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“If the result confirms the hypotheses, you’ve made a discovery. 

If the result is contrary to the hypotheses, you’ve made a 

discovery.”  

(Enrico Fermi) 

 



 

“A little science estranges man from God, but much science leads them back to him.” 
(Lewis Pasteur) 
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1. Motivation Chemicals represent an essential part in our daily life. They are applied in almost every product whether in food such as preservative, in IT products as smart phones and computers, in transportation as fuel source, and many more. The 

increase in global population means a high demand for energy and chemicals. Fossil 

fuels- the main feedstock for energy and chemicals- is an unstable resource and 

contributes to different matters (i.e. environmental, economical, and political); Hence, 

the search for alternative renewable and environmentally friendly chemical feedstocks. 

As these alternatives need different processing than petroleum fuels, industry is urged to 

improve established heterogeneous catalytic systems. Most of the industrial productions 

depend on heterogeneously catalyzed chemical conversions. The catalyst activity, 

selectivity, stability, cost of preparation and recyclation, and the conditions required for 

activation of the catalyst influence the production rate, quantity and quality, and cost of 

the final product. The more selective, stable, active and easier to recycle the catalyst, the 

better the production rate of the industry is; thus being capable of satisfying the rapid 

demands and needs of our life. A heterogeneous catalyst provides the ease of separation 

and recovery from the reaction component in contrast to a homogeneous one, and as a 

heterogeneous catalyst mostly consists of metal nanoparticles as active sites deposited 

on a support, the conventional focus to improve the catalytic system for a given reaction 

was to utilize different supports, different metals (or a combination of metals), 

nanoparticle sizes of active metals, and different methods of synthesis and deposition. 

There have also been approaches to improve the catalyst via constructing hierarchical 

porosity in the support when possible (as in metal organic frameworks (MOFs), Zeolites, 

carbons) which increases the surface area and mass transfer; thus improves the activity 

and stability. Amongst the many supports applied in industrial heterogeneous catalysis 

such as zeolites, silica (SiO2), alumina (Al2O3), titania (TiO2) and many others, porous 

carbons are considered a leading material by virtue of its unique properties such as 

thermal and chemical stability, large surface areas, functionalizable surface, the 

possibility to easily recover the active metal, and potentially low cost. Consequently, 

carbons have been applied in several industries from medicine to catalysis and 

electrochemistry. In order to achieve higher catalytic efficiency using carbons, several 

synthesis methods have been applied where in each the focus was to tailor the pore 

structure within the carbon material for a certain catalytic conversion. Those methods 

include (but are not limited to) hard- and soft- templating and salt templating, by which 

hierarchical porosity (micro-, meso-, and macro- pores) can be achieved. Such 
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hierarchical porosity can be advantageous especially in reactions where complex macro-

polymers are present as for example in the degradation of lignocellulosic biomass (LCB) 

e.g. lignin. However, in catalysis the active metal deposited on the support plays the 

main role in a reaction. So, a hierarchical porous carbon support can provide more 

surface area for the metal to be dispersed and thus to be more exposed to the educt 

which results in better activity. Nevertheless, the dispersion of active metal on porous 

support can cause clogging of pores (especially micropores), agglomeration of active 

metal around the pore (due to lowering of surface energy), or further growth of 

crystallites of active metal to form larger particles and thus the ultimate active metal 

activity can be outreached. Of this premise, an advanced industrial catalytic system is 

required to overcome the previously mentioned challenges. A convenient solution is 

modifying the porous carbon supports with heteroatoms before deposition of active 

metal. Heteroatoms can influence the hydrophilicity/ hydrophobicity of the support and 

the catalyst in general, improves the immobilization of active metal, influence the 

particle size and distribution, and can enhance the properties of the active metal through 

an electronic junction effect. Therefore, as carbons have a tunable surface and can be 

modified with heteroatoms- which give them another advantage over the other industrial 

supports- herein they have been studied for the development of advanced industrial 

catalytic systems for different conversions (Hydrogenolysis, oxidation, and 

hydrogenation) in liquid phase and gas phase, in the aim to provide profound 

knowledge of heteroatoms’ effect on the catalyst properties. An illustration of the 

concepts discussed during this research is given in (Figure 1).  

 
Figure 1: Main concepts discussed in the given research. 



 

“More the knowledge lesser the ego, lesser the knowledge more the ego.” 
 (Albert Einstein) 

Chapter 2 

 Introduction 
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Preface 

In this chapter the following questions are answered: What is the target issue of this 

research? How can this matter be solved? And what has already been done in research? 

Moreover, this chapter introduces the main concepts of catalysis and the industrial 

applications related to this thesis work. 

2. State of Art 

The world average life expectancy at birth according to the statistics of the world health 

organization (WHO) for the year 2015 has reached 71.4 years. This is the result of the 

technological and medical developments reached, as well as to the better life circumstances 

present. As a result, an increase in the average global population by 75 million person 

annually or 1.1 % per year is reached according to WHO for the year 2016 [1]. Such an 

escalation implies higher consumption of goods and energy sources which sets the earths’ 

finite natural resources under strain as shown in (Figure 2). Therefore, it is essential to 

explore renewable nutritional- and energy- resources that can maintain the needs of the 

large population and keep the balance of nature at the same time. Catalysis is promising 

contribute to these goals and provide resolutions for the several matters present these days. 

Catalysis process already occurs in nature whether as enzymes (active and selective to a 

specific task) in humans [2], animals or plants [3], or by yeasts used for sugar fermentation 
[4]. However, depending on these sources alone is insufficient for the rapid growth of 

population and needs, aside from their processing challenges [5]. Therefore, industrial 

catalysts [6] – materials produced to mimic the enzymes in its reaction properties – are 

developed and employed in a variety of applications related to all different sectors of life 

whether electrocatalysis, photocatalysis, solar energy, pharmaceutical industry, bio- and 

oil- refineries, or petrochemical industry, and many more.  

 
Figure 2: Global life expectancy at birth for the year 2015 for both genders “WHO” [7] (A), and world 

energy consumption by energy source (1990-2040) in quadrillion British thermal units (QBtu) “EIA” [8] (B). 
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2.1. Catalysis 

Catalysis has been known since decades especially in fermentation; however, the term 

catalyst was first noted by Jöns Jakob Berzelius in 1835 [9]. The term is first noted as 

Kataluein, originates from the Greek language meaning Kata: down and Luein: loosen [10]. 

Indeed, a catalyst affects the rate of a reaction required to obtain the product, without being 

consumed during the reaction. It provides an alternative reaction route that requires smaller 

activation energy (Ea) 
[11] (Figure 3). This is usually measured by Arrhenius equation [12] 

(Equation 1). ݇ =  ாೌ/(ோ்)       (Equation 1)ି݁ܣ

Where the activation energy (Ea) is the energy the reactants in the system need for a 

reaction to happen at a certain reaction rate (k) in certain reaction conditions (absolute 

temperature (T) in Kelvin considering the universal gas constant (R)) at a certain 

temperature independent (frequency) factor (A) between k and Ea 
[11-12].   

