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ABSTRACT 

This doctoral thesis is focused on Green Chemistry, particularly the study of catalytic 

hydrogenation/deoxygenation processes on vegetable oils to obtain biochemical products and 

green diesel. 

Vegetable oils found widespread application in industry and transports as a sustainable 

alternative, clean automotive fuel, petrochemicals, and renewable building blocks in industrial 

applications. 

Two hydrotreating processes on the vegetable oils (rapeseed and sunflower) have been 

concerned in this research: 

- Selective catalytic hydrogenation in order to maximize the content of oleic acid, which 

is a monounsaturated carboxylic acid with eighteen carbon atoms. It has the suitable 

characteristics (stable in the presence of oxygen, and it remains liquid even at low 

temperatures) for use as a biodegradable lubricant and is a building block in the 

production of polymers and plastics from renewable resources.  

- Selective catalytic deoxygenation to increase the green diesel range (C15-C18) 

hydrocarbons, it is a premium diesel-blending component, its boiling range is 
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comparable to the conventional diesel, and it has substantially higher cetane content 

and lower density than the conventional one. The development of green diesel could 

solve not only the problems of the continuous and inevitable fossil fuel exhaustion but 

also the gas emissions pollution from fossil fuels. 

Our research activities in this doctoral thesis concerned the following arguments: 

- State of the art exposed briefly, environmental pollution, green chemistry, fossil fuels 

shortage, renewable feeding stocks, catalytical hydrotreating reactions mechanisms, and 

their catalysis (homogeneous vs. heterogeneous).  

- Studying the most updated techniques for both preparation and characterization of 

catalysts, five different synthesized heterogenous mono and bimetallic catalysts have 

been prepared by co-precipitation method (Pd/HT) and conventional wet impregnation 

one (Pd/FAC, CoMo/FAC, NiMo/FAC, and NiMo/zeolite X). The five synthesized 

catalysts and a commercial one (Pd Lindlar) were characterized by elemental analysis 

(ICP-AES), H2-Chemisorption, Thermogravimetric analysis (TGA), X-ray diffraction 

(XRD), N2 adsorption (BET), programmed temperature reduction (TPR), scanning 

electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), and NH3-

TPD acidity analysis. 

- Carrying out the hydrogenation tests in a laboratory-scale plant reactor, this system's 

core is a Parr Instrument 4560 (600 mL) reactor unit operated in semi-batch mode, 

feeding the hydrogen continuously. The tests were performed with rapeseed and 

sunflower oils using different palladium supported catalysts (Pd Lindlar, Pd/HT, and 

Pd/FAC) under varying levels of conditions; temperature (60 ° C, 90 ° C, 120 ° C, 180 

° C, and 240 ° C), hydrogen pressure (4 bar, 8 bar, and 12 bar), and catalyst 

concentration (4 mgcatalyst/mLoil, 2 mgcatalyst/mLoil, 1 mgcatalyst/mLoil ,and 0.5 
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mgcatalyst/mLoil). The best results of monounsaturated C18:1 was obtained for Pd Lindlar 

catalyst at (180 ° C, 4 bar and 4 mg/ml) with 88.4 % of C18:1 after about 90 min of the 

reaction time, for Pd/HT at (180 ° C, 4 bar) but with half catalyst concentration of Pd 

Lindlar (2 mg/ml) obtaining 89.9 % of C18:1 after 180 min. In contrast, for Pd/FAC the 

best result was gotten at a higher temperature, higher pressure, and less catalyst 

concentration (a quarter of Pd Lindlar) (240 ° C, 8 bar and 1 mg/ml) with 82.7 % of 

C18:1 oleic acid after 210 min reaction time. The results highlight how it is possible to 

obtain the same conversion of polyunsaturated vegetable oils about 100 % and 

monoene acid C18:1 over 82 % with higher best reaction time using less concentration 

from the synthesized catalyst. 

- Implementing the deoxygenation tests in a laboratory-scale plant reactor, this system's 

heart is a Parr microInstrument 4598 (100 mL) reactor unit operated in semi-batch 

mode, feeding the hydrogen continuously. The tests were performed with stearic acid 

and sunflower oils using different mono and bimetallic catalysts (Pd Lindlar, Pd/FAC, 

CoMo/FAC, NiMo/FAC, NiMo/zeolite X) under different levels of conditions; 

temperature (280 ° C, 300 ° C, 320 ° C), hydrogen pressure (20 bar, and 40 bar), and 

catalyst concentration (2.5 wt%, and 10 wt%). The main highlights on the best results 

obtained from the deoxygenation reactions over these catalysts; Pd Lindlar commercial 

catalyst as a reference point under (300 ° C, 40 bar, and 10 wt%) produced 23 % of 

green diesel yield and 55 % conversion in hydrocarbons after 8 h, with Pd/FAC 31% 

green diesel yield and 41 % conversion in hydrocarbons were obtained with selectivity 

towards DCO/DCO2 pathway reaction under (320 ° C, 40 bar, and 10 wt%) after 6 h 

reaction time. For bimetallic CoMo/FAC, NiMo/FAC, and NiMo/zeolite X under (320 

° C, 40 bar, and 10 wt%) green diesel yield and conversion in hydrocarbons obtained 

(17 %, 25 %, and 35 %) and (20 %, 63 %, and 78 %) respectively after 6 h. 



Abstract 

 

 

SOMMARIO 

Questa tesi di dottorato è incentrata sulla chimica verde, in particolare lo studio del trattamento 

idrotermale catalitico su oli vegetali al fine di ottenere prodotti biochimici e diesel verde. 

Gli oli vegetali hanno trovato ampia applicazione nell'industria e nei trasporti come 

combustibile pulito alternativo sostenibile per automobili, prodotti petrolchimici e elementi 

costitutivi rinnovabili nelle applicazioni industriali. 

In questa ricerca sono stati coinvolti due processi idrotermali sugli oli vegetali (colza e 

girasole): 

- Idrogenazione catalitica selettiva per massimizzare il contenuto di acido oleico, che è 

un acido carbossilico monoinsaturo con diciotto atomi di carbonio. Ha le caratteristiche 

adatte (stabile in presenza di ossigeno, e rimane un liquido anche a basse temperature) 

per essere utilizzato come lubrificante biodegradabile ed è un elemento costitutivo nella 

produzione di polimeri e plastiche da risorse rinnovabili. 

- Deossigenazione catalitica selettiva per aumentare gli idrocarburi della gamma del 

diesel verde (C15-C18), è un componente di miscelazione diesel premium, il suo 

intervallo di ebollizione è paragonabile al diesel convenzionale e ha un contenuto di 

cetano sostanzialmente più elevato e una densità inferiore rispetto a quello 
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convenzionale. Lo sviluppo del green diesel potrebbe risolvere non solo i problemi del 

continuo e inevitabile esaurimento dei combustibili fossili, ma anche l'inquinamento 

delle emissioni gassose da combustibili fossili. 

Le nostre attività di ricerca in questa tesi di dottorato hanno riguardato i seguenti argomenti: 

- Lo stato dell'arte ha esposto brevemente l'inquinamento ambientale, la chimica verde, la 

carenza di combustibili fossili, le riserve di alimentazione rinnovabile, i meccanismi di 

reazioni idrotermali catalitiche e la catalisi idrotermale (omogenea vs. eterogenea). 

- Studiando le tecniche più aggiornate sia per la preparazione che per la caratterizzazione 

dei catalizzatori, sono stati preparati 5 diversi catalizzatori eterogenei mono e 

bimetallici sintetizzati mediante il metodo di co-precipitazione (Pd / HT) e quello di 

impregnazione a umido convenzionale (Pd/FAC, CoMo/FAC, NiMo/FAC e 

NiMo/zeolite X). I 5 catalizzatori sintetizzati e uno commerciale (Pd Lindlar) sono stati 

caratterizzati da analisi elementare (ICP), H2-Chemisorbimento, analisi gravimetrica 

termica (TGA), diffrazione di raggi X (XRD), adsorbimento di N2 (BET), riduzione 

della temperatura programmata (TPR), microscopia elettronica a scansione con 

spettroscopia a raggi X a dispersione di energia (SEM-EDS) e analisi dell'acidità NH3-

TPD. 

- Eseguendo i test di idrogenazione in un reattore di impianto su scala da laboratorio, il 

cuore di questo sistema è un'unità reattore Parr Instrument 4560 (600 mL) operata in 

modalità semi-batch, alimentando l'idrogeno in continuo. I test sono stati eseguiti con 

oli di colza e girasole utilizzando diversi catalizzatori supportati da palladio (Pd 

Lindlar, Pd/HT e Pd/FAC) in diversi livelli di condizioni; temperatura (60  ° C, 90 ° C, 

120 ° C, 180 ° C e 240 ° C), pressione dell'idrogeno (4 bar, 8 bar e 12 bar) e 

concentrazione del catalizzatore (4 mg catalizzatore / mL olio, 2 mg catalizzatore / mL olio, 1 mg 

catalizzatore / mLoil, 0,5 mg catalizzatore / mLoil). I migliori risultati di C18: 1 monoinsaturo 
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sono stati ottenuti per catalizzatore Pd Lindlar a (180 ° C, 4 bar e 4 mg / ml) con 88,4 % 

di C18: 1 dopo circa 90 min del tempo di reazione, per Pd / HT a ( 180 ° C, 4 bar) ma 

con metà concentrazione di catalizzatore (2 mg / ml) ottenendo 89,9 % di C18: 1 dopo 

180 min, mentre per Pd / FAC il miglior risultato si ottiene a temperatura più alta, 

pressione più alta e concentrazione di catalizzatore minore (un quarto di Pd Lindlar) 

(240 ° C, 8 bar e 1 mg / ml) con 82,7 % di acido oleico C18: 1 dopo 210 min di tempo 

di reazione. I risultati evidenziano come sia possibile ottenere la stessa conversione di 

oli vegetali polinsaturi al 100 % circa e acido monoenico C18:1 oltre 82 % con tempi di 

reazione migliori utilizzando una concentrazione minore da catalizzatore sintetizzato. 

- Implementando i test di deossigenazione in un reattore di impianto su scala di 

laboratorio, il cuore di questo sistema è un'unità reattore Parr micro Instrument 4598 

(100 mL) operata in modalità semi-batch, alimentando l'idrogeno in modo continuo. Le 

prove sono state eseguite con acido stearico e oli di girasole utilizzando diversi 

catalizzatori mono e bimetallici (Pd Lindlar, Pd/FAC, CoMo/FAC, NiMo/FAC, 

NiMo/zeolite X) in diversi livelli di condizioni; temperatura (280 ° C, 300 ° C, 320 ° 

C), pressione dell'idrogeno (20 bar e 40 bar) e concentrazione del catalizzatore (2,5 

wt% e 10 wt%). I principali punti salienti sui migliori risultati ottenuti dalle reazioni di 

deossigenazione su questi catalizzatori; Il catalizzatore commerciale Pd Lindlar come 

punto di riferimento sotto (300 ° C, 40 bar e 10 wt% in peso) ha prodotto il 23 % di 

resa di green diesel e il 55 % di conversione in idrocarburi dopo 8 h, con Pd/FAC 31 % 

di resa di green diesel e 41 % la conversione in idrocarburi è stata ottenuta con 

selettività verso DCO / DCO2 sotto (320 ° C, 40 bar e 10 wt% in peso) dopo 6 ore di 

tempo di reazione. Per CoMo/FAC bimetallico, NiMo/FAC e NiMo/zeolite X sotto 

(320 ° C, 40 bar e 10 wt% in peso) resa e conversione in idrocarburi ottenute (17%, 25 

% e 35 %) e (20 %, 63 % e 78 %) rispettivamente dopo 6 h. 
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CHAPTER 1 

This chapter assembles theoretical and references information about the subject of this 

doctoral research. 

 

• Environmental pollution and climate change; 

• Green chemistry;  

• Fossil fuel shortage and its alternatives; 

• Renewable feeding stocks; 

• Biofuels’ generations; 

• Vegetable oils; 

• Catalytic hydrothermal reactions mechanisms on vegetable oils; 

• Hydrothermal catalysis (homogeneous vs. heterogeneous); 
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1 LITERATURE REVIEW 

1.1 ENVIRONMENTAL POLLUTION AND CLIMATE CHANGE 

Earth's climate has changed due to the increasing pollutions from the products obtained by 

industrial activities, which often remain in the environment, transportation emissions, and 

agriculture. The air pollutants (including black carbon, nitrogen oxides, sulphur oxides, 

methane, and ozone) causing an essential impact on health and greenhouse gases (GHGs) [1]. 

Environmental pollution with climate change was the causing of many problems currently 

occurring on the Earth-like: global temperature rise which is previewed to increase up to 4.8 °C 

in 2100 in the worst scenario described by UN at the last COP24 (Conference of the Parties to 

the United Nations Framework Convention on Climate Change (UNFCCC)) [2]; sea-level rise 

because of the added water from the melting of ice sheets [3], ocean acidification due to the 

uptake of carbon dioxide CO2 emission from the atmosphere, and many animal species may 

become extinct by 2100 and the spread of infectious diseases.  

The problem of the petrochemicals production is not only their by-products air pollution such 

as CO2 and N2O, but their residues at the end of the chemicals life cycle, which may stay in the 

ecosystems longer than their life use, about 12% of solid wastes are composed by plastics 
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which are the first contaminants present in the oceans, and 44% of wastes are of organic 

origins [4]. 

Today, 183 countries have signed the Paris Climate Agreement, which signed at COP21in 

2015 and specifies that “Parties should when taking action to address climate change, respect, 

promote and consider their respective obligations on the right to health” and recognizes the 

central role of “mitigation actions and their co-benefits for adaptation, health and sustainable 

development” in enhanced action before 2020 [5].  

The planet's issues are also strongly influenced by the ever-increasing population, and every 

action on climate or the environment must last and consider, as well as how this complex 

system is linked to the vastly growing numbers of people, by 2030 the wastes will arrive at 

2.59 billion tones due to the growing population [5]. 

1.2 GREEN CHEMISTRY  

Green chemistry was born to develop more sustainable, non-polluting, and non-dangerous 

chemical processes. In 1998, the book by P.T Anastas and J.C Werner was published, which is 

still considered the cornerstone of Green Chemistry, where the concept of Green Chemistry 

and the "twelve fundamentals of Green Chemistry" is defined [6]. Anastas described green 

chemistry, which today still refers to; "Green Chemistry based on the use of a set of principles 

that reduces or eliminates the use or formation of hazardous substances in the design, 

manufacture, and application of chemical products" [7]. Today, Green Chemistry should not be 

regarded as a separate branch of chemistry but must be a "philosophy" to be applied to 

chemistry perfectly integrated into the various branches of existing chemistry. It is hoped that 

over the years, Green Chemistry will simply be absorbed into every scientific discipline. 

The most relevant (for this doctoral research purposes in particular) between twelve principles 

Green Chemistry are: 
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1- Waste prevention: of course, it is better to prevent the formation of waste than to treat or 

dispose of it after it has been formed. 

2- Design of healthy chemical compounds: it is crucial that synthesized chemicals selectively 

express their function without being toxic, or at least not toxic, to humans and the environment. 

3- Design for energy efficiency: energy requirements should be minimized whenever possible 

and reaction conditions lower than in standard processes (low P and low T); when possible, the 

ideal would be to work at room temperature and atmospheric pressure. 

4- Use of renewable feedstocks: the ideal would be to work with substrates from renewable 

sources because they are always available and not subject to exhaustion. Of course, this is not 

always possible for practical and economic reasons (which is why we still prefer to use fossil 

fuels as their extraction and processing are less expensive). Still, the development of 

technologies innovative companies that would ensure the efficient use of renewable sources 

can also be cost-effective. A typical renewable source is a biomass that can be divided into 

lignin biomass, carbohydrate-based biomass, biomass-based on animal oils or fats, and waste 

biomass. These renewable materials can be used to synthesize many products with high added 

value; for example, vegetable oils can be used for the production of bio building blocks and 

biofuels (which is the main topic of this thesis work and which we will see later in detail). 

5- Use of catalysts: in the catalytic reactions the catalysis is a very crucial point as they permit 

the reactions to take place in mild conditions by increasing the reaction rate. 

6- Designed for degradation: synthesized products must be non-toxic and selectively carry out 

their activities, but they must also be designed in such a way that when their life ends, they 

easily degrade into substances non-toxic. 

Using renewable feedstock as biomass to produce energy, bio-petrochemicals, and biomaterials 

is a key to producing sustainable issues. On the other hand, catalytic processes implemented on 

biomass feedstocks minimize by-products and achieve the Green Chemistry principles [8]. 
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As mentioned before, since most vegetable oils and animal fats are edible, it brings about a 

potential food supply and the competition in land use with the bio-products and transportation 

biofuels for using crops as raw materials. Considering these issues, scientists tend to give 

preference to waste cooking oil [9][10], algae oils [11][12], agricultural wastes are processed, 

new crops are grown on marginal land (vegetable oils plants such as sunflower or rapeseed), 

and fast-growing vegetative biomass (grass, wood, stems, leaves, etc.) consisting of cellulose 

and lignocellulose (cereals and vegetable oils) [6]. 

In this doctoral research, catalytic hydrothermal processes on vegetable oils have been tested to 

evaluate their products representing a sustainable alternative to petrochemicals, such as 

biofuels and renewable building blocks in industrial applications. 

1.3 FOSSIL FUEL SHORTAGE AND ITS ALTERNATIVES  

The systematic exploitation of fossil fuels began towards the end of the eighteenth century with 

the advent of the industrial revolution and the growing need for energy sources. At that time, 

the primary energy source was derived from coal. It remained the primary energy source until 

the first half of the XX century when it was replaced by oil because it was considered less 

polluting and less expensive (in terms of extraction and processing). Fossil fuels are still the 

world's largest energy source and cover just over 80% of the world's energy needs, of which 

34% is covered by oil, 26% by coal, and 22% by natural gas[13][14]. 

The need to develop alternative fuels such as biofuels from biomass is linked to the many 

problems that fossil fuels have entailed and still entails. The first problem is the inevitable 

depletion of fossil fuel reserves as they are not renewable sources. There is a gradual increase 

in global energy consumption due mainly to non-OECD regions (Organization for Economic 

Co-operation and Development). Developing countries (e.g., Asian regions) are part. The 

relentless increase in energy demand necessarily translates into a gradual decrease in fossil fuel 



Literature review 

25 

 

reserves, especially oil. Specifically, it is expected that among the main oil derivatives, diesel 

will see a significant increase in demand [15].  The second problem associated with fossil fuels 

is their environmental impact due to emissions generated by their combustion like CO, CO2, 

sulphur oxides, nitrogen oxides, and volatile organic compounds (VOCs). The by-products of 

the petrochemical production industry and their life cycle residues, such as plastics, are 

considered the first contaminant present in the ocean. 

So, it is clear that alternative fuels from renewable sources need to be developed, which must 

be as few pollutants as possible so that they can be used with the least possible environmental 

impact. 

 Currently, the scientific community has been intensely focused on developing alternative 

biofuels and bio-petrochemicals from biomass. Whereas all bio-products are considered 

environmentally friendly, biodegradable, non-toxic, and can be a sustainable alternative to 

conventional fossil fuels [16]. One of the main advantages of biofuels development is the 

dramatic decline in greenhouse gas emissions as a result of their combustion; the CO2 emitted 

is part of a CO2 cycle in which the CO2 emitted is the same one that is used by plants during 

their life cycle to carry out photosynthesis [17]. Besides, especially in the case of biofuels from 

vegetable oils, there is a significant decrease in the emission of sulphur oxides as plants are 

very low in sulphur [18]. Biofuels can be produced biochemically (alcoholic fermentation of 

sugars or anaerobic digestion of biomass) or by thermo-chemical (catalytic deoxygenation, 

pyrolysis/gasification, thermal, and/or biomass catalytic cracking) [19].  

1.4 RENEWABLE FEEDING STOCKS 

Today, biomass and biogenetic residues are one of the cheapest, most sustainable renewable 

energy sources, alternative petrochemicals, and renewable building blocks in industrial 

applications. It is also readily available in large quantities [20]. By biomass, we mean any 
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material of biological origin derived, Figure 1.1, from woody materials, agricultural crops, 

animal husbandry, and marine waste, as well as human-made waste [21]. 

 

Figure 1.1 Biomass as a renewable feedstock. [21]. 

Vegetable oils and animal fats biomass consists mainly of triglycerides of fatty acids are made 

up have particularly long alkylic chains and are therefore rich in carbon content, making them 

suitable as a starting material for the production of hydrocarbon biofuels. One disadvantage in 

the use of vegetable oils is edible oils that would lead to competition between the food and fuel 

industries. As a result, it would be ideal to use non-edible vegetable oils and 

waste biomass as a waste of human, animal origin, and waste cooking oil, which would be not 

only ideal as it would not hinder the food industry but above all, it would allow added value to 

waste materials that would otherwise require disposal processes. 
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1.5 BIOFUELS’ GENERATIONS  

Biofuels can be divided into first, second, third, and fourth-generation according to the nature 

of the feedstock and corresponding production technology Table 1.1, the first-generation 

biofuel represented by fatty acid methyl esters (FAME) is developed via transesterification of 

triglycerides (vegetable oils and animal fats) over homogeneous basic catalysts under the 

optimal process conditions [22]. Despite the widespread commercial application of this kind of 

bio-diesel, it is contained a high content of oxygenated compounds, suffering from serious 

drawbacks such as low heating value, high viscosity, poor cold flow properties, low oxidation 

stability, and incompatibility with fossil fuel cause its high oxygen content and acidity [23]. 

They may also not be sustainable as their production involves the use of edible material (edible 

vegetable oils), and this results in competition between the food and biofuels industry that can 

lead to an increased basic cost of foodstuffs [24], therefore, more researches have been focused 

on the development of more stable and higher quality biofuel, second-generation hydrocarbon-

based biodiesel via hydrodeoxygenation (HDO), decarboxylation (DCO2), or decarbonylation 

(DCO) over specific heterogeneous catalysts [25][26]. The biodiesel derived from 

deoxygenation hydro processes contain high hydrocarbon content and low oxygen, sulphur, 

and nitrogen. It also has excellent physical and chemical properties with high cetane number, 

great cold flow, high heating value, and supper storage stability, making it fully compatible 

with fossil fuels [27].  

The classification of second-generation fuels is unclear, depending on the type of treatment 

from biomass and the source material [28]; consequently, second-generation biofuels: all fuels 

that are technologically superior, sustainable, and with zero environmental impact are defined 

as second-generation biofuels. A primary goal in the development of second-generation 

biofuels is the use of lignocellulosic matrix, biomass from food waste, non-food waste to 
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increase their sustainability and, at the same time, avoid the production of unwanted products 

[29]. The second-generation biofuel production processes are the catalytic deoxygenation of 

vegetable oils and the process of training hydrocarbon biofuels via pyrolysis and/or biomass 

gasification to produce syngas (CO-H2), which is then used in the Fisher-Tropsch process for 

the formation of hydrocarbon biofuels [30]. On the other hand, the most accepted definition for 

third-generation biofuels that would be produced from algal biomass, which has a very 

distinctive growth yield as compared with classical lignocellulosic biomass, where the 

production of biofuels from algae usually relies on the lipid content of the microorganisms. 

Lipids obtained from algae can be processed via transesterification by the previously described 

biodiesel process [31][32]. Regarding the fourth Generation Biofuels, they aim at not only 

producing sustainable energy but also a way of capturing and storing CO2, whereas the 

genetically modified algae and biomass materials absorb CO2 while growing and convert it into 

fuel using the same processes as second-generation biofuels, this carbon capture makes fourth 

generation biofuel production carbon-negative rather than simply carbon neutral, as it is ‘locks’ 

away more carbon than it produces. This system not only captures and stores carbon dioxide 

from the atmosphere but also reduces CO2 emissions by replacing fossil fuels[33].  

Table 1.1 Classification of biofuels based on the nature of feedstocks and their generation technologies [34]. 

Generation Feedstocks Examples 

First-generation 

Sugar, starch, vegetable oils, animal fats 

and, seeds for oil 

ethanol, biodiesel, bio 

syngas, biogas. 

Second generation 

Non-food crops, wheat straw, corn, 

wood, solid waste, energy crop, 

lignocellulosic biomass 

bio alcohols, bio-oil, 

biohydrogen, biodiesel. 

Third generation Algae vegetable oil, biodiesel. 

Fourth generation genetically modified (GM) algae bio gasoline. 
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1.6 VEGETABLE OILS  

Vegetable oils consist of a mixture of triglycerides, which are composed of a glycerol 

backbone and three fatty acid chains, mostly unsaturated, with alkyl chains in the C12-C20 

range, and in smaller quantities also longer alkylic chain fatty acids up to 22 carbon atoms. 

Depending on the number of double bonds present in the chain, fatty acids will be classified 

into three groups: Saturated, monounsaturated, and polyunsaturated fatty acids [35]. The 

distribution of the type of fatty acids presents obviously depends on the kind of vegetable oil 

Figure 1.2. Furthermore, the chain length, configuration, and position of double bonds and their 

connectivity on glycerol backbone play significant roles in the chemical and physical 

properties of vegetable oils, consequently determining their applications [35]. 

 

Figure 1.2 Percentage composition of various vegetable oils in terms of saturated and unsaturated fatty acids[36]. 

The major use of vegetable oils is food applications, although an important proportion is used 

for industrial applications (lubricants, plasticizers, coating, paints, cosmetics, pharmaceuticals, 

bioplastics, and biodiesel) Table 1.2 [8].  
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Table 1.2 List of potential industrial applications of vegetable oils and derivatives[8]. 

Food Application Oleo-chemicals Energy, Biomass & Others 

Cooking oil Surfactants Biodiesel 

Industrial frying fats Personal care Charcoal 

Margarine Cosmetics Pulp and paper 

Vegetable Ghee Agrochemical Animal feeds 

Confectionary fats Lubricant/grease Bio-composite 

Ice cream Soap Fertilizer 

Non-dairy cream Industrial cleaning  

Salad dressing Printing ink  

Cheese analogues Polyols  

Supplements/vitamins Polyurethanes  

 Polyesters  

 Polyacids  

Since XIX century, vegetable oils found widespread application in industry and transports, but 

since the increase of oil drilling, their use decrease and only at the end of XX century, because 

of global crisis oil price and oil shortening due to political instability and consumption of 

reserves, a renewed interest in vegetable oils in diesel transport and as sustainable alternative 

petrochemicals and a renewable building blocks in industrial applications [37]. 

For industrial applications, in particular, for vegetable oils hydrogenation, there is a special 

interest for oleic acid due to its stability in the presence of oxygen and its lower melting point 

comparing with saturated fatty acids. Because of that, as starting materials, mixtures derived 

from natural vegetable oil which contains at least 72% by weight of oleic acid are found to be 

perfect for the synthesis of polyol esters which use in lubricating oils composition, besides for 

the casting and coating, it is better with high oleic and low stearic acids. However, the 

preferred vegetable oil range composition that guarantees low viscosity and high thermal 

instability for bio-lubricants and biofuels is 85–95% oleic acid, 2–8% linoleic, 0.5–2.5 stearic, 

and 2–5% palmitic [38]. 
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Hydrogenation is the most important catalytic process performed on vegetable oils to reduce 

the poly-unsaturated fatty acids towards the monoene’s production (partially hydrogenated 

fatty acids). The total number of double bonds in the oil is defined by the iodine value IV, 

which corresponds to the iodine weight (in grams) consumed by 100 g of oil or fat through the 

addition of I2 to the carbon double bonds in the fatty acids of the oil. In turn, vegetable oils are 

partially and selectively hydrogenated for increasing the stability of the oil by selective partial 

hydrogenation of polyunsaturated fatty acids, which are highly prone to autooxidation, 

minimizing the full hydrogenation towards the saturation fatty acid and decreasing the 

isomerization across trans fatty acids as trans isomers have high melting points which may 

limit their applications in food or chemical industry [35].  

Nowadays, the oleochemical industry is a significant producer of bio-based products, such as 

bio-lubricants, which low viscosity combined with high oxidative and thermal stability. As the 

developed countries (North America and Europe) governments’ regulations promote bio-based 

compounds during manufacturing, the oleic acid market availability is not sufficient for all 

potential applications. Commercialized bifunctional building blocks for bio-based plastics 

include sebacic acid and 11-aminoundecanoic acid, both from castor oil, and azelaic and 

pelargonic acids derived from oleic acid [8].  

Regarding the vegetable oils’ properties like high energy, density, and chemical composition 

similar to that of oil derivatives, they were used as a substrate for biofuel production [39]. 

Currently, 95 % of biodiesel is produced from edible oils via transesterification on different 

homogeneous and heterogeneous catalysts [40], although the scientific researches intense 

towards non-edible oils [41] or other kinds of biofuels processes, such as deoxygenation 

process (hydrodeoxygenation, decarbonylation, and decarboxylation) of vegetable oils in order 

to produce biofuel with more oxidation stability and fewer air emissions pollution. 
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Rudolf Diesel used peanut oil directly to run his engine only, causing severe engine mechanics 

problems [42]. In May 2003, the European Union approved the 2003/30/EC Directive to 

promote the use of biofuels and other renewable fuels in the transport sector; in particular, the 

directive states that member countries in the European community must replace 5.75% of 

petroleum-derived fuels with biofuels by the end of 2010. In January 2007, the target for 

reducing fossil fuels increased to 10% by 2020 [43][44]. However, the hydro-processing 

treatment of triglycerides (vegetable oils) into hydrocarbons is a promising alternative 

technology to produce renewable diesel with high energy density, low nitrogen oxide 

emissions, good oxidation stability completely compatible with fossil fuels [45].  

The choice of the type of vegetable oil used for the process depends on several factors, first of 

all, commercial availability; for example, in America, soybeans and peanut oil are particularly 

used as they are produced in large quantities while in Europe make great use of sunflower oil 

[46]. However, if possible, the use of as saturated vegetable oils as possible is preferred as they 

allow a significant reduction in hydrogen consumption and allow the reaction to less drastic 

conditions to take place. Also, IV is an important factor, recommended to be less than or equal 

to 130 [47]. 

So, the selective heterogeneous catalytic hydrothermal treatment of highly unsaturated oils is a 

key process addressed to a wide range of biocompatible products (green chemicals, bio-

lubricants, poly-oils, biofuels, etc.) [48]. 
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1.7 CATALYTIC HYDROTREATING REACTIONS 

MECHANISMS ON VEGETABLE OILS 

1.7.1 VEGETABLE OILS HYDROGENATION 

The hydrogenation process was found by two French chemists, Sabatier and Senderens. The 

main focus of Sabatier was arriving at a new way to harden liquid oils for use in soaps and 

received the Nobel Prize for his work on catalysis in 1912 [49]. However, the first time the 

process was commercialized was in England and then in America by Procter & Gamble for the 

food industry. It radically changed the eating habits of at least three human generations [8].  

Bio-based products (polymers, soaps, lubricants, polyalcohols, etc.) produced by oleochemical 

processes via partial catalytic hydrogenation of vegetable oils may be high potential 

development in many industrial fields. 

Horiuti-Polanyi scheme based on nickel-catalyzed was adopted to understand the catalytic 

hydrogenation reaction’s mechanism of vegetable oils and the addition of hydrogen [50][51],  

As seen in Figure 1.3 where D = diene, M = monoene, S =saturate fatty acid, DH, MH = semi-

hydrogenated intermediate, c = cis, t = trans, * = adsorbed intermediates, Molecular hydrogen 

is first absorbed on the catalytic surface and quickly separates in two hydrogen atoms, then and 

at the same time, fatty acids are adsorbed on the catalytic surface through their double bonds, 

one atom of hydrogen is added to the adsorbed C=C and form a semi-hydrogenated compound. 

Suppose the second atom of hydrogen is also attached to the double bond. In that case, the half- 

hydrogenated becomes saturated, and by releasing the reaction heat (105 kJ/mol), it is moved 

away from the active position. Even the half-hydrogenated intermediate can also dissociate 

from the active sites because the addition of the first hydrogen is a reversible step [49]. 
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The concentration of the adsorbed hydrogen atoms on the catalyst surface depends on four 

factors: 

• Hydrogen concentration: its increasing affect the 1 and 2 reaction balance towards H*. 

• Temperature: the constants' reaction balance of 1 and 2 dependent on temperature, 

increasing the hydrogenation temperature, the solubility of the hydrogen dissolved in 

the oil increases so its concentration on the catalyst will increase, also the activity of the 

catalyst will increase with the temperature then the reaction velocity will increase [52]. 

• Catalyst: An active catalyst (with high active sites) will have a relatively high H*. 

• Agitation rate: the importance of agitation rate is anticipated due to the fact that the 

main function of this parameter is to supply dissolved hydrogen to the catalyst surface. 

This reflects a considerable interdependence between the response variable and the 

mass transference phenomena of the gas and liquid to and from the solid catalyst 

surface [53]. The mixing can also affect the product distribution significantly and the 

trance isomers formation, which lessens with the agitation decreasing [54].  

So, this mechanism can also explain how the reaction parameters affect the hydrogen 

concentration and then the isomerization index or trans selectivity as temperature, pressure, 

rate of agitation, the concentration of catalyst, and catalyst activity. It is worth noting that the 

proposed scheme does not consider the triglycerides, but the single-chain; for the raw oil, it 

was observed that unsaturated fatty acids attached to the same triglyceride affect each other’s 

reactivity, so the reaction rate does not follow the exact same kinetics of single fatty acid chain. 
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Figure 1.3 Hydrogenation reaction mechanism as described by Dijkstra, where *= adsorbed intermediates, c= cis 

isomers, t-=trans isomers, M=monoene, and D = diene, respectively. 

