, HRTEM analyses were performed.

HRTEM micrographs made on the Pd/CNT-COOH, Pd/FC-COOH, and Pd/sCNF-COOH catalysts

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

Figure 5.28 HRTEM micrographs performed on: a) Pd/CNT-COOH, b) Pd/FC-COOH, and c)

Pd/sCNF-COOH. 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 palladium catalyst under the best reaction conditions as discussed next

Chapter VI: 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, all palladium 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 VI: Catalytic tests, the

main issues are summarized in Table 6.1.

Table 6.1 Main issues of Chapter VI.

Issues

6.2 Reactants

6.3 Aerobic 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 catalytic tests

6.7 Optimization of reaction conditions

6.8 Results obtained from aerobic ethanol oxidation using all Pd catalysts

6.9 Recycling tests using the best Pd catalyst

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%, C2H6O), diethyl

ether (>99.8%, C4H10O), ethyl acetate (>99.5, C4H8O2), acetaldehyde (99.5%, C2H4O),

acetic acid (>99.8%, C2H4O2), acetonitrile (>99.9%, C2H3N), toluene (>99.7%, C7H8),

acetone (>99.5%, C3H6O), palladium (II) nitrate dihydrate (~40% Pd basis, PdN2O6 2H2O),

gold (I) chloride (97%, AuCl3), cobalt (II) nitrate hexahydrate (99%, CoN2O6 6H2O),

ruthenium (III) nitrosyl nitrate, solution [1.5% Ru, Ru(NO)(NO3)3], nitrogen (99.999%,

N2), and hydrogen (99.999% H2) were used to prepare the bimetallic 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 chemical 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. [1] Gold, [2]

ruthenium, [3] and palladium [4] supported catalysts 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 taxes in

this process.

Scheme 6.1 shows a possible pathway for ethanol oxidation to acetic acid. [5] 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.

Scheme 6.2 A reaction mechanism for ethanol oxidation to acetic acid.
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6.5 Review of reaction conditions for ethanol oxidation to acetic acid

A detailed review of reaction conditions for ethanol oxidation to acetic acid was

performed before starting the catalytic tests. The following information allowed identifying

the better reaction conditions to carry out the ethanol oxidation catalyzed by our palladium

catalysts 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/TiO2 was 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% Au/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 all 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. [6] At 40 wt% initial

ethanol concentration, ethyl acetate is the major 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. [7]

Another study revealed that palladium and platinum catalysts have received

attention as catalysts for ethanol oxidation.[8] The catalytic oxidation of alcohols with air

has also attracted significant attention as a “green” reaction.[9] Among the heterogeneous

catalysts, mainly Pd and Pt have shown promising result.[10, 11] A gold catalyst also used in

this study, it has exhibited similar or higher catalytic activity than palladium or platinum

catalysts, but a significantly higher selectivity towards acetic acid than both of these well-

known catalysts. The major by-product for the gold catalyst is CO2, whereas the Pd and Pt

catalysts 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. [12]

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 < Ru(OH)x/Al2O3 < Ru(OH)x/MgAl2O4 <

Ru(OH)x/CeO2 when applying identical reaction conditions.
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Furthermore, the activity of the CeO2-supported Ru(OH)x catalyst was found to be

dependent on the ruthenium species loading 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/CeO2 catalyst at reaction conditions of 150 °C, 10 bar O2

after 12 h of reaction time. [13]

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. [14]

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. [15]

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 all cases 10 mL, water or toluene as solvent, metal percentage ranging from 1 to 2 %,

and kind of catalyst depending on the metal (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).
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Table 6.2 Comparison of the reaction conditions according to the literature for ethanol oxidation reaction to acetic acid.

Reaction conditions
S. M. Tembe

et al. [7]

C. H. Christensen
et al. [12]

Y. Y. Gorbanev
et al. [13]

W. Dong et al. [14] A. Benyounes
et al. [15]

Ethanol concentration (wt%) 5 – 40 5 2.5 – 50 5 1

Catalyst weight (g) 0.15 0.15 0.21 0.03 - 0.12 0.1

Kind of catalyst

Au/TiO2

Au/ZnO

Au/Al2O3

Au/MgAl2O4

Pt/MgAl2O4

Pd/MgAl2O4

Ru(OH)X/TiO2

Ru(OH)X/Al2O3

Ru(OH)X/MgAl2O4

Ru(OH)X/CeO2

Pd/OCNT

Pd/NCNT-NH3

Pd/NCNT-G

Pd/CNT

Pd/N-CNT

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, air

pressurizer and heated in a silicone oil bath as shown in Figure 6.1.