 

Figure 3: An illustration of the activation energy and rate of reaction in presence and absence of a catalyst [13]. 

In regards to the concentration of the reactants at the catalyst surface to be temperature 

dependent, other terms have been developed to express the catalytic performance, 

especially the catalyst activity. One concept is known by the turnover number (TON) or 

turnover frequency (TOF) or the turnover rate (TOR). These three terms define the number 

of cycles a catalyst can undergo (n) before deactivation considering the number of active 

site (S) on the catalyst per unit time (t) [14], as given in (Equation 2) below: ܱܶܨ = ௡௨௠௕௘௥ ௢௙ ௖௛௘௠௜௖௔௟ ௣௥௢ௗ௨௖௧௦ ௡௨௠௕௘௥ ௢௙ ௔௖௧௜௩௘ ௦௜௧௘௦ ௫ ௧௜௠௘ =  ଵௌ ௗ௡ௗ௧      (Equation 2) 

In some cases (heterogeneous catalysts discussed later in chapter 2.4) the determination of 

active sites is difficult, therefore this term is replaced with the concept Metal time yield 

(MTY) also known as space time yield (STY) which considers the quantity of reactant 
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converted to products (mol or grams) per quantity of active metal used (mol or grams) per 

unit time (seconds (s), minutes (min) or hours (h)) [14] as given in (Equation 3)  ܻܶܯ =  ଵ    (Equation 3)ିݏ ௠௘௧௔௟ିଵ݈݋݉  ௣௥௢ௗ௨௖௧௦݈݋݉

In catalysis not only the activity matters but also the selectivity (S) to the desired product 

and the stability over time. The selectivity can be measured by considering the rate of the 

desired product (d p) obtained among the rest of the products in the gathered solution (d ST) 

after the catalytic reaction [6] as shown in (Equation 4) below: ܵ(݌) = ௗ ௣ௗ ௌ೅          (Equation 4) 

A catalyst can be in a gaseous (e.g. Nitroxide), liquid (e.g. Sulfuric acid), or solid state. 

Industrially, liquids and solids are mostly used and these can be either of organic and bio-

materials (e. g. yeast used in fermentation) and referred to as biocatalysis or enzymes, or 

inorganic material (Sulfuric acid or platinum metal) known as catalysts [6, 11]. 

2.2. Enzymes vs. Catalysts 

Despite the fact that enzymes were the first known catalysts and they can be applied in 

varied interdisciplinary areas (such as detergents, pharmaceuticals, medicine, Agriculture, 

Pulp and paper, and food), yet only a small fraction of enzymes is applied industrially (~ 1 % 

of all known enzymes). They can be made through sustainable development and green 

chemistry and tend to have unsurpassed selectivity towards specific product, very high 

chemical conversions (turnover number), and operate under relatively mild conditions. 

However, biocatalysts suffer from insufficient stability, a long development time, being 

unstable under elevated temperature and pH conditions, have low specific activity, are only 

available for selected reactions, and being often expensive [5-6, 11]. Such disadvantages can 

be overcomed by the catalysts. 

2.3. Catalysts 

Catalysts can be classified according to the phase in which they operate into homogeneous 

catalysts and heterogeneous catalysts. Among these, heterogeneous catalysts are 

industrially more favored. The difference between a heterogeneous and a homogeneous 

catalyst is the phase boundary where homogeneous catalysts are in the same phase as the 

substrate and the product (most often dissolved in a liquid phase), but the heterogeneous 

catalyst is in different phase (most often a solid catalyst in fluid phase). This potentially 

provides the homogeneous catalysts, which are in most cases organometallic compounds, a 



Page 6                                                                       Introduction||Chapter 2 
 

 
 

higher degree of dispersion and thus better catalytical performance per active center. 

However, their difficult separation from the product mixture, and thus limited reusability 

and extra cost of scaling up or catalyst loss limits its industrial applicability [6, 15]. 

Therefore, as a heterogeneous catalyst can overcome the issues of an enzyme or a 

homogeneous catalyst, it is widely applied in variable sections of industry [16]. A short 

summary is illustrated in (Figure 4)  

 
Figure 4: Schematic summary of catalysis in industry. 

2.4. Heterogeneous Catalysts 

A heterogeneous catalyst can be having the metal nanoparticles supported (e.g. platinum 

on carbon) or unsupported (e.g. Raney nickel). The advantages of a supported 

heterogeneous catalyst allows for a vast range of industrial applications. A support 

provides a high surface area for effective dispersion of metal particles, induces high 

activity of metal, maximizes the spatial distance between the metal nanoparticles (MNPs), 

limits particle growth, facilitates the separation from the reaction medium (e.g. by simple 

filtration), influences the catalytic performance of the metal, enhances the catalyst stability, 

and thus can provide economical use of the active metal. Moreover, depending on the 

structure of the support, the metal can be deposited not only on the surface but in the pores 

as well. In other words, the textural and chemical properties of the support material impact 

the catalytic performance of the active metal in a reaction. [11, 15-17].  
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2.5. Porous Carbon Supported Heterogeneous Catalysts 

2.5.1. Carbon Materials 

Carbon materials have been known since prehistory (e.g. burning woods for warming and 

cooking) and they are still used to our days for their unique characteristics and widespread 

important applications. Carbon is the 6th element in the periodic table and ranks the 17th 

among the rest abundant terrestrial elements. Its ability to bond with other atoms as well 

with itself in plentiful fashion forming stable substances with less or more electronegative 

partners, allows the formation of many chemical compounds [18]. Carbon atoms can bind 

together depending on their electronic configuration to give allotropes of different physical 

properties. Amongst these allotropes, the sp3 hybridized diamond for example is a 3-D 

framework of cubic symmetry with high transparency and the properties of a wide band 

gap semiconductor. At the same time, it is the hardest natural material (microhardness > 

100 GPa). Graphite, on the other hand, is a carbon modification with sp2 hybridization 

consisting of stacked planar sheets in hexagonal stacking making it highly electrically 

conductive, non-transparent, and one of the softest materials (microhardness ~1 GPa). 

Carbon nanotubes, another interesting allotrope, exhibit high tensile strength, high electric 

and thermal conductivity, high ductility, and high thermal and chemical stability. Beside 

these basic elemental modifications, plenty of other carbon materials (such as powders, 

fibers, and foams) of varied mechanical, electrical, and chemical properties exist, 

providing in general high surface area, high thermal stability, high chemical inertness, and 

a tunable surface. Hence, carbons are useful for widespread applications ranging from 

automobile to medicine industries, and catalysis to energy storage. Another indication of 

how remarkable carbon materials are and how widespread carbon chemistry is, Elsevier 

Science has dedicated and published a Journal called (Carbon) for this element. In addition 

there exist a large number of books representing only the carbon element, its structure, 

properties and applications. [19-22]. An illustration of carbon allotropes and applications is 

given in (Figure 5).    
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Figure 5: Different carbon allotropes (left) and the different industrial applications of carbon in industry 
(right). 