Activity and trans-selectivity were studied widely by scientists as Dijkstra, who has explained 

why cis-isomer moles are less than trans-isomers in equilibrium conditions (1 mole of cis-

isomer for every 3 moles of trans-isomer): the activation energy of step 4 (hydrogen addition to 

c,c-diene) is lower than the activation energy of step 5 (hydrogen addition to c,t-diene), this 

would cause the cis-isomer to react about three times faster than the trans-isomer, arriving at 

the cis, trans-equilibrium. Dijkstra has also studied the activity and the formation of the 

saturated fatty acid S (step 16) and supposed that the extent of this reaction depends on the 

concentration of atomic hydrogen on the catalyst surface: when it is low, the isomerization 

prevails, and when it is high the saturation reaction prevails [55].  

The major part of authors agrees with Horiuti-Polanyi scheme [56] and Dijkstra’s mechanism 

proposed for Ni [57], accepting them also for Pd and other noble metals with additional 

integrations, because this mechanism does not consider the double bond migration reaction and 
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not all the catalysts follow exactly this mechanism. Regarding that, the double bond positions 

cannot be evaluated from the catalyst behavior; the composition of positional isomers may be 

estimated by GC-FID or GC-MS.   

In industrial practice, the hydrogenation process is typically carried out using nickel-based 

catalysts, either in the form of nickels Raney, or supported on different materials [58]. 

Economical price, high activity, and easy availability of nickel make it superior over the other 

metals. This work aims to maximize the amount of oleic acid C18:1 in the final product, as 

well as to eliminate linolenic acid C18:3 and to reduce the content of linoleic acid C18:2 to a 

substantial extent, without going too far towards producing the fully saturated stearic acid 

(C18:0 - not easily digested as foodstuffs), therefore the nickel doesn’t exhibit an adequate 

selectivity [59]. 

In the last two decades, there has been a growing interest in nanosized structures in the range of 

1–20 nm in different research fields [60]. This is also the metal particles' size in the supported 

metal catalyst of the new generation of nickel and precious metal hydrogenation catalysts. In 

general, such nanoparticles of metals such as nickel, palladium, ruthenium, or platinum are 

used for hydrogenation, since the dissociative adsorbed hydrogen is easily accessible on these 

group VIII metals [61]. 

Many studies have considered the benefits of Pd catalysts for edible oil hydrogenation, 

especially for high conversion and moderate trans-fatty acids production. Modified Pd can 

achieve a compromise between the catalyst activity and trans-isomerization selectivity [62]. In 

this research, we have insisted on the use of supported palladium catalysts for the selective 

catalytic hydrogenation processes on the vegetable oils. 
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1.7.2 VEGETABLE OILS DEOXYGENATION 

Deoxygenation of triglycerides and related feedstocks is one of the key processes to produce 

high-quality automotive fuels free of (sulphur, oxygen, nitrogen, and aromatics) [63]. Various 

routes for deoxygenation processes depending on the reaction conditions and type of used 

catalyst have been reported in the literature [64][65][66]. As suggested by Veriansyah [67] 

Figure 1.4 triglyceride conversions over hydro-treating catalysts in the presence of hydrogen 

have complex reaction pathways and consist of parallel and/or consecutive reaction steps, 

including fatty acids double bonds saturation, cracking to obtain free fatty acids, and finally, 

conversion of free fatty acids into hydrocarbons via three different reaction pathways;  

• Hydrodeoxygenation (HDO) leads to the formation of an alkane with the same number 

of carbon atoms as the starting fatty acid and water,  

• Decarbonylation (DCO) in which an alkane is formed with one less atom of carbon, 

CO and H2O, and  

Decarboxylation (DCO2) converts fatty acid into the same alkane which is obtained from the 

DCO, but in this case, the oxygen is eliminated in the form of CO2. 

The liquid product generally contains straight chain n-alkanes with C15-C18 as major 

compounds. The content of iso-alkanes, cyclo-alkanes, and aromatics is usually not significant 

at a mild synthetic condition (200 ֯C, 20 bar of H2, and 8 hours of the reaction time)[68]. This 

complex, known as green diesel, has better fuel properties than FAMEs produced via 

transesterification; furthermore, it is better than petroleum diesel fuel due to its higher cetane 

number (< 70), its boiling point range is comparable to typical petroleum, and it can be 

employed in the existing infrastructure of petroleum refineries [69][70][71].  
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Figure 1.4 Possible reaction pathways of triglycerides over a hydro-treating catalyst [64]. 

In fact, the cracking step after the completed hydrogenation of triglycerides can take place 

through four different reaction mechanisms, β-elimination, hydrolysis, the transformation of 

hydrogen, and direct deoxygenation, as could be explained in Figure 1.5.  

1. β-elimination: Triglyceride eliminates a fatty acid by converting into an unsaturated 

diglyceride, which must necessarily be hydrogenated to eliminate the second fatty acid. At the 

end of three elimination and hydrogenation cycles, three free fatty acids and a molecule of 

propane are obtained. Cleavage of triglyceride via β-elimination appears to be the main 

reaction mechanism for the formation of free fatty acids; therefore, the free fatty acid can 

follow the various reaction routes to transform into hydrocarbon [69]. 

2. Transfer of hydrogen in γ: In this case, the triglyceride is split in such a way as to directly 

form an alkane having two carbon atoms less than the starting fatty acid. This reaction does not 

involve the use of hydrogen, which represents an economic advantage, but, on the other hand, 

it seems to occur only through thermal decomposition at temperatures of at least 450 °C, in 

contrast with the typical temperatures in which catalytic deoxygenation is conducted [69]. 
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3. Hydrolysis: triglyceride is hydrolyzed, leading to the formation of free fatty acids and 

glycerol. However, this reaction mechanism seems to occur only with the use of esters as 

model compounds. In contrast, it does not seem to occur at all in substrates such as 

triglycerides because it necessarily requires the presence of H2O, and in a case like vegetable 

oil, the presence of water content is very low [66].  

4. Direct deoxygenation: with direct deoxygenation, we mean the reaction that starts directly 

from the triglycerides, leads to the formation of hydrocarbons and glycerol without observing 

the presence of fatty acids as intermediates in the mixture. The direct deoxygenation has three 

pathways reaction, direct HDO, direct DCO2, and direct DCO. The exact reaction mechanism 

of direct deoxygenation is not common, but Kubicka et al [72] has explained that the fact of not 

having the formation of acid intermediates is due to the high activity of the catalyst, where, as 

soon as the formation of the fatty acids takes place, these are still adsorbed on the catalyst 

surface and then rapidly converted before they could be desorbed. 

The most favored reaction pathway is β-elimination as an indirect mechanism of the 

deoxygenation processes, and this is confirmed by the fact that in a lot of the literature where 

the propane and fatty acids are observed as intermediates [66]. 

As previously anticipated, once the fatty acids are formed, they can undergo three different 

reaction mechanisms to lead to the formation of hydrocarbons. So, HDO, DCO, DCO2 are 

indirect competitive reactions, so they occur at the same time, and the selectivity towards one 

or the other reaction is governed by various parameters such as temperature, pressure, type of 

catalyst but also the type of support used for the catalyst synthesis [71]. 
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Figure 1.5 Initial breakdown of triglycerides [73] 

• Indirect hydrodeoxygenation HDO pathway: 

Once free fatty acids are formed, one of the possible mechanisms for the formation of alkanes 

is the HDO reaction pathway Figure 1.6. 

 

Figure 1.6 Hydrodeoxygenation HDO pathway[74] 
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The first step of the HDO involves a dehydration reaction followed by hydrogenation to form 

an aldehyde intermediate that is immediately reduced by the hydrogen which is already present 

to obtain alcohol, and this alcohol can then undergo another step of dehydration and 

hydrogenation, arriving at an alkane with the same number of carbon atoms as the starting fatty 

acid (Cn), it can also react with fatty acids and form an ester. This is a reversible reaction so, 

the consumption of alcohol to form an alkane may shift the esterification reaction equilibrium 

towards free alcohol, thus allowing a continuous consumption to form hydrocarbons [69][73].  

• Indirect decarboxylation DCO2/decarbonylation DCO pathway: 

After the first step, which involves triglycerides cleavage, Figure 1.7 the fatty acids can 

undergo the decarboxylation by eliminating oxygen such as carbon dioxide and forming an 

alkane with one less carbon atom than the starting fatty acid (Cn-1), or fatty acid can undergo 

the first step of dehydration and hydrogenation that leads to form an aldehyde which 

decomposes by leaving carbon monoxide and alkene that may give by hydrogenation reaction 

alkane (Cn-1), otherwise, it remains as alkene [69][73]. 

 

Figure 1.7 Decarboxylation DCO2/Decarbonylation DCO pathway[74] 

So, hydrogen consumption decreases in the order: 

Hydrodeoxygenation > Decarbonylation > Decarboxylation. 

It seems that more economical decarboxylation (or decarbonylation) with relatively low 

reaction temperature would generate pollutants but shows lower hydrogen consumption [75], 
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while hydrodeoxygenation is environmentally friendly but consumes more hydrogen. 

However, it is interesting that CO2/CO can be hydrogenated to produce methane over the 

hydrotreating catalysts, leading to even higher consumption of hydrogen than the case of 

hydrodeoxygenation [76][72][16]. So, it is true that hydrogen consumption is lower for DCO 

and DCO2 than HDO, but the decarbonylation and decarboxylation routes seem to be more 

cost-and energy-efficient than the hydrodeoxygenation one [77].  

The selectivity towards one of the deoxygenation reaction pathways can be observed 

comparing the alkanes concentration present in the liquid product; for example, if we observe 

the presence of Cn-1 alkanes we can say that the reaction that has occurred is DCO/DCO2 but by 

this hypotheses, it is not possible to define which of the two reactions took place; this may be 

more accurate by the analysis of the gas phase but, even in this case, we cannot have absolute 

certainty due to the possibility to occur other reactions as water gas shift (WGS) and 

methanation in the gas phase of Figure 1.8 [78][16]. 

 

 

Figure 1.8 Possible gas-phase reactions[16] 
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1.8 HYDROTREATING CATALYSIS (HOMOGENEOUS VS. 

HETEROGENEOUS)  

 “Catalyst” is a chemical species that can increase the rate of the reaction without making any 

effect on the standard Gibbs free energy; in other words, it modifies the kinetics of a reaction 

without changing its thermodynamics, as shown in Figure 1.9. Nowadays, catalysis plays a 

very important role in most of the chemical industries, and it is present in the production of 

90% of chemical-based products, including liquid fuels [79][80]. 

The transition metal catalysis is considered very important since, under this catalysis line, there 

are many interesting properties, i.e. selectivity, efficiency, and ability to be in a wide range of 

oxidation states, which give it the applicability of these elements in different reaction 

pathways, such as in the cases of our interest: catalytic hydrogenation of vegetable oils, 

catalytic deoxygenation, isomerization, oxidation, reduction, and C-H activation [81][82]. 

 

Figure 1.9 Energy diagram that can show the difference between catalyzed and uncatalyzed reaction, in terms of 

activation energy and reaction pathway[82]. 
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It is worth mentioning that an absolute agreement was not achieved in the classification of the 

most active or selective transition metal active phase; Veldinsk et al. [83] proposed an attempt 

of classification of the principal catalytic active phase, reported in Table 1.3. 

Table 1.3 Ranking of the active phases[83]. 

Characteristic  

Activity Pd>Rh>Pt>>Ir>Ru=Ni>>Cu 

Selectivity Cu>Pd>Rh>Pt>>Ir>Ru=Ni 

 

1.8.1  HOMOGENEOUS CATALYSIS 

In this catalysis pathway, we have a homogeneous solution in which the catalyst and other 

reactants are in the same phase [84]. It is worth mentioning that the homogeneous catalysis 

pathways were studied overtime for the selective catalytic hydrogenation of vegetable oils like 

metal carbonyls, metal phosphine, and platinum-tin systems of Ziegler-type [85], and for the 

catalytic hydrothermal processes on vegetable oils using sodium hydroxide as a catalyst to 

produce Biodiesel, Figure 1.10[86].    

 

Figure 1.10 trans-esterification of vegetable oil to produce Biodiesel 
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These studies on homogeneous catalysis, although interesting from the research point of view, 

but have a significant disadvantage like the cost of the homogenous catalysts used and the 

inherent difficulty in the separation of the catalysts and the products. 

1.8.2 HETEROGENEOUS CATALYSIS  

Herein, the catalyst and the components of the reaction are present in separated phases, and in 

most cases, the actual reactivity occurs at the interface between two phases. 

Nowadays,  heterogeneous catalysis is widely more used than homogeneous one, and it is 

involved in 90% of the industrial processes [81][84] and there are several industrial catalyzed 

reactions based on heterogeneous catalysts use transition metals as supported active phase such 

as, the hydrogenation of vegetable oils with nickel on alumina [87], magnetite (Fe) catalyst in 

Haber-Bosch for the synthesis of ammonia (NH3) [88], the conversion of coal to syngas and 

hydrocarbons in Fischer-Tropsch process which catalyzed by Co/Fe heterogeneous catalysts 

[89], and deoxygenation of triglycerides with cobalt-molybdenum on zeolite and carbide [%].   

The ability to use heterogeneous catalysts more than homogeneous catalysts comes from the 

fact that these catalysts can be simply separated after their employment in a process, also they 

are stable, they can be recycled several times without loss of activity; all these properties make 

them more interesting for industrial applications from the economic and environmental point of 

view [84]. 

1.8.2.1  HETEROGENEOUS CATALYSIS IN HYDROGENATION PROCESSES  

Several transition metals supported on silica, silicate, alumina, hydrotalcite, and zirconia were 

studied and used with vegetable oils' hydrogenation. Nickel catalysts, well known from the 

reactivity point of view, are used in many cases in the modeling of the process as standard 

template [57][90][91], its operating range conditions at 160–230 °C and 2– 5 bar H2 [92]. By 
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the time and in order to reduce the by-products such as trans-isomers and stearic acid, 

researches on noble metal catalysts were carried out: platinum showed good activity and low 

formation of trans-isomers (selectivity) [93], palladium-based catalysts have often been 

proposed cause its activity at low temperature (120–140 ◦C), selectivity, recyclability, and 

stability [94]. Noble metals were also studied as bimetallic catalysts combined with nickel, and 

this innovative synthesis resulted in excellent activity and selectivity, such as Pt-Ni supported 

on mesoporous silica [95]and Pd-Ni [96][97]. 

The studies about hydrogenation reaction have shown that this process is also affected by the 

properties of the catalyst’s support, porosity, pores diameter, and surface area. Numwong et al. 

[98], where they have studied the Effect of SiO2 pore size diameter 3, 5, 30, and 50 nm, 

respectively, as a support of the palladium catalysts on partial hydrogenation of rapeseed oil-

derived fatty acid methyl esters FAMEs and found that the pore size of SiO2 support had a 

significant effect on the catalyst activity and selectivity toward trans-monounsaturated FAME. 

Whereas the smallest pore size (3 nm) and acidic catalyst properties presented the lowest trans-

monounsaturated FAME selectivity. 

1.8.2.2  HETEROGENEOUS CATALYSIS IN DEOXYGENATION PROCESSES  

Sulphur catalysts were the first used in the catalytic deoxygenation reaction, containing mainly 

Mo and W sulphides with promoters such as Ni and Co supported on alumina, silica, and 

zirconia; this process is a thermal treatment of the catalyst in the presence of H2S or CS2 

ensuring the formation of active sites on the surface of the catalyst [99][100][101]. These 

catalysts are very active with high selectivity towards HDO [86], but they suffer from rapid 

deactivation due to the low sulphur content in vegetable oils, leading sulphur to separate from 

the catalyst, thus causing an inevitable deactivation and contaminating hydrocarbon products 

that need sulphur removal treatments that result in higher costs and waste. This feature has 
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limited using sulphur catalysts and encourages researchers to develop non-sulphur catalysts, 

such as transition metal-based catalysts, as reported in Figure 1.11. 

 

Figure 1.11 Diagram of common catalysts used for the DO [86] 

Several transition metals supported on silica, silicate, alumina, zeolite, active carbon, 

mesoporous materials, zirconia, etc., were studied and used with the deoxygenation of 

triglycerides. Harnos et al. [102] studied the catalytic deoxygenation process on sunflower oil 

using Pd/C, Pd/Al2O3, Ni/Al2O3, and NiMo/Al2O3. Currently, noble metal-based catalysts are 

widely studies in the deoxygenation process due to their activities: palladium and platinum 

supported on coal are the most active catalysts [103]. As noble metal catalysts are expensive 

and this may limit their industrial uses, many studies were focused on nickel-based catalysts, in 

which Morgan et al. [104] have reported that a significant Ni content in the catalyst is more 

active than Pd and Pt. Catalytic deoxygenation reactions were also studied over bimetallic 

catalysts, where, Kubicka et al. [105] studied the comparison between monometallic Ni/Al2O3, 

Co/Al2O3, and bimetallic NiMo/Al2O3 catalysts and found that the bimetallic catalyst was more 
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active and stable than the mono-metallic one. Veriansyah et al. [106] obtained the same results 

with the deoxygenation of soybean oil over NiMo, CoMo, Pd, Pt, Ru supported on Al2O3.  

1.8.2.3 HETEROGENEOUS CATALYSIS SUPPORT EFFECT 

Furthermore, the metal percentage and its distribution on the support can significantly 

influence the catalytic activity and the product distribution, i.e., the pathway selectivity of the 

DCO, DCO2, or HDO [74][107]. Catalytic deoxygenation reactions are affected not only by the 

metals but also by the properties of the catalyst’s support, such as the surface area is an 

essential factor for its catalytic activity as it governs the adsorption capacity of the reactants on 

the material. Snare et al. [108], studying the DO reaction of stearic acid with different supports 

such as C, Al2O3, Cr2O3, and SiO2, explained the best activity exhibited by the catalyst 

supported on carbon with its high surface area, which reduces its deactivation through sintering 

and coking. Another important parameter that affects the catalytic deoxygenation reaction is 

the acidity of the support and the type of acidic sites. Peng et al. [109] have examined the DO 

reaction of oil extracted from microalgae using two Ni-based catalysts supported on two 

different zeolites, H-ZSM5 and H-β, with the first one, which has a higher concentration of 

Bronsted acid sites, they have seen a complete conversion of the oil and a high cracking degree 

(43%), whereas with all the types of Ni / H-β used they obtained a high diesel range with 

negligible cracking. Besides, the size of the pores is also a very important factor for the DO 

reaction: in fact, support with very small pores to accommodate the reagents will not be able to 

carry out its activity [110]. Furthermore, the pore size could be important for the cracking 

phenomenon as a sufficient large pore structure could minimize the cracking and therefore lead 

to a higher diesel selectivity [111].  

As it was used in this research Hydrotalcite (HT), Cenospheres (FAC), and Zeolite X as 

support materials, it is worth to expand the state of the art on them: 
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• Hydrotalcite HT 

The use of hydrotalcite and their derivatives in catalysis received extensive attention in 

academic research and from industrial parties. Hydrotalcites are layered double hydroxides 

LDH that contain positively charged hydroxide layers and charge balancing anions in the 

interlayer region Figure 1.12. The layered structure of HTs provides a high surface area with 

the freedom to compensate various bimetallic (MII) and trimetallic (MIII) ions on its surface 

[112]. 

 

Figure 1.12 Hydrotalcite based Mg/Al [113]. 

 The most interesting property of HT material as support is its surface basicity, which promotes 

the abstraction of protons from hydrocarbons even after the immobilization of active metal 

[114]. HT is generally used only after a heat treatment that induces dehydration, 

dihydroxylation, and losing of compensation anions, thus obtaining oxides that have interesting 

properties such as high surface area, basic properties on active sites, ability to form a mix of 

mixed oxides with very small crystal size and memory effect [115]. 

LDH can be synthesized with a wide range of compositions and a large number of materials, 

with a large variety of combinations of M (II) / M (III) cation pairs or as M (I) / M (III) with 

different anions in the interlayer. The interior of the octahedral sites of the hydroxide ions can 

https://www.sciencedirect.com/topics/chemistry/basicity
https://www.sciencedirect.com/topics/chemistry/hydrocarbon
https://www.sciencedirect.com/topics/engineering/immobilisation
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only be hosted by M (II) or M (III) ions, which have an ionic radius not too different from that 

of Mg2+, well packed in the brucite-like layers, to form the LDHs compounds, while cations 

that are too small, such as Be2+, or too large, such as Cd2+ lead to other compounds. So, inside 

the interlayers, there are anions, water molecules, and other neutral or charged particles, joined 

by weak bonds with the sheets [113]. A key feature of these materials is their ion exchange 

capacity, which makes them unique to the point of involving inorganic materials. A large 

variety of anionic species can be introduced into the interlayer region through one-step 

synthesis by co-precipitation or post-synthesis modifications, such as ion exchange. The 

incorporated anions can be simple such as carbonate, nitrate, or chloride. Considerable 

attention has been raised for the solid composed of alternating inorganic and organic sheets due 

to their applications, including their use as catalysts, functional materials, nanocomposite 

materials, and in separative processes [113]. They can also be used as a matrix to form 

supramolecular structures. Host layers can impose a restricted geometry on hosted layers, 

leading to increased stoichiometry control, reaction rate, and product distribution. Among the 

methods of synthesis of hydrotalcite, the most common is the co-precipitation method, which is 

used in this work also. 

An enormous amount of research is dedicated to studying synthetic hydrotalcite and its 

suitability as an environmentally friendly material for applications including, but certainly not 

limited to, anti-corrosion[116], catalysis [115], encapsulation, controlled release, and CO2 

capture, and water technology [117]. 

• Cenospheres FAC 

The cenospheres represents one of the fly ash components obtained from the combustion of 

coal [118]. They are characterized by a low density (0.2-0.8 g / cm3) and are easily separated 

from the other components of the ash by suitable gravitational methods [119][120]. The 

cenospheres formation occurs after the coal burning process in thermal power plants, which 
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produce fly ash containing ceramic particles made largely of alumina and silica. They are 

produced at temperatures of 1200 °C to 1700 °C through complex chemical and physical 

transformation. Their chemical composition and structure vary considerably depending on the 

composition of coal that generated them [121]. 

The ceramic particles in fly ash have three types of structures. The first type of particles is solid 

and are called precipitators. The second type of particles are hollow and are called cenospheres. 

The third type of particles is called plerospheres, which are hollow particles of large diameter 

filled with smaller size precipitator and cenospheres [122]. 

The granulometry and chemical composition essentially depend on the composition of the coal 

from which they come and the type of treatment that the coal undergoes. From a morphological 

point of view, they are characterized by spherical particles ranging in size from 5 to 500 µm 

[119] Figure 1.13., and mainly composed of aluminum silicates, SiO2 (50-67wt%), Al2O3 (20-

36wt% ), and other oxides of various metals such as Fe, Ca, Mg, Na, Ti and K 

[119][123][124][121]. 

 

Figure 1.13 Morphological structure of the cenospheres. 

https://en.wikipedia.org/wiki/Fly_ash
https://en.wikipedia.org/wiki/Ceramic
https://en.wikipedia.org/wiki/Alumina
https://en.wikipedia.org/wiki/Silica
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Cenospheres is a material that is finding numerous applications thanks to peculiar properties 

such as high thermal resistance, high compressive strength, chemical inertia, and low H2O 

absorption [125]. Some of these characteristics, like thermal resistance, make the suitable 

cenospheres support for the catalytic deoxygenation reaction. The ash from which the 

cenospheres used in this work was obtained derives from a coal-fired power system located in 

the city of Kolkanta in India. The use of this type of material as support allows to give an 

added value to a product deriving from waste; it is also inexpensive and is obtained in large 

quantities from coal-fired power systems that are still particularly active especially in the 

countries via of development. 

• Zeolite X 

Zeolites belong to the hydrated aluminosilicate minerals family—the crystalline porous 

structure composed of aluminum, silicon, and oxygen, plus counteractions. Zeolites are widely 

used in the oil industry as molecules can undergo cracking and isomerization reactions inside 

cavities, which lead to the production of hydrocarbon mixtures suitable for use as fuels [126]. 

Having numerous negative charges, there must also be cations for the balance of the charges, 

and these cations are generally Ca2 + and Na+. Zeolites are a material characterized by surface 

areas ranging from 300 to 700 m2 / g and pore size 4-10 Å. The porous structure's regularity 

often allows zeolites to have a high selectivity both in terms of catalysis and adsorption 

processes [127]. The Si / Al ratio can vary depending on the synthetic conditions and the post-

synthetic treatments, but in general, it is always greater than 1. As the Si / Al ratio increases, 

the content of the cations decreases; subsequently, there is a lower density of acid sites. Zeolite 

is also rich in Bronsted acid sites Figure 1.14, which are favorable for the hydrogenation and 

dehydration reactions that occur during the catalytic deoxygenation processes [128]. 
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Figure 1.14 Bronsted acid sites present in zeolites. 

There are nearly 50 different naturally occurring and synthetic types of zeolites (clinoptilolite, 

chabazite, phillipsite, mordenite, etc.) with varying physical and chemical properties, each with 

a unique structure. The pore sizes commercially available range from approximately 3 Å to 

approximately 8 Å. Some of the commercial materials are A, beta, mordenite, Y, ZSM-5, 13X 

[129][130]. 

The zeolite X is a type of zeolite characterized by a ratio Si / Al = 1-1.5 and having Na + as a 

counter ion and an average pore diameter of about 8 A °. The monocrystalline unit of a typical 

zeolite X consists of a faujasite-like structure Figure 1.15which consists of 10 cages of sodalite 

(sodium and aluminum silicate) connected by hexagonal prisms [131] [127]. 

 

Figure 1.15 Faujasite-type zeolites X structure. [131] 

This type of zeolite has a high ion exchange capacity, a high affinity with polar molecules, 

good capabilities as a catalyst, and also seems to adsorb gases such as H2 well [132]. 

Which are the first contaminants present in the oceans, and 44% of wastes are of organic 

origins [4]. 
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CHAPTER 2 

 

This chapter illustrates the techniques employed to produce information and data collected in 

this thesis. 

Four main subject areas are developed: 

 

• Catalysts and synthesis methods; 

• Catalysts characterization methods; 

• Procedures of an experimental study in hydrogenation reactions; 

• Procedures of an experimental study on the production of green diesel by 

hydroprocessing reactions; 
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2 MATERIALS AND METHODS 

2.1 CATALYSTS AND SYNTHESIS METHODS  

Several catalysts and synthesis methods were studied, developed, and tested during this Ph.D. 

thesis on the catalytic hydrothermal processes of vegetable oils: 

• Palladium Lindlar commercial catalysts (Pd-based), used as reference catalyst. 

• Palladium supported on Mg-Al hydrotalcite catalyst. 

• Palladium supported on cenospheres. 

• Bi-metallic nickel molybdenum catalyst supported on zeolite X. 

• Bi-metallic nickel molybdenum catalyst supported on cenospheres. 

• Bi-metallic cobalt molybdenum catalyst supported on cenospheres. 

2.1.1 SYNTHESIS METHODS 

The synthesis methods are illustrated in scientific literature, including coprecipitation under 

low supersaturation conditions [133][134], conventional impregnation methods [135], 

calcination, and reduction [136]. 
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2.1.1.1  LOW SUPERSATURATION CO-PRECIPITATION METHOD 

The mechanism of coprecipitation is based on the condensation of complexes in solution in 

equal quantities to have a uniform distribution of cations and anions. It has been widely used 

for the direct synthesis of layered double hydroxides (LDHs) containing a variety of cations 

and anions. In order to ensure the simultaneous precipitation of two or more cations, it is 

necessary to carry out the synthesis under supersaturation conditions, obtained by maintaining 

the pH of the solution higher or equal to that in which the more soluble hydroxide precipitates. 

In general, the low supersaturation precipitation is performed by slowly adding a mixed 

solution of salts of divalent or trivalent metals, in a chosen ratio, inside a reactor containing an 

aqueous solution of the desired anion. The second solution of a base is added to the reactor 

simultaneously at a rate such as to maintain the pH, favoring the co-precipitation of the two 

metal salts. The addition can be controlled by manually monitoring the pH; however, the best 

results are obtained with an automatic titration tool. The anion that must be introduced should 

have a high affinity with the LDHs layers and be present in excess; the counter-anions of the 

metal salts, on the other hand, can be incorporated by means of competitive reactions. As a 

result, the metal nitrate and chloride salts are commonly used for the low selectivity of LDHs 

for these anions. Moreover, the LDHs have a great affinity for carbonate anions, and therefore, 

unless it is the anion chosen, the reactions are generally carried out in the presence of nitrogen 

in order to avoid the absorption of atmospheric CO2 that would generate carbonate ions. LDHs, 

containing variable quantities (0.04-5% in atomic ratio) of noble metals such as Rh3 +, Ir3 +, Ru3 

+, Pd2 + and Pt2 +, were prepared by coprecipitation at pH = 10.0 in aqueous solution. The 

presence of noble metal ions inside an inert matrix leads to materials characterized by good 

thermal stability and relatively high surface areas that facilitate a good dispersion of the noble 

metal particles [137].  
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2.1.1.2  CONVENTIONAL WET IMPREGNATION METHOD WI 

  Adsorption of a precursor of an active component by impregnating technique onto the support 

surface can determine the final distribution of the active component through the support bodies 

after the drying process. Adsorption of the active precursor is often employed with noble 

metals.  

Wet impregnation is a commonly used technique for the synthesis of heterogeneous catalysts. 

Typically, the active metal precursor is dissolved in an aqueous or organic solution. Then the 

metal-containing solution is added to catalyst support containing the same pore volume as the 

volume of the added solution [138]. 

The impregnation method involves three steps: (1) contacting the support with the 

impregnating solution for a certain period of time, (2) drying the support to remove the 

imbibed liquid, and (3) activating the catalyst by calcination, reduction, or other appropriate 

treatment [139]. 

2.1.1.3 CALCINATION AND REDUCTION 

In wet impregnation, a salt precursor of a catalytic element (nitrate, carbonate...) is used, so to 

remove all these nitrates or carbonates (and water) from the catalyst; we need to calcine it by a 

thermal treatment in stagnant air. Also, during the calcination, the metal is oxidized, so during 

the reduction step, the metal oxides will be reduced and activated. It is important to know that, 

calcination and reduction process depends on the support that is used because sometimes the 

calcination (depending on the temperature) might destroy it [140]. 

2.1.2  NOMENCLATURE AND LIST OF MATERIALS 

All reactants are purchased from Sigma -Aldrich® and used as received. 

https://en.wikipedia.org/wiki/Aqueous_solution
https://en.wikipedia.org/w/index.php?title=Organic_solution&action=edit&redlink=1
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(NH4)6Mo7O24٠4H2O 99%, Ni (CH3COO)2٠4H2O abbreviated Ni (OAC)2٠4H2O 99%, Mg 

(NO3)2 · 6 H2O 99%, Al (NO3)2 · 9H2O, Na2CO3 99.5%, NaOH 97%, Pd (NO3)2·2H2O 40%, N, 

N-Dimethylformamide (DMF) 99.8%, Co (NO3)2. 6H2O 98%, HNO3  98%, deionized water 

(Millipore), NaOH 97%, CH3OH 99.8%, Boron trifluoride methanol BF3 10%, NaCl 99.7%, 

cenospheres (FAC) [138] (FAC produced by an electric generation plant fed by coal and 

located in the city of Kolkanta in India), sunflower oil (H. Annus) as standard oil, hexane as a 

solvent ≥99, C7-C40 saturated alkanes standard, C20, and C25 saturated alkanes as an internal 

standard during the deoxygenation tests; commercial rapeseed (canola) and sunflower oils 

which were purchased from the food market. Canola rapeseed oil was chosen because it is 

more exploitable at the industrial level. On the other hand, sunflower oil allows obtaining a 

higher C18:1 increment during the hydrogenation reaction, starting from a relatively low initial 

percentage of C18:1. 

Table 2.1 lists all materials synthesized or used (Lindlar), with their nominal composition. 

Herein, the nomenclature applies for their identification, where all the catalysts have 

maintained their names in the following discussion. 

Table 2.1 Lists of studied materials 

Name Nominal phase 

Nominal 

Pd 

loading 

[%w/w] 

Nominal 

NiO 

 loading 

[%w/w] 

Nominal 

CoO 

loading 

[%w/w] 

Nominal 

MoO 

 loading 

[%w/w] 

Lindlar 
Pd-calcium 

carbonate 
5 0 0 0 

Pd/HT Pd-hydrotalcite 1 0 0 0 

Pd/FAC Pd-cenosphere 2 0 0 0 

NiMo/zeolite X NiMo-zeolite X 0 3 0 12 
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NiMo/FAC NiMo-cenosphere 0 3 0 12 

CoMo/FAC CoMo-cenosphere 0 0 3 15 

2.1.3 CATALYSTS PREPARATION 

2.1.3.1 LINDLAR CATALYST 

Lindlar is a palladium-based catalyst supported on calcium carbonate, poisoned with lead oxide 

in order to increase the catalyst selectivity. It could also be further poisoned with quinoline or 

sulphur to reduce the formation of alkanes in the alkynes hydrogenation reaction. However, the 

manufacturer does not give any clues about this step neither in the security sheet of the sample 

nor in the technical data.  sulphur or quinoline  Lindlar catalysts bought from Sigma Aldrich® 

have a nominal Pd content around 5%w/w. Lindlar is a common commercial heterogeneous 

catalyst, mostly employed in selective hydrogenation reactions[141][142] besides other 

reactions [143][144]. The common synthesis starts from a slurry of PdCl2 and calcium 

carbonate (CaCO3), and by the addition of lead acetate (Pb (OCOCH3)2) or lead oxide (PbO2).  