Figure 6.1 65 mL stainless steel autoclave reactor.

Pressure controller

Temperature
controller

Magnetic stirring

Silicone oil
bath

Air pressurizer

Batch 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

i.d.) and a flame ionization detector (FID) as shown in Figure 6.2.

Figure 6.2 Clarus 500 gas chromatograph.

6.6.3 TitroLine 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 diaphragm as shown in

Figure 6.3.

Figure 6.3 TitroLine KF trace Titrator.

Magnetic stirrer

Electrode with
diaphragm



Chapter VI Catalytic tests

235

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-COOH 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-COOH 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% O2) 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. [7] 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-COOH 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 a result 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 weightsa.

Entry Catalyst
Catalyst weight Ethanol conversion Products selectivity (%) Water amount

(g) (%) Carbon dioxide Acetaldehyde Acetic acid (ppm)

1 Pd/FM-COOH 0.05 50 0 10 90 403

2 Pd/FM-COOH 0.10 58 5 7 88 490

3 Pd/FM-COOH 0.15 65 6 3 91 571

aReaction 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-COOH catalyst

for all 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-COOH catalyst. The reactor was then closed and heated at desired temperature

(100-200 °C). The reactor was then pressurized with technical air (80 vol% N2 and 20 vol%

O2) at desired pressure (10-50 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. [7] 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-COOH 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 pressuresa.

Entry Catalyst
Temperature Gas/Pressure

(bar)

Ethanol conversion Products selectivity (%) Water amount

(°C) (%) 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-COOH 125 Air/30 41 1 19 80 684

8 Pd/FM-COOH 150 Air/30 66 21 3 76 403

9 Pd/FM-COOH 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

aReaction  conditions:  10 mL  of  5 wt%  ethanol  in  toluene,  2 wt%  Pd, 0.1 g  of  catalyst,  and  3 h  of
reaction time.

The selected reaction conditions (e.g., 0.1 g Pd/FC-COOH 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-COOH catalyst [a) fresh and b) spent] under the best

reaction conditions (see Table 6.4, Entry 9).
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b)a)

A significant change on the palladium particle size was observed. Larger palladium

particle sizes were measured on the spent Pd/FC-COOH catalyst compared to that fresh

Pd/FC-COOH catalyst.

Figure 6.4 TEM micrographs of the Pd/FC-COOH catalyst. a) fresh and b) spent. Scale bar for all

micrographs: 100 nm.

6.8 Results obtained from aerobic 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 all palladium catalysts. Once the catalyst weight was determined, we tested with

0.1 g Pd/FC-COOH catalyst for all experiments to find the best reaction temperature and air

pressure.

d = 3.79 ± 1.88 nmd = 3.38 ± 3.45 nm
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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% O2) 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. [7] 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 also 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/S2-CNT catalyst

exhibited >95 % ethanol conversion, >98 % selectivity towards acetic acid, <2 %

acetaldehyde produced, no carbon dioxide formed, and 436 h-1 TOF, it is considered as the

best palladium catalyst (see Table 6.5, Entry 10). Furthermore, the palladium 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 catalystsa.

Entry Catalyst
Ethanol conversion Products selectivity (%) Water amount TOF (h-1)b