2.5.2. (Hierarchical) Porous Carbon Materials  

Porous solid materials are materials that contain voids in their internal surface area which 

are deeper than they are wide. These voids are known as pores and they vary in geometry 

(cylindrical, ink-bottle shaped/ spherical, slit, interstices, and funnel shaped/ conical) and 

size. The pores can be opened (accessible) or closed (inaccessible). The open pores can be 

blind (with a dead end), or inter-connected pores (connecting between the pores). 

According to IUPAC the pores are size categorized by their diameter (d) into: 

• Micro-pores: d < 2 nm 

• Meso-pores: 2 nm <  d < 50 nm 

• Macro-pores: d > 50 nm. 

Three parameters are measured to characterize the porosity of a material its specific 

surface area (SSA), its total pore volume (TPV), and its pore size distribution (PSD) [23]
.  

The importance of porosity in a material is not only to enhance its surface area by 

providing more contact between the surface of the material (inner and outer surface) and 

the surrounding phase, but by also providing efficient mass transfer. This can be possible 

by tuning the porosity in the material in accordance to the application.  

Although the material can contain each pore type alone with a certain size distribution, it 

can also contain two or more pore sizes “hierarchical porosity” depending on the method to 

prepare the material. In some applications e.g. catalysis, the presence of a hierarchical 

porosity can improve the surface area of the material and the mass transfer within the 
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catalyst; hence influencing the catalytic performance [24-25]. A macropore system can 

minimize diffusion distances by serving as a micro – reservoirs, and a mesopore can 

provide larger accessible surface area and smaller ion-transport resistance, while a 

micropore system is beneficial for shape-selectivity and size- selectivity for guest 

molecules. Together as hierarchical system (for example macro-meso pores, or meso-micro 

pores) they can provide higher surface area with strong adsorption ability and avoid the 

mass transfer limitations resulting from the use of one pore system as micropores [26-27]. A 

depiction for the porosity and mass transfer in shown in (Figure 6).   

 
Figure 6: Depiction for the different porosity and its importance in mass transfer.  

Hierarchical porosity already exists in nature whether in trees for transportation of water 

and minerals to its upper parts, or even in human body in the lungs for example where 

branched pores for the exchange of oxygen and carbon dioxide are present at the interface 

between the lung and the air. Such accessible large surface area in a small space is 

desirable in many applications especially in catalysis for the aforementioned reasons. 

Carbons as supports stand out from other supports in being surface tunable and thermally 

stable in addition to the preparation from several cheap raw precursors and their high 

surface area. Therefore, improving its performance in catalysis is important and possible 

by tuning its porosity for a higher surface area and better mass transfer. A typical porous 

carbon such as activated carbons (ACs) can have up to 3000 m2 /g of surface area [28] 

depending on the synthesis method and the size of its structural pores. Several synthesis 

methods are known for designing and templating the pore size in regard to carbon material. 

These methods vary according to the application intended. For example, in gas adsorption 

applications, more microporous system is favored whereas in catalysis a hierarchical 

porosity (meso– to macro–pores) are of an advantage especially for heterogeneous 

supported catalysts; therefore different synthesis methods are developed [29].   
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2.5.2.1. Synthesis of Porous Carbon Material  

As aforementioned, the synthesis of carbon and tuning its porosity is relevant to the 

intended application. In Industrial heterogeneous catalysis, carbons are mostly used as 

supports. Therefore, the method of synthesis needs to be economic, provides scaling up, 

and of course it has to provide the desired hierarchical porosity system for the above 

mentioned reasons.  

Industrially, physical and chemical activation methods are applied for porous carbon 

synthesis. The physical activation is based on pyrolysis (temperatures above 500 °C) of 

raw material (e.g. coal, wood, fruit shell, polymers) into char at an inert gas atmosphere 

followed by the addition of activation agents (CO2 or H2O) which are inducing an etching 

of the carbon thus introducing porosity (etching of carbon in presence of CO2 is a result of 

Boudouard equilibrium as in (Equation 5), while in presence of steam a water gas shift 

(WGS) takes place (Equation 6) followed by etching (Equation 7)). The disadvantages of 

such a synthesis are the resultant of small pore sizes which result in limited mass transfer 

of the molecules, the formation of undesirable defects and functional groups causing low in 

conductivity, and the instability of pore structure at high temperatures (e,g, during 

graphitization) [30].  ܱܥ ݔଶ (݃) + (ݏ)௬ܥ  ⇌ (݃) ܱܥ ݔ2 + (݃) ଶܱܪ ݔ (Equation 5)     (ݏ)௬ି௫ܥ  + (ݏ)௬ܥ  ⇌ (݃) ܱܥ ݔ (ݏ)௬ି௫ܥ + + (݃)ܱܥ ଶ(݃)    (Equation 6)ܪݔ (݃) ଶܱܪ + ⇌ (݃)ଶܱܥ  ଶ(݃)     (Equation 7)ܪ +

On the other hand, the chemical activation is carried out by impregnating a raw carbon 

material with highly concentrated aqueous solution of a chemical activation agent such as 

potassium hydroxide (KOH) or zinc chloride (ZnCl2) where dehydration for example with 

KOH occurs yielding H2O (Equation 8) which by a steam activation process forms the 

porosity which results with carbon dioxide (CO2) formation. This CO2 reacts with the 

formed potassium oxide (K2O) to produce potassium carbonate (K2CO3) (Equation 9). 

Moreover when pyrolyzing (Temperature >700 °C) the K2O can be reduced to elemental 

potassium (K) by H2 or the carbon causing carbon etching (porosity formation) (Equations 

10 and 11). At the same time the K can go mobile and intercalate between the carbon 

layers causing layer separation which after washing the active agent forms a high internal 

micro-porosity [24, 31-32].  2 (ݏ) ܪܱܭ ⇌ (ݏ) ଶܱܭ + (݃)ଶܱܥ ଶܱ(݃)      (Equation 8)ܪ   + (ݏ) ଶܱܭ  ⇌ (ݏ) ଶܱܭ  (Equation 9)      (ݏ) ଷܱܥଶܭ + (݃) ଶܪ  ⇌ (݈) ܭ 2 +  ଶܱ (݃)    (Equation 10)ܪ 
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(ݏ) ଶܱܭ ݔ  + (ݏ)௬ܥ  ⇌ (݈)ܭ ݔ2 + (݃)ܱܥ ݔ +  (Equation 11)   (ݏ) ௬ି௫ܥ 

The pores resulting, whether by chemical or physical activation synthesis, are most often 

disordered and undefined micropores which contain a bottleneck or worm–like structure 

that are only a dead end for the mass transfer [33-34]. In accordance, other methods (such as 

soft– and hard– templating, and salt–melt synthesis) have been developed. These can 

overcome the drawbacks of activation synthesis and provide control of pore morphology. 

The main principle of templating is a structure directing material in which the carbon raw 

substance is synthesized, and the removal of the template results in porous carbon structure. 

Like that, templating offers a defined pore size and pore structure. According to the 

mechanism and the type of the structure directing agent, templating can be classified into 

soft– and hard– templating (also referred to as endo- and exo-templating respectively) [35].  