This catalyst was used as a reference catalyst for our catalytic hydrothermal processes in a 

preliminary series of tests carried out in a laboratory-scale apparatus. 

2.1.3.2  PALLADIUM SUPPORTED ON HYDROTALCITE[133][134][145]  

Palladium noble metal has a perfect property like selectivity and activity at low temperature. 

This last point is very important from the view of saving energy, which is one of the main 

principles of green chemistry. Hydrotalcite was chosen as support because: 

- During the synthesis by impregnation method and after reduction, palladium dispersed 

very well on the surface. 
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- High mean pore size minimizes the limitation of large oleic acid and triglycerides 

molecules in to the pore of the catalyst [146]. 

- Active acid sites improve the catalytic activity of palladium.  

The Pd/HT catalyst was prepared by the coprecipitation method at constant pH under low 

supersaturation conditions, the most commonly used method since it ensures the formation of 

precipitates with a high degree of crystallinity [147][133]. Firstly, the hydrotalcite Mg /Al 2: 1 

was synthesized by using two solutions containing Mg (NO3) 2·6H2O (38.4 g) and Al (NO3) 

2·9H2O (28.14 g), both of them were inserted, drop by drop, inside a beaker containing a 

solution of Na2CO3 (1.34 g in 250ml) in deionized water under stirring and 60 °C. The pH 

value of the solution was kept around 10 with additions of NaOH (20 g). The solid obtained 

(16.7g of HT) is placed in a solution of Na2CO3 (5.76g) with water (V = 835ml) (1g of HT for 

0.345g of Na2CO3 in 50ml of H2O) put in an oven at 100 °C for 2h, then it is washed, filtered 

with water and added Na2CO3 with subsequent evaporation and new filtration/washing to let it 

finally dry. The solid obtained is made into powder and weighed (16.08g). 

The hydrotalcite obtained (5 g) reacts with Pd (NO3)2·2H2O (0.125 g) in the presence of N, N-

dimethylformamide (50ml) at room temperature and stirring for 24 hours. The solvent (DMF) 

is evaporated, and the solid residue is dried in an oven. The solid produced is defined as HT/Pd 

(II). The Pd (II) present in it is reduced to Pd (0) by using cyclohexene as a hydrogen donor at 

83 °C for 1 hour and magnetic stirring. 

2.1.3.3   MONOMETALLIC PALLADIUM SUPPORTED ON CENOSPHERES  

The raw cenospheres were treated with an acid solution at 10% by weight of nitric acid 

(HNO3) to wash the impurities present inside them. The procedure follows what is reported in 

the literature [148][139][140]. The acid solution is prepared by diluting concentrated nitric acid 

98% with distilled water. The cenospheres are then placed inside a flask containing the acid 
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solution; approximately 20 ml of the acid solution is used for every 10g of cenospheres. 

Leaching was carried out for 1 hour at room temperature and under magnetic stirring, and then 

the obtained slurry is filtered with distilled water until a neutral pH is reached. After this step, 

the slurry is dried in an oven at 120 ° C for 12h.  

The catalyst was prepared by wet impregnation method with magnetic stirrers. The synthesis 

procedure is 9.8 g of cenospheres (FAC) as support with Pd (NO3)2. 2H2O (0.5g) solved in 

deionized water (Millipore) as promoter under stirring for 3h at room temperature. At the end 

of the reaction, the solution obtained was evaporated at (T = 35 °C, P = 2.7 KPa), dried at 

110°C in an oven for one day, calcinated at 600 °C with a ramp program of 5 °C/min for 2h 

under static air, and then reduced by using a measured amount of catalysts (4.342 g), the 

sample was placed in fixed bed reactor and heated until 600 °C at the rate of 5 °C/min then for 

three hours in 600 °C in the presence of H2 (10vol % H2 in N2).  

2.1.3.4  BI-METALLIC (NICKLE-MOLYBDENUM) SUPPORTED ON ZEOLITE X 

Monometallic transition-metal Ni and the noble metals Pt and Pd catalysts are very common 

for the deoxygenation of fatty acid/triglycerides due to their selectivity towards DCOx 

reactions. The development of monometallic as bimetallic catalysts was to improve their 

activity towards DO reaction pathways and to increase catalyst stability [149].  

The process leading to the transformation of cenospheres into zeolite X follows the protocol 

reported in the literature [139][140]. A solid mixture of cenospheres and NaOH was then 

prepared in a 1: 1.2 ratio by grinding the two components in a mortar until homogeneity was 

achieved. The resulting paste was heated at 560 ° C for 1 hour. At this point, the molten sample 

is cooled to room temperature, mixed with distilled water until a slurry is obtained (solid/liquid 

ratio about 0.2), and stirred (600 rpm) in a beaker at room temperature for 8h. At the end of 8h, 

the whole is kept at a temperature of 80 ° C under stirring for 24h. Finally, the sample is 
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filtered, washed with distilled water to remove excess NaOH, and then dried in an oven at 120 

°C.  

The catalyst was prepared by wet impregnation method with magnetic stirrers, and the 

synthesis procedure is 4.25g of zeolite X as support with 10ml of H2O, to dissolve Ni (OAC) 

4H2O (0.5 g) as a promoter and (NH4)6Mo7O24٠4H2O (0.735 g) as a precursor in bimetallic 

catalysts, were impregnated onto support under stirring for 3h. At the end of the impregnation, 

the solution obtained was evaporated at (T = 40 °C, P = 9.6KPa), dried at 120 °C in an oven for 

2/3 days, calcinated at 500 °C for 4 h under static air, with a heating rate 5 °C/min and then 

reduced by using a measured amount of catalysts (3.71 mg): the samples were placed in fixed 

bed reactor and heated until 500 °C at the rate of 5 °C/min then for three hours in 500 °C in the 

presence of H2 (10 vol % H2 in N2).  

2.1.3.5  BI-METALLIC (NICKLE-MOLYBDENUM) SUPPORTED ON CENOSPHERES 

The catalyst was also prepared by the wet impregnation method with magnetic stirrers. The 

synthesis procedure is 4.25g of cenospheres (FAC) [138] as support and 10 ml of deionized 

water to dissolve, with Ni (OAC) 4H2O (0.5g) as a promoter and (NH4)6Mo7O24٠4H2O 

(0.735g) as a precursor in bimetallic catalysts under stirring for 3h. At the end of the 

impregnation, the solution obtained was evaporated at (T = 40 °C, P = 9.6 KPa, dried at 120°C 

in an oven for 2/3 days, calcinated at 500 °C with ramp program of 5 °C/min for 4 h under 

static air. The reduction step was performed by using a measured amount of catalysts (3.80 

mg); the samples were placed in a fixed bed reactor and heated until 500 °C at the rate of 5 

°C/min, then for three hours at 500 °C in the presence of H2 (10vol % H2 in N2).  
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2.1.3.6  BI-METALLIC (COBALT-MOLYBDENUM) SUPPORTED ON CENOSPHERES 

The catalyst was also prepared by the wet impregnation method with magnetic stirrers. The 

synthesis procedure is 4.142g of cenospheres (FAC) [138] as support and deionized water to 

dissolve, with Co(NO3)2 ٠ 6H2O (0.580g) as a promoter and (NH4) 6Mo7O24٠4H2O (0.917g) as 

a precursor in bimetallic catalysts under stirring for 24hr. At the end of the impregnation, the 

solution obtained was evaporated at (T = 35 °C, P = 2.7 KPa), dried at 110°C in an oven for 

one day, calcinated at 600 °C with a ramp program of 5 °C/min for 2h under static air and then 

reduced by using a measured amount of catalysts (3.878 g), the sample was placed in fixed bed 

reactor and heated until 600 °C at the rate of 5 °C/min then for three hours in 600 °C in the 

presence of H2 (10 vol % H2 in N2).  

2.2 CHARACTERIZATION TECHNIQUES 

Characterization of synthesized materials consists of the application of:  

1- TGA (Thermal Gravimetric Analysis) for thermal decomposition analysis. 

2- ICP-AES (Inductively Coupled Plasma – Atomic Emission Spectroscopy) for the 

quantification of: 

o Pd, Ca, and Pb in Lindlar catalysts. 

o Pd, Al, and Mg in Pd/HT. 

o Ni and Mo in bi-metallic systems supported on Zeolite X. 

o Pd, Ni, Co, and Mo in mono-metallic and bi-metallic systems supported on 

cenospheres. 

3- XRD (X-Ray Diffraction) for crystalline phase investigation. 

4-  BET (Brunauer-Emmett-Teller) multipoint method for surface area quantification [150].  
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5-  BJH (Barrett-Joyner-Halenda) method for mesopores assessment [151]. 

6- TPR (Temperature Programmed Reduction) to study sample reducibility. 

7- TPD (Temperature Programmed Desorption) for the acidity of catalysts (with NH3);  

8- SEM (Scanning Electron Microscopy) combined with EDS (Energy Dispersive X-ray 

Spectrometry) for morphological, textural, and chemical surface analysis; 

10- H2-Pulse Chemisorption for metal surface and dispersion analysis; 

2.2.1 THERMAL GRAVIMETRIC ANALYSIS 

The thermal gravimetric analysis of the samples was investigated by Linseis Thermo 

Gravimetric Analyser (TGA) STA TP1000, where the change in the sample weight is recorded 

as a function of temperature or time. 

The following changes are possible in the TGA:  

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 (𝑠)  +  𝛥 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑠) + 𝑔𝑎𝑠 

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 (𝑠)  + 𝑔𝑎𝑠 +   𝛥 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑠) 

In this manuscript and in order to study at which temperature the calcination process could be 

done, the first one was used under 800 °C with program ramp 10 °C /min, which involves 

losing in the sample weight that may occur due to the gas obtained from the decomposition of 

reactants by heating or may due to the existing H2O with the reactants.  

2.2.2 ION COUPLED PLASMA - ATOMIC EMISSION SPECTROSCOPY  

Samples elemental mass percentages are detected by a VARIAN 720-ES ICP-AES. Solid 

samples are decomposed in a concentrated strong acid H2SO4, then diluted in deionized water 
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to be ready for nebulization operated by the device and introduced inside the plasma flame. 

Collisions with plasma electrons and charged ions break molecules into the atoms involved. 

Atoms repeatedly lose electrons and re-combine, giving off radiation in the specific 

wavelength of the elements involved. These wavelengths are then collected by the atomic 

emission spectrometer. The instrument is equipped with a custom-designed Charge Coupled 

Device (CCD) detector, which is a highly sensitive photon detector. An estimation of detection 

limits for the quantified metals is Mo 0.018 mg/kg, Ni 0.004 mg/kg, Pd 0.025 mg/kg, Ca 0.035 mg/kg, 

Mg 0.036 mg/kg, Al 0.020 mg/kg , Ce 0.010 mg/kg, Si 0.066mg/kg [152][153]. 

2.2.3 X-RAY DIFFRACTION 

X-ray diffraction is a very useful technique in order to determine information about the 

crystalline structure of powder and solid samples. The method is based on the interaction 

between the X-ray wave and the atoms of a crystalline structure because there is an 

interference between the signal that the instrument sends to the sample and the signal that 

comes from it [154]. 

The interferential structure produced is called the diffraction pattern. It is possible to identify 

such interference from the diffraction patterns in which diffraction peaks contain information 

about crystalline phases present. The condition of constructive interference is Bragg’s law. 

Bragg’s equation is one of the keystones in understanding X-ray 

diffraction whose mathematical equation is Equation 2.1  

[138][155]:2𝑑 sin 𝜃 = 𝑛𝜆 

Equation 2.1 

   

where: 

 θ is the incidence angle of the X radiation, 𝜆 is the wavelength in nm, 𝑑 is the interplanar 

distance between rows of atoms in nm, ℎ𝑘𝑙 are the Miller indices, 𝑛 is an integer. 
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Figure 2.1 Bragg’s Low Reflection 

To have a diffraction effect for any value of ℎ𝑘𝑙, it is necessary that the difference of optical 

route between the various reflected waves is an integer multiple of the wavelength 𝜆.  

The sample is transformed to fine powder whose particles are as much as possible randomly 

oriented so as not to have preferential directions along which the crystalline grains are oriented, 

and this allows the identification of all the crystalline planes.  

The X-ray diffraction instrument that has been used is PANalytical X’Pert PRO diffractometer 

it has the typical characteristic of Bragg-Brentano geometry. The X-ray wave is emitted in the 

source tube, using a Cu target (Kα1=1,540598 A◦; Kα2=1,544426 A◦; Kb=1,39225 A◦), and after 

that is collimated by the soller slit and divergence slit before reach the sample. Then the scatted 

wave goes through the second series of soller slits, and a monochromator is necessary to select 

the desired wavelength to the detector Figure 2.2 
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Figure 2.2 XRD Bragg – Brentano geometry [156]. 

 In this geometry, the sample is fixed, and the detector rotates at a velocity 2θ with an angle 

between 5◦ and 90◦ in order to detect signals from all planes. It is managed by X’Pert 

HighScore Plus collector software, which collects data from the sample, and then the phase 

identification is made by matching the spectrum with an international reference database, i.e., 

the inorganic crystal structure database (ICSD). 

The starting powder is first ground in an agate mortar and then sieved with standard sieves 

UNI 2331 and ISO R565 up to dimensions less than 150 μm. Then the powder is adhered on a 

zero-background sample holder based on single-crystal silicon for use in reflection geometry. 

Only, in the case of Pd/HT, ethanol is used as a "glue" (≥98%) to make the powders adhere. 

The characteristics that can be identified in a diffraction pattern are the phases present (peak 

positions), the concentration of the various phases (peak height), amorphous content 

(background trend), and the size or presence of stress in the crystallites (width and shape of the 

peaks) by Debye-Scherrer equation, Equation 2.2: 

L=Kλ/ β Cosθ Equation 2.2 
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Where β is the full width of half of the maximum (radian) at angle 2θ, K is the shape constant, 

λ is the wavelength of incident light (nm), L is the crystallite size in (nm), θ is peak position 

(degree).    

2.2.4 SURFACE AREA AND POROSITY ANALYSIS BET-BJH 

 "NOVA 1200e Surface Area & Pore Size Analyzer" from Quanta-chrome Instruments is used. 

The BET analysis (Brunauer-Emmet-Teller) and porosity analysis (Barret-Joiner-Halenda) are 

two methods to determine the superficial area and pore diameters of solid samples. Recording 

N2 adsorption and desorption isotherms at -196.15°C. It can be determined when the "statistical 

monolayer" of atoms has been reached. So, knowing the number of molecules that necessary to 

cover a single layer with already knowing the area occupied by a single molecule (≈ 16.2 Å2) 

then, it is possible to calculate the area. 

The adsorption isotherm of nitrogen can be obtained by Cartesian plane, where the adsorbed 

volume of nitrogen as a function of the adsorption pressure, expressed as relative pressure P / 

P0 where P0 is the nitrogen saturation pressure at work temperature[6]: 

1/𝑣 [(𝑃/𝑃0) −1] = (𝑐 −1)/𝑣𝑚𝑐 ∗ ((𝑃/𝑃0) + 1)/𝑣𝑚𝑐                                                                       Equation 2.3            

where 𝑣 is the volume of gas absorbed, 𝑣𝑚 is the quantity of gas that constitutes the 

monolayer, and 𝑐 is the BET constant defined as: 

  𝑐 = 𝑒𝑥𝑝 ((𝐸1 − 𝐸𝐿) /𝑅𝑇)                                                                                                                          Equation 2.4 

Where 𝐸1 is the heat adsorption of the monolayer, 𝐸𝐿 is for the following layers, 𝑅 is the gas 

constant, and 𝑇 is the temperature in Kelvin. Given the adsorbed nitrogen volume 𝑣𝑚 is 

possible to calculate the moles' number of gas (n): 

m +nm = 1/𝑣𝑚                                                                                                           Equation 2.5 
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BET surface is then obtained from the monolayer quantity adsorbed: 

𝑆𝐵𝐸𝑇 =
𝑛𝑚𝑁𝐴𝜎𝑚

𝑚
 Equation 2.6 

Where σm is the molecular cross-sectional area (0.162 nm2 for N2), NA is the Avogadro number, 

and m is the mass of the sample. 

BJH mesoporosity assessment (VBJH and Dav,BJH) method is an iterative method; it is possible to 

obtain pore diameter distribution starting from the Kelvin equation, which is based on two 

assumptions: (i) all the pores have a cylindrical shape, (ii) there are no interconnected pores: 

ln
𝑃

𝑃0

= −
2𝛾𝑉𝑙

𝑟𝑘𝑅𝑇
 Equation 2.7 

Where γ is the surface tension, Vl is the molar volume, R is the universal gas constant, T is the 

temperature of the adsorption/desorption measure, rk is the Kelvin radius. 

N2 desorption data are recommended for BJH  because they are a reversible liquid-vapor 

transition in the case of capillary condensed molecules typical of mesopores (2-50 nm) 

[157][158].In this manuscript, the pore size diameter was determined by Equation 2.8: 

D = 4V/S                                                                                             
                     Equation 2.8 

Where V is the VBJH (N2 desorption), S is the BET surface area. 

2.2.5 SCANNING ELECTRON MICROSCOPY  

SEM micrographs are recoded by a ZEISS GEMINI SEM 500 microscope device. A scanning 

electron microscope (SEM) uses a focused beam of high energy electrons to generate a variety 

of signals at the surface of solid specimens. The signals that derive from electron-sample 

interactions reveal information about the sample, including external morphology, chemical 

composition, and crystalline structure. In most applications, data are collected over a selected 

area of the surface of the sample, and a 2-dimensional image is generated. In a typical SEM, an 
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electron beam is thermionically emitted from an electron gun fitted with a tungsten or 

lanthanum hexaboride cathode. The electron beam, which has an energy ranging from 0.2 keV 

to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in 

diameter. The electrons pass into the scanning system, where they are deflected by a special 

deflection coil, which allows scanning of the surface. 

The signals include secondary electrons, which are valuable for showing morphology and 

photography on samples, backscattered electrons, which are most useful for illustrating 

contrasts in composition in multiphase samples, diffracted backscattered electrons used to 

determined crystal structures and orientation of materials, photos (characteristic X-rays that are 

used for elemental analysis and continuum X-rays). 

To control the sample, it is necessary to generate the vacuum inside the microscope (P = 10-4-

10-5 mbar) in order to reduce the interactions between electrons and gas molecules. The current 

intensity is in the order of 10 -12 - 10 -17 A° with associated energy between 5-50 keV. 

Elemental analyses are performed by in-situ EDS; the ZEISS GEMINI SEM 500 is equipped 

with an OXFORD ENERGY 250 INCAx-act detector. EDS spectra are acquired both on spots 

or zones of external surfaces. Also, some topography analysis is made with the instrument on 

the surfaces of the samples; these kinds of maps give qualitative information about the 

distribution of metals. 

2.2.6 TEMPERATURE PROGRAMMED REDUCTION TPR 

Temperature Programmed Reduction (TPR) is carried out on a MICROMERITICS 

AUTOCHEM II 2920 chemisorption analyzer. The sample of 50 mg catalyst, was loaded in a 

Flow-Thru “U” shaped fused quartz tube (9 mm ID), which is placed as a bed between two 

quartz wool flocks and fixed inside a furnace controlled by an internal thermocouple. 
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Before TPR, only for the catalyst supported over zeolite X, a TPD (Temperature Programmed 

Desorption) is operated to eliminate all the possible absorbed gases on the catalyst surface, 

with a ramp of 15 °C min-1 up to 450 °C, 30 minutes as a holding time, and cooling down to 

room temperature, all under Ar stream of 50 cm3 min-1. After this, actual TPR starts with a 15 

°C min-1 ramp heating up to 900 °C, 30 minutes as a holding time, under 50 cm3 min-1 flow of 

reducing gas (10%vol H2 in Ar). 

Downstream the reaction cell, a cold trap retains the produced steam then a TCD (Thermal 

Conductivity Detector) measures H2 consumption, and then recorded together versus 

temperature and time. The data are saved by AUTOCHEM II software v4.02. 

 In order to examine the reducibility of the single metal phase in which present in the catalyst, 

the reduction degree R was calculated by Equation 2.9[159]. 

𝑅 =
𝐻2𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑇𝑃𝑅

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐻2𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
∙ 100 Equation 2.9 

 

 

Figure 2.3 Schematic diagram [160] 
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2.2.7 TEMPERATURE PROGRAMMED DESORPTION NH3-TPD 

Surface concentrations of acidic centers were determined by temperature-programmed 

desorption of ammonia (NH3-TPD). Experiments were carried out in the temperature range of 

70 – 650 °C in a Flow-Thru “U” shaped fused quartz tube (9 mm ID), which is placed as a bed 

between two quartz wool flocks and fixed inside a furnace controlled by an internal 

thermocouple. The molecules desorbing was monitored by a mass spectrometer (ThermoStar 

TM GSD 301 T (Pfeiffer Vacuum)) coupled to a Q500 thermogravimetric analyzer. Before 

TPD experiments, the calcined catalyst (50 mg) was pre-treated at 450 °C and then cooled 

down to 50 °C. Subsequently, the sample was saturated in the flow of a gas mixture containing 

10 vol.% of NH3 in helium until no adsorption of probe molecules was observed. Then the 

sample was purged in the helium flow until a constant baseline level was attained. Desorption 

was carried out at 450 °C with a linear heating rate (10°C/min). 

2.2.8 H2-CHEMISORPTION  

Active surface area (ASA), metal dispersion, and particle size were estimated from the 

chemisorption of H2. Chemisorption was carried out in the same apparatus as for TPR 

experiments, using a pulsed flow system. 

H2 chemisorption was carried out as follows: fresh calcined sample (50 mg) was loaded in the 

sample tube and reduced in a flow of 10%H2 in Ar (50 cm3min-1), the temperature was 

increased up to 500 °C with a heating rate of 15 °C min−1, and the final temperature was held 

for 30 minutes. The sample was cooled in Ar down to 50 °C. Pulses of 10%H2 in Ar were 

injected at certain time intervals until saturation was reached. The amount of H2 chemisorbed 

was determined from cumulative integrated areas. A dissociative adsorption hypothesis was 

applied, and metal: H2 stoichiometry was chosen as (1 for calculations for Ni and Pd) and (1-3 
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for Co depending on its oxidation state Co3O4 -> CoO -> Co [161]). The spherical geometry of 

the metal crystallites was assumed for calculating average particle diameters. 

From the H2-Chemisorption analysis, we can obtain: 

➢ Active surface area  

𝐴𝑆𝐴 = 𝑛 ∙ 𝑁𝐴 ∙ 𝑆𝑎𝑡 ∙
𝑉𝑎𝑑𝑠

𝑉𝑚

 Equation 2.10 

where, n stochiometric rate of the chemisorption reaction, NA Avogadro’s number, Sat surface 

occupied by one atom of metal, Vads volume of gas adsorbed, Vm molar volume of gas 

adsorbed. 

➢ Metal dispersion % 

𝑚𝑒𝑡𝑎𝑙% = 𝑛 ∙
𝑉𝑎𝑑𝑠

𝑉𝑚

∙
𝑀

𝑚
∙ 100 Equation 2.11 

Where, M molar weight of the metal, m mass of metal in the catalyst. 

➢ Particle size 

𝐷𝑝𝑠 = 6 ∙
𝑉

𝐴
 Equation 2.12  

Where, A surface of metallic particles with spheric shape, V volume of metallic particles. 

2.3 GAS CHROMATOGRAPHIC ANALYSIS TECHNIQUES 

2.3.1 TRACE GC ULTRA 7820 

The concentrations of the different fatty acids were evaluated after transesterification (all the 

reactants are purchased from Sigma -Aldrich® and used as received) by means of a IUPAC 

AOAC standardized method [162]. In the transesterification process, 350 mg of hydrogenated 

oil were reacted with 6 mL of 2N NaOH methanolic solution and heated under reflux 
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conditions until the droplets of fat disappear (5-10 min). Then, 7 mL of 10 % BF3 methanolic 

solution was added, and then the solution was boiled for 1 min. A brine of NaCl was added, 

and the resulting solution was extracted with n-hexane (5 mL); in the end, the organic phase 

was dried with Na2SO4. 

The trans-esterified samples from the hydro-processing tests were analyzed with a Trace GC 

Ultra 7820 equipped with a Flame-Ionization detector (FID) and with a Supelco® SP-2380 GC 

column (30 m x0.25mmx 25 µm). Gas chromatography runs were conducted in isothermal 

conditions (N2 carrier; injector 250 °C; column 180 °C for 25 min; FID 250°C; split 

25ml/min). Identification of FAME was achieved by comparison with commercially available 

standards. 

 

Figure 2.4 Schematic diagram of the gas chromatographic analyzer. 

2.3.2 GC/3400CX VARIAN STAR COUPLED WITH MS/VARIAN SATURN 

2000  

The samples analyzed with GC-MS, which are taken from the hydro-processing deoxygenation 

tests, were dissolved in the hexane. For the C7-C40 standard and the C11-C13-C14-C17-C19 

standard, they were taken from a 100 µl certified solution (1 mg/ml). The Gas Chromatograph 
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used is the Varian Star 3400 cx model, and the mass spectrometer is the Varian Saturn 2000 

model. The GC column is HP-5 (30m × 0.25µm × 0.25 nm). Gas chromatography runs were 

conducted in conditions the duration of the chromatographic run is 35 minutes, split 50 ml/min, 

the detector temperature is 50˚C; a temperature ramp was used for heating the column, which 

provides an initial temperature of 50˚C for 5 minutes and a temperature increase of 5˚C up to 

280 degrees and subsequently fixed temperature at 280˚C for 5 minutes. Identification of n-

alkanes was achieved by comparison with the standards [163]. 

The presence of hydrocarbons was confirmed by the comparison with the retention times of a 

standard of saturated linear alkanes; C7-C40, while the identification of unknown peaks is 

carried out with the analysis at GC-MS and by comparing it with a reference library. In 

addition, the identification of unknown peaks was also made by calculating the Kovatz(I) 

retention index of each peak, as indicates in Equation 2.13[164].  

𝐼 = 100 × [
𝑡𝑟𝑖 − 𝑡𝑟𝑧

𝑡𝑟𝑧 − 𝑡𝑟𝑧+1

+ 𝑧]           Equation 2.13   

Where: 𝑡𝑟𝑖  the retention time of the compound, 𝑡𝑟𝑧  linear alkane retention time that comes 

before the i peak of the compound, 𝑡𝑟𝑧+1  linear alkane retention time that comes after the 

compounds’ peak, 𝑧 number of linear alkane carbon atoms that come before the compound’s 

peak. 

2.3.3 GC/7820A AGILENT 

The samples analyzed with GC-7820A Agilent, which are taken from the hydro-processing 

tests, were dissolved in the hexane. For the C7-C40 standard and the C11-C13-C14-C17-C19 

standard, they were analyzed by this GC. The Gas Chromatograph used is the GC/7820A 

Agilent model. The GC column is HP-5 30 m × 0.32 mm × 0.25 μm (19091J-413).Solvents for 

washing (A: Acetone, B: Hexane), injection volume 1μL. Gas chromatography runs were 
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conducted in conditions the duration of the chromatographic run is 35 minutes, split 50 ml/min, 

the detector temperature is 50˚C; a temperature ramp was used for heating the column, which 

provides an initial temperature of 50˚C for 5 minutes and a temperature increase of 10˚C/min 

up to 280 degrees and subsequently fixed temperature at 280˚C for 5 minutes. Identification of 

n-alkanes was achieved by comparison with the standards. 

2.4  EXPERIMENTAL STUDY OF HYDROGENATION 

REACTIONS 

2.4.1 VEGETABLE OIL SELECTION FOR HYDROGENATION TESTS 

Nowadays, the oleochemical industry is a major producer of bio-based products, such as 

important products of unsaturated oils (soybean, sunflower, and linseed oil). To respond to 

industrial needs, it should give at least 80% oleic acid [165]. 

The most common vegetable oils in which used for selective catalytic hydrogenation process: 

corn oil, with 60% linoleic acid and about 25% oleic acid, the oil of soybeans, with 50% 

linoleic acid and 25% oleic acid, and cottonseed oil, with about 50% of linoleic acid and 15% 

of oleic acid [166]. 

Our choice of sunflower and rapeseed (canola) vegetable oils for selective catalytic 

hydrogenation tests because they are particularly rich in polyunsaturated fatty acids. Gas 

chromatographic composition analysis of sunflower and canola oils is observed in Table 2.2. 
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Table 2.2 composition of sunflower and canola oils as-received sample. 

Vegetable oil C18:0% C18:1c% C18:0t % C18:2% C18:2 iso% C18:3% 

Sunflower 2.9 32.5 0.0 64.5 0.0 0.2 

Canola 1.3 67.8 0.0 20.5 0.1 10.3 

2.4.2 LAB-SCALE EXPERIMENTAL APPARATUS FOR HYDROGENATION 

TEST 

Figure 2.5 and Figure 2.6illustrate the lab-scale plant.  

The batch slurry reactor was a Parr Instruments 4560 model unit of 600 mL equipped with a 

mechanical mixing shovel (E-1). Tests were carried out in semi-batch conditions, flowing H2 

continuously in the reactor. The gas flow rate is regulated with mass flow control (MFC-1, 

MFC-2 Bronkhorst®), and the pressure system is controlled by a back-pressure regulator 

(Bronkhorst®) at the exit of the reactor. The reactor was charged with 200 ml of oil and the 

selected percentage of catalyst; then, the whole system is purged from the air with N2 and 

heated and pressurized at the required conditions. The reactor was filled with hydrogen and 

maintained under quite isothermal conditions during the test run. Samples (1 ml) were 

periodically (15 or 30 min) collected from the sampling valve (V-4) after the purge of residues, 

then centrifuged to remove the catalyst and collected in a vial in order to perform the 

subsequent analysis steps. 
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Figure 2.5 Lab-scale plant reactor for hydrogenation of vegetable oils and their derivatives. 

 

Figure 2.6 Photo of the laboratory scale setup. 
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The catalytic partial hydrogenation tests were carried out with Lindlar as reference catalyst, 

Pd/HT, and Pd/FAC catalysts under different operative conditions reported in  Table 2.3, Table 

2.4, and Table 2.5, respectively. 

Table 2.3 Reaction conditions of selective hydrogenation with Lindlar catalyst. 

Entry Oil 

Catalyst 

[mg/mLoil] 

T [°C] P [bar] t [h] 

Sampling 

[min] 

Test 01 

ca
n

o
la

 

4 60 4 6 30 

Test 02 4 60 12 6 30 

Test 03 4 120 8 6 30 

Test 04 4 180 4 6 30 

Test 05 4 180 12 6 30 

Test 06 2 180 4 2 15 

Test 07 1 180 4 2 15 

Test 08 4 180 4 1 15 

Test 09 4 180 4 1 15 

Test 10 4 180 4 1 15 

Test 11 4 180 4 1 15 

Test 12 4 180 4 1 15 

Test 13 sunflower 4 180 4 6 30 

 

Table 2.4 Reaction conditions of selective hydrogenation with Pd-HT catalyst. 

Entry oil 

Catalyst 

[mg/mLoil] 

T [°C] P [bar] t [h] 

Sampling 

[min] 

Cyclic 

number 

Test 14 

su
n

fl
o

w
er

 

 

0.5 60 4 4 15 I 

Test 15 0.5 90 8 4 15 I 

Test 16 0.5 120 4 6 30 I 

Test 17 0.5 120 4 2 15 II 

Test 18 0.5 120 12 6 30 I 
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Test 19 0.5 120 12 2 15 II 

Test 20 2 120 4 6 30 I 

Test 21 2 120 4 2 15 II 

Test 22 1 120 4 6 30 I 

Test 23 1 120 4 2 30 II 

Test 24 1 120 4 2 15 III 

Test 25 1 180 4 6 30 I 

Test 26 1 180 4 2 15 II 

Test 27 1 180 4 2 15 III 

Test 28 1 180 4 2 15 IV 

 

Table 2.5 Reaction conditions of selective hydrogenation with Pd/FAC catalyst. 

Entry oil Catalyst [mg/mLoil] T [°C] P [bar] t [h] Sampling [min] 

Test 29 

su
n

fl
o

w
er

 

 

1 180 4 6 30 

Test 30 1 120 8 6 30 

Test 31 1 240 8 6 30 

2.4.3 REACTIVITY AND SELECTIVITY 

Iodine Value (IV) was calculated in accordance with ISO 3961:2018 [165] from GC results; it 

is used to determine the amount of unsaturation in fatty acids. 

𝐼𝑉 =  (𝑥𝐶16:1 ∙ 0.950) + (𝑥𝐶18:1 ∙ 0.860) + (𝑥𝐶18:2 ∙ 1.732) + (𝑥𝐶18:3 ∙ 2.616)

+ (𝑥𝐶20:1 ∙ 0.785) + (𝑥𝐶22:1 ∙ 0.723) 

          Equation 2.14 

Reactivity performances were evaluated in terms of linolenic conversion Equation 2.15 and 

linoleic conversion Equation 2.16. 

.𝜒𝐶18:3 =
(𝐶18:3)0−(𝐶18:3)𝑡

(𝐶18:3)0
∗ 100               Equation 2.15 



Materials and methods 

82 

 

where (C18: 3)0and (C18: 3)𝑡 are the relative percentage of linolenic acid at the initial time (t 

= 0) and at given time t. 

𝜒𝐶18:2 =
∑ (𝐶18: 2)0𝑗 − ∑ (𝐶18: 2)𝑡𝑗

∑ (𝐶18: 2)0𝑗

∗ 100                       Equation 2.16  

where  ∑ (C18: 2)0j   and ∑ (C18: 2)tj  are the relative percentage of linoleic acid and his isomers 

at the initial time (t = 0) and at given time t. 