(%) 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-COOH 98 6 0 94 560 348

4 Pd/CNTHT 97 2 0 98 561 458

5 Pd/CNT-COOH HT 96 12 0 88 566 345

6 Pd/N:CNT 96 15 0 85 724 348

7 Pd/N:CNTHT 87 9 2 89 606 524

8 Pd/S1-CNT 97 1 0 99 737 407

9 Pd/S1-CNTHT 80 11 1 88 600 578

10 Pd/S2-CNT 96 1 0 99 889 436

11 Pd/S2-CNTHT 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-COOH 97 5 0 95 509 418

18 Pd/CNFHT 89 4 2 94 408 547

19 Pd/CNF-COOH HT 94 5 0 95 650 489

20 Pd/FM 88 23 0 77 387 349

21 Pd/FM-COOH 75 15 0 85 464 240

22 Pd/FMHT 89 1 0 99 420 456

23 Pd/FM-COOH HT 78 29 4 67 540 250

24 Pd/SiO2-Al2O3 (n/c) 73 23 8 69 1555 203

25 Pd/SiO2-Al2O3 (c) 80 36 1 63 1150 225

aReaction  conditions:  10 mL  of  5 wt%  ethanol  in  toluene,  2  wt%  Pd,   0.1 g  of  catalyst,   30 bar  air,
175 °C,  and 3 h  of  reaction  time.
bmolAcetic acid produced / (molPd time),  at  3 h.

Indeed, the favourable catalytic results obtained by using the Pd/S2-CNT catalyst for

aerobic ethanol oxidation to acetic acid, they do it a promising catalyst in catalysis.
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b)a)

Figure 6.5 shows the Pd/S2-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/S2-CNT catalyst compared to that fresh Pd/S2-

CNT catalyst.

Figure 6.5 TEM micrographs of the Pd/S2-CNT catalyst. a) 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% aqueous 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% O2) at 30 bar. The reaction was allowed to stir for 3 h.

d = 3.64 ± 1.53 nmd = 1.78 ± 0.78 nm
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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. [7] 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 also 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-COOH HT

catalyst exhibited >87 % ethanol conversion, >94 % selectivity towards acetic acid, <4 %

acetaldehyde produced, <3 % carbon dioxide formed, and 457 h-1 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-aqueous media (e.g., in toluene).
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Table 6.6 Main product distribution in the ethanol oxidation reaction using all Pd catalystsa.

Entry Catalyst
Ethanol conversion Products selectivity (%) TOF (h-1)b

(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid

1 without catalyst 0 0 0 0 -

2 Pd/CNT 74 0 7 93 487

3 Pd/CNT-COOH 63 1 21 78 186

4 Pd/CNT-COOH HT 43 1 20 79 139

5 Pd/N:CNT 98 13 8 79 330

6 Pd/N:CNTHT 55 0 35 65 242

7 Pd/S1-CNT 83 8 5 87 306

8 Pd/S1-CNTHT 68 35 6 59 329

9 Pd/S2-CNT 80 0 11 89 327

10 Pd/S2-CNTHT 71 0 23 77 291

11 Pd/FLG 92 0 10 90 363

12 Pd/FLG-COOH 87 0 5 95 341

13 Pd/FLG-COOH HT 74 0 3 97 367

14 Pd/CNF 75 1 4 95 333

15 Pd/CNF-COOH 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-COOH 91 1 5 94 393

19 Pd/sCNF-COOH HT 58 16 7 77 263

20 Pd/FM 48 0 25 75 185

21 Pd/FM-COOH 83 0 7 93 291

22 Pd/FM-COOH HT 68 0 4 96 313

aReaction conditions:  10 mL  of  5 wt%  aqueous  ethanol,  2 wt%  Pd,  0.1 g  of catalyst,  30 bar  air,
175 °C,  and  3 h  of  reaction  time.
bmolAcetic acid produced / (molPd time),  at  3 h.

Indeed, the favourable catalytic results obtained by using the Pd/CNF-COOH HT

catalyst for aerobic ethanol oxidation to acetic acid, they do it a promising catalyst in

catalysis.

Figure 6.6 shows the Pd/CNF-COOH 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 Pd/CNF-COOH HT catalyst.
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b)a)

Figure 6.6 TEM micrographs of the Pd/CNF-COOH HT catalyst. a) fresh and b) spent. Scale bar

for all micrographs: 100 nm.

6.9 Recycling tests using the best Pd catalyst (Pd/CNF-COOH HT)

Among all palladium catalysts, the Pd/CNF-COOH 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 all the other ones.

Recycling tests were performed to evaluate the stability of the Pd/CNF-COOH HT catalyst.

Thus, the reactor was newly charged with 10 mL of 5 wt% aqueous ethanol and 0.1

g Pd/CNF-COOH 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% O2) at 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 a temperature

below 5 °C, to ensure that the volatile products such as acetaldehyde remain in solution

before analysis. [7]

d = 3.72 ± 2.17 nmd = 1.86 ± 1.37 nm
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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 Pd/CNF-COOH HT catalysta.