Soft templating is to create a porous carbon structure from carbon precursor being structure 

directed/ templated via capturing on the surface of a micelle or liquid crystal, then allowed 

to crosslink, and then carbonized. The main drawback of soft templating is the fact that the 

polymer layer (structure directing agent) is thermally removed causing shrinkage of pores.  

Hard templating is the use of a porous solid template as a mold filled with carbon 

precursor then heated to carbonize and remove the template ending up with porosity 

dictated by the structure of the mold. An illustration of soft and hard templating is given in 

(Figure 7).  

Although hard templating overcomes the shrinkage of pores issue as present in soft 

templating, yet using hard templating synthesis it is challenging to infiltrate the precursor 

in the mold completely, or maintain low volatility of the precursor with sustained volume 

size. Multiple infiltrations can be applied to fill the mold pores completely, or a melt 

infiltration can be applied for homogeneous filling of the template pores. However, 

industrially hard templating is unfavorable for the cost, time, and material required to 

synthesize the template/ mold [36]. In conclusion, the Activation methods have limited 

control of porosity, the soft templating is difficult to synthesize and the hard templating is 

quite expensive with multiple step approach.    
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Figure 7: Schematic summary of soft and hard templating. 

2.5.2.2. Salt–Melt Synthesis of Porous Carbon Material  

Salt–melt synthesis also referred to as salt templating (Fechler et. al) is when a 

carbonization reaction takes place in an ionic solvent, precisely in a eutectic molten salt [37]. 

This approach combines the advantages of high thermal stability of solvent during 

carbonization and high mobility of the reactants providing by that highly porous carbons. 

Three parameters need to be considered for the precursor–salt systems used [38]:  

• Higher operating temperature than the melting point of the salt. 

• Adequate solubility of carbon precursor in the molten salt. 

• The salt–melt “solvent” is inert under reaction conditions.   

Metal halides (e.g. Zinc Chloride ZnCl2, or potassium chloride KCl) are most suitable for 

such reaction conditions. They are inert and their melting point can be adjusted (decreased) 

if a eutectic salt mixture is used; hence allowing the use of precursors with low 

decomposition temperature, such as inexpensive and sustainable sugars (e.g. glucose and 

glucoseamine). The application of salt–melt synthesis for synthesis of porous carbon 

materials was introduced by Liu et. al. [39]. A eutectic LiCl/ KCl salt mixture was added to 

glucose precursor and then heated under inert gas. Aqueous washing of remaining salt 

followed to obtain the porous carbon material. The results showed that the amount of salt 

mixed with the precursor can influence the carbon structure and porosity in a similar way 

as in templating. 
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The investigation proceeded by applying different salt to precursor ratios and different 

temperatures. The use of low salt to precursor ratio (10:1) resulted with irregular 

hierarchical randomly interconnected microporous carbon. In contrast, at high salt to 

precursor ratio (100:1) a graphene–like material of similar specific surface area (SSA) as 

that with lower salt ratio was obtained. The difference in morphologies is explained with 

different carbonization mechanism where the high ratio resulted in a solution process 

giving graphene structure, and the low ratio is a mean of precipitation producing the 

interconnected carbon morphology. The increase in temperature up to 700 °C led to an 

increase in SSA reaching 600 m2 g-1, however further temperature increase led to an 

opposite effect on SSA presumed to be a result of enhancing carbon layer stacking. 

In the study related to salt–melt synthesis done by Fechler et. al. [37] They apply inorganic 

ZnCl2 salt mixture mixed with carbonizable ionic liquids (ILs) in a 3:1 wt. ratio and treat 

the mixture at 1000 °C in an inert gas atmosphere. Aqueous washing followed the 

carbonization step to yield highly porous carbon material with SSA of 2000 m2 g-1. The 

main finding of this work was that the morphology/-pore structure of carbon is dependent 

on the salt mixture. The reason behind that lies in the different properties of the eutectic 

salt mixtures such as melting point, viscosity and polarity. They showed that a LiCl/ZnCl2 

salt mixture results mainly in microporous carbon, replacing the LiCl with NaCl resulted in 

hierarchy in porosity of supermicropores and small mesopores. This effect was related to 

the low melting point and the formation of large clusters of NaCl/ZnCl2 salt mixture when 

the phase demixes at the later stage of carbon condensation in comparison to LiCl/ZnCl2. 

Another comparison was made by using KCl instead. As KCl/ZnCl2 mixture has the lowest 

melting point among the mentioned salt mixtures, the outcome was a hierarchical (micro to 

meso) porosity of spherical carbon particles. The explanation given is the enhancement of 

phase separation at early stages of the crosslinking process. A sketch of the different 

porosity in carbon by the different salt mixtures is illustrated in (Figure 8).  

 
Figure 8: Sketch of the different porosity in carbon by the different salt mixtures [37].  
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In conclusion to the discussed methods and results, the salt–melt synthesis can be 

considered a promising method of synthesis for porous and even hierarchically porous 

carbon materials. It overcomes the challenges present in previously mentioned processes 

by providing better morphology control, facile “template” (salt-melt) removal, and possible 

scale up of the production. It can in a one pot synthesis provide porous carbon with 

functionalized surface if the carbon precursor contained functional groups. Accordingly, 

the salt–templating synthesis process referred to as salt–melt synthesis here was adapted 

for the research described in this thesis with the difference of using sugars instead of ILs 

and reducing the temperature applied. Thus, KCl/ZnCl2 salt mixture is used as the solvent 

medium along with sugar compounds such as glucose and glucoseamine as precursors at 

low salt–precursor ratio 3:1 and at moderately high temperature of 900 °C.    

2.6. Heteroatom Functionalization of Porous Carbon 

Material  

Catalysis has gone through so many developments and changes as well as discoveries. 

Catalysts have been in continuous change and progress since ever discovered/ applied 

around the 18th century. First, there was the metal discovery and understanding of its 

properties then applying and comparing metals to each other to realize its oxidation/ 

reduction manners (development of catalytic performance concept). Later by the 

development of analysis, synthesis and extraction methods and techniques, the need for 

catalytic optimization commenced and the heterogeneous catalysts were applied. 

Afterwards, nanotechnology and nanomaterial concepts evolved and the quest for new 

preparation methods of nanoparticles of a metal (also referred to as metal nanoparticles 

MNPs and represents particles sized between 1 and 100 nm) deposited on a support 

emerged, followed by the porosity importance in a system and its tuning procedures. All 

these changes and evolvements in the science of catalysis resulted not only due to new 

technologies development and new chemical, physical and theoretical principles arising, 

but also the challenges resulting of the request for energy resources and environmental 

friendly chemistry, and of course reaching to the parameters of an economical industrial 

production level [40].  

Certain principles in regard of a heterogeneous catalyst cannot be overlooked for an 

enhanced catalytic performance such as the nanoparticle size of the metal, the presence of 

a support, and the porosity or structural properties of a support. These mentioned principles 

are intensively studied for several materials even for carbon material. Nevertheless, surface 
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functionalization of the support with heteroatoms, understanding its effect and applying it 

for catalysis is only briefly discussed in literature. Heteroatoms can have a big influence on 

the support properties and the catalyst performance as well as on the surrounding phase. 