The selectivity is the total amount of desired product formed per total amount of limiting 

reactant consumed, and the saturation hydrogenation reaction, in the presence of excess 

hydrogen, from linolenic acid to stearic acid, which is consequential, can be described as 

irreversible and in order to evaluate the selectivity towards various acids a simple pseudo-first-

order scheme of series reactions, omitting isomerization of double bonds and the diffusivity 

limitation (the maximum rpm set point of the mixer is adopted in each test), was taken into 

account Equation 2.17, [167][168]: 

(𝐶18: 3)
𝑘3
→ (𝐶18: 2)

𝑘2
→ (𝐶18: 1)

𝑘1
→ (𝐶18: 0)                  Equation 2.17   

The scheme reported can be used because tests were conducted under mild pressure and 

temperature conditions as found in the previous work [169]. When higher pressures were 

imposed, direct hydrogenation of C18:2 to C18:0 and C18:3 to C18:1 should be taken into 

account as reported in the literature [170][171].  

This system can be described by a series of first-order differential equations: 

𝑑(𝐶18: 3)

𝑑𝑡
= −𝑘3 ∙ (𝐶18: 3)                  Equation 2.18 

𝑑(𝐶18: 2)

𝑑𝑡
= 𝑘3 ∙ (𝐶18: 3) − 𝑘2 ∙ (𝐶18: 2)                  Equation 2.19  

𝑑(𝐶18: 1)

𝑑𝑡
= 𝑘2 ∙ (𝐶18: 2) − 𝑘1 ∙ (𝐶18: 1)                  Equation 2.20    

According to the literature [170][171][172], the selectivity of linolenic acid (SLn) Equation 2.21 

and of linoleic acid (SLe) Equation 2.22 and selectivity towards geometric isomers of C18:1 

expressed by the specific isomers index (SII) Equation 2.23 were defined as: 
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𝑆𝐿𝑛 = 𝑘3 𝑘2⁄                    Equation 2.21   

𝑆𝐿𝑒 = 𝑘2 𝑘1⁄                    Equation 2.22    

𝑆𝐼𝐼 =
(𝑡𝑟𝑎𝑛𝑠)𝑡 − (𝑡𝑟𝑎𝑛𝑠)0

𝐼𝑉0 − 𝐼𝑉𝑡

                  Equation 2.23   

Where IV0 and IVt are the iodine value at the initial time (t = 0) and at the given time t. In this 

doctoral thesis, we employed Maple2019 software for the integration of the differential 

equation system, and the set of differential equations was analytically solved by software Excel 

Microsoft Office (see Addendum B). 

2.5  EXPERIMENTAL STUDY ON THE PRODUCTION OF 

GREEN DIESEL BY HYDROPROCESSING REACTIONS 

2.5.1 VEGETABLE OIL SELECTION FOR DEOXYGENATION TESTS 

Recently, the biofuel industry, like biodiesel and green diesel, is very important not only for 

human utilities but also for the environment and climate protection[173]. Biomass like 

vegetable oils, wood, grasses, and algae is a widely available resource that can be characterized 

by its high production potential enabling the production of different types of biofuels. Besides, 

there is extensive knowledge of the biofuel production process, and technologies enabling the 

production of biofuels with high caloric value and better physicochemical properties are 

developed [174]. 

Our choice of sunflower vegetable oil for catalytic hydrothermal deoxygenation tests because 

particularly rich in polyunsaturated oleic fatty acids, and it is available commercially 

economically. Gas chromatographic composition analysis of sunflower oil used in this work is 

observed in Table 2.6. 
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Table 2.6 composition of sunflower oils as received sample 

Vegetable oil C18:0% C18:1% C18:2% C18:3% 

Sunflower 3.39 41.27 55.11 0.22 

2.5.2 LAB-SCALE EXPERIMENTAL APPARATUS FOR HYDROGENATION 

TEST 

 The lab-scale plant is illustrated in Figure 2.7 and Figure 2.8. The catalytic hydro-processing 

(hydro-deoxygenation, decarbonylation, decarboxylation) tests were carried out, and stearic 

acid is a standard point of the reaction because it is no need for the hydrogenation step because 

it is already free fatty acids.  

The batch slurry reactor used was a Parr microreactor 4598 model unit of 100 with Parr 

magnetic drives and a 4848-reactor controller; the pressure and temperature operability limit 

values are 138 bars and 350 ֯C, respectively. Tests were carried out in semi-batch conditions, 

under H2 pressurized atmosphere, controlled by (pc-1) pressure controller, and measured by a 

digital manometer installed at the existence of the reactor. The reactor was charged with 

reactants (triglycerides (stearic acid or sunflower oil), solvent, internal standard (C25 or C20), 

and catalyst) placed in a liner; then, the system is purged from the air with N2, heated and 

pressurized at the required conditions. The reactor was filled with hydrogen and maintained 

under quite isothermal conditions during the test run. Liquid samples (1 ml) were collected 

every two or three hours of the reaction from the sampling valve (V-2) after the purge of 

residues, filtered from the catalyst, diluted in hexane solvent, and then analyzed with gas 

chromatographic techniques once the reaction mixture is recovered at the end of every test, a 

vacuum filtration was carried out to recover the catalyst, while the rest mixture was also 

evaporated by rotary evaporator, trans-esterified, and then analyzed with GC-MS and GC-FID. 
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The catalyst also is recovered and washed with hexane and chloroform solvents and filtered 

under vacuum backed system. 

 

Figure 2.7 Lab-scale plant reactor for hydro processing of vegetable oils and their derivatives. 

 

Figure 2.8 Photo of the laboratory scale setup. 

The sunflower oil is used with Lindlar as a commercial catalyst, NiMo/FAC, NiMo/zeolite X, 

Pd/FAC, and CoMo/FAC catalysts under different operative conditions Table 2.7. 
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Table 2.7 Reaction conditions of catalytic Deoxygenation tests with Sunflower oil and Stearic acid. 

Entry catalyst 

(Cat/TG) 

wt % 

T [°C] P [bar] t [h] 

Three Glyceride 

TG 

solvent 

Internal 

standard 

Test 01 Lindlar 10 300 20N2 6 Stearic acid 20 C20 

Test 02 Lindlar 10 300 40H2 8 Sunflower oil 20 C25 

Test 03 Pd/FAC 10 300 20N2 7 Stearic acid 20 C25 

Test 04 Pd/FAC 10 320 20H2 7 Sunflower oil 20 C20 

Test 05 Pd/FAC 10 320 40H2 7 Sunflower oil 20 C20 

Test 06 CoMo/FAC 10 320 40H2 8 Sunflower oil 20 C25 

Test 07 NiMo/FAC 2.5 320 40H2 6 Sunflower oil 0 C25 

Test 08 NiMo/FAC 10 320 40H2 6 Sunflower oil 20 C25 

Test 09 NiMo/zeolite X 10 280 40H2 6 Sunflower oil 20 C25 

Test 10 NiMo/zeolite X 2.5 320 40H2 7 Sunflower oil 12 C25 

Test 11 NiMo/zeolite X 10 320 40H2 6 Sunflower oil 20 C25 

2.5.3 REACTIVITY AND SELECTIVITY 

In order to have qualitative information on the conversion of the reaction, the reaction mixture, 

recovered at the end of the process, is trans-esterified and analyzed with GC-FID or GC-MS. 

The trans-esterification reaction is necessary to assess the presence of triglycerides and/or 

residual fatty acids at the end of the reaction and, therefore, verify if all the oil used has been 

converted into alkanes and/or other compounds (reaction intermediates, unsaturated 

compounds, aromatics, compounds resulting from unwanted reactions).  

To estimate the green diesel yield in the product, it could be calculated by Equation 2.24. 

𝑌𝐺𝐷 = ∑
(𝑚𝑛)𝑟𝑡

(𝑚𝑇𝐺)0

𝑛=18

𝑛=15

 Equation 2.24 

(𝑚𝑛) =
𝐶𝑛

100
× (𝑚)𝑟𝑡  Equation 2.25 
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Where: YGD is the green diesel range, (mn) the mass of the final alkane product at the end of the 

reaction (recovery time, rt), (mTG)0 the mass of the initial triglycerides (t=0), Cn the relative 

percentage of the alkane, (m)rt: the final recovered mass at the end of the reaction (recovery 

time, t). 

On the other hand, it is very worthy of knowing the conversion of initial tri 

glycerides (sunflower oil and stearic acid) to other products (hydrocarbons and esters) by 

Equation 2.26 : 

𝑋𝑇𝐺 =
(𝑚)𝑡

(𝑚 𝑇𝐺)0
× 100      Equation 2.26 

Where XTG is the conversion of triglycerides (TG), (m)rt is the mass of the final product at the 

end of the reaction (rt), (mTG)0 is the initial mass of TG at (t=0).   

Also, it is very important to calculate the conversion of triglycerides in hydrocarbons, Equation 

2.27 [175][176]: 

𝑋𝑛 = (1 −
(𝑚𝑇𝐺)𝑡

(𝑚𝑇𝐺)0
)            Equation 2.27 

Where Xn is the conversion in hydrocarbons, (mTG)t is the final mass of TG (FAME e 

Oxygenates) at the end of the reaction (t), (mTG)0 is the initial mass of TG at (t=0). 

To evaluate the selectivity towards hydrodeoxygenation HDO or decarboxylation DCO2/ 

decarbonylation DCO pathway, it can be done by the gas phase analysis (CH4, CO2, CO) or by 

the selectivity index, if both SI >1 Equation 2.28 and Equation 2.29 the selectivity is towards 

DCO/CO2 and if both SI<1 then it is towards HDO [177]. 

𝑆𝐼17/18 =
𝐶17

𝐶18
   Equation 2.28 

𝑆𝐼15/16 =
𝐶15

𝐶16
   Equation 2.29 
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Where SI is the selectivity index, C18 and C16 are the relative percentage of the alkanes with 

18 and 16 carbon’s atom numbers respectively, in which come from the HDO reaction 

pathway, C17 and C15 are the relative percentage of the alkanes with 17 and 15 carbon’s atom 

numbers respectively, in which come from the DCO2/DCO reaction pathway. 
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CHAPTER 3 

This chapter reports the characterization results for each catalyst used and synthesized during 

the thesis. 

 

 

• Lindlar catalyst characterization; 

• Pd/HT characterization; 

• NiMo/zeolite X characterization; 

• Cenospheres supported catalysts' characterization; 
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3 CATALYSTS CHARACTERIZATION 

The catalysts were characterized according to the methods described above (chapter 2) to 

evaluate the elementary composition (ICP-AES), the reducibility of metal oxides (TPR), the 

metal dispersion (H2-chemisorption), the thermal properties (TGA), the external properties 

(BET-BJH), the presence of crystalline phases and their crystallites size (XRD), the 

morphology (SEM-EDS), and the acidic properties (TPD-NH3), whereas the main information 

obtained from the characterization is illustrated in the following chapter: 

3.1 LINDLAR CATALYST CHARACTERIZATION 

Lindlar is a commercial catalyst, so just some essential characterizations, ICP-AES, H2-

Chemisorption, BET-BJH, and XRD were performed: 

3.1.1  ELEMENTAL ANALYSIS ICP-AES 

Lindlar catalyst ICP-AES elementary results have shown that the actual Pd load is less than the 

nominal Pd content (Pd ≤ 5%), while the content of calcium and lead is confirmed, Table 3.1. 
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Table 3.1 Elementary compositions of Lindlar catalyst. 

 

3.1.2 LINDLAR H2-CHEMISORPTION 

The palladium – hydrogen interaction has been studied by hydrogen chemisorption and TPD of 

the hydrogen from the Pd surface, Table 3.2 illustrates the active surface area, dispersion, and 

particle size for the palladium in the commercial Lindlar sample, whereas the Palladium active 

phase has a high dispersion percentage of 95 % with law particle size 1.17 nm and this is in 

accordance with the dispersion properties of Palladium, where the amount of hydrogen 

strongly adsorbed on the Pd surface increase with the metal dispersion[178] [179].  

Table 3.2 Metallic Pd surface area, dispersion, and particle size for Lindlar catalyst. 

Pd ASA (m2/g) Pd dispersion (%) Pd particle size (nm) 

9 95 1.17 

3.1.3 BET-BJH ANALYSIS 

BET-BJH characterizations and N2 adsorption curves Figure 3.1 shows mesoporous material 

(isotherm type IV with hysteresis loop type H3) and low surface area in accordance with the 

literature [180], pore-volume, and pore size (SBET 4.12±0.09 m2/g, VBJH 7.81±0.05 mm3/g and 

average pore size 7.21±0.87 nm). Perhaps the specific surface is equal to the surface area of 

the low porosity calcium carbonate substrate.  

Sample Pd (%) Ca (%) Pb (mg/kg) 

Lindlar 2.03±0.07 40±1 0.37±0.03 
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Figure 3.1 BET Isotherms (left) BJH desorption pore size distribution (right) of Lindlar. 

It is worth to note from the cumulative pores volume and the pores volume distribution Figure 

1.1, that the presence of micro (below 2 nm) and macro-porosities (up to 50 nm) is very low, 

while the majority of the pores are in the mesopores range (2 – 50 nm). 

3.1.4 CRYSTALLINE PHASES ANALYSIS XRD 

XRD analysis of Lindlar catalyst Figure 3.2  shows only one phase of calcium carbonate in 

crystalline form (crystallite size around 9 nm calculated from the more intense ray at 29.4°) 

associated with metallic palladium. In particular, the first ray of Pd at 39.8° may have been 

covered with the deformation of the CaCO3 ray at 40°. The secondary rays of Pd at 46° and 79° 

are partially covered or are not found. Moreover, XRD spectra did not permit to detect of any 

trace of PdO since the principal rays of this phase (at 34°, 54.9°, and 71.2°) are not present. 
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Figure 3.2 XRD spectra of Lindlar catalyst with CaCO3 principal rays reported. 

3.2 PD/HT CATALYST CHARACTERIZATION 

Here all the information acquired about the synthesized Pd/HT catalyst, elementary 

composition, metal dispersion, surface area, crystalline phase, and morphology is reported: 

3.2.1  PD/HT ELEMENTAL ANALYSIS 

The first overview of synthesis comes from the elemental quantification of catalyst from ICP-

AES. The experimental ICP-AES values are agreed with the nominal compositions, although 

Pd load has a slightly higher value than the expected one, which may explain by experimental 

variability in the synthesis as seen in Table 3.3. 
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Table 3.3 ICP-AES analyses of Pd/HT catalyst 

Sample Pd (%) Al (%) Mg (%) 

Pd/HT 1.18 ± 0.06 14.4 ± 0.4 24.7 ± 0.6 

3.2.2 PD/HT, H2-CHEMISORPTION 

Also, with the Pd/HT the H2-chemisorption results illustrate a good dispersion percentage of 

79%, less than the Pd Lindlar case due to the lower palladium load in the Pd/HT (1 %), 1.41nm 

palladium particle size, and 4 m2/g Palladium active surface area Table 3.4. 

Table 3.4 Metallic Pd surface area, dispersion, and particle size for Pd/HT catalyst. 

Pd ASA (m2/g) Pd dispersion (%) Pd particle size (nm) 

4 79 1.41 

3.2.3 PD/HT, BET-BJH ANALYSIS 

N2 adsorption curves, followed by capillary condensation, which indicates the formation of 

aggregates of plate like-particles forming slit-like[181] shows in Figure 3.3, permit the 

investigation of mesoporous material (isotherm type IV with hysteresis loop type H3). These 

curves allow evaluating a SBET 50.7±0.5 m2/g, which is in line with the average surface area 

obtained for other 2:1 Mg-hydrotalcite [182][183], VBJH 0.25±0.01 cm3/g, and an average pore 

diameter 20.02±0.33 nm., this about the high specific surface area can be attributed to the 

relatively large pore volume of the mesopores in this sample [184]. 
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Figure 3.3 BET Isotherms (left) BJH desorption pore size distribution (right) of Pd/HT catalyst. 

From the cumulative pores volume and the pores volume distribution Figure 3.3, it is possible 

to infer the presence of micropores range (below 2 nm) is very low, while the majority of the 

pores are in the mesopores (2-50 nm) and macro (up to 50 nm) porosity range. 

3.2.4 PD/HT XRD ANALYSIS 

X-ray diffraction analysis has been performed in order to determine the presence of palladium 

and hydrotalcite in which characterized by both Al/Mg in a molar ration 2:1 with some 

carbonate’s groups present inside the structure, besides, to evaluate a quantitative composition 

of crystalline phases. XRD analysis on Pd/HT Figure 3.4 exhibits that the sample is completely 

crystallized, and the only phase is hydrotalcite. The presence of metallic palladium could not 

be determined due to its low percentage of 1.18 %, and they may overlap with the much more 

intense rays of hydrotalcite support, but it could be glimpsed by the enlargement and shift of 

the two rays of the hydrotalcite at 40° and 46°. Furthermore, the calculation of the Scherrer 

equation (indicated in chapter 2), for all the isolated hydrotalcite crystals size (11.6°, 23.4°, 

60.7°, and 62.1°), gives an average value of crystallite size between 18 nm and 25 nm. 
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Figure 3.4 XRD spectra of Pd/HT catalyst with hydrotalcite phase. 

3.2.5 PD/HT SEM AND EDS ANALYSIS 

SEM micrographs, coupled with EDS elemental analyses, allow getting a deeper insight into  

the morphology and elemental topography of synthesized catalysts materials. 

Figure 3.5 demonstrates that; the structure of the Pd/HT catalyst is heterogeneous and is made 

from some particles linked with other bigger, smoother, and homogenous particles.  

 Moreover, since the image was produced with BSE electron, some points are brighter than 

others highlighting a higher amount of heavier elements. However, both surfaces contain the 

same elements (Mg and Al), in similar relative amounts, and Pd. 

EDS analysis on two different points from the same sample Figure 3.6 detects the similar 

relative amounts of the Mg and Al elements; the Pd seems well dispersed on the 
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surface because the same amount of Pd is detected in different points on the surface of the 

catalyst (point 1 and 2, for example), which in accordance with the H2-Chemisorption results 

(79 % metal dispersion).  

 

Figure 3.5 Pd/HT SEM image analysis. 

  

Figure 3.6 Pd/HT analysis, SEM image (on the right), and relative EDS analysis (on the left). 
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3.3 PD/FAC CATALYST CHARACTERIZATION 

In this part, Pd/FAC catalyst characterization information; elementary composition ICP-AES, 

reducibility TPR, metal dispersion measurement H2-Chemisorption, thermogravimetric 

analysis TGA, surface area BET measurement, crystalline phase analysis XRD, and 

morphology SEM-EDS analysis is reported. 

3.3.1 PD/FAC ELEMENTAL ANALYSIS 

The catalyst firstly has been characterized by ICP-AES. Table 3.5 demonstrates that the 

overview about syntheses experimental ICP-AES values agreed with the nominal compositions 

for palladium (2 %), The Al and Si are comparable with previous research [185][186] and in 

accordance with the ICP – AES analysis results of the FAC support (13.4 ± 0.3%) and (22 ± 

1%) respectively. 

Table 3.5 ICP-AES analyses of FAC and Pd/FAC catalyst. 

Catalyst Pd (%) Si (%) Al (%) 

Pd/FAC 1.89 ± 0.07 20.7 ± 0.8 12.8 ± 0.4 

FAC 0 22 ± 1 13.7 ± 0.3 

3.3.2 PD/FAC TPR TEMPERATURE PROGRAMMED REDUCTION 

ANALYSIS AND H2-CHEMISORPTION 

Using the same support FAC with the palladium as an active metal, the H2-TPR curves profile 

Figure 3.7  shows only one principal peak. Indeed, two distinct peaks, i.e., consumption of 

hydrogen for PdO reduction and subsequent desorption of hydrogen from bulk palladium 

hydride, can be observed. The first peak is at 92 °C, and the second one is at about 600 °C; 

these results are in accordance with the literature [179][187]. In fact, reduced Pd is highly 
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sensitive to atmospheric oxygen, and during handling and storing of the samples, a superficial 

Pd oxide layer can be formed. 

Table 3.6 Pd species reduction temperature, metallic active surface area, dispersion, and particle size for Pd/FAC 

catalyst. 

Pd Tred (°C) Pd surface (m2/g) Pd dispersion (%) Pd particle size (nm) 

92.03 7 88 1.26 

On the other hand, Table 3.6 illustrates that palladium has very good characterization 

properties, dispersion percentage 88%, active surface area 7 m2/g, and particle size 1.33 nm, 

which is in line with results obtained by W. Zhao et.al. with his Pd/C catalyst [179]. 

 

Figure 3.7 Pd/FAC temperature programmed reduction 

3.3.3 PD/FAC TGA ANALYSIS 

The thermogravimetric analysis TGA of non-calcined Pd/FAC catalyst, 10 °C/min till 800 °C, 

has been done in order to understand the thermal properties of the material and to know at 

which temperature it can be oxidized and /or decomposed. Figure 3.8 illustrates that the 

catalyst at about 130 ֯C lost 0.3% as H2O where the sample powder may possibly contain some 
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unbound humidity, while, at about 630 °C it is decomposed and lost about 5% of the weight, 

and this is in line with the TPR results where the second peak was at 600 °C, so the calcination 

and reduction processes could be done at 600 °C. 

 

Figure 3.8 Thermogravimetric analysis (TGA) of Pd/FAC. 

3.3.4 PD/FAC, BET-BJH ANALYSIS 

BET-BJH characterization in which has done for the FAC support, non-calcined and reduced 

(up to 600 °C) Pd/FAC catalyst respectively, (SBET 0.58±0.1 m2/g, VBJH 0.002±0.001 cm3/g, 

and an average pore diameter 6.87±0.02 nm), (SBET 0.26±0.03 m2/g, VBJH 0.002±0.001 cm3/g, 

and an average pore diameter 14.49±0.01 nm ), and (SBET 5.521±0.01 m2/g, VBJH 0.02±0.01 

cm3/g, and an average pore diameter 7.96±0.02 nm ), which illustrates an increase in surface 

area, pore-volume, and pore size after the impregnation of palladium oxide respect to the FAC 

support, and this is due to the effective high temperature (600 °C) of the calcination and 

reduction processes. 



Catalysts characterization 

101 

 

Figure 3.9 observes that Pd/FAC is a mesoporous material (isotherm type IV with hysteresis 

loop type H3), cumulative pores volume, and the pores volume distribution profile illustrates 

the presence of the mesopores range (2 – 50 nm) with a majority. 

  

Figure 3.9 BET Isotherms (left) BJH desorption pore diameter size distribution (right) of Pd/FAC catalyst 

3.3.5 PD/FAC XRD ANALYSIS 

The X-ray diffraction analysis on FAC support, non-calcined, and reduced Pd/FAC catalysts, 

respectively Figure 3.10 confirms the occurrence of PdO reduction to metallic Pd, which could 

be determined in a little amount at 42° and 48°, after the impregnation, formation of a new 

phase (sodium palladium silicate NaPd3Si2) was noticed at and then disappeared after the 

reduction process. The phases here are almost those of FAC, and the structure of the support is 

not changed after the impregnation process. 
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Figure 3.10 X-ray diffraction spectrum of Pd/FAC (up) & FAC (down) 

Table 3.7 illustrates the crystallite sizes calculated by Debye-Scherrer formula equation with 

error ±5 nm, and there is about no change in crystallite sizes before and after the impregnation 

process.  

Table 3.7 Crystal size of Cenopheres and Pd/FAC (NC, R). 

Sample Phases Formula crystallite size (nm) 

Cenospheres 
Mullite Al4.59O9.7Si1.41 44 

silicon oxide SiO2 49 

Pd/FAC 

Non-calcined 

Mullite Al4.59O9.7Si1.41 42 

silicon oxide SiO2 51 

sodium palladium 

silicate 
NaPd3Si2 22 

Pd/FAC 

Reduced 

Mullite Al4.59O9.7Si1.41 43 

silicon oxide SiO2 46 

Palladium Pd 44 
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The difference of palladium particle size results obtained by the H2-chemisorption (1.26 nm) 

and the Scherrer formula (44 nm) may refers to the divergence of the techniques.    

3.3.6 PD/FAC SEM AND EDS ANALYSIS 

In order to get more information about the structure, morphology, and elemental topography of 

raw and synthesized materials, SEM micrographs, coupled with EDS elemental analyses were 

done; Figure 3.11 clarifies that the support FAC spheres structure is about totally destroyed 

comparing with the impregnated Pd/FAC. EDS analysis on the same samples (FAC and 

Pd/FAC) Figure 3.12 detects elemental Pd, Si, Al, Na, O, K, and Fe with different peak 

intensity ratios in different spots. From  

 

Figure 3.13, it can be noticed a good dispersion of the Pd on the FAC support, which in 

accordance with the H2-Chemisorption results with 88% Pd dispersion. 

 

Figure 3.11 Pd/FAC SEM image analysis. 
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Figure 3.12 Cenosphere and Pd/FAC analysis, SEM image (right) and relative EDS analysis (left) 

 

 

Figure 3.13 Map Scanning electron Microscope (SEM) of Pd/FAC 
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3.4 COMO/FAC CATALYST CHARACTERIZATION 

Here the information acquired about the CoMo/FAC catalyst, elementary composition 

ICP/AES, reducibility TPR, metal dispersion H2-Chemisorption, Thermo- Gravimetric 

Analysis TGA, surface area BET, crystalline phase XRD, and morphology SEM-EDS is 

reported. 

3.4.1 COMO/FAC ELEMENTAL ANALYSIS 

The catalyst firstly has been characterized by ICP-AES. The overview about syntheses 

experimental ICP-AES values is more or less agreed with the nominal compositions for cobalt 

but for molybdenum is less than the nominal one, which may be explained by the preparation 

procedure analysis of the sample or the synthesis process. The Al and Si are about comparable 

with the previous research [185][186] and in line with the ICP – AES analysis of the FAC 

support (13.4 ± 0.3%) and (22 ± 1%) respectively, whereas their decreasing can be attributed 

by the impregnation of new elements to the structure (Co and Mo) as seen in Table 3.8. 

Table 3.8 ICP-AES analyses of FAC and CoMo/FAC catalyst. 

Catalyst Co (%) Mo (%) Al (%) Si (%) 

CoMo/FAC 3.1±0.1 12,7± 0.5 10.6 ± 0.3 15.9 ± 0.5 

FAC 0 0 13.7 ± 0.3 22 ± 1 

3.4.2 COMO/FAC TPR TEMPERATURE PROGRAMMED REDUCTION 

ANALYSIS AND H2-CHEMISORPTION 

The FAC support interaction effect with other active metal phases, from the profile of the H2-

TPR curve of Figure 3.14, can be dissociated into two peaks; the first peak is assigned to the 

reduction of CoO into metallic cobalt (It is well-known that the reduction of cobalt oxide takes 
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place in just one step (Co2+→Co0) with the consumption of 1 mol of H2 per mol of Co2+, while 

at lower temperature 200-400 °C Co3O4 can be reduced to CoO [161][188]), and the second 

one to the first step reduction of Mo6+ species and the complete reduction of the CoO, whereas 

the reduction of MoO3 is a complex process that needs in total 3 moles of H2 and it consists of 

two consecutive steps (Mo6+→Mo4+ and Mo4+→Mo0) with about 700 °C for the first step and 

(over 1000 °C) for the second one [189]. TPR with H2 indicates that the active cobalt phase is 

strongly bonded to the FAC support because an increase in its reduction temperature (678.2 

°C) is observed comparing with CoO reduction temperature 600 °C reported by different 

authors [190][191], whereas the molybdenum exhibits a reduction peak at about 800 °C and 

this could be explained by the interaction not only with the FAC support but also with the 

cobalt metal.   

Table 3.9 Co and Mo species reduction temperatures, Co metallic active surface area, dispersion, and particle 

size for CoMo/FAC catalyst. 

Co Tred (°C) Mo Tred ° ֯C) Co surface (m2/g) Co dispersion (%) Co particle size (nm) 

678.2 796.4 1 5 19.9 

 

The cobalt particle size results obtained by the H2-chemisorption (19.9 nm) and the Scherrer 

formula (28 nm) Table 3.10 are about closed although the divergence of the techniques, which 

may due to its order of magnitude. 
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Figure 3.14 CoMo/FAC temperature programmed reduction 

3.4.3 COMO/FAC TGA ANALYSIS 

In order to get a deep insight into the thermal properties of the material and having an idea at 

which temperature it can be oxidized and/or decompose, a thermogravimetric analysis of the 

non-calcined CoMo/FAC catalyst at10 °C/min till 800 °C has been done. Figure 3.15 shows 

that the catalyst at about 150 °C lost 1.8% as H2O where the sample powder may possibly 

contain some unbound humidity, while, approximately at about 790 °C the weight loss 

undergone by the sample is about 10%, and this is in accordance with the TPR results where 

the second peak was at 796.4 °C, so the calcination and reduction processes could be done at 

600 °C as we were interested in the Co active phase. 
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Figure 3.15 Thermogravimetric analysis (TGA) of CoMo/FAC. 

3.4.4 COMO/FAC, BET-BJH ANALYSIS 

BET-BJH characterization has been done for the cenospheres support (SBET 0.58±0.1 m2/g, 

VBJH 0.002±0.001 cm3/g, and an average pore diameter 6.87±0.02 nm), non-calcined (SBET 

2.84±0.01 m2/g, VBJH 0.006±0.01 cm3/g, and an average pore diameter 8.34±0.02 nm ) and 

reduced CoMo/FAC catalyst (SBET 6.94±0.01 m2/g, VBJH 0.03±0.01 cm3/g, and an average pore 

diameter 18.44±0.01 nm); these results illustrate increasing results in surface area, pore volume 

and pore size after the impregnation of Co and Mo respect to the FAC support: this can be 

attributed by the doping effect, the dispersion state of the catalyst, and creating new pores due 

to an effective diffusion of the CoO and MoO3 species in the support after the calcination (600 

°C) and the reduction (600 °C) processes[192]. 

N2 adsorption curves of reduced CoMo/FAC catalyst Figure 3.16 shows a mesoporous material 

(isotherm type IV with hysteresis loop type H3), whereas the adsorption of N2 followed by 
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capillary condensation, the cumulative pores volume, and the pores volume distribution 

illustrates the presence of all porosity ranges, micro (below 2 nm), meso (2 – 50 nm), and 

macro (up to 50 nm) range. 

 
 

Figure 3.16 BET Isotherms (left) BJH desorption pore diameter size distribution (right) of CoMo/FAC catalyst. 

3.4.5  COMO/FAC XRD ANALYSIS 

X-ray diffraction analyses on FAC support, non-calcined CoMo/FAC, and reduced CoMo/FAC 

catalysts, respectively, are compared. Figure 3.17 confirms the occurrence of a partially CoO 

reduction at 600 °C to metallic Co, but not totally because some part has reacted with the 

MoO3 as Co2Mo3O8 [193], which is also in line with the TPR results. So, the phases of the 

reduced CoMo/FAC catalyst are almost, mullite, silicon oxide, and dicobalt 

octaoxotrimolybdate. 
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Figure 3.17 X-ray diffraction spectrum of CoMo/FAC (up) & FAC (down) 

Crystallite sizes calculated from the average values of the principal pcks from the well-known 

Debye-Scherrer formula equation with error ±5 nm is reported in Table 3.10, which shows 

about very slight decrease of the mullite crystal phase after the impregnation process. 

Table 3.10 Crystal size of CoMo/FAC (NC, R) and FAC. 

Sample Phases Formula crystallite size [nm] 

cenosphere 
mullite Al4.59O9.7Si1.41 44 

silicon oxide SiO2 49 

CoMo/FAC 

Non-calcined 

mullite Al4.59O9.7Si1.41 40 

silicon oxide SiO2 49 

cobalt molybdenum oxide CoMoO4 28 

CoMo/FAC 

Reduced 

mullite Al4.59O9.7Si1.41 46 

silicon oxide SiO2 50 

dicobalt octaoxotrimolybdate(IV) Co2Mo3O8 32 

cobalt Co 28 
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3.4.6 COMO/FAC SEM AND EDS ANALYSIS 

SEM and EDS analyses of the CoMo supported on FAC before and after the impregnation 

process are reported in Figure 3.18 and  

Figure 3.19; show that the support spheres after the impregnation are almost destroyed, and the 

structure of the particle of the catalyst spread, due to the mixing during synthesis phases. EDS 

analysis on the same sample before and after the impregnation detects elemental Mo, Co, Si, 

Al, Na, O, K, Fe. with different peak intensity ratios in different spots.  

Figure 3.20 demonstrates the dispersion of the different impregnated sample elements, 

molybdenum and cobalt are positioned almost together, and Mo is more concentrated, so it 

covers it. This technique explains the previous results, X-ray diffraction, and H2- 

Chemisorption dispersion results about the presence of Co2Mo3O8 phase. 

 

Figure 3.18 CoMo/FAC SEM image analysis. 
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Figure 3.19 Cenosphere and CoMo/FAC analysis, SEM image (right) and relative EDS analysis (left). 

 

Figure 3.20 Map Scanning electron Microscope (SEM) of CoMo/FAC 
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3.5  NIMO/FAC CATALYST CHARACTERIZATION 

All the data acquired about the NiMo/FAC catalyst like its elementary composition, metal 

dispersion, reducibility, surface area, crystalline phase, and morphology is reported here: 

3.5.1 NIMO/FAC ELEMENTAL ANALYSIS 

The catalyst firstly has been characterized by ICP-AES. Table 3.11. exhibits that the 

experimental ICP-AES values are about agreed with the nominal compositions for nickel, but 

for molybdenum, is slightly less than the expected one, which can be attributed by the 

preparation procedure of the sample for the ICP-AES, where, after the attack with the H2SO4  it 

has been filtered,  The Al is less than previous research [185][186] and the ICP – AES analysis 

of the cenospheres support (13.7 ± 0.3 %), due to the addition of other elements after the 

impregnation process, the Si analysis has been out of the range (not acceptable), which may 

occur due to some problems with the apparatus  

Table 3.11 ICP-AES analyses of FAC, and NiMo/FAC catalyst 

Catalyst Ni (%) Mo (%) Al (%) Si (%) 

NiMo/FAC 2.46 ± 0.07 6.7 ± 0.3 5.9 ± 0.2 n. c. 