Entry Catalyst
Ethanol conversion Products selectivity (%) TOF (h-1)b

(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid

1 Test 1 88 2 3 95 457c

2 Test 2 (recycle 1) 49 2 10 88 271d

3 Test 3 (recycle 2) 28 0 22 78 161e

4 Test 4 (recycle 3) 26 4 27 69 160f

aReaction   conditions:   10 mL  of  5 wt%  aqueous   ethanol,   2 wt%  Pd,   0.1 g  of Pd/CNF-COOH HT

catalyst,  30 bar  air,  175 °C,  and  3 h  of  reaction  time.
TOF  calculated  on: c100, d87, e74,   and f61 mg  of  catalyst  weight,  respectively.
bmolAcetic acid produced / (molPd 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.

Figure 6.7 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 7

% and 11 % between the Entry 2 and 3 as shown in Figure 6.8.

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-COOH 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-COOH HT 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 also found on the Pd/CNF-COOH HT catalyst spent after third

recycle compared to that fresh Pd/CNF-COOH HT catalyst.
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b)a)

Figure 6.9 TEM micrographs of the Pd/CNF-COOH HT catalyst. a) fresh and b) spent after third

recycle. Scale bar for all micrographs: 100 nm.

6.10 Preparation and Characterization 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), cobalt (Co), and ruthenium (Ru), they were

introduced in the CNF-COOH HT support as to prepare three bimetallic catalysts such as Au-

Pd/CNF-COOH HT, Co-Pd/CNF-COOH HT, and Ru-Pd/CNF-COOH HT. An only synthesis method

was employed to prepare the three bimetallic catalysts.

d = 11.19 ± 5.72 nmd = 1.86 ± 1.37 nm
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a) b) c)

6.10.1.1 Wetness impregnation method

A wetness impregnation method was used to prepare the bimetallic catalysts

supported on CNF-COOH 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 metal (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% H2) at 300 °C for 2 h. [16] All bimetallic catalysts are

shown in Figure 6.10.

Figure 6.10 Bimetallic catalysts supported on CNF-COOH HT. a) Au-Pd/CNF-COOH HT, b) Co-

Pd/CNF-COOH HT, and c) Ru-Pd/CNF-COOH HT.

6.10.2 Characterization results from bimetallic catalysts

6.10.2.1 Bimetallic catalysts supported on CNF-COOH HT 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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a)

c)

b)

Figure 6.11 TEM micrographs from bimetallic catalysts supported on CNF-COOH HT. a) Au-

Pd/CNF-COOH HT, b) Co-Pd/CNF-COOH HT, and c) Ru-Pd/CNF-COOH HT. 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.

d = 2.26 ± 1.48 nm d = 1.33 ± 1.02 nm

d = 0.88 ± 0.29 nm
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a)

b)

c)

Figure 6.12 XRD diffractograms from bimetallic catalysts supported on CNF-COOH HT. a) Au-

Pd/CNF-COOH HT, b) Co-Pd/CNF-COOH HT, and c) Ru-Pd/CNF-COOH 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-COOH HT catalyst, which exhibited high surface area,

large pore volume and macropores as summarized in Table 6.8.
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Table 6.8 BET results from bimetallic catalysts supported on CNF-COOH HT.

Catalyst BET surface area
(m2 g-1)

Pore volume
(cm3 g-1)

Pore diameter
(nm)

Au-Pd/CNF-COOH HT 139 0.6 17.2

Co-Pd/CNF-COOH HT 103 0.7 27.6

Ru-Pd/CNF-COOH HT 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 HT.

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 aerobic 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% aqueous ethanol and 0.1

g of the desired bimetallic 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% O2) 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. [7] 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 bimetallic 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 all results obtained using all bimetallic catalysts for aerobic ethanol

oxidation to acetic acid, the Au-Pd/CNF-COOH HT catalyst revealed the higher ethanol

conversion and selectivity towards acetic acid compared to the other ones. Moreover, the

Au-Pd/CNF-COOH HT catalyst exposed ethanol conversion and selectivity towards acetic acid

higher than the best monometallic catalyst (Pd/CNF-COOH HT). According to that, the Au-

Pd/CNF-COOH HT catalyst exhibited >94 % ethanol conversion, >97 % selectivity towards

acetic acid, <3 % acetaldehyde produced, no carbon dioxide formed, and 404 h-1 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-COOH HT
a.