Ergo, introducing heteroatoms (e.g. N, O, or H) to the carbon materials prompts for new 

approaches in tailoring the catalytic properties towards diverse applications. Heteroatoms 

(e. g. N) doped in the semiconducting carbon materials alter not only its surface properties 

but also its electronic structure. Mostly, the focus in research has been on N-doped carbons 

(NDCs) which attributed to improving electrical conductivity, basicity and oxidation 

stability for electrocatalysis applications. The introduction of N- heteroatoms to carbons 

can be distinguished either as surface or structural modification. The surface 

functionalization (e.g. amine) can hardly change the original properties of the carbon 

framework significantly, while the structural modification (e.g. graphitic nitrogen) is 

behind the difference in the physical properties if compared to non-doped materials [41] as 

given in (Figure 10). It is presumed that structural nitrogen modifies the band structure by 

lowering the valence band (Ev) and increasing the electron density at Fermi–level (Ef) as 

illustrated in (Figure 9). By that, carbon becomes more chemically stable which is referred 

to as “noble carbons” [42]. In the case of surface modification, mainly Brønsted basicity is 

introduced, whereas in the structural case N adds a Lewis-basicity to the carbon [43]. 

However, the influence of heteroatoms is not restricted to N, and other heteroatoms can be 

suitable for tuning carbon and inducing different effects. 

 
Figure 9: Illustration of metal – carbon support interaction at fermi level for non-doped carbon (A) and N- 

doped carbon (B) [43]. 

Heteroatom modification of a material was achieved through either thermolysis or 

chemical vapor deposition (CVD) of a heteroatom–containing precursor, or by post 

treatment of carbons in a heteroatom–containing atmosphere. Despite the functioning of 

these methods, they produce low yield, require a multi–step synthesis and are difficult to 

process. To overcome these drawbacks, a one–pot synthesis approach of the salt–melt 

carbon synthesis from a heteroatom–containing precursor is used in this thesis work. 
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Figure 10: Illustration of various possible nitrogen states doped in carbon as functional group.  

2.7. Heterogeneous Catalyst Mechanisms of Reactions on 

Surfaces 

When discussing catalysis, it is essential as well to discuss the mechanisms that take place 

during a reaction. In heterogeneous catalysis the metal nanoparticles (MNPs) deposited on 

the support exist as a separate phase from the phase where the reaction takes place. In 

accordance to Sabatier principle, the catalyst disrupts the bonding of the reactants when 

they interact with its surface and an adsorption process takes place. The strength of the 

adsorption is expressed as enthalpy/ heat of adsorption (ΔH ads). Chemisorption (chemical 

bonding resulting of the reactant adsorbed to the surface) and physisorption (weak van der 

Waals interactions e.g. gas adsorption to a surface) interactions take place depending on 

the electronic – or bonding structure of the reactant adsorbed. In the case of chemisorption 

the activation energy is involved and the adsorbed species is a monolayer.  

Several mechanisms (illustrated in Figure 11) occur in a heterogeneous catalysis reaction 

upon these are the dissociative adsorption, the Langmuir-Hinshelwood mechanism, and the 

Eley-Rideal mechanism. The dissociative adsorption mechanism is when dissociation/ 

breaking of bonds happen after chemisorption on the surface (e.g. Hydrogen (H2)). The 

Langmuir-Hinshelwood mechanism describes the interaction between two reactive 

adsorbed species on the same surface with one another where interchange of atoms is 

possible (e.g. carbon monoxide oxidation to carbon dioxide). Finally, the Eley-Rideal 

mechanism states that an interaction happens between an adsorbed species on the surface 

with another reactive species from the surrounding phase but it is not adsorbed to the 

surface (e.g. carbon monoxide interaction with oxygen for carbon dioxide formation) [44].  
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Figure 11:A summary of chemisorption and physisorption (left) and the mechanisms on the surface of 

heterogeneous catalysts (right), A) association desorption, B) Langmuir-Hinshelwood mechanism, and C) 
Eley-Rideal mechanism [45].  

2.8. Applications of Industrial Heterogeneous Catalysts  

As mentioned earlier, the key to maintaining life balance and produce chemicals and 

energy resources can be via catalysis, especially the application of industrial heterogeneous 

catalysts. In correspondence, fossil fuels can provide the chemicals and fuels necessary, 

but their depletion and instability, the economic and political issues surrounding them, 

aside from their contribution to the environmental pollution all request for alternatives. 

Lignocellulosic biomass (LCB) and synthetic gas (syngas: CO and H2) are few of many 

other alternatives favored over fossil fuels. The LCB and syngas sources are very 

interesting alternatives compared to the other alternatives present (such as solar energy, 

wind energy, or hydrodynamic energy). Catalytic transformation of these can not only 

produce energy and fuels, but also can provide vast of value-added chemicals (Figure 12). 

The raw material providing these sources is abundant, cheap, renewable, and less valuable 

as is, that performing catalytic transformation especially with carbon nanomaterials on the 

raw material for important chemical production is of an advantage [20].  
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Figure 12: Schematic illustration of catalytic transformation of LCB and syngas as sources of chemicals, 
biofuels, and energy 

It is essential to mention that carbon nanomaterials are applied in several other applications 

amongst them in pharmaceuticals, photo-catalysis, nanomedicine and filtration in where 

complex interactions with aqueous/ liquid phase are involved. These interactions remain 

poorly understood. Therefore, investigating the catalytic performance in liquid phase 

reactions (LPR) can provide further insight regarding such interactions and contribute to 

the scientific understanding of these interactions. In regards, this thesis studies the catalytic 

performance of nickel nanoparticles (Ni NPs) and gold nanoparticles (Au NPs) deposited 

on amorphous modified carbon supports for hydrogenolysis of kraft lignin reaction and 

oxidation of glucose reaction in a LPR (Chapters 4.1 and 4.2) respectively, but also looks 

into the catalytic performance of iron nanoparticles (Fe NPs) deposited on surface 

functionalized carbon nanotubes for syngas transformation to liquid hydrocarbons via a 

Fischer-Tropsch reaction (Chapter 4.3).   

2.8.1. Lignocellulosic Biomass Transformation: Kraft Lignin and 

Glucose 

Lignocellulosic biomass represents a promising sustainable renewable solution for 

replacing petroleum oil and assisting in reducing CO2 emissions. It is composed mainly of 

cellulose (40–50 %), hemicellulose (16–33%), and lignin (15–30%) [46]. Cellulose is the 

most abundant renewable polymer source. It is used in the form of wood and plant fibers as 
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energy source, as well as used for building materials, paper, textiles, clothing, and many 

other fields in industry. It is a linear crystalline homopolysaccharide with a repeating unit 

of glucose dimers. Hemicellulose is mainly made of pentoses (xylose and arabinose) and 

hexoses (galactose, glucose, and mannose) as well as non-sugar components (e.g. acetyl 

groups). Lignin (from Latin lignum meaning wood) is the second most abundant renewable 

polymer after cellulose. It is a macro–polymer of aromatic lignols and consists of p–

coumaryl, coniferyl and sinapyl alcohols. The catalytic valorization of hemi- and cellulose 

yields a variety of chemical building blocks especially sugars and their derivatives, while 

lignin represents a good renewable source of aromatic groups that vary in accordance to 

the source of lignin i.e. softwood (guaiacyl groups) or hardwood material (guaiacyl–

syringyl groups) [47].  A summary of the composition of LCB is given in (Figure 13).  