FAC 0 0 13.7 ± 0.3 22 ± 1 

3.5.2 NIMO/FAC TPR TEMPERATURE PROGRAMMED REDUCTION 

ANALYSIS AND H2-CHEMISORPTION 

The H2-TPR curves profile, Figure 3.21, can be deconvoluted in to two peaks, he first peak 

(610 °C) is related to the reduction of NiO into metallic nickel (It is well-known that the 

reduction of nickel oxide takes place in just one step (Ni2+→Ni°) with the consumption of 1 
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mole of H2 per mole of Ni2+) and the second one (737 °C) to the first step reduction of Mo6+ 

species and the complete reduction of the NiO.  

Comparing with the previous catalyst CoMo/FAC, the molybdenum exhibits a reduction peak 

at about 737 °C, which means that it has less interaction with the support. 

Table 3.12 Ni and Mo species reduction temperature, metallic Ni surface area, dispersion, and particle size for 

NiMo/FAC catalyst. 

Ni Tred (֯C) Mo Tred (֯C) Ni surface (m2/g) Ni dispersion (%) Ni particle size (nm) 

610.3 737 1 4 22.8 

For the active phase characterizations, from Table 3.12, we can conclude that the nickel has a 

very low surface area, large particle size, and low dispersion percentage; this result proves the 

fact that the nature of the support, its affinity with the species, and the synthesis methods have 

a remarkable effect on the reducibility of samples. 

 

Figure 3.21 NiMo/FAC temperature programmed reduction. 
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3.5.3 NIMO/FAC, BET-BJH ANALYSIS 

The results obtained from the textural characterization of the cenospheres support and the 

reduced NiMo catalyst shows an increase in surface area, pore volume, and pore size after the 

impregnation of Ni and Mo (SBET 4.55±0.01 m2/g, VBJH 0.02±0.01 cm3/g, and an average pore 

diameter 14.06±0.03 nm) respect to the FAC support (SBET 0.58±0.1 m2/g, VBJH 0.002±0.001 

cm3/g, and an average pore diameter 6.87±0.02 nm)  which is in line with the typical surface 

area obtained for cenospheres [194]. Figure 3.22 illustrates that NiMo/FAC catalyst is a 

mesoporous material (isotherm type IV with hysteresis loop type H3), and cumulative pores 

volume and the pores volume distribution shows that the presence of micro-porosity (below 2 

nm) is low, while the majority of the pores are in the mesopores range (2-50 nm) and macro 

range (up to 50 nm). 

  

Figure 3.22 BET Isotherms (left) BJH desorption pore diameter size distribution (right) of NiMo/FAC catalyst 

3.5.4 NIMO/FAC XRD ANALYSIS 

The X-ray diffraction analysis of the cenospheres supports FAC and reduced NiMo/FAC 

catalyst (up to 500 ֯C) in Figure 3.23 confirms the occurrence of NiO reduction to metallic Ni 
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which could be determined in a little amount at 45° and 52.4°, while the MoO3 is not reduced 

by the reduction process at 500 ◦C and posted over the FAC crystals. The sample after the 

impregnation process is less again crystallized, showing a higher amorphous content, and the 

main detectable phases of the NiMo/FAC catalyst are those already recognized of support 

(mullite and silicon oxide) and molybdenum oxide.  

 

Figure 3.23 X-ray diffraction spectrum of NiMo/FAC (up) & FAC (down) 

Crystallite size calculated from the average values of the principal peaks in Table 3.13  

illustrates a low decrease of the FAC crystal size after the impregnation process which may 

result due to the metal dispersion and the interaction with the support [195]. 
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Table 3.13 Crystal size of NiMo/FAC and FAC. 

Sample Phases Formula crystallite size (nm) 

Cenospheres 
Mullite Al4.59O9.7Si1.41 44 

silicon oxide SiO2 49 

NiMo/FAC 

Mullite Al4.59O9.7Si1.41 40 

silicon oxide SiO2 46 

Molybdenum Oxide MoO3 43 

Nickel Ni 16 

    

3.5.5 NIMO/FAC SEM AND EDS ANALYSIS 

SEM micrographs Figure 3.24 of reduced NiMo/FAC catalyst illustrates that the spheres of the 

FAC are almost destroyed after the impregnation process comparing with the cenospheres 

support, which may occur due to the synthesis procedure. EDS analysis on the FAC and 

reduced impregnated samples Figure 3.25 detects elemental Mo, Ni, Si, Al, Ti, O, K, Fe with 

different peak intensity ratios in different spots; these compositions are distributing clearly 

together. Molybdenum and nickel are positioned almost together on the shells, and Mo is more 

concentrated, so it is covering the Ni,  

 

Figure 3.26.  
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Figure 3.24 NiMo/FAC SEM image analysis. 

  

  
Figure 3.25 Cenosphere and NiMo/FAC analysis, SEM image (right) and relative EDS analysis (left) 
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Figure 3.26 Map Scanning electron Microscope (SEM) of NiMo/FAC. 

 

 

3.6 NIMO/ZEOLITE X CATALYST CHARACTERIZATION 

In this paragraph, information acquired about the NiMo/zeolite X catalyst, elementary 

composition, reducibility, metal dispersion, acidic sites, surface area, crystalline phases, and 

morphology is reported. 

3.6.1  NIMO/ZEOLITE X ELEMENTAL ANALYSIS 

The catalyst firstly has been characterized by ICP-AES, whereas the experimental ICP-AES 

values are approximately in agreement with the nominal compositions for nickel, although 

molybdenum is somewhat less than the expected one, perhaps due to the preparation procedure 

of the sample for the ICP-AES, where, after the attack with the H2SO4  it has been filtered,  

The Al is comparable with previous research [185][186] and in line with the ICP – AES 

analysis of the zeolite X support (12.4 ± 0.4 %), while the Si analysis has been out of the range 

(not acceptable) due to some problems with the apparatus as seen in Table 3.14 

Table 3.14 ICP-AES analyses of the zeolite and NiMo/zeolite X catalyst. 

Catalyst Ni (%) Mo (%) Al (%) Si (%) 

 

  

  



Catalysts characterization 

120 

 

NiMo/zeolite X 2.33±0.05 5.8 ± 0.3 12.5±0.3 n. a. 

Zeoilte X 0 0 12.4 ± 0.4 35± 1 

3.6.2 NIMO/ZEOLITE X TPR TEMPERATURE PROGRAMMED 

REDUCTION ANALYSIS AND H2-CHEMISORPTION 

In order to study the reducibility and the active phases characterizations of our as synthesizes 

catalysts, a temperature programmed reduction, and hydrogen chemisorption was applied. TPR 

data interpretation follows the principle that peaks of hydrogen consumption depict a chart of 

the interaction’s energies between the active phase and the support; thus, the stronger 

interactions mean higher reduction temperatures measured. In Table 3.15 is gathered the TPR 

reduction temperature and the active surface area ASA, metal dispersion, and particle size for 

the as-synthesized NiMo/zeolite X sample. The temperatures in the table are two reduction 

temperature peaks of the bimetallic catalyst.  

Table 3.15 Ni and Mo species reduction temperatures, metallic Ni surface area, dispersion, and particle size for 

NiMo/Zeolite X catalyst. 

Ni Tred (°C) Mo Tred (֯C) Ni ASA (m2/g) Ni dispersion (%) Ni particle size (nm) 

528.3 707.3 3 22 4.67 

In fact, the TPR with H2 indicates that the active nickel phase is strongly bonded to the zeolite 

support because an increase in the reduction temperature (528.3 °C) as seen in Figure 3.27, is 

observed comparing with  NiO reduction temperature (around 400°C) reported by different 

authors [196][197], while the higher temperature signal can be ascribed to both: the complete 

reduction of the NiO and the first step of reduction of  Mo6+ species [198], while the second 

Mo step could be reduced at a higher temperature (over 1000 °C) [189]. 
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Comparing with previous NiMo/FAC TPR and keeping in mind that zeolite X materials were 

synthesized from the cenospheres FAC, it is possible to conclude that the nickel has more 

interaction with the support in the case of NiMo/FAC as its peak reduction is shifted at a higher 

temperature (610.3 °C), while for the molybdenum peak was detected about the same 

temperature (737 °C), but slightly higher anyway.    

The difference of Nickle (NiMo/Zeolite X) particle size results obtained by the H2-

chemisorption (4.67 nm) and the Scherrer formula (14 nm) Table 3.16 is about the same of the 

previous case of the cobalt which refers to the divergence of the techniques.    

 

 

Figure 3.27 NiMo/Zeolite X temperature programmed reduction 

Regarding the active phase characterizations, from Table 3.15, we can conclude that the nickel 

has a low active surface area, large particle size, and not bad dispersion percentage, these 

results were expected due to the nickel sintering phenomenon which may happen during the 

calcination process (500  ֯C) or the TPR step before the H2 chemisorption (800 ֯C). 



Catalysts characterization 

122 

 

3.6.3 NIMO/ZEOLITE X, BET-BJH ANALYSIS 

BET-BJH characterization, done for the support and the catalyst, showed decreasing in surface 

area and pore volume and increasing in the pore size after the impregnation of Ni and Mo (SBET 

67.01±0.1 m2/g, VBJH 0.09±0.01 cm3/g, and an average pore diameter 5.37±0.03 nm) with 

respect to the zeolite (SBET 238.01±0.1 m2/g, VBJH 0.1±0.01 cm3/g, and an average pore 

diameter 1.66±0.02 nm), this, drop in surface area, pore size, and pore volume with 

impregnation metal loading possibly due to the coverage of support surface or blockage of 

zeolite channels by the high atomic weight of Mo or/and Ni metal/ metal oxides. These 

observations agree with the reduction of surface area for impregnated Ni/HY zeolite catalysts 

in the literature [199][200]. 

  

Figure 3.28 BET Isotherms (left) BJH desorption pore diameter size distribution (right) of NiMo/Zeolite X 

catalyst. 

Figure 3.28 permit the investigation of mesoporous material (isotherm type IV with hysteresis 

loop type H3), the appearance of the loops at low p/p0 values indicates a preference for quite 

small mesopores in this sample. It is important to note from the cumulative pores volume and 

the pores volume distribution that the presence of macro-properties (up to 50 nm) is very low, 

and there is no micro range (below 2nm), while the majority of the pores are in the mesopores 

range. 
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3.6.4 NIMO/ZEOLITE XRD ANALYSIS 

The X-ray diffraction analysis of the reduced NiMo/zeolite X sample Figure 3.29 confirms that 

nickel oxide is reduced to nickel, while molybdenum oxide cannot be reduced by reduction 

process (up to 500 ֯C) which is confirmed with the TPR results where Mo could be reduced 

partially up to 700 ֯c. The main recognizable phases are zeolite X (sodium aluminium silicate 

hydrate and sodium aluminium silicate nitrate) and molybdenum oxide, whereas the presence 

of metallic nickel in a little amount could appear at 44.5° and 51.8° but due to the overlapping 

with the much more intense rays of zeolite x support, it can’t be determined definitely. The 

sample after the impregnation process was less crystalized with more amorphous content; 

 

Figure 3.29 X-ray diffraction spectrum of NiMo/zeolite X (up) & Zeolite X (down). 

As seen in Table 3.16, the crystallite size of the zeolite x support after the impregnation is more 

or less the same, whereas the crystallite size was determined from the average values of the 

principal peaks from the well-known Debye-Scherrer formula equation with error ±5 nm.  
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Table 3.16 Crystal size of NiMo/zeolite X and zeolite X support. 

Sample Phases Formula crystallite size (nm) 

Zeolite X 

sodium aluminum silicate 

hydrate 
Na2Al2Si2.5O9-6.2H2O 55 

sodium aluminum silicate 

nitrate 
Na8(AlSiO4)6(NO2)2 54 

NiMo/Zeolite X 

 
 

sodium aluminum silicate 

hydrate 
Na2Al2Si2.5O9-6.2H2O 58 

sodium aluminum silicate 

nitrate 
Na8(AlSiO4)6(NO2)2 50 

molybdenum oxide MoO3 28 

nickel Ni 14 

3.6.5 NIMO/ZEOLITE X SEM AND EDS ANALYSIS 

 Samples analysis employing the SEM micrographs, coupled with EDS elemental analyses, 

allow getting more insight into the morphology and elemental topography of synthesized 

materials. It is also worthy to compare the structure of the catalyst before and after the 

impregnation. From Figure 3.30, the SEM images, it is possible to notice that zeolite crystals 

have a cubic shape before and after the impregnation; also, the dispersion of the metals, 

molybdenum, and nickel is about homogeneous. EDS analysis on the same sample, Figure 3.31 

detects elemental Mo, Ni, Si, Al, Na, O, K, Fe. with different peak intensity ratios in different 

spots. Molybdenum stands clearly comparing with Nickel, i.e., less widespread; also, Al, Si, 

and O are strongly present in  

 

Figure 3.32; this morphology may lead to an increase in the external surface area [201]. And 

this hypothesis is supported by BET surface area results. 
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Figure 3.30  NiMo/zeolite X analysis, SEM image 

  

  
Figure 3.31 Zeolite X and NiMo/zeolite X analysis, SEM image (Right) and relative EDS analysis (left) 
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Figure 3.32 Map Scanning electron Microscope (SEM) of NiMo/zeolite X. 

3.6.6 NIMO/ZEOLITE X NH3-TPD TEMPERATURE PROGRAMMED 

DESORPTION OF AMMONIA ANALYSIS 

The aim of studying the acid properties for this catalyst is to find out the acid sites which could 

be responsible for the deoxygenation pathway selectivity towards the hydrodeoxygenation or 

decarboxylation/decarbonylation reactions [202]. Therefore, it is important to determine the 

number of acidic sites on the catalyst's surface and to study whether they are strong (Bronsted), 

medium (Bronsted and Lewis), or weak (Lewis) acidic sites. 

Figure 3.33 presents ammonia TPD for NiMo metal oxides supported on zeolite X. It is 

possible to distinguish two high peaks. The first one is detected at a temperature of 130.2 °C, 

which means weak acidic sites, and the maximum of the second one is centered at 321.2 °C: 

this temperature significantly matches with medium acidic sites. In conclusion, this catalyst 

doesn’t exhibit strong acid sites which should be at about 400 °C for the zeolite X [203]. 
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Figure 3.33 NiMo/zeolite X temperature programed desorption with NH3. 

 

3.7 CONCLUSIONS 

Different materials were characterized before the reactivity tests, as shown in this chapter using 

different techniques: 

I. For Lindlar catalysts, a small surface area, related to the low pore area of the support calcium 

carbonate is observed. Calcium carbonate by XRD is the only phase that it is possible to 

establish the presence.  High dispersion percent of the palladium on the support by H2-

Chemisorption. 

II. The Pd/HT catalyst method proves to be reliable in the synthesis of palladium supported 

hydrotalcites with the wanted content of Pd (ICP-AES); the material is in accordance with the 

characteristic of this kind of materials, with comparable the BET surface area and the shape of 

isotherms. As in the case of Lindlar, for Pd/HT it is not possible to identify the Pd phases by 
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XRD, due to the low Pd content. Although the low Pd content, the dispersion percentage on the 

hydrotalcite support is very significant. 

III. For the bimetallic NiMo/zeolite X catalyst, TPR results show that the materials present two 

H2 consumption peaks; these peaks are over the range reported in the literature for the 

reduction of the bimetallic nickel and molybdenum oxides. The Ni area was studied by 

chemisorption of H2 and highlighted low area, and so low dispersion, due to the nickel 

sintering attitude.  

From a morphological point of view, the NiMo/zeolite X catalyst has a structure with a cubic 

crystal-shaped before and after the impregnation process; also, the dispersion of the metals, 

molybdenum, and nickel is homogeneous. 

From the TPD by NH3, was observed two types of acidic sites, low one at low temperature, 

which may refer to the Lewis acidic sites, and the other is medium at a mild temperature, 

which could include the two types of Lewis and Bronsted acidic centers. 

IV. For the mono and bimetallic catalysts supported on the FAC material: 

- In the case of the bimetallic NiMo/FAC catalyst, the TPR results show that the 

materials present two H2 consumption peak; these peaks are over the range reported in 

the literature for the reduction of the bimetallic nickel and molybdenum oxides which 

could be due to the strong interaction between the metals and the support. By the 

chemisorption of H2, the Ni active surface area and the dispersion percentage were 

lower than the NiMo/zeolite X, which shows the support type effect. The BET surface 

area was very low, too, cause its low in the raw cenospheres materials. Regarding the 

morphological crystalline point of view, the NiMo/FAC catalyst has a structure with the 
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destruction of the spheres after the impregnation process. Ni and Mo posted almost 

together on the shells of the spheres.  

- For the bimetallic CoMo/FAC catalyst, the TPR results have shown a strong interaction 

not only with the support but also between the metals each other’s where the two peaks 

are over the range reported in the literature for the reduction of the bimetallic cobalt and 

molybdenum oxides. The XRD results have illustrated that the CoMo/FAC catalyst has 

kept its structure of crystallinity and morphology after the impregnation process with 

two phases (FAC and Co2Mo3O8). SEM analysis has demonstrated that the support 

spheres are almost destroyed after the impregnation process; Co is about covered with 

Mo. 

- Finally, for the monometallic Pd/FAC catalyst, the TPR results were very in accordance 

with the literature, with only one central peak for the palladium. The BET results have 

illustrated increasing in surface area and pore volume, and pore size after the 

impregnation of palladium oxide with respect to the FAC support. Also, in the Pd 

impregnation, the crystallinity was kept after the process. From the morphological point 

of view, the support spheres structure is about totally destroyed, and Pd spread very 

well after the impregnation, which may occur due to the mixing during the synthesis 

phase, and this is confirmed with the H2-Chemisorption results of high Pd dispersion 

88%. 
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CHAPTER 4 

This chapter reports the activity test results of the catalytic hydrogenation reactions on canola 

and Sunflower vegetable oils using: 

 

 

• Lindlar catalyst test activities; 

• Pd/HT catalyst test activities; 

• Pd/FAC catalyst test activities; 
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4 HYDROGENATION REACTIVITY 

TESTS 

4.1 LINDLAR CATALYST HYDROGENATION TESTS 

The catalytic hydrogenation activity tests using Lindlar catalyst (indicated in Table 2.3) results, 

performed with canola rapeseed and sunflower vegetable oils, are illustrated in this section as 

selectivity, conversions, and fatty acids composition during the reaction time, where the most 

meaningful tests’ results are reported in Table 4.1 [168][204]. In order to evaluate the 

possibility of homogeneous phase reactions, two blank tests without catalyst were carried out 

under the corresponding conditions for six hours, and no homogenous phase reactions were 

noted.  
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Table 4.1 Lindlar catalytic hydrogenation test results, isomer index SII index, and conversions 

Entry Oil 

T 

( ֯C) 

P 

(bar) 

 

ta 

(min) 

SLn 

(%) 

SLe 

(%) 

SII IV 

χC18:3 

(%) 

χC18:2 

(%) 

(C18:1)b   

(%) 

Test 03 

C
an

o
la

 

 

120 8 120 1.3 23.9 0.7 89.2 84.6 60.8 82.6 

Test 04 180 4 90 1.4 33.6 1.4 89.3 90.1 84.6 88.4 

Test 05 180 12 60 1.3 20.2 1.2 79.4 92.7 84.3 86.0 

Test 06 180 4 120 1.7 35.8 1.5 91 92.1 51.4 83.2 

Test 07 180 4 120 2.2 37.3 1.8 93 90.6 51.0 84.4 

Test 13 Sunflower 180 4 240 - 13.9 2.3 80 - 98.7 83.0 

a: Time corresponding to the maximum relative percentage of the monoene C18:1 

b: Maximum C18:1 relative percentage obtained during the test 

 

The tests 01 and 02 (conducted at 60 °C under 4 bar and 12 bar) in Table 2.3 are not reported 

in Table 4.1 cause the conversion of both linoleic (3.5% and 6% respectively) and linolenic 

acids (15.9% and 21% respectively) even after 6 hours of the reaction was so small to be 

considered (Addendum B).    

The study of the selectivity of linolenic SLn and linoleic SLe acids reported in Table 4.1 allows 

to infer that the SLn results are in accordance with the literature values [205][206], while for the 

SLe results are higher: t the linoleic selectivity values imply that the reaction rate of linoleic 

fatty acids is higher than the formation rate of stearic acid. For this reason, the reaction must be 

stopped before the complete saturation of double bonds. 

Increasing the temperature higher than 60 °C, the conversion of linolenic and linoleic acids is 

increased: Test 03 (120 °C and under 8 bar) Figure 4.1 illustrates that after about four hours of 

the hydrogenation reaction, almost all the polyunsaturated fatty acids are transformed in C18:1, 
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and C18:0 compounds with iodine value 69.1, which decrease from 121 and this give a 

significant parameter to illustrate the efficiency of the hydrogenation process. The maximum 

concentration of C18:1 (82.6 %) was achieved at 120 minutes, with a corresponding stearic 

acid C18:0 7.8 % and 8.1% of linoleic acid C18:2 compositions. 

  

Figure 4.1 Test 03 (120 °C, 8 bar and 4 mg/ml) Hydrogenation with canola oil and Lindlar results, conversions of 

linolenic and linoleic acid and iodine value vs. time (right) relative percentage of C18 compounds vs. time (left) 

Test 04 at 180 °C and 4 bar show similar attitudes, but a higher activity than Test 03, as can be 

observed in  Figure 4.2 whereas, after 120 min, the maximum conversion of polyunsaturated 

compounds of about 95% and the iodine value equal to 82.2 is reached. At 90 minutes, the 

highest composition of monoene C18:1 (88.4% compared to 82.6% of test 03) and 4.5 % of 

stearic acid C18:0 is obtained.  
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Figure 4.2 Test 04 (180 °C, 4 bar and 4 mg/ml) Hydrogenation with canola oil and Lindlar results, conversions of 

linolenic and linoleic acid and iodine value vs. time (right) relative percentage of C18 compounds vs. time (left) 

Increasing the pressure of H2 at 180 °C (Test 05 in Figure 4.1), the reaction rate increase and 

the complete conversion of C18:3 and C18:2 is observed after about 90 minutes, meaning that 

a higher concentration of molecular  H2 solubilized in the oil leads to higher activity, so as 

increasing the solubilized H2 means increasing the reaction activity, it also means that 

increasing the mixing velocity will lead then to higher activity and higher conversion.  

  

Figure 4.3 Test 05 (180 °C, 12 bar and 4 mg/ml) Hydrogenation with canola oil and Lindlar results, conversions 

of linolenic and linoleic acid and iodine value vs. time (right) relative percentage of C18 compounds vs. time (left) 
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Since the main desired goal of the hydrogenation process is achieving a great conversion of 

polyunsaturated fatty acids, a high concentration of monoene’s, keeping a low concentration of 

stearic acid, it is necessary to identify the best reactions conditions and stop the reaction before 

the complete conversion of the polyenes. After evaluating the previous hydrogenation results, 

the higher temperature 180 °C (Test 04 and Test 05) is better than 120°C (Test 03) since the 

higher reaction rate (same degree of conversion at shorter reaction times) and higher amounts 

of C18:1 is obtained. It was worth doing other tests under the same operating conditions and 

lower catalyst concentration (Test 06 and Test 07). 

In Figure 4.4 (test 06) and Figure 4.5 (test 07), the tests with lower catalyst concentrations half 

and quarter respect to test 04, shows only a slight decrease in the hydrogenation rate and about 

complete conversion of linolenic acid C18:3 (92%), whereas the conversion of linoleic acid 

C18:2 is about 52% for both tests. Although SII achieves almost the same results, less stearic 

acid is formed (about 6%), comparing with the previous one test 04 (about 15%). However, we 

conclude that it is possible to obtain comparable results using a quarter of the amount of the 

initial catalyst (1 mgcatalyst/mLoil vs. 4 mgcatalyst/mLoil), but with a longer reaction time (double) 

to obtain 90% linolenic conversion. 
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Figure 4.4 Test 06 (180 °C, 4 bar and 2 mg/mL) Hydrogenation with canola oil and Lindlar results, conversions 

of linolenic and linoleic acid and iodine value vs time (right) relative percentage of C18 compounds vs time (left) 

  

Figure 4.5 Test 07 (180 °C, 4 bar and 1 mg/mL) Hydrogenation with canola oil and Lindlar results, conversions 

of linolenic and linoleic acid and iodine value vs. time (right) relative percentage of C18 compounds vs. time (left) 

In order to study the recyclability and the sustainable efficiency of the Lindlar catalyst, five 

cyclic tests with canola rapeseed oil were investigated at the best operative conditions of 180 

°C and 4 bar of hydrogen, 1 hour for every cycle. The conversions, selectivity, iodine value, 

and relative compositions of fatty acids over 5 cyclic tests are reported in Table 4.2. 
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Table 4.2 Test results with canola oil and Lindlar catalyst for the cyclic test at 180 °C and 4 bar pressure 

calculated at 1 h. 

Entry SLn SLe SII IV χC18:2 (%) χC18:3 (%) (C18:1) (%) c 

Test 08 1.21 47.8 0.40 94 42.8 65.8 86.6 

Test 09 1.24 40.8 0.76 95.3 55.2 80.8 86.2 

Test 10 1.05 39.3 0.93 95.2 54.2 75.1 83.8 

Test 11 1.01 26.0 0.94 96.8 49.2 67.7 81.4 

Test 12 1.11 20.5 0.75 99 42.8 65.8 80.7 

c : Maximum C18:1 relative percentage obtained at 60 minutes 

 

Cyclic tests result for the relative composition of fatty acids and the polyunsaturated fatty acids 

conversion, are reported in Figure 4.6 and Figure 4.7 respectively, illustrate a small loss of 

catalytic activity over hydrogenation runs which could be explained with: 

o uncomplete recovery of the catalyst after each cycle. 

o deactivation of the catalyst and blocking the pores cause the formation of coke 

or carbon monoxide [207]. Pd leaching may happen, which was confirmed by 

doing post-test ICP-AES analysis on the recovered catalyst washed with 

acetone, and n-hexane shows a loss of Pd less than 10 %w/w [208]. 

o poisoning elements in the oil (sulfur and phosphorous compounds or heavy 

metals traces) could affect the catalyst activity and selectivity [209][210]. 

o the presence of some complex molecules in vegetable oils, such as chlorophyll, 

which may block the pores of the catalyst and prevent the access for reactants 

[211]. 

 The catalyst deactivation could be solved by making-up the appropriate amount of fresh 

catalyst. 
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Figure 4.6 Hydrogenated oil composition at 1h over five cyclic tests at 180°C, 4 bar and 4mg/mL with canola oil 

and Lindlar catalyst, (test 08-12)[8] 

 

Figure 4.7 C18:1 and C18:2 conversions at 1h over five cyclic tests at 180°C, 4 bar and 4mg/mL with canola oil 

and Lindlar catalyst, (test 08-12)[8] 

As the choice of the type of vegetable oil used for the hydrogenation process depends on 

commercial availability and taking into consideration all the tests carried out; the best reaction 

conditions are 180 °C, 4 bar of hydrogen and 4 mg of Lindlar catalyst of 1 mLoil, another 
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hydrogenation test with commercial sunflower oil was carried out because in Europe great use 

of sunflower is made and it is produced in large quantities [212]. 

Hydrogenation results for Test 13 at 180 °C and 4 bar using sunflower oil, with lower initial 

contents of C18:3 and C18:1, and higher content of C18:2 than canola rapeseed oil, shows in 

Figure 4.8 where, the conversion of linoleic acid C18:2 is almost complete after about 4 hours 

with iodine value about 80, maximum C18:1 relative composition about 83%, and low amount 

of C18:0, about 12% at the same time. So, comparing the hydrogenation of canola rapeseed 

and sunflower oil under the same conditions (Test 04 and Test 13), it could be observed that 

the polyenes react more easily, and the hydrogenation is favored over the formation of 

monoene in oil having a significant of linolenic fatty acids C18:3. 

  

Figure 4.8 test 08 (180 °C, 4 bar and 4 mg/mL) Hydrogenation with sunflower oil and Lindlar results, 

conversions of linolenic and linoleic acid and iodine value vs. time (right) relative percentage of C18 compounds 

vs. time (left) 

In order to study the suitability of the experimental data with the theoretical one, the proposed 

model is used for the data analysis (Equation 2.18, Equation 2.19, and Equation 2.20) 

implemented in Maple 2019 as reported in Addendum B. As seen in Figure 4.9, in the case of 
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canola rapeseed oil, the model fits well, test 4, the composition data for C18:2 and C18:3, for 

C18:1, the proposed model is only adapted (with an error of around 10 %) to the start of the 

reaction until the maximum of C18:1 was reached. For sunflower oil hydrogenation, the first 

reaction (from C18:3 to C18:2) was neglected because the initial concentration of linolenic 

acid (0.2 % percentage of C18:3) and so the relative variation is low; the model predicts the 

compositions of C18:1 and C18:2 with low errors (less than 3 %). It is possible to improve the 

model, for example, changing the reaction order, introducing the cis-trans equilibrium reaction, 

and also considering the mass transfer resistances.  

Two examples of the fitted data, for the best conditions’ tests with Lindlar catalyst, are shown 

in Figure 4.9, one for canola rapeseed oil (stopped at 120 min reaction) and the other for 

sunflower oil (360 min). The discrepancies between the experimental data and the model's 

calculated results are correlated to both a possibly different order of reaction and a more 

complex reaction mechanism [37]. Although the model does not consider the cis-trans 

equilibrium reaction and the mass transfer resistances, it predicts the relative percentages in a 

rather acceptable way. 

  

Figure 4.9 Example of data with respective calculated compositions for test 04 (K1=0.0001, K2=0.0122, 

K3=0.02121) canola rapeseed oil (left) and test 13 (K1=0.0006, K2=0.009) sunflower oil (right). 
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4.2 PD/HT CATALYST HYDROGENATION REACTIVITY 

TESTS 

As a start point of the study, two preliminary tests were carried out: Test 14 at 60 °C, 4 bar of 

hydrogen and 0.5 mgcatalyst/mLoil, and Test 15 at 90 °C, 4 bar of hydrogen and 0.5 

mgcatalyst/mLoil   (Table 2.4). These operating conditions of low temperature and pressure were 

chosen from the literature, as suggested by Fernández et al.[67]. Although the conversion of 

linoleic C18:2 acid is low (about 31 % and 15% for Test 14 and Test 15, respectively - Figure 

4.10), these tests at very low temperature exhibit a promising activity of the original 

synthesized catalyst compared to the commercial one. 

 

Figure 4.10 Tests 14(60 °C and 4 bar) and 15 (90 °C and 4 bar) of Pd-HT with sunflower oil 

Because of few data about the attitude of hydrotalcite as support of catalyst in the 

hydrogenation processes found in the literature[162], the main parameters such as catalyst 

concentration, pressure, and the temperature was studied widely, taking into consideration the 

previous results with Lindlar in order to achieve the best conditions of hydrogenation process 

with Pd/HT catalyst. By using sunflower oil, five tests were carried out, changing pressure, 

temperature, and concentration of Pd/HT catalyst in order to compare the performance of the 



Hydrogenation reactivity tests 

142 

 

catalysts under the same operating conditions. All the results from catalytic activity tests are 

performed with commercial sunflower vegetable oil, reaching maximum linoleic conversion, 

the high relative percentage of C18:1, and minimum C18:0 content,  Table 4.3 

Table 4.3 Test results with Pd/HT, SII index, and conversions were calculated when the highest amount of oleic 

acid was observed. 

Entry ta (min) 

T 

(°C) 

Cat. 

(mg/ml) 

P 

(bar) 

SLe SII 

χC18:2 

(%) 

(C18:1) b 

(%) 

IV 

Test 16 210 120 0.5 4 36.75 0.23 22.39 46.94 127.3 

Test 18 240 120 0.5 12 17.8 0.99 95.2 88.2 81.5 

Test 20 180 120 2 4 18.4 0.98 96.3 89.9 81.8 

Test 22 360 120 1 4 27.5 0.45 29 51.2 123.7 

Test 25 270 180 1 4 37.2 0.44 89.1 85.8 85.9 

a Time corresponding to the maximum relative percentage of C18:1 

b Maximum C18:1 relative percentage obtained during the test 

Table 4.3shows that only at the highest temperature (Test 25), concentration (Test 20), and 

hydrogen pressure (Test 18), the relative percentage of C18:1 reached a value higher than 85% 

and C18:2 conversions higher than 89%. From the selectivity point of view, the SLe, values 

increased with temperature, and they are higher than the data found in the literature at 160 °C 

for alumina supported catalysts 7 and ZSM-5, catalysts 15 [213]. 

In order to study the effect of the catalyst concentration on the reaction rate of the 

hydrogenation of sunflower oil, three tests 16, 20, and 22 were compared. Figure 4.11 

illustrates a slight increase of the linoleic acid isomers content iso C18:2, 1.5 %, 2.5 %, and 5 

%, and a significant increase of the monoene relative percentage C18:1 48 %, 54 %, and 90 % 

for tests 20, 18, 22 respectively.  
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Figure 4.11 Hydrogenation results with Pd/HT catalyst at 120 °C and 4 bar with different 

catalyst concentrations (0.5, 1 and 2 mgcatalyst/mLoil) tests 16, 20, 22 

Test 20, in Figure 4.12, shows almost complete conversion of linoleic acid and about 90 % 

relative composition of monoene after 3 hours of reaction and 81.8 of iodine value, which 

illustrates a significant efficiency of the hydrogenation process as it decreased from 140 value. 