Entry Catalyst
Ethanol conversion Products selectivity (%) TOF (h-1)b

(%) Carbon dioxide Acetaldehyde Acetic acid
Acetic
acid

1 1%Au2%Pd/CNF-COOH HT 95 0 2 98 404

2 1%Co2%Pd/CNF-COOH HT 62 0 8 92 333

3 1%Ru2%Pd/CNF-COOH HT 83 0 43 57 178

aReaction   conditions:   10  mL   of   5  wt%   aqueous   ethanol,   1  wt%   Au   2  wt%   Pd   (Entry 1),
1 wt% Co  2 wt% Pd (Entry  2),  1 wt% Ru  2 wt% Pd (Entry  3),  0.1 g of bimetallic catalyst,   175 °C,
30 bar air,  and 3 h of reaction time.
bmolAcetic acid produced / (molPd time),  at 3 h.

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-COOH 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-COOH HT catalyst compared to that fresh Au-Pd/CNF-COOH HT catalyst.
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b)a)

Figure 6.13 TEM micrographs of the Au-Pd/CNF-COOH HT catalyst. a) fresh and b) spent. Scale

bar for all micrographs: 100 nm.

6.12 Recycling tests using the best bimetallic catalyst (Au-Pd/CNF-COOH HT)

Among all bimetallic catalysts, the Au-Pd/CNF-COOH 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,

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% aqueous ethanol and

0.1 g Au-Pd/CNF-COOH 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% O2) at 30 bar. The

reaction was allowed to stir for 3 h. The stirring rate was kept constant at 400 rpm.

d = 8.35 ± 5.98 nmd = 2.26 ± 1.48 nm
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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. [7] 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-COOH HT catalysta.

Entry Catalyst
Ethanol conversion Products selectivity (%) TOF (h-1)b

(%) Carbon dioxide Acetaldehyde Acetic acid Acetic acid

1 Test 1 95 0 2 98 404c

2 Test 2 (recycle 1) 57 1 3 96 296d

3 Test 3 (recycle 2) 29 3 6 91 191e

4 Test 4 (recycle 3) 25 1 9 90 160f

aReaction   conditions:  10  mL  of  5  wt%  aqueous  ethanol,  1  wt%  Au  2  wt%  Pd,  0.1  g  of
Au-Pd/CNF-COOH HT catalyst,  30  bar  air,  175  °C,  and  3  h  of  reaction time.
TOF  calculated  on: c100, d80, e60,  and f40  mg  of  catalyst  weight,  respectively.
bmolAcetic acid produced / (molPd 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.

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.

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 revealed that the

Au-Pd/CNF-COOH 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-COOH 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-COOH HT catalyst spent after third

recycle compared to that fresh Au-Pd/CNF-COOH HT catalyst.
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b)a)

Figure 6.16 TEM micrographs of the Au-Pd/CNF-COOH HT catalyst. a) fresh and b) spent after

third recycle. Scale bar for all micrographs: 100 nm.

6.13 Summary

Excellent catalytic 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-COOH, Pd/S2-CNT, Pd/CNF-COOH HT, and Au-Pd/CNF-COOH

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 already 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.

Issues

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 catalytic-chemical vapor deposition technique.
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 Higher palladium loading and dispersion were generally 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 catalysts 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 already reported in the literature.
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7.3 Future perspectives

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 palladium catalysts supported on carbon nanostructures may be tested in

another chemical reaction, for example, hydrogenation reaction.
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Attachments
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A.1 Introduction

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 a scientific article

A.5 As co-author in a presentation for an international congress

A.2 INP-ENSIACET, LCC

A.2.1 INP-ENSIACET

Figure A.1 École Nationale Supérieure des Ingénieurs en Arts Chimiques Et Technologiques

(ENSIACET) in Toulouse, France.
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A.2.2 LCC

Figure A.2 Supported catalysis laboratory in Toulouse, France.

A.2.3 Work team

Figure A.3 Work team of Institut National Polytechnique-École 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.3 Research collaboration
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A.4 As co-author in a scientific article
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A.5 As co-author in a presentation for an international congress
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A.6 As first author in a scientific article (in process)