 
Figure 13: Summary of lignocellulosic biomass composition 

In a cell wall, hemi- and cellulose form a rigid structure presenting the backbone of the cell 

wall and lignin provides the rigidity and resistance against external chemical or physical 

stress. Such a property burdens the degradation of lignocellulose for effective conversion 

unless it is sufficiently pre-treated. The most dominant pretreatment method is the kraft 

lignin process employed by pulp and paper industry. The separation of lignin from the 

other lignocellulosic components goes through harsh conditions (pH 2- 12, and 420-450 °C 

temperatures)[48] in presence of sodium hydroxide and sodium sulfide. The production of 

extracted lignin by pulp and paper industry is estimated about fifty million tons per year, 

but the lignin-product markets are limited to low value products (e.g. binding agents). 

Hence, around only two percent (2%) of extracted lignin is applied commercially whereas 
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the rest is commonly being burnt as a low value fuel, which is a huge loss of chemicals. 

The aromaticity of extracted lignin along with its abundancy and economic price in 

presence of the petroleum oil issues has a significant potential to contribute to the 

production of phenols that can be applied either as fuel sources or as chemical platforms 

for variable applications [48]. By that, a lignin hydrogenolysis processes is necessary to be 

developed. Hence, kraft lignin degradation via hydrogenolysis is studied here.  

As already discussed, cellulose structure is a building block of glucose dimers. Glucose 

can be obtained from variable sources as starch or fat, and also from LCB. Such an 

abundant glucose source is important, especially because glucose applications are ranging 

from catalysis to crucial biofuel production and medicine. One important application of 

glucose is its oxidation into gluconic acid. Gluconic acid has versatile uses in chemical, 

pharmaceutical, food, beverage, textile, construction, and other industries. It is annually 

produced in 60 KT per year and costs 1.5 €/ Kg. It is industrially produced via microbial 

oxidation (fermentation) of glucose. However, fermentation process has several 

disadvantages related to the operational difficulties (e.g. enzyme activity maintenance, 

slow reaction rate, disposal of accumulated dead microbes), which can potentially be 

overcomed by metallic heterogeneous catalyst for oxidation of glucose as shown in (Scheme 

1). Despite the efforts (e.g. applying platinum (Pt)/ palladium (Pd)/ bismuth (Bi) and a 

mixture of these), more improvement in catalytic activity is needed. Gold nanoparticles 

(Au NPs) have been reported to exceed the activity of the previously mentioned noble 

metals especially when deposited on a metal oxide support (i.e. Al2O3), but being 100% 

selective to sodium gluconate production. In another study by Rossi et.al., Au NPs 

deposited on carbon showed better activity than other noble metals deposited on the similar 

support. However, as carbons contain acidic functional groups on their surface, the 

methods of depositing Au NPs on carbon are challenging. [49-52] Therefore, a need for 

highly active heterogeneous catalyst with high selectivity towards gluconic acid production 

is required, as well as a suitable deposition method of Au NPs is needed. In this regard, 

gluconic acid production via glucose oxidation using catalytical Au NPs deposited on 

surface functionalized carbon supports is considered for this study. 

 
Scheme 1: Catalytic transformation of cellulose to glucose and oxidation of glucose to gluconic acid [53]. 
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2.8.2. Syngas (CO and H2) Transformation 

The potential of lignocellulosic biomass lies not only in its degradation to obtain value 

added chemicals, but also in its produced gaseous phase out of its degradation process. 

After all, lignocellulosic biomass is made of carbohydrates that can be converted by 

reforming processes to valuable gases (e.g. synthesis gas which is a mixture of CO and H2) 

which are useful for the production of hydrocarbons with different chain lengths, 

especially high value short olefins, and C5+ components such as fuel, diesel or waxes. The 

process involved in production of hydrocarbons from carbon monoxide (CO) 

hydrogenation is known as Fischer–Tropsch synthesis (FTS) discovered in the 1920s. 

Usually the gaseous substrates (CO and hydrogen (H2)) for this process can also be 

produced from coal or natural gas. This process is already widely applied in industry 

because it provides an alternative way for the production of chemical compounds which 

are commonly obtained from crude oil as the feedstock. The FTS yields high quality and 

clean hydrocarbon–based transportation fuels (due to low aromaticity and low content of 

impurities such as sulfur). Besides fuels, production of olefins and C5+ is highly desired 

because they present essential building-blocks for high-value chemicals, which are mainly 

obtained from petrochemical feedstocks, such as monomers for the production of plastics 

(e.g. styrene, ethylene, or propylene). However, the selectivity in the production of 

different chain length hydrocarbons via FTS is poor based on Anderson-Schulz-Flory 

(ASF) distribution. The carbon number of hydrocarbons produced differs according to the 

chain growth probability (α). Hence, adjustment to the probability (α) is required to 

increase the selectivity towards lower olefins. This is possible by altering the conditions 

that influence the (α) which are: the FTS conditions (e.g. temperature, pressure, and syngas 

ratio),  the active metal type, the support, and the promoters [54].    

2.8.2.1. Fischer-Tropsch Synthesis 

FTS is an exothermic catalytic process where a conversion of syngas (CO and H2) into 

different molar mass hydrocarbons in presence of a metallic catalyst occurs, as given in 

(Equation 12) below: (2݊ + (݃)ଶܪ (1 + (݃)ܱܥ݊ → (ଶ௡ାଶ)ܪ௡ܥ +  ଶܱ(݈) (Equation 12)ܪ ݊

Where n is an integer. 

In addition, another reaction takes place during the synthesis process which is the water- 

gas shift reaction (WGS) as given in (Equation 13) below:  ܪଶܱ(݈) + (݃)ܱܥ → (݃)ଶܱܥ +  ଶ(݃)     (Equation 13)ܪ 
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This reaction (WGS) is important to maintain the efficiency of a maximum conversion of 

syngas by increasing the H2/CO ratio. The production of the different hydrocarbons as 

aforementioned depends on ASF distribution in accordance to α. This can be summarized 

by the given (Equations 14 -15) below: 

௡ܲ = 1)(௡ିଵ)ߙ െ ௡ܹ (Equation 14)            (ߙ = 1)(௡ିଵ)ߙ ݊ െ  ଶ             (Equation 15)(ߙ

Where Pn is the probability of producing a hydrocarbon of length n, Wn is the weight 

fraction, n is an integer, and α is the probability chain growth, α (n-1) is the probability of 

adding n-1 carbons and (1-α) is the probability of terminating the chain growth as 

illustrated in (Figure 14).  

 
Figure 14: Chain growth probability according to Anderson-Schulz-Flory distribution [55]. 