  

Figure 4.12 Test 20 (120 °C, 4 bar and 2 mg/mL) hydrogenation with sunflower oil and Pd/HT results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 
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As the Pd/HT catalyst has shown very high activity at the conditions of Test 20 (120°C, 4 bar, 

and 2 mgcatalyst/mLoil), another cycle of 120 minutes (Test 21) has been carried out in order to 

study the reusability of the catalyst, where he catalyst still has a high activity after the second 

cycle with about 84.3% conversion of C18:2 vs. 88.30 % after 120 minutes for the first cycle.  

Figure 4.13 shows the increasing pressure effect with 120 °C, 12 bar, and 0.5 mgcatalyst/mLoil 

(Test 18), where about all the linoleic acid C18:2 is converted and about 90% of monoene 

C18:1 after 4 hours of reaction is performed. 

  

Figure 4.13 Test 18 (120 °C, 12 bar and 0.5 mg/ml) Hydrogenation with sunflower oil and Pd/HT results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 

Figure 4.14 illustrates pressure effect comparison between test 16 (120 °C, 4 bar, and 0.5 

mgcatalyst/mLoil) and test 18 (120 °C, 12 bar, and 0.5 mgcatalyst/mLoil), the linoleic acid C18:2 

conversion is significantly increased simultaneously with the increasing of the relative 

composition of monoene C18:1, reaching about 89%, which can be explained by increasing the 

solubility of pure hydrogen in the oil. 
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Figure 4.14 Hydrogenation results with sunflower oil and Pd/HT at 120 °C and 0.5 

mgcatalyst/mLoil with different pure hydrogen pressure (4 and 12 bar), tests 16 and 18 

Also, with these conditions (120 °C, 12 bar, and 0.5 mgcatalyst/mLoil) of test 18, it is worth to 

study the recyclability of Pd/HT synthesized catalyst, a second cycle of 120 minutes (Test 19) 

has been carried out, and the results illustrate that the catalyst still has a high activity with 

about 78% conversion of C18:2 vs., 80 % after 120 minutes for the first cycle. 

Regarding the study of temperature effects, Test 25 were investigated at 180 °C, 4 bar, and 1 

mgcatalyst/mLoil comparing with the Test 22 (120 °C, 4 bar, and 1 mgcatalyst/mLoil), which was 

reported previously, and the results are in line with those expected: high catalytic activity and 

conversion of linoleic acid C18:2 are achieved Figure 4.15and this is also in line with results 

obtained with Lindlar catalyst and in accordance with the literature [214] from the point of 

view of the conversion value (>85%) using palladium (1%w/w) supported on Al2O3 under 

similar temperature condition (170 °C and 3 bar of H2). 
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Figure 4.15 Hydrogenation results with sunflower oil and Pd/HT 4 bar and 1 mgcatalyst/mLoil with different 

temperature (120 and 180 °C), tests 22 and 25 

Figure 4.16 illustrates the hydrogenation reaction results of Test 25 and shows that almost 

complete conversion of linoleic acid was achieved after about 6 hours and high relative 

composition of monoene C18:1 of about 86% after 4 hours and 7.2% of stearic acid C18:0. 

  

Figure 4.16 Test 25 (180 °C, 4 bar and 1 mg/mL) Hydrogenation with sunflower oil and Pd/HT results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 
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The catalyst recycling effect was conducted to evaluate the catalyst's efficiency and stability 

after several cycles. So, four cycles have been applied with the Test 25 conditions (180 °C, 4 

bar, and 1 mgcatalyst/mLoil). Figure 4.17 shows the results of four cycles and illustrates that 

although the catalyst still active after the second cycle with about 82.7 % conversion of C18:2 

vs. 90 % for the first cycle, there is a degradable decrease of the activity towards the 4th cycle. 

 

Figure 4.17 Test results for the cyclic test at (180 °C, 4 bar, and 1 mgcatalyst/mLoi ) with Pd/HT. 

In order to illuminate some information on the cyclic tests and explain the loss of activity and 

efficiency of the catalyst over cycles, the catalyst was recovered from the reaction medium and 

reutilized in consecutive runs (simulation with industry procedure). As mentioned, and 

discussed in the case of Lindar, the reasons behind the deactivation and the gradient decrease 

of the activity over the cycles are:  

• Poisoning with components of the oil. 

• Formation of coke on the palladium catalyst.  

• Recovery does not complete between cycles and loss in catalyst mass.  
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The samples' post characterization was not possible since the reacted hydrogenated oil remains 

inside the catalyst also after a washing protocol with different solvents (toluene, hexane, 

acetone, and chloroform) for three times. 

In the end, it is worth noting that the Pd/HT catalyst has shown better performance than the 

Lindlar catalyst since comparable results are obtained with less amount of catalyst and longer 

life cycle (120 min for Pd/HT vs. 60 min for Lindlar) was investigated. 

Regarding the fitted data, for the best conditions’ tests with Pd/HT catalyst and sunflower oil, 

where the first reaction (from C18:3 to C18:2) was neglected because the initial concentration 

of linolenic acid (0.2 % percentage of C18:3) and so the relative variation is low, three 

examples are shown in Figure 4.18, for the test 20 (120 °C, 4 bar, 2 mgcatalyst/mLoil), the model 

about fits well with an error around 10%, also for the tests 25 (180 °C, 4 bar, 1 mgcatalyst/mLoil) 

and test 18 (120 °C, 12 bar, 0.5 mgcatalyst/mLoil) there is a fitting with the model, error about 

10%. 
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Figure 4.18 Figure 4.19 Three Examples of data with respective calculated compositions for test 20 (120 °C, 4 

bar, 2 mgcatalyst/mLoil) (up left) (K1=0.0007, K2=0.01232), test 18 (120 °C, 12 bar, 0.5 mgcatalyst/mLoil) (up right) 

(K1=0.0006, 0.010124), and test 25 (180 °C, 4 bar, 1 mgcatalyst/mLoil) (down) (K1=0.0002, K2=0.005642). 

4.3 PD/FAC CATALYST HYDROGENATION REACTIVITY 

TESTS 

The cenospheres material (FAC) is original support; in this thesis, it has been used for the first 

time as a supported catalyst in the hydrogenation processes, as it is waste material, obtaining 

good results will very positive and exciting from the environmental and economic points of 

view.  Taking into account the previous results with Lindlar and Pd/HT in order to understand 

the attitude of cenospheres and to achieve the best conditions of the hydrogenation process 

using Pd/FAC and sunflower oil, three tests were carried out under different pressure 

conditions, temperature, and concentration of catalyst (Table 2.5). All the catalytic activity 

tests results, showing the maximum linoleic conversion, high relative percentage of C18:1, and 

minimum C18:0 content, are reported in Table 4.4.   
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Table 4.4 Test results with Pd/FAC, SII index, and conversions calculated when the highest amount of oleic acid 

was observed. 

Entry 

Ta 

(min) 

T 

(°C) 

P 

(bar) 

Cat. 

(mg/ml) 

SLe SII 

χC18:2 

(%) 

(C18:1) b 

(%) 

IV 

Test 29 360 180 4 1 2.5 0.9 57.8 64.73 100.7 

Test 30 360 120 8 1 15.1 0.39 99.6 84.04 72.9 

Test 31 210 240 8 1 23.7 1.21 97.9 82.74 86.3 

a Time corresponding to the maximum relative percentage of C18:1 

b Maximum C18:1 relative percentage obtained during the test 

The selectivity of linoleic SLe acids in Table 4.4 allows concluding that the SLe results are 

higher (test 31) with increasing the pressure and the temperature; thus, the reaction rate of 

linoleic fatty acids is higher than the formation rate of stearic acid due to the selectivity of the 

reaction towards the monoene C18:1. 

As in the previous two studies, the starting point of operating conditions is 180 °C, 4 bar of 

hydrogen, and 200 mg of Pd/FAC catalyst for 200 mLoil with commercial sunflower oil. 

Figure 4.19 illustrates the hydrogenation reaction results of Test 29 and shows that the 

maximum achieved the conversion of linoleic acid under these conditions (180 °C, 4 bar, and 1 

mg/mL) was about 60% after 6 hours and relative composition of monoene C18:1 about 65%, 

but the conversion percentage still tends to increase with the time which means that increasing 

the reaction time we should get better results of monoene C18:1. 



Hydrogenation reactivity tests 

151 

 

  

Figure 4.19 Test 29 (180 °C, 4 bar and 1 mg/mL) Hydrogenation with sunflower oil and Pd/FAC results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 

It could also be worth to increase the pressure of H2 and decrease the temperature to 120 °C in 

order to achieve better results of monoene: Test 30 Figure 4.20, demonstrates that the reaction 

rate increase and the complete conversion of C18:2 are observed after about 6 hours, which 

means that higher concentration of the H2 in the oil leads to higher activity. However, a relative 

percentage of monoene c18:1 about 84% and stearic acid about 18% are achieved after 6 hours 

of the reaction. 

  

Figure 4.20 Test 30 (120 °C, 8 bar and 1 mg/mL) Hydrogenation with sunflower oil and Pd/FAC results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 
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Increasing the temperature higher till 240 °C with the same pressure of hydrogen 8 bar, the 

conversion of linoleic acids is increased to arrive about 100%: Test 31 (240 °C, 8 bar, and 1 

mg/mL) in Figure 4.21, illustrates that after about four hours of hydrogenation reaction almost 

all the polyunsaturated fatty acids are transformed in C18:1 and C18:0 compounds with iodine 

value 86.3. with a maximum concentration of C18:1 (82.7 %) and stearic acid C18:0 8 %. 

The comparison between the two tests 30 (120 °C, 8 bar, and 1 mg/mL) and 31 and (240 °C, 8 

bar, and 1 mg/mL) allows concluding that the increase of the hydrogen concentration in the oil 

plays a very important point to achieve a high relative percentage of monoene C18:1of about 

85%, whereas increasing the temperature plays on the selectivity towards the monoene C18:1 

SLe which has increased to 23.7 in test 31.  

  

Figure 4.21 Test 31 (240 °C, 8 bar and 1 mg/mL) Hydrogenation with sunflower oil with Pd/FAC results, 

conversions of linoleic acid and iodine value vs. time (left) relative percentage of C18 compounds vs. time (right) 

Figure 4.22 illustrates the temperature effect on the activity and selectivity where under a 

pressure of 8 bar, the lower temperature is better for selectivity, while for the activity, the same 

result of about 83% of monoene C18:1 is obtained. 
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Figure 4.22 Hydrogenation results with sunflower oil and Pd/FAC at 8 bar and 1 mgcatalyst/mLoil with different 

temperatures (120 and 240 °C), tests 30 and 31 

Fitting data, for the best conditions with Pd/FAC catalyst and sunflower oil,  Figure 4.23 

clarifies that for the test 30 (120 °C, 8 bar, 1 mgcatalyst/mLoil), the model about fits well with an 

error around 5 % before the minutes 100 of the reaction time, where for the tests 31 (240 °C, 8 

bar, 1 mgcatalyst/mLoil) is a fitting with the model, error about 7%. 

  

Figure 4.23 Two examples of data with respective calculated compositions for test 31 (240 C, 8 bar, 1 

mgcatalyst/mLoil) (left) (K1=0.0004, K2=0.009), test 30 (120 C, 8 bar, 1 mg catalyst/mLoil) (right) (K1=0.0006, 

K2=0.0083). 



Hydrogenation reactivity tests 

154 

 

4.4 CONCLUSION 

Mono-metallic catalysts (Lindlar, 1 %wt Pd/HT, and 2 %wt Pd/FAC) in the hydrogenation of 

vegetable oils (canola and sunflower oil) was proved in this work. 

Table 4.5 A comparison of hydrogenation results obtained with various Pd-catalysts.  

Cat. Oil 

T 

( ֯C) 

P 

(bar) 

 

(mg/ml) 

Tmax 

(min) 

SLn 

(%) 

SLe 

(%) 

SII IV 

χC18:3 

(%) 

χC18:2 

(%) 

C18:1 

(%) 

P
d

-L
in

d
la

r 

C
an

o
la

 

 

120 8 4 120 1.3 23.9 0.7 89.2 84.6 60.8 82.6 

180 4 4 90 1.4 33.6 1.4 89.3 90.1 84.6 88.4 

180 12 4 60 1.3 20.2 1.2 79.4 92.7 84.3 86.0 

180 4 2 120 1.7 35.8 1.5 91 92.1 51.4 83.2 

180 4 1 120 2.2 37.3 1.8 93 90.6 51.0 84.4 

S
u
n
fl

o
w

er
 

180 4 4 240 - 13.9 2.3 80 - 98.7 83.0 

P
d

-H
T

 

120 4 0.5 210 - 36.7 0.23 127.3 - 22.39 46.94 

120 12 0.5 240 - 17.8 0.99 81.5 - 95.2 88.2 

120 4 2 180 - 18.4 0.98 81.8 - 96.3 89.9 

120 4 1 360 - 27.5 0.45 123.7 - 29 51.2 

180 4 1 270 - 37.2 0.44 85.9 - 89.1 85.8 

P
d

-F
A

C
 

180 4 1 360 - 2.5 0.9 100.7 - 57.8 64.73 

120 8 1 360 - 15.1 0.39 72.9 - 99.6 84.04 

240 8 1 210 - 23.7 1.21 86.3 - 97.9 82.74 

 

The theoretical optimal value of IV is 83.6 corresponding to completed conversion of C18:3 

and C18:2 in C18:1. 
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Vice versa, the optimum values of SLn, Sle can’t be determined because these ratios are related 

to kinetic equilibrium constants and the classical definition of selectivity (ratio of moles of 

product divided on moles of reference reagent) is not applied. Anyway, it is possible to observe 

that small values of selectivities correspond to higher conversions. 

For the commercial Lindlar catalyst, the main highlights are: 

I The best hydrogenation conditions are at 180 °C and 4 bar with the high formation of C18:1 

(both elaidic and oleic) and low formation of stearic acid (less than 10%); 

II In order to study the recyclability of the catalyst, it was tested in cyclic tests, which was 

illustrated that the activity decreases by every cycle, which could be solved with a catalyst 

make-up, and then it could be probably reusable over multiple cycles. This deactivation 

phenomenon of the catalyst must be referred to as a poisoning linked to the natural poisons 

found in vegetable oils or due to a loss of catalyst between one cycle and the successive one; 

III Using sunflower oil, the Lindlar catalyst has shown good activity in 6 hours of the tests, 

with less selectivity, which could be referred to as the different reaction velocities of linolenic 

and linoleic acid reaction rates. 

For synthesized Pd/HT catalyst, the most important highlights are: 

I Pd/HT had shown more selectivity and lower activity compared with Lindlar catalyst; 

therefore, it had taken longer reaction times to obtain the same degree of hydrogenation 

(conversion of C18:2) at 180 °C; 

II Although at a lower temperature (120 °C), the Pd/HT catalyst has illustrated a good activity 

and selectivity; 
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III The cyclic tests on Pd/HT had shown that the catalyst could be recovered and reused in 

successive tests, directly without complicated washing of the catalyst. The activity and 

selectivity losses during one run could be easily overcome by means of a catalyst's make-up, so 

reducing its cost. 

In the case of studying the synthesized Pd/FAC catalyst, the main results are: 

I Pd/FAC had illustrated lower activity 60 % of linoleic acid conversion under the best 

conditions of the previous two catalysts Lindlar and Pd/HT (about 100 % of linoleic acid 

conversion) (180°C and 4bar), which could be due to the small specific surface area (SBET 

0.26±0.03 m2/g), Cause the active sites, are formed typically in the surface of the catalyst, so, if 

the material has more porosity, so it has more surface area to form the sites and this usually 

lead to more activity; 

II Increasing the concentration of the hydrogen which dissolved in the oil to the double had 

shown much better activity and more selectivity towards the monoene over 85%;  

III With high temperature 240 °C and hydrogen pressure 8 bar, the Pd/FAC catalyst had also 

illustrated more activity (100% linoleic acid conversion) and selectivity towards C18:1 (about 

90%) 

These results at the hydrogenation level encouraged us to continue our work to remove the 

oxygen from the vegetable oils with hydrodeoxygenation, decarboxylation, and 

decarbonization levels of hydro-processing reactions to the green diesel (chapter 5). 
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CHAPTER 5 

This chapter reports the activity test results of the catalytic deoxygenation reactions on the 

sunflower oils using: 

 

 

• Lindlar catalyst test activities; 

• Pd/FAC catalyst test activities; 

• CoMo/FAC catalyst test activities; 

• NiMo/FAC catalyst test activities; 

• NiMo/zeoliteX catalyst test activities;
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5 DEOXYGENATION REACTIVITY 

TESTS 

5.1 LINDLAR CATALYST DEOXYGENATION REACTIVITY 

TESTS 

Before starting the catalytic deoxygenation reactions on the triglyceride’s TG feedstocks, it 

was worth to examine the GC analysis on a commercial diesel C.D., Table 5.1 and Figure 5.1 

demonstrates the alkanes relative percentage (C10-C24), the oxygenates (methyl palmitate, 

methyl octadecenoate, and methyl stearate), and others unidentified compositions, Nowadays, 

from a sustainable point of view, the commercial diesel is blended with the synthesized 

biodiesel with maximum percentage 30%, And this could explain the oxygenates existing in 

this commercial sample. 

The diesel's oxygenated content could decrease its heating value and stability, so the main 

challenge of this section is represented by the performing of catalytic deoxygenation reactions 

with vegetable oil (sunflower) and getting the green diesel with the properties of the pure 

mineral diesel. 
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Table 5.1 GC analysis results on a commercial diesel sample. 
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The oxygenates are methyl palmitate, methyl octadecenoate, and methyl stearate.  

Others are unidentified GC peaks. 

 

 

Figure 5.1 Light (C9-C14), diesel (C15-C18), and oxygenates ranges distribution in a commercial diesel sample. 

As the palladium is one of the most powerful catalysts for the deoxygenations reactions [215], 

and the commercial Lindlar catalyst, palladium poisoned with Pb and supported on calcium 

carbonate, had exhibited in this research (chapter4) excellent results on the vegetable oils 
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hydrogenation processes, its activity on more advanced stages of the catalytic hydrothermal 

processing, completed hydrogenation, hydrodeoxygenation, decarboxylation, and 

decarbonylation was investigated. The catalytic deoxygenation activity tests using Lindlar 

catalyst, as a reference point, (Table 2.7) results performed with stearic acid and a commercial 

sunflower vegetable oils, as triglycerides feedstocks TG, are illustrated in this section as 

hydrocarbons Cn, light hydrocarbons (C9, C10, C11, C12, C13, C14) and Diesel range 

hydrocarbons (C15, C16, C17, C18), selectivity, conversions, and yield of the product 

compositions after transesterification. The most meaningful tests results are reported in Table 

5.2 and Table 5.3. 

Table 5.2 Lindlar catalytic hydrothermal deoxygenation test results with stearic acid and sunflower oil. 

Entry 

C
a
t/

T
G

 (
w

t%
) 

T
 (֯

C
) 

P
 (

b
a
r)

 

C
9
 

C
1

0
 

C
1

1
 

C
1

2
 

C
1

3
 

C
1

4
 

C
1

5
 

C
1

6
 

C
1

7
 

C
1

8
 

O
x
y
g
en

a
te

s 

O
th

er
s 

Test 01 

1
0
 

3
0
0
 

2
0
 N

2
 

1
2
.7

 

7
.4

 

3
.1

 

3
.4

 

4
.7

 

6
.8

 

2
4
.8

 

5
.8

 

2
0
.5

 

1
.0

 

3
.1

 

6
.7

 
Test 02 

1
0
 

3
0
0
 

4
0
 H

2
 

0
.5

7
 

0
.4

3
 

0
.6

7
 

0
.6

 

0
.6

7
 

0
.9

6
 

7
.7

 

4
.9

 

2
4
.6

 

7
.7

 

3
9
.1

 

1
2
.1

 

These results correspond to the maximum relative percentage of the range of alkanes C15-C18 obtained during the tests. 

Oxygenates are methyl stearate, methyl myristate, methyl palmitate, and nonadecane 

Others are the non-identified GC peaks.  

 

The deoxygenation reactivity test on the stearic acid over Lindlar catalyst, test 01 (300 °C, 20 

bar N2, 10 wt % cat., and 20g hexane as solvent)  demonstrates an exciting diesel range (C15-

C18) after 6 hours 52.1%, and a very low percentage of the oxygenates 3.1%, it is clear also the 

high percentage of the light hydrocarbons range (C9-C14) 38.1% which means that the cracking 
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process has happened during the reaction (Figure 5.2). Figure 5.3shows the estimating of the 

relative percentage of the liquid compositions after 3hr and 6hr of the reaction time, where the 

best diesel range was obtained after 6 h of reaction 52%, it also shows selectivity of the 

catalyst towards DCO/DCO2 reaction pathways. 

 

Figure 5.2 Cracking process during the deoxygenation reaction [216]. 

  

Figure 5.3 Test 01 (300 °C, 20 bar N2 and 10 wt% cat.) deoxygenation with stearic acid and Lindlar catalyst 

results, distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

The same catalyst, Lindlar, for carrying out the same catalytic deoxygenation test with 

sunflower oil as a feedstock, test 02 (300 °C, 40 bar H2, 10% cat., and 20g hexane as solvent) 

shows about no cracking process with a good diesel range after 3 and 8 hr of the reaction time, 

43.6 % and 44.9 % respectively. Figure 5.4 (test 02) has illustrated a high percentage of the 

oxygenates comparing with the previous (test 01), which is logical consequence of the complex 
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of fatty acids in the sunflower oil comparing with stearic acid (test 01), which didn’t need the 

hydrogenation step and the nitrogen gas has been used for pressurizing the reactor, on the other 

hand, with the oil all the stages of the catalytic hydrothermal deoxygenation process 

(hydrogenation, deoxygenation, isomerization) the pressure of the pure hydrogen 40 bar is 

necessary.  

  

Figure 5.4 Test 02 (300 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with sunflower oil and Lindlar results, 

distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

In order to complete the studying and knowing of the conversion and the selectivity, Table 

5.3illustrates the total conversion of the raw material XTG for stearic acid and sunflower oil, the 

conversion in hydrocarbons Xn, Green Diesel yield YGD, and the pathway selectivity 

hydrodeoxygenation HDO or the decarboxylation/decarbonylation DCO2/DCO, SI15/16 and 

SI17/18. 

From Table 5.3, we can presume that the selectivity of the commercial Lindlar catalyst is more 

towards C17 and C15 in test 01 and test 02 cases where both SI17/18 and SI15/16 > 1, which means 

that the deoxygenation reaction is more selective to the decarboxylation/decarbonylation 

pathway DCO2/DCO than hydrodeoxygenation one HDO.   
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Table 5.3 Lindlar catalytic hydrothermal deoxygenation test results, total conversion, Green diesel conversion, 

and HDO selectivity. 

Entry XTG (%) Xn (%) YGD (%) SI15/16 SI17/18 

Test 01 85.8 22.1 4.0 4.3 20.5 

Test 02 69.4 56.4 22.9 1.6 3.2 

These values are calculated for the product after the transesterification reaction. 

Figure 5.5 illustrates the YGD % of the final product after the transesterification analysis, where 

the yield of the GD hydrocarbons C15-C18 is about 23%, and the yield of the oxygenated 

compositions (methyl stearate, methyl myristate, methyl palmitate, and nonadecane) is about 

39% and TG conversion about 70%. So, practically we can estimate that using Pd Lindlar in 

the deoxygenation process of 1 liter sunflower oil produces 229 g green diesel range (C15-C18). 

 

Figure 5.5 Test 02 (300 °C, 40 bar H2, and 10 wt% cat.) deoxygenation of sunflower oil with Lindlar: percentage 

results of green diesel hydrocarbons, oxygenates, and others 
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5.2 PD/FAC CATALYST DEOXYGENATION REACTIVITY 

TESTS 

As we mentioned before, that the palladium-based catalysts are the most effective for 

hydrogenation and deoxygenation[217], it has been synthesized the 2% palladium catalyst 

supported over FAC materials. Since there is almost no data about the attitude of FAC as a 

supported catalyst in the deoxygenation processes in the literature, starting with the stearic acid 

as the triglycerides feedstock test 03 under (300 °C, 20 bar N2, 10 wt% cat., and 20g hexane as 

solvent) conditions and then studying the effect of the hydrogen pressure on the reaction with 

vegetable oil (sunflower) has been followed, taking in consideration the previous results with 

Lindlar in order to achieve the best conditions of deoxygenation process catalyst. 

Using sunflower oil, two tests were carried out, test 04 and test 05 (320 °C, 10 wt% cat., and 

20g hexane as solvent) under 20 bar and 40 bar of H2, respectively. All the results from 

catalytic hydrothermal activity tests performed with stearic acid and sunflower vegetable oils 

as triglycerides feedstock (TG) are reported in this section, such as light hydrocarbons content 

C9-C10, Diesel range hydrocarbons C15 - C18, selectivity, conversions, and yield of the product 

compositions after transesterification. The most interesting tests results are reported in Table 

5.4 and Table 5.5. 
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Table 5.4 Pd/FAC catalytic hydrothermal deoxygenation test results with stearic acid and sunflower oil. 
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These results correspond to the maximum relative percentage of the range of alkanes C15-C18 obtained during the tests. 

Oxygenates are methyl stearate, methyl myristate, methyl palmitate, and nonadecane 

Others are the non-identified GC peaks. 

The deoxygenation reactivity test on the stearic acid as TG with Pd/FAC catalyst (test 0 3) 

shows a very interesting diesel range (C15-C18) after 3 h 48.3 %, 17.7 % of the light 

hydrocarbons (C9-C14), and 33.9 % oxygenates (methyl stearate, methyl myristate, methyl 

palmitate, and nonadecane). Figure 5.6 shows the relative percentage of the liquid 

compositions after 3hr and 6hr, where the best diesel range was after 3 h of reaction, while 

after 6 h we have got more oxygenates 56.3% and less hydrocarbon diesel range (35.32%). 

These results are in line, although our catalyst with 2% Pd/FAC with the results obtained by 

I.Edeh et. al. using palmitic acid and 5% Pd/C catalyst in order to get 35.4% diesel range [218]. 
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Figure 5.6 Test 03 (300 °C, 20 bar N2 and 10 wt% cat.) deoxygenation with stearic acid and Pd/FAC results, 

distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

Pd/FAC for carrying out the catalytic deoxygenation tests with sunflower oil confirms the high 

activity of the palladium even under low pressure of hydrogen 20 bar (test 04) with about 70% 

of the hydrocarbon diesel range, which is in line with the results that performed by Veriansyah 

et al. where they use (400 °C, 20 bar H2, Pd/Al2O3, and soybean oil ) [219]. Figure 5.7 

illustrates the results of test 04 at 4 and 7 h of the reaction time, where at the first 4 h of the 

reaction, we have got about 61% of the green diesel range (C15-C18), 29% of light 

hydrocarbons (C9-C14), and about 8% oxygenates, whereas after 7 h of the reaction time we 

have obtained better conditions of about 67% of green diesel range (C15-C18), 17% of light 

hydrocarbons (C9-C14), and about 13% oxygenates (methyl stearate, methyl palmitate, and 

nonadecane). 
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Figure 5.7 Test 04 (320 °C, 20 bar H2 and 10% cat.) deoxygenation with sunflower oil and Pd/FAC results, 

distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

In order to evaluate the pressure effect on the deoxygenation reaction, in test 05, all the 

operating conditions remain unchanged  (320 °C, sunflower oil, and 10 wt% cat), where the 

pressure increases up to 40bar, which lead obtaining 80% hydrocarbon green diesel range after 

7 hours of the reaction time,  a significant improvement compared with 67% of the previous 

one (test 04) with 20 bar of hydrogen, which demonstrates the positive effect of the solubilized 

hydrogen in oil on the hydrogenation reaction step precedes the deoxygenation one. Figure 5.8 

illustrates the relative percentage of light hydrocarbons, diesel range, oxygenates, and others, 

3%, 78%, 18%, and 0.8%, respectively.  
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Figure 5.8 Test 05 (320 °C, 40 bar H2 and 10% cat.) deoxygenation with sunflower oil and Pd/FAC results, 

distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

From Table 5.5 and the previous graphs Figure 5.6, Figure 5.7, and, Figure 5.8 we can 

conclude that the selectivity of the Pd/FAC catalyst is more towards C17 and C15 in the case of 

stearic acid (test 03), which means that the catalyst is more selective towards DCO2/DCO, 

where SI15/16  and SI15/16 >1, this is confirmed with kinds of literature that the deoxygenation 

reactions are more favored towards the DCOX using fatty acids as feedstocks [220][221]. On 

the other hand, catalyst selectivity using sunflower oil (tests 05 and 06) is more towards C16 

and C18, that is more towards the hydrodeoxygenation reaction pathway HDO, where SI15/16 

and SI15/16 <1.  

Table 5.5 Pd/FAC catalytic hydrothermal deoxygenation test results, total conversion, GD conversion, and HDO 

selectivity. 

Entry XTG (%) Xn (s%) YGD (%) SI15/16 SI17/18 

Test 03 82.7 21.3 4.0 5.9 9.8 

Test 04 69.7 66.7 25.6 0.9 1.2 

Test 05 90.5 40.01 30.5 0.63 0.51 

These values are calculated for the product after the transesterification reaction. 
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Figure 5.9 shows the yields % of the final product after the transesterification analysis for the 

test 04 and  05, in order to compare the pressure effect on deoxygenation test activity using 

Pd/FAC catalyst under 20 bar and 40 bar: the green diesel yield hydrocarbons are about 26% 

and 31% respectively, and the yield of the oxygenates compositions are about 33% and 60%, 

respectively, and this, because there were heavier, oxygenates that we couldn’t see it by the GC 

before the transesterification analysis, which mean that increasing the H2 pressure has 

increased the conversion of TG 69.7 % and 90.5 % respectively for 20 and 40 bar not only 

towards the green diesel hydrocarbons range, but the oxygenates too.  

  

 

Figure 5.9 Test 04 and 05 (320 °C, 10 wt% cat.) deoxygenation with sunflower oil and Pd/FAC: percentage 

results green diesel hydrocarbons, oxygenates, and others. 20 bar H2 (right) and 40 bar H2 (left). 

 In order to study the sustainability and the possible deactivation phenomenon of the catalyst 

under the best reaction conditions have been obtained (320 °C, 40 bar H2, hexane solvent, and 

10 wt% cat), it was recovered and characterized with SEM (Scanning Electron Microscopy) 

combined with EDS (Energy Dispersive X-ray Spectrometry) for studying the post-test 

morphological, textural, and chemical surface analysis. 
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5.2.1 POST-TEST 05 PD/FAC 

Error! Reference source not found. illustrates the comparison of the as-synthesized Pd/FAC b

efore and after the catalytic hydrothermal deoxygenation reaction processes (320 °C, 40 bar 

H2, and 10 wt% cat) through SEM-EDS analysis, where the catalyst structure about doesn’t 

change. 

  

 

Figure 5.10 Pd/FAC pre and post-test analysis, SEM image (on top), and relative EDS analysis (on bottom). 
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5.3 COMO/FAC CATALYST DEOXYGENATION 

REACTIVITY TESTS 

It was worth studying the effect of the bimetallic supported catalysts on the deoxygenation of 

the vegetable oils in order to produce the green diesel hydrocarbons range because almost all 

the works of the literature confirmed that the bimetallic catalysts are more active in the 

deoxygenation reactions than the monometallic one [102][105]. Test 06 was carried out with a 

bimetallic CoMo supported over the FAC and using sunflower oil as a feedstock under 320 °C, 

40 bar H2, and 10 wt% cat. The catalytic deoxygenation results meaningful performed with test 

06 are reported in Table 5.6 and Table 5.7. 

Table 5.6 CoMo/FAC catalytic hydrothermal deoxygenation test results with sunflower oil. 
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These results correspond to the maximum relative percentage of the range of alkanes C15-C18 obtained during the tests. 

Oxygenates are methyl stearate, methyl myristate, methyl palmitate, and nonadecane 

Others are the non-identified GC peaks. 

After 8 hours of the reaction time, about 43% of the diesel range (C15-C18) and 46% of the 

oxygenates is obtained, but also after 6 hours, the results were good, about 39% of the diesel 

range as illustrates in Figure 5.11. 
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Figure 5.11 Test 06 (320 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with sunflower oil and CoMo/FAC 

results, distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

Table 5.7 and Figure 5.12 shows that the conversion and the yield of green diesel after the final 

transesterification reaction is about 67% and 17%, respectively, and this result is definitely 

lower than the literature [222], where Krár et. al. has obtained nearly 100% of the conversion 

and 75% of the diesel range using CoMo/Al2O3, which could be explained by the partial 

reduction of Co in our CoMo/FAC and this was confirmed by the XRD and TPR analysis (T 

reduction of Co 678 °C and the reduction has been made at 600 °C), the lower specific surface 

area of our catalyst CoMo/FAC (6.94 m2/g vs. 11.6 m2/g) and also their higher reaction 

temperature 380°C.  

Regarding the selectivity, it could be resumed from Table 5.7 where the selectivity of 

CoMo/FAC catalyst is a little more towards C15 and C17, which means that the deoxygenation 

reaction is more selective towards the DCO2/DCO pathway, where SI15/16 and SI17/18  >1.   
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Table 5.7 CoMo/FAC catalytic hydrothermal deoxygenation test results, total conversion, Green diesel 

conversion, and HDO selectivity. 