As a result of the previous equations, the chain growth probability (α) can be tuned by 

controlling the reaction conditions depending on the active metal choice, the support, and 

the addition of promoters. Iron (Fe) for example is one of the commercially used FT 

catalysts. It is of relatively low cost and has a high WGS activity; hence more suitable for 

lower H2/CO ratio. In addition, it is applicable for high- (300-350 °C) as well as for low- 

(220-270 °C) temperature ranges. This is of advantage as at higher temperatures a shift in 

selectivity towards lower carbon number products (e.g. Olefins) and hydrogenated 

products results which is shown in (Figure 15). 
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Figure 15: A) Temperature influence on production of low weight hydrocarbons, B) Schematic structure of 

iron particle in presence of promoters [56]. 

Aside from the catalyst and the FT reaction conditions as an influence on the selectivity of 

lower hydrocarbon production, the addition of promoters (e.g. sodium (Na), sulfur (S)) and 

the particle size of active metal both contribute to enhancing the selectivity [54, 57]. 

Accordingly, FTS for olefin production (also referred to as Fischer–tropsch to olefins 

process FTO) has been adopted in this research to study the catalytic performance of a 

surface functionalized carbon support for heterogeneous iron-based catalysts.                               



 

“Experimental investigation is a very great thief of time. It costs many days to determine a 
fact that can be stated in a line.” 

 (J. W. Draper) 
 

Chapter 3 

Outline 
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3. Outline 

In the quest for alternative sources of energy and value-added chemicals, lignocellulosic 

biomass and syngas catalytic conversions can provide a green source and sustainable 

replacement for the environmentally unfriendly and unstable fossil fuel sources. 

Catalysis is therefore important to achieve high conversions and productivity of 

chemicals and energy sources on an industrial level. Accordingly, research and industry 

are striving for catalysts with ever-higher catalytic performance. Besides the use of an 

ideal active metal, the choice of a good support is also essential with regard to achieving 

this goal. Carbon materials make good candidates as supports for catalysts thanks to 

their structural (different allotropes e.g. diamond and graphene) and physical properties 

(for example hardness, conductivity, thermal and chemical stability, tunable surface) 

which make them available for different industrial applications. Modification of carbons, 

in peculiar its porosity, has proven higher efficiency and better catalytic performance 

with the active metal. Several studies have indicated the importance of hierarchical 

porosity in carbons as well as several methods to the synthesis and templating of the 

porous carbon materials. However, the modification of the surface of carbon material 

with heteroatoms is not well researched and it is rarely being applied to improve the 

catalytic performance. Yet in regards to what is done, the results indicate an advantage 

in using heteroatoms within the support along to the catalyst performance in general 

especially in electrochemistry, but none is considering the effect of heteroatoms 

functionalization of the support surface on the catalytic surrounding phase.     

Consequently, this thesis research investigates the effect of chemically surface modified 

porous carbon materials with different heteroatoms (H, O, and N) applied as supports 

for industrial heterogeneous catalysts, aiming for improving the knowledge of the effect 

of the heteroatoms, which may contribute to explaining certain catalytic behavior in 

previous research literatures and can lead to discoveries of new application fields. The 

synthesized heterogeneous catalysts with functionalized carbon supports were tested for 

different catalytic conversions (hydrogenolysis, oxidation, and hydrogenation reactions) 

in liquid and gaseous phases. The investigation takes place with nitrogen functionalized 

hierarchical porous (micro-meso) sugar derived carbon support compared to another 

similarly prepared porous carbon support material without heteroatom functionalization 

to particularly investigate the effect of N on the catalytic system. Moreover, the two 

sugar-based hierarchically porous carbons were compared to a comparably commercial 

hierarchical porous carbon support to highlight the porosity influence on the reaction 

and the catalytic performance. The reaction performed is a liquid phase hydrogenolysis 
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of kraft lignin into value added chemicals. One further interesting point regarding this 

study is the application of kraft lignin degradation in flow and batch reactors to 

emphasize the advantages and importance of using certain reactor concepts for such 

industrial reactions. The interesting effect of the N-doped carbon detected on the 

catalysis urged the research to proceed by functionalizing sugar- derived hierarchical 

porous carbon supports with other heteroatoms (H and O) along with N heteroatoms and 

comparing them to a non-functionalized sugar-derived porous carbon support. Liquid 

phase glucose oxidation reaction with gold nanoparticles was employed as the model 

reaction to explore the different heteroatom functionalities effect. This study clearly 

showed the influence of surface polarity of the supports on the size of the deposited 

gold nanoparticles and thus the catalytic properties. Hence the catalytic performance 

was obviously different for each reaction despite the use of the same metal and support 

source. Although both prior mentioned reactions were performed in liquid phases, yet 

the heteroatoms influenced the supports and thus the catalysts differently resulting with 

different catalytic behavior and performance. In correspondence, the investigation 

proceeded in the direction of applying carbon nanotube supports functionalized with the 

similar heteroatoms (H, N, O) for hydrocarbon formation from syngas. In particular, the 

target of the Fischer-Tropsch CO hydrogenation reaction is to achieve higher selectivity 

to short (C2-C4) olefin formation. As the main finding, a junction between iron particles 

and carbon nanotubes modified with a nitrogen-doped carbon surface layer leads to 

higher catalytic activity and a higher selectivity towards the desired products. A 

summary of the research study is given below (Figure 16). 

 
Figure 16: A summary of the investigation carried out in this thesis. 



 

“During an intense period of lab work, the outside world vanishes and the obsession is total” 
(L.M. Lederman) 

 

Chapter 4 

Research and 
Outcomes
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Preface 

This following chapter discusses the investigation made towards understanding the 

heteroatoms influence on the carbon support and the catalytic performance for 

industrial heterogeneous catalyst. The method of preparation, characterization, 

reaction and the results of the different reactions performed in this study are given in 

details. Starting from Nitrogen doped carbon (NDC) for kraft lignin hydrogenolysis, 

continuing to selective glucose oxidation using functionalized sugar-derived carbons 

and finally switching from liquid to gaseous phase reaction in a Fischer-Tropsch 

selective olefin hydrocarbon synthesis.  

Profound perceptions are introduced regarding advancements in catalysis as well as 

interesting discoveries have been noted during this investigation which in turn can 

contribute to the progress of the effort in finding an appropriate solution to the 

previously discussed dilemmas (chapter 2). 
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4. Research and Outcomes 

4.1. Functionalized Carbons as Supports in Liquid 

Phase Reaction: Nickel Nanoparticles Catalysts for Kraft 

Lignin Hydrogenolysis in Batch and Flow Reactions 

i. State of Art 

In our everyday life, we use enormous amounts of chemicals in different applications. 