Entry XTG (%) Xn (s%) YGD (%) SI15/16 SI17/18 

Test 06 67.6 19.8 16.9 1.6 3.2 

These values are calculated for the product after the transesterification reaction. 

 

 

Figure 5.12 Test 06 (320 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with sunflower oil and CoMo/FAC 

results of green diesel hydrocarbons, oxygenates, and others. 

5.3.1  POST-TEST 06 COMO/FAC 

Regarding the as-synthesized CoMo/FAC catalyst which has been used for the test 06 under 

(320 °C, 40 bar H2, and 10 wt% cat), as seen in Error! Reference source not found., there is 

no change of the structure but, it possible to suppose that about some sintering is happened.  
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Figure 5.13 CoMo/FAC pre and post-test analysis, SEM image (on top), and relative EDS analysis (on bottom). 

5.4 NIMO/FAC CATALYST DEOXYGENATION 

REACTIVITY TESTS 

The most part of the literature is focused on nickel and molybdenum catalyst and has shown 

the power of using these supported elements on various nanomaterials(active carbon), oxides, 

and zeolites in the catalytic hydrothermal processes of the vegetable oils (edible, not edible, 
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and used)  to produce green diesel range (C15-C18) [223][224][225][226]. In order to examine 

the effect of our based materials, cenospheres FAC, with these two active metals, the catalytic 

deoxygenation activities using NiMo/FAC is carried out firstly without using a solvent (only 

sunflower oil) test 07, (320 °C, 40 bar H2, and 2.5 wt% cat.); then with adding 20g of solvent 

test 08 (320 °C, 40 bar H2, hexane solvent, and 10 wt% cat.) (Table 2.7). Results performed 

with these tests are illustrated in this section in term of light hydrocarbons (C9, C10, C11, C12, 

C13, C14), Diesel range hydrocarbons (C15, C16, C17, C18), selectivity, conversions, and yield of 

the product compositions after transesterification; the most meaningful tests’ results are 

reported in Table 5.8and Table 5.9. 

Table 5.8 NiMo/FAC catalytic hydrothermal deoxygenation test results with sunflower oil. 
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These results correspond to the maximum relative percentage of the range of alkanes C15-C18 obtained during the tests. 

Oxygenates are methyl palmitate, methyl stearate, octadecanol, and stearic acid 

Others are the non-identified GC peaks. 

Using only oil without solvent test 07 does not give very good result as it is clear from Table 

5.8, where the diesel range (C15-C16) is about 23% after 6 hours of the reaction time, and it was 

about impossible recover the final product in order to do the transesterification process, 

whereas it is about 60% and 20% for the oxygenates and the others, respectively Figure 5.14 

which might be explained by the complex composition of the oil to be used without solvent, 
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probably if we want to work without solvent, we must increase the temperature, pressure, and 

the catalyst concentration. So, it is better always to carry out the activity with the solvent. 

  

Figure 5.14 Test 07 (320 °C, 40 bar H2 and 2.5% cat.) deoxygenation with commercial sunflower oil and 

NiMo/FAC results, distribution of the light and diesel range hydrocarbons at the best conditions (right) relative 

percentage of product compounds vs. time (left) 

The deoxygenation reactivity test on the commercial sunflower oil as triglycerides TG in the 

presence of the solvent using NiMo/FAC catalyst demonstrates very interesting results, a good 

diesel range (C15-C18) production after 4 hours 53% and about 47% of the oxygenates (methyl 

palmitate, methyl stearate, octadecanol, and stearic acid), whereas the best result is obtained 

after 6 hours of the reaction time with about 60% of the diesel range (C15-C18) and 40% of the 

oxygenates as illustrates in the Figure 5.15 and this is in accordance with literature et. al. 

Kiatkittipong [227] where they obtained 70% of diesel range using NiMo/Al2O3 under (400 ֯C, 

40 bar H2), although our materials FAC are wastes. 
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Figure 5.15 Test 08 (320 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with sunflower oil and NiMo/FAC 

results, distribution of the light and diesel range hydrocarbons at the best conditions (right) relative percentage of 

product compounds vs. time (left) 

Table 5.9 illustrates the total conversion of the raw material XTG (sunflower oil), the green 

diesel yield YGD, conversion in hydrocarbons Xn, and the selectivity towards HDO 

and/orDCO2/DCO, SI15/16SI17/18., the selectivity of NiMo/FAC catalyst is towards both 

pathways HDO and DCO2/CO, where the SI15/16>1 and SI17/18<1. 

Table 5.9 NiMo/FAC catalytic hydrothermal deoxygenation test results, total conversion, Green diesel 

conversion, and HDO selectivity. 

Entry XTG (%) Xn (s%) YGD (%) SI15/16 SI17/18 

Test 07 -  - 0.79 1.02 

Test 08 61.8 62.8 24.6 1.14 0.96 

These values are calculated for the product after the transesterification reaction. 

Figure 5.16 shows the yield of the final product after the transesterification analysis for test 08: 

the yield of the green diesel hydrocarbons is about 25%, and the yield of the oxygenated 

compositions is about 37%, with conversion in hydrocarbons about 63%, which could be 

estimated as a very good results, although the low specific area of the FAC (0.58 m2/g) support 

and its non-acidity properties, which usually plays as an important key in deoxygenation 
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reactions. Practically it is possible to estimate that using NiMo/FAC catalyst in the 

deoxygenation process of 1-liter sunflower oil under 40 bar of hydrogen produce 246 g green 

diesel range (C15-C18) and 628 g of hydrocarbons range (C9-C18). 

 

Figure 5.16 Test 08 (320 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with commercial sunflower oil and 

NiMo/FAC percentage results of green diesel hydrocarbons, oxygenates, and others. 

5.4.1  POST-TEST 08 NIMO/FAC 

Also, in the case of the as-synthesized NiMo/FAC catalyst with (320 °C, 40 bar H2, and 10 

wt% cat), Error! Reference source not found. EDS analysis shows no change with structure 

and no coke formation, although the SEM illustrates kind of sintering of the impregnated 

elements on the support. 
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Figure 5.17 NiMo/FAC pre and post-test analysis, SEM image (on top), and relative EDS analysis (on bottom). 
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5.5 NIMO/ZEOLITE X CATALYST DEOXYGENATION 

REACTIVITY TESTS 

As the zeolites have very interesting properties from the point of view of the specific surface 

area, pores size, and acidic sites, a lot of researchers have been concentrated on the 

development of these widely used materials in their researches and at the industrial scale as 

molecular sieves and supports of many types of metals, Pd, Ni, Mo,…. [203][228][229]. These 

materials have shown very good and important results with the deoxygenation processes of the 

triglycerides from the point of the green diesel production as it is reported in the literature, for 

instance, Pt/SAPO-31 [227], NiMo/zeolite beta [223], Pd/Al-SBA-15[223].    

For this reason, we have decided to extend our research on the cenospheres material and use it 

in order to synthesis the zeolite material. Using this new zeolite X as a support of the NiMo 

metals was an important point to stay in line with the literature, which uses the zeolite as a very 

excellent support material and uses the Ni and Mo metals as a very effective precursor 

[223][225][230]. We have carried out the catalytic deoxygenation activity tests using 3% NiO 

and 12% MoO3 supported on zeolite X with commercial sunflower oil. Three tests were carried 

out in order to choose the best conditions: test 09 (280 °C, 40 bar H2, hexane solvent, and 10 

wt% cat.), test 10 (320 °C, 40 bar H2, hexane solvent, and 2.5% cat.), and then test 11, (320 °C, 

40 bar H2, hexane solvent, and 10% cat.) (indicated in Table 2.7). Green diesel range, light 

hydrocarbons range, pathway selectivity, and yield results are reported in Table 5.10 and Table 

5.11. 
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Table 5.10 NiMo/zeolite X catalytic hydrothermal deoxygenation test results with commercial sunflower oil. 
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These results correspond to the maximum relative percentage of the range of alkanes C15-C18 obtained during the tests. 

Oxygenates are methyl palmitate, methyl stearate, octadecanol, and stearic acid  

Others are the non-identified GC peaks. 

 

Table 5.10 shows that, for test 09 with 280 °C, the relative percentage of hydrocarbons after 6 

hours of the reaction time is about 0.39% then increasing the temperature and decreasing the 

catalyst percentage with test 10 also was not a good choice because we have got about 10% of 

green diesel hydrocarbons yield as illustrates in Figure 5.18 and this means that low 

temperature and low catalyst concentration are not suitable for this type of reaction with zeolite 

materials, and this was confirmed with the most part of literature with up to 320 °C as the 

standard reaction temperature [202][223][175] 
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Figure 5.18 Test 10 (320 °C, 40 bar H2, and 2.5 wt% cat.) deoxygenation with commercial sunflower oil and 

NiMo/zeolite X results% in green diesel hydrocarbons, oxygenates, and others. 

Increasing the catalyst concentration of 10 wt% with the same high temperature 320 °C, and 40 

bar H2, test 11 demonstrates an impressive green diesel range(C15-C18) of about 43% after 3 

hours and 50% after 6 hours of the reaction time, whereas, the oxygenate compounds (methyl 

palmitate, methyl stearate, octadecanol, and stearic acid), are about 50% and 40% after 3 hours 

and 6 hours, respectively. Definitively, the best conditions are under test 11, after 6 hours of 

the reaction time, as illustrates in Figure 5.19. 
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Figure 5.19 Test 11 (320 °C, 40 bar H2 and 10 wt% cat.) deoxygenation with commercial sunflower oil and 

NiMo/zeoliteX results, distribution of the light and diesel range hydrocarbons at the best conditions (right) 

relative percentage of product compounds vs. time (left) 

In order to examine the selectivity of the NiMo/zeolite X catalyst towards the HDO or/and 

DCO2/DCO pathway, Table 5.11and Figure 5.19 show that the NiMo/zeolite X catalyst 

selectivity is towards the both HDO andDCO2/DCO pathways, where SI15/16 <1 and SI15/16 > 1. 

Table 5.11 NiMO/zeolite X hydrothermal catalytic deoxygenation test results, total conversion, Green diesel 

conversion, and HDO selectivity. 

Entry XTG (%) Xn (s%) YGD (%) SI15/16 SI17/18 

Test 11 57.9 77.9 34.8 0.9 1.3 

These values are calculated for the product after the transesterification reaction. 

Table 5.11  shows that the conversion in hydrocarbons about 78%, which could be explained 

by the zeolite x acidity (weak and medium types), and this plays a significant role in increasing 

the deoxygenation reaction activity towards the hydrocarbons content [203]; from Figure 5.20, 

we can observe that the yield of the final product after the transesterification analysis is about 

35%  for the green diesel hydrocarbons and about 22% for the oxygenates, which is about in 

line with the literature [231] where Zarchin et. al. obtained about 50 of diesel yield with 

Ni2P/HY and soybean oil although it is always less because the best temperature for the 
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deoxygenation reaction of the sunflower vegetable oil if more than 350 °C and in our bench 

scale plant we cannot reach this condition due to technical limitation. In fact, it is evaluated 

that NiMo/zeolite X produces about 350 g green diesel range (C15-C18) and 780 g of 

hydrocarbons (C9-C18) from 1 liter sunflower oil.  

 

Figure 5.20 Test 11 (320 °C, 40 bar H2t, and 10 wt% cat.) deoxygenation with commercial sunflower oil and 

NiMo/zeolite X: percentage results of green diesel hydrocarbons, oxygenates, and others. 

5.5.1 POST-TEST 11 NIMO/ZEOLITE X 

Figure 5.21 illustrates the comparison of the NiMo/zeolite X before and after the catalytic 

hydrothermal deoxygenation reaction processes (320 °C, 40 bar H2, and 10 wt% cat), where the 

catalyst structure became less crystallized, there is a kind of agglomeration with SEM post-test,  

the EDS analysis clarifies an increasing of the carbon intensity which could lead to suppose the 

formation of some coke during the test and may lead to the deactivation phenomenon of the 

catalyst [232][233]. 
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Figure 5.21 NiMo/zeolite X pre and post-test analysis, SEM image (on top), and relative EDS analysis (on 

bottom). 

 

5.6 CONCLUSIONS  

Mono-metallic (Lindlar, 2%wt Pd/FAC) andbimetallic catalysts (CoMo/FAC, NiMo/FAC, and 

NiMo/zeolite X) in the catalytic hydrothermal deoxygenation of triglycerides, stearic acid, and 

vegetable oil (sunflower oil) was proved in this doctoral thesis. 
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Table 5.12 comparison of deoxygenation results obtained with various mono and bimetallic catalysts.  

 

Cat. T ( ֯C) P (bar) % wt/wt XTG (%) Xn (%) YGD (%) SI15/16 SI17/18 

Pd- 

Lindlar 

300 20 N2 10 85.8 22.1 4.0 4.3 20.5 

300 40 H2 10 69.4 56.4 22.9 1.6 3.2 

Pd-FAC 

300 20 N2 10 82.7 21.3 4.0 5.9 9.8 

320 20 H2 10 69.7 66.7 25.6 0.9 1.2 

320 40 H2 10 90.5 40.01 30.5 0.63 0.51 

CoMo/FAC 320 40 H2 10 67.6 19.8 16.9 1.6 3.2 

NiMo/FAC 

320 40 H2 2.5 -  - 0.79 1.02 

320 40 H2 10 61.8 62.8 24.6 1.14 0.96 

NiMo/FAC 

320 40 H2 2.5 - - - - - 

320 40 H2 10 57.9 77.9 34.8 0.9 1.3 

 

The main highlights obtained from the deoxygenation reactions over these catalysts are: 

I Using Lindlar catalyst as a reference point, based on the previous hydrogenation research, 

was a good idea because there is no literature on the deoxygenation reactions with Lindlar. 

After 8 hours of the reaction with sunflower oil, the diesel range formation was about 45% and 

23% of diesel yield. 

II For the synthesized Pd/FAC, the best reaction conditions were (320 °C, 40 bar H2, hexane 

solvent, and 10% cat) with 78% of diesel range after 6 hours of the reaction and about 31% 

diesel yield after the transesterification reaction. The selectivity of Pd/FAC was towards 

DCO/DCO2 and the formation of hydrocarbons with one less carbon atom than the starting 

fatty acid (i.e., C15 and C17). 

III Bimetallic CoMo/FAC catalyst has shown less diesel range 43%, and less diesel yield 17% 

compared with the previous monometallic Pd/FAC, and this could be interpreted by, Co partial 
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reduction at 600 °C, low interaction between the metallic phase and the support, and its non-

acidity  

IV Using the nickel-metal with molybdenum as promoter and FAC as support NiMo/FAC in 

order to deepen research on the bimetallic metals supported on the cenospheres materials. 

NiMo/FAC catalyst has produced more diesel percentage of about 60% and diesel yield 25% 

after 6 hours of the reaction comparing with the CoMo/FAC, which ensures that the nickel is 

more active than the cobalt. 

V Despite the low specific surface area of the cenospheres materials and it’s non-acidity, which 

are very important parameters in catalytic deoxygenation reactions as reported in almost all the 

literature [224][234][221], and also the temperature limit operative value, it has exhibited a 

very good activity with the conversion of vegetable oils in hydrocarbons diesel range C15-C18.   

V1 In order to improve the cenosphere’s performance, a synthesized zeolite X based on the 

cenospheres was performed. 

VII Carrying out the deoxygenation reaction with the synthesized NiMo/zeolite X under (320 

°C, 40 bar H2, and 10% cat) has shown 78 % conversion in hydrocarbons and diesel yield, 

about 40% after the transesterification reaction. 

VIII Comparison between the cenosphere-based catalyst and the zeolite X-based one, we can 

say that both catalysts seem to prefer both pathways HDO and DCO / DCO2. 

IX The operative limit of temperature value was one of the most significant obstacles that 

affected this work: it is 350 °C, which we couldn’t arrive due to the plant security reasons.  

whereas, the best temperature for the deoxygenation of the sunflower oil, as reported in the 

literature, is above 350 °C [235][223]. 
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X Regarding the pathway selectivity, it is still necessary carrying out the analysis of the gas 

phase (as mentioned in chapter 1), which would allow obtaining information about the 

selectivity of the HDO and DCO / DCO2 pathway reaction (besides the SI17/18 and SI15/16 

values) and would also allow us to know if in our reactor we are in the presence of gas-phase 

reactions like methanation.
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6 GENERAL CONCLUSIONS 

Nowadays, it is not acceptable anymore to close our eyes in front of global problems such as 

pollution and the exhaustion of non-renewable materials. The development of biodegradable 

biofuels would solve both problems and would ensure the development of a sustainable 

product, which also dramatically reduces environmental pollution, and which is able to replace 

the hydrocarbons deriving from fossil fuels completely.  

In this Ph.D. thesis, a study on the catalytic hydrothermal processing on vegetable oils (partial 

hydrogenation and deoxygenation) was carried out; the objective of the work was to develop 

innovative catalysts for the production of green diesel as a clean automotive fuel and high oleic 

vegetable oils to be used for many different industrial applications, such as the production of 

lubricants and cosmetics.  

Different catalysts, commercial, and synthesized in the laboratory, were characterized and 

tested in different operating conditions; a summary of the main results for each catalyst is 

reported here: 

Commercial Pd Lindlar catalyst has shown a small surface area related to the low pore 

volume of the support calcium. Calcium carbonate by XRD is the only phase, and Pd has a 

good dispersion percentage of 95% by H2-Chemisorption; 
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Pd Lindlar with the hydrogenation process is active at 180 °C with the high formation of C18:1 

(more than 85%) and low formation of stearic acid (less than 10% at the maximum C18:1 

relative percentage); at a lower temperature (120 °C), it is less active and more trans C18:1 was 

formed; its recyclability was tested in cyclic tests, and although it decreased by every cycle, 

with a catalyst make-up it is probably reusable over multiple cycles;  

Pd Lindlar with the deoxygenation process in order to produce green diesel has demonstrated a 

good activity under (320 °C, 40 bar H2, and 10 wt%) with 57% conversion in hydrocarbons 

(C9-C14 and C15-C18). 

II Laboratory palladium supported on hydrotalcite (Pd/HT) has clarified:  

Pd/HT catalyst method proves to be reliable in the synthesis of palladium supported 

hydrotalcites with the wanted content of Pd (ICP-AES); the catalyst has 50.7 m2/g BET surface 

area, and the Pd has a good dispersion percentage 80%, hydrotalcite is the only phase observed 

by XRD; 

Pd/HT has lower activity than Lindlar catalyst with the hydrogenation activities; longer 

reaction times are required to obtain the same degree of hydrogenation (IV or conversion of 

C18:2) at the same high temperature 180 °C, cyclical tests are also investigated and, unlike 

Lindlar, during the first repeated tests, the catalyst undergoes an activation mechanism 

probably related to a change in the structure of the hydrotalcites, induced by the combined 

effect of temperature and pressure;  

III The main challenge and the point of power in this research was discovering the utility of the 

waste cenospheres (FAC) materials as supports for different metals and test it in the catalytic 

hydrogenation/deoxygenation reactions; 

IV Pd/FAC as a synthesized catalyst has illustrated: 
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An accordance with the ICP-AES analysis with a nominal one, a good dispersion percentage of 

Pd 88%, the support structure is totally destroyed after the impregnation process; 

Pd/FAC has a good activity with the hydrogenation process but with a higher temperature (240 

°C) than Pd Lindlar and P/HT. 

Using Pd/FAC in the deoxygenation reaction with (320 °C, 40 bar H2, and 10 wt%) in order to 

obtain the green diesel has shown that it is very active with high temperature, 91% of the oil 

total conversion. 

V CoMo/FAC bimetallic as-synthesized catalyst was characterized and tested with the 

deoxygenation reactions: 

 The CoMo/FAC catalyst has observed that the ICP-AES analysis is in line with the nominal 

one, Co partially reduced with (600 °C) from the XRD and TPR analysis; 

Its partially reduction has may affect its activity with the deoxygenation reaction, whereas only 

20 % conversion in hydrocarbons obtained with (320 °C, 40 bar H2, and 10 wt%); 

VI NiMo/FAC bimetallic catalyst has been synthesized, characterized, and tested; 

NiMo/FAC ICP-AES results were less than the nominal one, which may occur due to the 

preparation procedure of the sample for the ICP-AES, where, after the attack with the H2SO4 it 

has been filtered, TPR has illustrates that Ni and Mo are strongly bonded with the FAC 

support, whereas the TPR results higher than the metals alone without the support; 

A good conversion in hydrocarbons 62% in the deoxygenation process with NiMo/FAC 

catalysts was obtained under (320 °C, 40 bar H2, and 10 wt%); 
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VII NiMo/zeolite X bimetallic was synthesized using zeolite X material as a support, which 

was synthesized from FAC materials; NiMo/zeolite X then was characterized and tested in the 

deoxygenation process: 

NiMo/zeolite X has illustrated an increase in the BET surface area of the zeolite X comparing 

with its original FAC materials, and two types of acidic sites (weak and medium) obtained with 

NH3-TPD; 

Deoxygenation reaction with NiMo/zeolite X catalysts has demonstrated about the best green 

diesel yield 35% and conversion percentage in hydrocarbons 78% obtained after the 

transesterification process, which could be explained by its high surface area and its acidity.    

Obviously, these activities will not stop here because many points and aspects still need to be 

clarified, studied, and in-depth in order to optimize the work. In fact, carrying out the 

deoxygenation reactions was just a starting step in order to go forward in the green diesel 

production from vegetable oil (edible, non-edible, and spent).   

Regarding the deoxygenation activities, in realty the future work is already in progress, where 

as a group of new catalysts supported on FAC and zeolite with different loading percentage of 

metals (5% NiO 15% MoO/FAC, 5% NiO 15% MoO/zelite, 5% NiO 15% MoO 5% 

CeO/FAC, 5% NiO 15% MoO 5% CeO /zeolite, 5% NiO 15% MoO 20% CaO /FAC, and 5% 

NiO 15% MoO 20% CaO /zeolite) was synthesized and characterized (Addendum C); 

In fact, keeping in mind the twelve principles of Green chemistry [6], the ideal would be to 

work in the absence of solvent and therefore only in oil, but we have seen that this leads to a 

technical-operational problem such as difficulties during sampling and low yield of 

hydrocarbons; however, the study of reactions carried out in the absence of solvent is not 

excluded, trying to find the suitable conditions for this to be possible. 
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Analyzing the gas phase is very important not only for knowing the selectivity of the reaction’s 

pathway HDO and/or DCO2/DCO, but also to examine the cracking reactions happening, 

which produce light hydrocarbons with carbon number less than 9. 

Future studies should also be focused on the modelling of both the kinetic and the mass 

transfer evaluation of both the hydrogenation and the deoxygenation reactors.  

 

 



 

 

7 ADDENDUM A: SEM RESULTS 

7.1 A.1 PD/HT 
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7.2 A.2 PD/FAC 

  

  

 

 

 

 

 

 

 



Addendum A 

196 

 

7.3 A.3 COMO/FAC 
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7.4 A.4 NIMO/FAC 
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7.5 A.5 NIMO/ZEOLITE X 

  



 

 

8 ADDENDUM B: HYDROGENATION 
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8.1 B.1 TEST 01- TEST 02  

  

Figure 8.1 Test 01 (60 °C, 4 bar, 4 mgcatalyst/mLoil) on the left, Test 02 (60 °C, 4 bar, 4 mgcatalyst/mLoil) on the right. 

8.2 B.2 MODEL FITTING WITH PD LINDLAR 

 
Figure 8.2 Test 03 (120 °C, 8 bar, 4 mgcatalyst/mLoil) 

K1=0.0001, K2=0.0121, K3=0.0171). 

  

 
Figure 8.3 Test 05 (180 °C, 12 bar, 4 

mgcatalyst/mLoil) (K1=0.0001, K2=0.040211, 

K3=0.051134). 
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Figure 8.4 Test 06 (180 °C, 4 bar, 1 mgcatalyst/mLoil) 

K1=0.0001, K2=0.0122, K3=0.021207) 

 
Figure 8.5 Test 07 (180 °C, 4 bar, 0.5 mgcatalyst/mLoil) 

(K1=0.0001, K2=0.009097, K3=0.019804). 

8.3 B.3 MODEL FITTING WITH PD/HT 

 
Figure 8.6 Test 22 (120 °C, 4 bar, 1 mgcatalyst/mLoil) 

(K1=0.0001, K2=0.00095). 

 
Figure 8.7 Test 16 (120 °C, 4 bar, 0.5 mgcatalyst/mLoil) 

(K1=0.0003, K2=0.001143). 
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8.4 B.4 MODEL FITTING WITH PD/FAC 

 

Figure 8.8 Test 22 (180 °C, 4 bar, 2 mgcatalyst/mLoil), (K1=0.0009, 

K2=0.0021). 

 

 



 

 

9 ADDENDUM C: CHARACTERIZATION 

RESULTS FOR FUTURE ACTIVITIES 

9.1 C.1 ICP-AES ELEMENTAL ANALYSIS 

Table 9.1 ICP-AES analysis results 

Sample Ni (%) Mo (%) Ce (%) Ca (%) Al (%) Si (%) 

NiMo/zeolite 4.1± 0.2 10.8 ± 0.5 0 0 12.2 ± 0.5 6.3 ± 0.1 

NiMo/FAC 4.4 ± 0.1 11.7 ± 0.3 0 0 13.0 ± 0.3 20 ± 1 

NiMoCe/zeolite 4 ± 0.1 10.2 ± 0.2 3.55 ± 0.07 0 11.1 ± 0.2 9.1 ± 0.4 

NiMoCe/FAC 4.2 ± 0.1 11.7 ± 0.4 4.4 ± 0.1 0 12.7 ± 0.7 13.2 ± 0.5 

NiMoCa/zeoilte 4.3 ± 0.1 11.2 ± 0.3 0 4.5 ± 0.1 1.45 ± 0.4 8.4 ± 0.4 

NiMoCa/FAC 4.2 ± 0.2 10.8 ± 0.2 0 6.5 ± 0.2 2.70 ± 0.4 16 ± 0.2 
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9.2 C.2 H2-CHEMISORPTION ANALYSIS 

Table 9.2 Metallic surface area, dispersion, and particle size 

Sample surface (m2/g) dispersion (%) particle size (nm) 

NiMo/zeolite 1 4 25.3 

NiMo/FAC 1 4 23.9 

NiMoCe/zeolite 3 10 9.78 

NiMoCe/FAC 1 3 37.6 

NiMoCa/zeoilte 1 2 45.2 

NiMoCa/FAC 1 3 36.8 

 

9.3 C.3 TPR TEMPERATURE PROGRAMMED 

Table 9.3 Metals reduction temperatures 

Sample Ni Tred (֯C) Mo Tred (֯C) Ce Tred (֯C) Ca Tred (֯C) 

NiMo/zeolite 549.47 742.1 0 0 

NiMo/FAC 570.54 781.56 0 0 

NiMoCe/zeolite 610.9 783.26 898.96 0 

NiMoCe/FAC 466.68 635.07 807.96 0 

NiMoCa/zeoilte 600.93 705.27 0 892.68 

NiMoCa/FAC 388.58 555.29 0 904.12 
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9.4  C.4 NH3-TPD – ACIDITY ANALYSIS 

 

Figure 9.1NH3-TPD acidity analysis NiMo/Zeolite 

 

Figure 9.2 NH3-TPD acidity analysis NiMoCe/Zeolite 
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Figure 9.3 NH3-TPD acidity analysis NiMoCa/Zeolite 

 

 



 

 

10 ADDENDUM D: DESALINATION 

TECHNOLOGIES 

This part was carried out under the supervision and the collaboration of: Prof. Pier Ugo 

Foscolo, Prof. Antonio Germanà, and Dr. Marilana Taddei. 

ABSTRACT 

The demand for freshwater supply is exceedingly increasing due to the rapid growth of the 

global population and economic development. With  limited freshwater sources, desalination of 

sea and brackish water offers the potential to meet the increasing water demands. But, the 

suitability of these desalination technologies depends on several  criteria, including the level of 

feed water quality (Qf), source of energy, removal efficiency or recovery (RR), energy 

requirement, etc. In this review, we have presented different desalination methods, Multistage 

flash (MSF), multi-effect distillation (MED), reverse osmosis (RO), etc. The comparison 

between these desalination technologies to be able to see which one is the best from the 

economic, environmental wastes, and efficiency points of view. Thermal desalination plants 

normally have higher energy requirements and unit capital cost than membrane plants and 

produce huge waste heat. Also, corrosion scaling and fouling problems are more serious in 
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thermal processes compared with the membrane processes. On the other hand, membrane 

processes required feed water pre-treatment to remove particulates so that the membranes last 

longer. Scientists’ studies are still working in order to reduce the total energy consumption 

production, waste heat, and costs arriving at the ideal desalination technologies. Almost, 

reverse osmosis and multistage flash processes are becoming the choice for desalination in 

most parts of the world.  

 

Figure 10.1 Graphical abstract of global, conventional water resources, desalinated water production, and brine 

production [236]. 

Keywords : Desalination technologies ; thermal desalination; membrane desalination; Energy; 

salinity.        
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10.1 INTRODUCTION 

Water is a vital resource for the existence of living beings on the earth's surface and is 

necessary for economic and social development [237]. Only about 0.5% of the overall global 

water is available as freshwater, while seawater accounts for about 97% of them[237]. In many 

parts of the world, a huge amount of fresh water is required for agricultural, industrial, and 

domestic uses. Desalination is the term broadly used to describe the production of potable 

water from various sources of raw water. The sources may include brackish water, rivers water, 

wastewater, pure water, and seawater. In this sense, desalination is the process of reducing the 

concentration of dissolved solids TDS in the raw water. Freshwater is defined as containing 

less than 1000mg/l of salts or total dissolved solids [238]. 

 In recent years, increased attention has been drawn to the promise and prospects of 

desalination technology for alleviating the growing water scarcity. Factors that have the largest 

effect on the cost of desalination are feed water quality (salinity levels), product water quality, 

energy costs, as well as economies of scale [237][239].                                                               

The desalination process is divided into two main categories, thermal processes, and membrane 

processes. Membrane desalination plants produce potable water by molecular separation, while 

thermal desalination plants work by breaking bonds between water molecules. Both 

approaches require an energy input for seawater under standard atmospheric temperature and 

pressure conditions. The energy input for membrane processes reflects the pressure energy 

required to pump water molecules through a size/charge selective membrane and is expressed 

as kWh/m3 of product water, while the energy input for thermal processes reflects a 

combination of the heat required to break the bonds between the water molecules (expressed as 

kJ/m3) and the energy required to pump the seawater through the process (expressed as 

kWh/m3) [240].  
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Thermally activated systems include multi-stage flash distillation (MSF), multiple-effect 

distillation (MED), vapor compression distillation (VCD), humidification - dehumidification 

desalination (HDH), solar distillation (SD), and freezing (Frz). In these systems, heat transfer is 

used either to boil or freeze the seawater or brackish water to convert it to vapor or ice, so the 

salts are separated from the water [240]. Pressure activated systems use permeable membranes 

to create two zones where water can pass through and leave salt behind, and these technologies 

consist of reverse osmosis (RO), forward osmosis (FO), electro-dialysis (ED), and 

nanofiltration (NF) [237]. Figure. 2 shows the flow chart of the most applied desalination 

technologies: 

 

Figure 10.2 Classification of the most applied desalination technologies. 

The most applied desalination technologies are Multi-stage flash (MSF), Reverse osmosis 

(RO), and Multi-Effect Desalination (MED). It was found during 2013, among the worldwide 

installed desalination capacity, 65%was based on RO, while MSF accounts for 22% and MED 

for only 8% [241], while the current production of desalinated water from RO now stands at 

65.5 million m3/day, in which about 69% of the volume of the global desalinated water 

produced [242].   

This study is to present an overview of current desalination technologies for seawater and 

brackish water to produce freshwater, also to show and discuss the advantages and 
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disadvantages of these technologies, evaluating the best one considering the cost, removal 

efficiency, and TDS.       

10.2 HISTORY OF DESALINATION 

Early research on desalination was conducted during World War II to satisfy freshwater needs 

in remote locations, and the United States and other countries continued that work after the war 

[238]. The desalination technologies are commercially available since 1960, and most of them 

based on thermal processes. Later, multi-stage flash distillation had become popular, and the 

Arabian Gulf was the main area of many commercial plants set up [243]. In the late 1960s, 

membranes had entered the desalination market and were initially used for brackish water 

treatment. Desalination became a commercial enterprise  development in both thermal and 

membrane technology by the 1980s, which led to an exponential growth in world desalination 

capacity. The worldwide distribution of desalination capacity until 2010 is shown in 

Table1[236]:        

Table 10.1 Top 10 countries employing desalination technologies 

 



Addendum D 

212 

 

By the time, a large growing desalination capacity the world has seen, in which so clear in the 

analysis study by Eduard Jones, arriving about 96 million m3/day desalination capacity in 2020 

as shown in Figure 10.3[236].     

 

Figure 10.3 Global desalination by number and capacity (a) of total and operational desalination facilities and 

(b) of desalination technology 

10.3 OVERVIEW OF DESALINATION TECHNOLOGIES 

The notable increase in the use of desalination technologies over the past years is to a great 

extent the result of a long history of research and development efforts. The total global 

desalination capacity is expected to reach about 100 million m3/d by 2015 [244], and it 

continues to increase because of successfully studying to reduce desalination costs, which it 

has already investigated by Eduard Jones et. al. [236], but these costs are different depending 

on the desalination technology which is used and the type of source water. For example, the 

inland brackish groundwater desalination facilities will use wells and pumps to bring the 

source water to the facility, and these systems may need little or no pretreatment, While the 
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seawater desalination with RO may require extensive pretreatment and a specific design intake 

structure.  

The five key components of a desalination system are [245]:   

 1. Intake: are the structures used to extract raw water and pump it to supply the desalination 

process.         

2. Pretreatment: is the removal of suspended solids by sedimentation and filtration systems and 

adding some chemicals to prepare the raw water for further processing.           

 3. The main process for removing dissolved solids (the main desalination process) 

 4. Post-treatment is the addition of chemicals to the product water to adjust the pH value.  

5. The concentrate disposal or reuse method at the outlet from the desalination system. 

Several parameters affect the selection of desalination systems, including the quality of salty 

water to be desalinated, the salinity level of produced potable water, input energy, 

environmental impact, and cost.                                     

According to the salinity of water as the most important parameter for the desalination process, 

it could be categorized into brackish or seawater. Brackish water contains total dissolved solids 

(TDS) higher than potable water and lower than seawater. Potable water should have TDS 

lower than 1000 ppm (or mg/l) and brackish water in the range of 1,000 to 25,000 ppm, while 

seawater has an average of 35,000 ppm TDS concentration [240]. Figure .4 shows the variation 

of feed water and produced water salinity for the listed technologies. It is clear from this figure 

that MSF desalination technology can handle feed water with the highest salinity and produce 

water with the lowest salinity.                                                                        
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Figure 10.4 Different Desalination Systems Capabilities Regarding Salinity of Feed and Produced Water 

measured in ppm 

10.3.1 THERMAL DESALINATION PROCESSES 

This process is worked to heat salty water (brackish or sea) water producing a vapor that in a 

run to condensed and form freshwater. So, the important factors in this process to be 

considered are the temperature for source water, energy, and scale formation.                                                                

10.3.1.1 MULTISTAGE FLASH PROCESS (MSF) 

Multistage flash (MSF) accounts for the major portion of desalinated municipal drinking water 

produced in the world and is used primarily for desalinating seawater [240]. MSF units are 

widely used in the Middle East (particularly in Saudi Arabia, United Arab Emirates, and 

Kuwait), and they account for over 22% of the world’s desalination capacity [237].                  

Figure 10.5shows a schematic diagram of the MSF system [244]; the system involves six main 

streams: intake seawater, rejected cooling seawater, distillate product, rejected brine, brine 

recycle, and heating steam. The system contains flashing stages and a brine heater. The flashing 

stages are divided into two sections: heat recovery and heat rejection. The number of flashing 
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stages in the heat rejection section is commonly limited to three. On the other hand, the number 

of flashing stages in the heat recovery section varies between 21 and 40. The intake seawater is 

introduced into the inside of the preheater/condenser tubes of the last flashing stage in the heat 

rejection section. Similarly, the brine recycles stream is introduced into the inside of the 

preheater/condenser tubes of the last flashing stage in the heat recovery section.                           

  

Figure 10.5 MSF desalination process with some adding [244] 

10.3.1.2 MULTI-EFFECT DISTILLATION (MED) 

The MED process takes place in a series of evaporators called effects and uses the principle of 

reducing the ambient pressure in the various effects. This process permits the seawater feed to 

undergo multiple boiling without supplying additional heat after the first effect. The seawater 

enters the first effect and is raised to the boiling point after being preheated in tubes. The 

seawater is sprayed onto the surface of evaporator tubes to promote rapid evaporation. The 

tubes are heated by externally supplied steam from a normally dual-purpose power plant. The 

steam is condensed on the opposite side of the tubes, and the steam condensate is recycled to 

the power plant for its boiler feed water. The MED plant’s steam economy is proportional to 

the number of effects. The total number of effects is limited by the total temperature range 
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available and the minimum allowable temperature difference between one effect and the next 

effect [246]. 

Only a portion of the seawater applied to the tubes in the first effect is evaporated.  The 

remaining feed water is fed to the second effect, where it is again applied to a tube bundle. 

These tubes are, in turn, heated by the vapors created in the first effect. This vapor is 

condensed to the freshwater product while giving up heat to evaporate a portion of the 

remaining seawater feed in the next effect. The process of evaporation and condensation is 

repeated from effect to effect, each at a successively lower pressure and temperature. This 

continues for several effects, with 4 to 21 effects and performance ratio from 10 to 18 being 

found in a typical large plant [ Figure 10.6shows a description of the multi-effect desalination 

process [245].  

 

Figure 10.6 Multi-Effect desalination process scheme 

10.3.1.3 VAPOR COMPRESSION DISTILLATION VCD    

In the VCD process, the heat for evaporating the seawater comes from the compression of 

vapor. Two methods are used to condense water vapor to produce enough heat to evaporate 
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incoming seawater a mechanical compressor and a steam jet. The mechanical compressor is 

usually electrically driven, while the steam jet is thermal driven. VCD units have been built in 

a variety of configurations to promote the exchange of heat to evaporate the seawater. The 

compressor creates a vacuum in the evaporator and then compresses the vapor taken from the 

evaporator and condenses it inside of a tube bundle. Seawater is sprayed on the outside of the 

heated tube bundle where it boils and partially evaporates, producing more vapor Figure 10.7 

[246].  

 

Figure 10.7 Schematic diagram of a single mechanical vapor compression distillation process. 

10.3.2 MEMBRANE PROCESS 

The fundamental principle of the membrane processes is that the membrane separates two 

phases allow transporting of one or more components readily than that of other components. 

The driving force for transport can be a pressure gradient, a temperature gradient, a 

concentration gradient, or an electrical potential gradient. There are mainly three types of 

membrane processes usually used for desalination: reverse osmosis (RO) and electrodialysis 

(ED), and forward osmosis (FO). 
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10.3.2.1 REVERSE OSMOSIS DESALINATION RO 

The reverse osmosis (RO) process is a membrane separation process Figure.6, where the 

osmotic pressure is overcome by applying external pressure higher than the osmotic pressure 

on the seawater.  Thus, water flows in the reverse direction to the natural flow across the 

membrane, leaving the dissolved salts behind with an increase in salt concentration. The major 

energy required for desalting is for pressurizing the seawater feed. 

A typical large seawater RO plant consists of four major components: feedwater pre-treatment, 

high-pressure pumping, membrane separation, and permeate post-treatment. 

 

Figure 10.8 Block diagram of reverse osmosis operations. 

Reverse osmosis can remove from brines dissolved not only solids but also organic material, 

colloidal material, and some microorganisms [237].  

RO is usually used for brackish water where the  total dissolved solids TDS ranging from 100 

to 10000 mg/l, low-pressure membranes have decreased the pressure requirements for some 

reverse osmosis operations by up to 50%, the efficiency of reverse osmosis operation will 

undoubtedly increase and cost decrease as membranes are also improved the use of chemicals 

for cleaning is low [237]. On the other hand, raw seawater flows into the intake structure 

through trash racks and traveling screens to remove debris in the seawater. The seawater is 
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cleaned further in a multimedia gravity filter that removes suspended solids; typical media are 

anthracite, silica, and granite or only sand and anthracite. From the media filter, the saltwater 

flows to the micron cartridge filter that removes particles larger than 10 microns, where the 

filtered seawater protects the high-pressure pumps and then to the RO section of the plant. 

So, the pre-treatment technologies, as seen in Figure 10.9include sedimentation, chemical 

treatments, filtration. 

 

Figure 10.9 Pretreatment processes in the RO desalination technology. 

 The high-pressure pump HPP raises the pressure of the pretreated feedwater to the pressure 

appropriate for the membrane. The semipermeable membrane restricts the passage of dissolved 

salts while permitting water to pass through. The concentrated brine is discharged into the sea. 

Pretreatment is needed to eliminate the undesirable constituents in the seawater, which would 

otherwise cause membrane fouling. The most commercially successful membrane 

configurations are spiral wound and fine hollow fiber (HFF). 
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Figure 10.10 Major Types of RO membrane (a)Spiral wound, (b)Hollow fiber [242]. 

Two developments have helped to reduce the operating costs of RO plants during the past 

decade: the development of membranes that can operate efficiently with longer duration and 

the use of energy recovery devices. The recovery devices are connected to the concentrated 

stream as it leaves the pressure vessel. The concentrated brine loses only about 1–4 bar relative 

to the applied pressure from the high-pressure pump. The recovery devices are mechanical and 

generally consist of turbines or pumps of some types that can convert a pressure drop to 
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rotating energy. Figure 10.11shows a block diagram of the RO plant is combined with the 

power plant and the energy recovery turbine [237]. 

 

Figure 10.11 Reverse Osmosis Desalination process diagram 

10.3.2.2 FORWARD OSMOSIS (FO) 

  In the FO process, the osmotic pressure gradient generated by a highly concentrated solution 

(known as “draw” solution) to allow water to diffuse through a semi-permeable membrane 

from saline feed water, which has a relatively lower concentration as seen in Figure .9. 

Consequently, a less concentrated draw solution is being produced, which may be further 

treated to extract freshwater. With the use of a suitable draw solution, very high osmotic 

pressure driving forces can be generated to achieve high recoveries that, in principle, can lead 

to salt precipitation. The saline feed water is fed to the FO unit, which can incorporate spiral 
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wound or hollow fiber membrane modules. The feed water and draw solution flow tangent to 

the membrane in a crossflow mode. Through osmosis, water transports from the seawater 

across the salt rejecting membrane and into the draw solution. To yield potable water, the 

diluted draw solution is sent to a separation unit comprising a distillation column or a 

membrane gas separation unit. The separated draw solution is recycled back to the FO unit. 

The FO process is characterized by relatively low fouling potential, low energy consumption, 

simplicity, and reliability [247]. 

 

Figure 10.12 Forward osmosis process schematic 

10.3.3 OTHERS DESALINATION TECHNOLOGIES 

Besides the commercially available desalination technologies, numbers of other processes have 

been developed as an innovative in the desalination of seawater; although these processes 

couldn’t reach the level of commercial success like MSF, MED, RO, they may become 

valuable in some special conditions. These new technologies include Solar evaporation 

distillation and membrane distillation: 
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10.3.3.1 SOLAR EVAPORATION DISTILLATION SD  

The use of direct solar energy for desalinating seawater has been investigated quite extensively 

and used for some time. The process generally is similar to a part of the natural hydrologic 

cycle in which the seawater is heated by the sun’s rays to produce water vapor. The water 

vapor is then condensed on a cool surface, and the condensate is collected as product water. An 

example of this type of process is the solar greenhouse still, in which the saline water is heated 

in a basin on the floor, and the water vapor condenses on the sloping glass roof that covers the 

basin [240].  

 

Figure 10.13 The basic design of a solar distillation desalination unit. 

Variations of this type of solar still have been made in an effort to increase efficiency, but they 

share difficulties in the requirement of a large solar collection area (e.g., 25 hectares land/l000 

m3 of product water/day) [242], high capital cost vulnerability to weather-related damage. 

Although thermal energy may be free, additional energy is needed to pump the water to and 

from the facility. 
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10.3.3.2 MEMBRANE DISTILLATION MD 

MD is a thermally driven membrane process in which a hydrophobic microporous membrane 

separates saline water into a hot brine and a cold distillate. A hydrophobic membrane can 

prevent the passage of liquid by surface tension force, but not the passage of vapor. Therefore, 

the water vapor will be able to pass from the hot solution side of higher vapor pressure to the 

cold distillate side of lower vapor pressure. The large vapor chamber (because of phase 

change) used by conventional distillation is replaced by small holes in the microporous 

membrane. Small vapor space translates to a lower equipment cost and land use [236]. These 

membranes are made of hydrophobic synthetic material (e.g., PTFE, PVDF, or PP) and offer 

pores with a standard diameter between (0.1-0.5) µm [236]. The schematic of the membrane 

distillation is given in Figure 10.14 [240]. 

 

Figure 10.14 Membrane Distillation Process 

Therefore, MD combines the advantages of conventional distillation and membrane methods, 

which are: 
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compactness in the facility, less energy cost, high degree of purity in water product, lower 

operating temperatures than conventional distillation, reduced chemical interaction between 

membrane and process solution, less demanding in membrane’s mechanical strength with 

many advantages from a commercial standpoint; however, MD has not yet gained any 

acceptance in seawater desalination [238]. On the other hand, because MD is a thermally-

driven process and the brine evaporates on one side of the membrane at the entrances of many 

tiny pores, fouling is very likely to occur. Fouling problem is very important to the 

effectiveness and the cycle-life of the membrane: both are crucial factors for MD to compete 

successfully with other desalination methods. 

10.3.3.3 ADSORPTION DESALINATION SYSTEM ADS 

AD has its origins in adsorption chillers, which use freshwater as the refrigerant that circulates 

between an evaporator, adsorption /desorption beds, and condenser. In ADS, however, saline 

water replaces the freshwater and switches the system from the closed cycle (in an adsorption 

chiller) to an open cycle in ADS. In this method, instead of using recycled pure water (from the 

condenser), saline or brackish water is supplied to the evaporator from an external source. The 

vapor created in the evaporated using low-large heat (from the sun or waste process) travels 

into the bed of silica gel where it is adsorbed until the silica is saturated. Once saturated, the 

bed of silica is heated using once again, low-grade heat to drive off the desalinated water 

before being re-condensed in a receiving vessel [247]. Figure 10.15shows a schematic of two-

bed adsorption-based desalinator. 
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Figure 10.15 Schematic of the two-bed adsorption desalination system. 

10.4 PARAMETRIC COMPARISON OF DESALINATION 

TECHNOLOGIES 

Many technical parameters can be evaluated to make the comparison, like energy requirement, 

efficiency and performance ratio, scale and fouling, corrosion, thermal discharge and operating 

temperature, quality of feed water. We will see some of these parameters: 

10.4.1 REMOVAL EFFICIENCY AND PERFORMANCE RATIO 

Removal efficiency in the membrane technologies (RO, NF) is the best among all of the 

process, while its lower in the MSF and MED. Also, for performance ratio, it’s the best in the 

membrane technologies. Figure 10.16represents the performance ratio PR of different 

desalination technologies. 
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Where, PR= (Net Distillate mass flow rate) / (Energy level / 2326 Kj) in Figure 10.16  [248]. 

 

Figure 10.16 Performance ratio of different desalination technologies. 

From this figure, it is clear that the membrane process RO has a higher performance ratio 

comparing to the thermal process MSF, MED, VC. We can see that RO has the highest 

performance ratio (30-100 kg/2326kJ) while MSF has the lowest performance ratio 

(6.4kg/2326kJ). 

10.4.2 SPECIFIC ENERGY CONSUMPTION SEC 

The energy requirement is in of the most important parameter for choosing proper desalination 

technologies, and the main barrier to extend desalination is higher water costs, which are 

seriously influenced by energy consumption (represents> 50–60% of total costs) [249]. The 

energy requirements for the thermal technologies: multi-stage flash, multi-effect distillation, 

and VC are independent of salt concentration, while the energy requirements for the membrane 

process are highly dependent on salt concentration [240]. Subsequently, as thermal 

technologies use much energy, RO is currently the most prevalent technology, with 
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approximately 65% of the installed capacity and with the majority of new facilities. A 

summarization of the energy consumption by different desalination technologies are shown in 

the following Table 10.2[243]: 

Table 10.2 The Energy consumption by different seawater Desalination technologies 

Desalination 

method 

Total equivalent electrical energy 

(kWh/m3) 

Production capacity 

m3/d 

MSF 13.5-25.5 50,000-70,000 

MED 6.5-11 5,000-15,000 

RO 3-3.5 24,000 

"Electrical equivalent" refers to the amount of electrical energy that could be generated using a 

given quantity of thermal energy and an appropriate turbine generator. 

From Table 10.2, we can see that the energy consumption of the thermal processes MSF is 

much higher than the energy consumption in the membrane processes RO; furthermore, the 

production capacity with MSF is higher than RO.   

10.4.3 QUALITY OF FEED WATER 

This parameter is determining the degree of pretreatment necessary for the process and 

determine the costs need for this step. In the reverse osmosis process RO, the quality of feed 

water must be very good, and it needs the pretreatment step, while in MSF, MED, VC (thermal 

process) it is not necessary to pretreat the feed water. So, from this point of view, the thermal 

technologies are better because it is less cost in this step. 

10.4.4 CORROSION, SCALING, AND FOULING 

These parameters are more serious in the thermal process comparing to the membrane process. 

The fouling problem, e.g., by suspended solids, is the most disadvantages in the thermal 
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desalination plants, it is a big problem in the membrane technologies too., corrosion causes by 

oxidized components such as chlorine and scaling (CaCO3, CaSO4, and BaSO4) are also 

another possible problem for both thermal and membrane processes; consequently, the 

pretreatment process is usually needed to ensure stable performance. 

Finally, the comparison of all salient feature of different thermal and membrane desalination 

technologies are shown in Table 10.3[237]. 

Table 10.3 Comparison of all salient features of different desalination technologies 

Salient features 
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MSF 4 2 3 4 4 3 4 

MED 4 2 4 4 4 3 3 

RO 2 4 3 3 0 4 2 

ED - 3 2 1 0 2 1 

Index value 0: none, 1: low, 2: medium, 3: high, and 4: extreme 

In fact, as a choice among the commercially available desalination technologies largely 

depends on how the process applies in some specific conditions, together with both technical 

and economic considerations [250], all the individual technologies have their relative pros and 

cons consequently, the selection is made according to the available data.  
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10.5 OPERATIONAL DESALINATION MSF&RO 

PLANTS TECHNOLOGIES  

The following sections discuss elements of thermal desalination MSF and membrane 

desalination RO processes, which include brief process description, modeling, system design, 

and costing.  

10.5.1 METHODOLOGY AND DESIGN OF MULTI-STAGE FLASH 

DISTILLATION 

MSF process is a method that uses the vapors of the water instead of hot liquid directly, where 

the freshwater is produced in the evaporator of each stage by flashing some of the hot feed 

saline water due to low pressure. The produced water vapor passes through a demister to 

remove the entrainment of brine droplets and condenses on the external surface of the heat 

exchanger [16]. The heat released from condensation is transferred to the flowing feed 

seawater through successive stages resulting in increasing its temperature. After the feed 

seawater brine passes the first stage, its temperature is increased to the required temperature 

(90-110  °C) in a brine heater. The brine heater receives the low-grade steam from a fossil fuel 

boiler, industrial waste, or it is extracted from the low-pressure turbine of a power plant.  MSF 

process produces high-quality water (~10 ppm), needs minimal pre-treatment, and could be 

constructed to produce a large capacity of water [243]. The focus of this section is to introduce 

an efficient MSF desalination plant supplied by a 14.2 MW power plant that provides 

feedwater salinity 40000 ppm. Thus, practical correlations are defined to design the system, 

and thus operating parameters are determined.  

The following is a summary of the model equations [245] [241]. 
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Figure 10.17 Heat and mass transfer in MSF brine circulation plant. 

The brine recycle flow rate is obtained from the brine heater energy balance, where; 

𝑀𝑠 𝜆 𝑠 =  𝑀𝑅 𝐶𝑝 (𝑇𝑏𝑜 − 𝑇𝑓) Equation 10.1 

Division of  Equation 10.1by the production capacity (Md) gives 

(𝑀𝑅/𝑀𝑑)  =  ((𝑀𝑠/𝑀𝑑) 𝜆 𝑠)/𝐶𝑝ℎ (𝑇𝑏𝑜 − 𝑇𝑓) 

Equation 10.2 

     

(Md/Ms) gives the system performance ratio (PR). Therefore, Equation 10.2 is reduced to: 

(𝑀𝑅/𝑀𝑑)  =  ( 𝜆 𝑠/𝑃𝑅)/𝐶𝑝 (𝑇𝑏𝑜 − 𝑇𝑓)  
Equation 10.3 

 

By performing the overall energy balance on the system shown in Figure 10.17,the cooling 

water flow rate could be obtained  

𝑀𝑐𝑤 =  (𝑀𝑠 𝜆 𝑠 − 𝑀𝑓 𝐶𝑝 (𝑇𝑏𝑛 − 𝑇𝑐𝑤))/(𝐶𝑝 (𝑇𝑏𝑛 − 𝑇𝑐𝑤))         Equation 10.4 

Division of Equation 10.4 by the (Md) gives 

(𝑀𝑐𝑤/𝑀𝑑)  =  (
𝑀𝑠

𝑀𝑑
𝜆 𝑠 − (𝑀𝑓/𝑀𝑑) 𝐶𝑝 (𝑇𝑏𝑛 −  𝑇𝑐𝑤)) /(𝐶𝑝 (𝑇𝑏𝑛 −  𝑇𝑐𝑤))       Equation 10.5 

(Md/Ms) gives the system performance ratio (PR), and (Md/Mf) gives the conversion ratio 

(CR). Therefore, Equation 10.5is reduced to: 
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(𝑀𝑐𝑤/𝑀𝑑)  =  (( 𝜆
𝑠

𝑃𝑅
) − (1/𝐶𝑅) 𝐶𝑝 (𝑇𝑏𝑛 −  𝑇𝑐𝑤)) /(𝐶𝑝 (𝑇𝑏𝑛 −  𝑇𝑐𝑤)        Equation 10.6 

The conversion ratio (CR) is obtained through a simple material balance: 

𝐶𝑅 =  (𝑋𝑏𝑛 −  𝑋𝑓)/𝑋𝑏𝑛               Equation 10.7 

Demister length is obtained from the definition of the vapor velocity across the flashing stage: 

𝐿𝑝 =  (𝐷 𝑉𝑣)/(𝑣𝑣 𝑤𝑠𝑡)    Equation 10.8 

The stage length is obtained from: 

𝐿𝑠𝑡 =  𝐿𝑝 +  𝐿𝑡𝑏       Equation 10.9 

The tube bundle length is obtained as a function of the number of tubes, tube diameter, and the 

tube spacing. 

Ltb   = nt1/2 dt St                                                                                                                                        Equation 10.10 

The number of tubes is obtained as a function of the stream flow rate and velocity.  

𝑛𝑡𝑟 =  4 𝑀𝑅/(𝜌 𝑉𝑅 𝑑𝑟2 𝜋)   Equation 10.11 

𝑛𝑡𝑗 =  4 (𝑀𝑐𝑤 + 𝑀𝑓)/(𝜌 𝑉𝑐𝑤 𝑑𝑗2 𝜋)     Equation 10.12 

The stage height is obtained from: 

𝐻𝑠𝑡 =  𝐻𝑏 +  𝐻𝑝𝑏 + 𝐿𝑡𝑏  Equation 10.13 

The design model mentioned above is a simple model that could be used to obtain the 

performance characteristics of MSF desalination plants. In Table 10.4, Table 10.5, and  

Table 10.6 are reported all the symbols of the assumed, designing, and costing parameters and 

their meanings. 

Table 10.4 Assumed parameters for designing MSF desalination plant 

Assumed parameters Symbol Value Assumed parameters Symbol Value 

Number of stages n 24 Specific heat Cp 4.2 kJ/kgk 

Plante capacity Md 655kg/s Vapor velocity in the Vv1 2 m/s 
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first stage 

Heat steam T Ts 120 C 

Vapor velocity in the 

first stage Vv2 12 m/s 

Top brine T Tbo 110 C Stage width Wst 20 m 

T of brine recycle Tf 102 C Liquid density ρ 

1000 

kg/m3 

T of brine blow Tbn 37 C Velocity of brine VR 2 m/s 

Intake seawater T Tsw 30 C 

Velocity of cool 

water Vcw 2 m/s 

Salinity of seawater Xf 40000ppm High of a brine pool Hb 0.2 m 

Salinity of brine 

water Xbn 70000ppm Performance ratio PR 9.5 

Diameter of 

condencer tube dr,dj 0.0312m Latent heat at 120 ֯C λs 

92202.6 

kJ/kg 

 

Table 10.5 Design parameters for MSF desalination plant 

Design parameters Symbol Value Design parameters Symbol Value 

Brine recycle flow 

rate 

MR 4519.7 kg/s 

Number of tubes in heat 

rejection section 

ntj 3378 

Cooling flow rate Mcw 3637 kg/s 

Length of tube bundle in 

heat recovery section 

Ltbr 2.54 m 

Conversion ratio CR 0.429 

Length of tube bundle in 

heat rejection section 

Ltbj 2.72 m 

Specific heat SA 253.4 Length of heat recovery Lstr 5.13 m 
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transfer area m2/(kg/s) stage 

Demister length in 

first stage 

Lp1 

0.826 m Length of rejection stage Lstj 5.31 m 

Vapor specific 

volume in first 

stage 

Vvn 

1.21 m3/kg 

Height of heat recovery 

stage 

Hstr 4.74 m 

Demister length in 

last stage 

Lpn 

2.56 m 

Height of heat rejection 

stage 

Hstj 4.92 m 

Vapor specific 

volume in last 

stage 

Vvn 22.7 m3/kg 

Number of tubes in heat 

recovery section 

ntr 2956 

 

Table 10.6 Costing parameters for MSF plant designing 

Costing parameters Value 

Capacity m3/h 2847 

Specific power   kWh/m3 5 

Annual production m3/year 22447390 

Electric power consumption kW 14235 
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Figure 10.18 MSF Industrial plant design. 

10.5.2 MYTHOLOGY AND DESIGN OF RO REVERSE OSMOSIS 

DESALINATION 

RO process is a pressure-driven process in which pressure is applied to a membrane to separate 

salt, and other minerals from water, whereas quantity of freshwater that penetrates the 
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membrane depends on the difference between the applied pressure and the osmotic pressure of 

the feed saltwater, the osmotic pressure related directly to the salt concentration in the saline 

water, and the discharge brine from the RO unit ranges from 20% to 70% of the flow feed 

water, depend on the salinity of the feed water, applied pressure, and type of membrane. The 

usual quality of the freshwater produced from a single-stage seawater RO unit is less than 

500ppm [245]. 

RO plant is cheap to build, needs less capital investment, is simple to operate, and can be built 

with a system capacity that ranges from a few liters to hundreds of thousands of m3 per day. It 

also has a high production /space ratio, low energy consumption, and there is no need to shut 

down the whole plant when there is a problem or for routine maintenance due to the modular 

design of the plant [239]. 

The main disadvantages of RO system are high maintenance cost resulting from replacing the 

membrane (usually every two years or more); bacterial growth on the membrane which can 

bring odors and bad tests of the product water; and expectation of some mechanical failure in 

system equipment due to the system’s high pressure. Many developments have occurred in the 

desalination processes as the membrane life multiplied, and the TDS in the product are now as 

low as 100mg/l. Besides, the recoveries of 40-50% have been achieved [239]. By recycling 

energy, RO desalination plants have significantly lowered their total energy consumption with 

the help of energy recovery devices (ERDs), So it is now possible to decrease power 

consumption and increase the efficiency of the seawater reverse osmosis desalination plant. 

The main function of an energy recovery device would be to improve energy efficiency by 

harnessing spent energy from the reject and delivering it back to the feed. Several methods 

have been explored in this domain of energy recovery devices (ERDs), which are classified as 

follows:  
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- hydraulic to mechanical-assisted pumping.  

- hydraulically driven pumping in series.  

- hydraulically driven pumping in parallel. 

The major types of ERDs are the turbocharger, pressure exchanger, Pelton wheel, and Francis 

turbine [238]. Specific energy consumption is largely dominated by two factors the amount of 

trans-membrane pressure difference required to achieve the necessary permeate flow rate at 

various mass-transfer conditions, as well as the design and efficiency of the feedwater pump in 

combination with the respective energy-recovery system installed to recover the available 

hydraulic energy in the discharge brine. 

As an example of modeling for cost evaluation, a case study was made for the realization of 

seawater desalination plant by RO with a maximum production capacity of potable water 9500 

m3/day and feed water salinity 72000 ppm in the aqueduct system of a Mediterranean Island in 

Italy. Thus, practical correlations are defined to design the system, and thus operating 

parameters are determined [239][250]. 

 

Figure 10.19 Heat and mass transfer in RO plant. 
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The simple design model which was used to estimate the RO design unit is:  

Permeate flux (m/s):     

Aw Permeability coefficient (m/s-Pa), ΔP Transmembrane pressure difference (Pa), Δπ 

Osmotic pressure difference (Pa). 

Solvent permeability coefficient: 

𝐴𝑊 =  𝐷𝑤𝐶𝑤𝑉𝑤 /𝛿𝑚 𝑅𝑇     Equation 10.15 

Cw Water concentration in the membrane (mol/m3), Dw Water diffusivity (m2/s), Vw Water 

molar volume (m3), T Temperature (K), R Gas constant (J/mol-k), δm Membrane thickness (m) 

Solute transport(m/s): 

 𝐽𝑠 = 𝐵𝑠(𝐶𝑚 − 𝐶𝑝)      Equation 10.16 

Cp Solute concentration at permeate (mol/m3), Cm Solute concentration in the membrane 

(mol/m3), Bs Solute transport parameter (m/s) 

Solute permeability coefficient: 

𝐵𝑠 =  𝐷𝑠𝐾𝑠 /𝛿𝑚     Equation 10.17 

Ds Diffusivity of solute (m/s), Ks Solubility of solute (m2/s) 

Salt rejection %:  

𝑅𝑠 =  [1 + ( 𝐵𝑠/𝐴𝑤(𝛥𝜌 − 𝛥𝜋))] − 1     Equation 10.18 

Osmotic Pressure: 

𝛥𝜋 = 𝑅𝑇𝛴(𝑛/𝑣)     Equation 10.19 

Specific energy   kWh/m3:  

𝐸 =  [𝑃 𝑓 𝑄 𝑓 (𝐸𝑝𝑢𝑚𝑝) − 1 −  𝑃𝑟𝑄𝑟 𝐸𝐸𝑅𝐷]/𝑄𝑝     Equation 10.20 

Pf Feed water pressure (Pa), Qf Feed flow rate (m3/day), Epump Pump energy consumption 

(kWh), Pr Rejected pressure (Pa), Qr Rejected flow rate (m3/day), Qp Mass flow rate of 

permeate in one element (kg/s), EERD Turbine energy (kWh) 

Recovery ratio %: 

𝐽𝑊 = 𝐴𝑤(𝛥𝑃 − 𝛥𝜋)         Equation 10.14 
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𝑅 =  𝑄𝑝 /𝑄 𝑓      Equation 10.21 

Total mass balance: 

𝑄𝑓𝐶𝑓 = 𝑄𝑝𝐶𝑝 + 𝑄𝑟𝐶𝑟    Equation 10.22 

Cf Concentration of feed water (mol/m3), Cr Concentration in the concentrate (mol/m3). 

Delta pressure:  

𝛥𝑃 =  [(𝑃 𝑓 + 𝑃𝑟) /2] . 𝑃𝑝     Equation 10.23 

Pf Feed water pressure (Pa), Pr Rejected pressure (Pa), Pp Permeate pressure (Pa) 

The design model mentioned is a simple model that could be used to obtain the performance 

characteristics of the RO desalination plant. In order to obtain a project with a maximum 

capacity of 9500 m3/day, a system with three parallel unites of RO was provided, and the 

characteristics of every unit of the RO plant, the chemical dosing, and the final cost are 

illustrated in  Table 10.7, Table 10.8, and Table 10.9. 

Table 10.7 Design parameters of RO plant 

Design parameters Value Design parameters Value 

Product water flow rate 135m3/h Number of streams line 3 / parallel 

Salinity of product water 300ppm Maximum vessel pressure 80bar 

Seawater feed temperature 25 ֯C Membrane type 

Polyamide hollow 

fiber 

High pressure pump 

capacity 

137m3/h Membrane dimension 8 X 40 inches 

PX efficiency 98% Vessels number 36 

Membrane recovery factor 45% Separation efficiency 98.7% 

Membrane salt rejection 99.7% 

Maximum membrane 

pressure 

69 bar 

Unit flow rate permeated >15 litre/m2/h Booster pump capacity 163 m3/h 
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Total membrane number 252 

Number of 

membrane/vessels 

7 

 

Table 10.8 Chemical doses treatment for RO plant desalination design 

Chemicals doses Concentration % Flow rate kg/h 

Ferric chloride FeCl3 41 11 

Sodium bisulfite NaHSO3 10 45 

Sulfuric acid H2SO4 98 4.6 

Antiscalant 10 45 

Calcium hydroxide Ca (OH)2 (Post-

treatment) 

5 112 

Hypochlorite sodium NaOCl 0.15 5.5 

Hypochlorite sodium NaOCl (post 

treatment) 

0.15 1.2 

 

Table 10.9 Final costing and consumption parameters of RO plant designing 

Costing parameters Value 

Capacity m3/h 405 

Specific power   kWh/m3 3.94 

Annual production m3/year 3547800 

Electric power consumption kW 1596.2 
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Figure 10.20 RO industrial plant design. 

10.6 CONCLUSIONS 

It is quite difficult to choose which method is the best for the desalination process because all 

the desalination technologies have their advantages and disadvantages. Thermal desalination 

plants normally have higher energy requirements and unit capital cost than membrane plants. 
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Also, corrosion, scaling, and fouling problems are more serious in the thermal process 

comparing with the membrane processes. A huge amount of waste heat is produced in the 

thermal desalination processes. 

 On the other hand, membrane processes do not destroy biological substances, and the 

pretreatment process of the feed water is required in order to remove particulate so that the 

membranes last longer. However, in the MSF, MED, and VC, it is not necessary to pre-treat 

the feed water. The unit capital cost in desalinating brackish water is lower comparing with 

desalinating seawater in the membrane technologies. Therefore, we can say that the choices it 

depends on the sources of energy; as in the developing countries, the main problem is with 

energy sources, so it is better to use RO, EDR, or FO to desalinate the saline water to get fresh 

water, whereas in other countries like Saudi Arabia they can use thermal technologies. 
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