Chemicals are used in medicine, devices, food, buildings, cosmetics, detergents and 

more. They present an essential source of living. However, the increase in population 

results with an increase in consumption of the feedstock of these chemicals which is 

mainly fossil fuels. Rapid consumption of fossil fuels, economic and political 

dependence on other countries to obtain these fuels, environmental pollution due to 

industrial processing of these fuels are all reasons why it is convenient to switch to 

renewable sources of energy [58]. As has been discussed in (chapter 2.8.1), one of these 

promising sources is lignocellulosic biomass (LCB) as it is a renewable cheap source 

and not only capable of providing energy and biofuels, but also value-added chemicals 

for pharmaceutical or industrial use. Lignin (one of LCB main components) is a macro 

molecule of phenolic and aromatic groups, bond by C-C and ether linkages. Pulp and 

paper industries tend to produce large quantities (> 50 Mt/ year) of lignin after 

separating it from the other components of LCB via addition of acids containing sulfur; 

a procedure widely known as kraft process of which the resulting product is kraft lignin. 

The complexity of kraft lignin structure makes it an undesirable byproduct. Therefore, it 

is burnt as a low value fuel to produce energy and to recover any minerals. Only 2% of 

kraft lignin production is used commercially [47]. 

The abundancy of kraft lignin and its high phenolic-structure trigger the interests of 

scientists to investigate it for new applications. Catalytic hydrogenolysis of kraft lignin 

is an efficient method [59] by which valuable low molar mass building blocks can be 

obtained. Nickel (Ni) heterogeneous catalysts have been applied for hydrogenolysis of 

kraft lignin, and especially Raney-Nickel (RaNi) -which is derived from nickel-

aluminum alloys- proved to be efficient for this reaction. Despite that, Ni metal is 

relatively lower in activity in comparison to some other metals (platinum (Pt) and 

ruthenium (Ru)). Yet it is more abundant, relatively cheap, and mainly selective to 

cleavage of ether bonds [60-63]. Degradation of kraft lignin does not only count to the 
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selectivity of certain bond cleavage, but also about overcoming the poisonous effect of 

the sulfur present in kraft lignin (1-3 wt. %) [64]. Therefore, improvement of the catalyst 

properties and structure (e.g. high surface area of the support, hierarchical porosity, 

small-sized nanoparticles of metal) is required. This can be provided by using a support 

material such as carbons. Carbon materials properties (as discussed in chapter 2.5.1) of 

high surface area and chemical inertness as well as thermally stable makes them good 

candidates for support application in catalysis [65-66]. Most importantly, their property of 

being of tunable surface allows for carbon modification as a support with different 

porosity and for functionalization with heteroatoms (e.g. N). The previously mentioned 

modifications are presented in this work to explore the heteroatom- and the hierarchical 

porosity effects on the catalytic performance of Ni nanoparticles deposited on modified 

carbon catalysts for degrading kraft lignin. 

ii. Catalytical systems 

1. Sugar- and Sugar Amine-Derived Carbon Supports  

In order to obtain a hierarchical porous carbon material, an inorganic eutectic salt melt 

method is applied. In this method zinc chloride and potassium chloride are mixed with 

the precursor and followed by calcination at temperature 900 °C. This procedure 

allowed the formation of mesopores besides micropores in the carbon material; hence 

hierarchical porosity and provided high surface area .Moreover, sugar precursor (as 

glucose) is used for carbon material which is a cheap source, and decomposes at 

relatively low temperatures. In addition, using glucoseamine with only slight difference 

in chemical structure than glucose ensures the maximum possible comparability 

between the two formed supports.  

So, the synthesis of hierarchical porous carbon supports proceeded by using glucose and 

glucoseamine hydrochloride as precursors to prepare unfunctionalized porous carbon 

support (referred to here as C) and functionalized porous carbon with nitrogen (denoted 

as NDC) respectively. The procedure of synthesis for these two supports is mixing 

potassium chloride and zinc chloride in 1:2 ratio and adding the inorganic mixture to the 

precursor in 1:3 ratio of precursor to the salts mixture. Later, the mixture is carbonized 

and converted to carbon material at heating temperature of 900 °C for 1 h dwelling at a 

heating rate of 2.5 K min -1 under N2 atmosphere. A last step is to grind the resulting 

carbon and wash it with excess deionized water, then dry it in vacuum oven at 60 °C for 

48 h. Along to these two in-house synthesized carbon supports, a third commercial 

carbon support (Vulcan® carbon) with hierarchical porosity (macro-, meso-, micropores) 
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is purchased (denoted here as C ref). The in-house carbon supports are compared to one 

another to identify the nitrogen heteroatom effect and the hierarchical porosity influence 

is studied by comparison with the commercial carbon support.  

2. Nickel –Carbons catalysts  

Afterwards, the deposition of the active metal nickel (Ni) followed. The method of 

deposition used was incipient wetness impregnation to provide homogeneous dispersion 

of particles all over the support. Nickel nitrate hexahydrate (NiNO3.6H2O) is used as Ni 

salt and is dissolved in distilled water (amount of solution depends on the porosity value 

of each support) to impregnate each of the carbon supports (C, NDC, and C ref.) to get 

32 wt.% Ni-carbon catalysts. Afterwards, the catalysts are dried overnight at 60 °C, and 

then reduced under 5 % H2 /Ar flow at a temperature of 450 °C for 3 h with a heating 

rate of 3 K min-1.  

A summary of the preparation method of the Ni nanoparticles catalysts is provided in 

(Figure 17).  

 

Figure 17: Schematic summary of catalyst preparation via salt-melt and IWI synthesis. 

3. Scaling up catalysts 

A large batch of the catalysts is successfully synthesized. However, scaling up the NDC 

support resulted with impurities (i.e. iron oxide denoted here as FeO) detected by x-ray 

powder diffraction (XRD) (Figure 18) to be an iron hematite phase (Fe2O3). This can 

happen during calcination step, which etches iron from the walls of the furnace. The 

supports were washed with diluted hydrogen chloride (HCl) to remove the impurity in 

the form of an aqueous iron chloride (FeCl2) aq. The unwashed support (NDC) contained 
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modest amount of FeO which after washing with 1M chloric acid (HCl) was further 

reduced according to the scanning electron microscopy equipped with energy dispersive 

x-ray spectroscopy (SEM-EDX) measurement (< 1 wt. % of Fe) and the 

thermogravimetric analysis (TGA) (< 4 wt. % of FeO) (Figure S. 1). However, the 

concentration of nickel (32 wt. %) in the catalyst prepared (Ni-NDC) is adequate to 

consider the low FeO concentration to be of negligible effect on the reaction.                                          

 

Figure 18: XRD of Ni–NDC at different temperatures (A), SEM (B) and TEM (C) images of Ni–NDC 

(32 wt. %). 

4. Synthesis conditions of the Ni-composites 

In this study variable reducing temperatures (300 °C-600 °C) and Ni concentrations (10 

wt.%, 19 wt.%, and 32 wt.%) is tested before settling into the mentioned conditions of 

synthesis (in chapter 4.1.2.2). An interesting effect is observed which is rarely discussed 

in literature. The different heating temperatures led to understanding how the metal can 
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affect the structure of the carbon support at certain temperatures. The concentration of 

Ni as 32 wt. % is chosen as it allows a good distribution of particle on surface for better 

catalytic performance as seen by SEM (Figure S. 2) and from the XRD (Figure S. 3) 

analysis the temperature behavior is independent of the loading. The reduction 

temperature of Ni-C catalysts was considered 450 °C as it is the temperature where no 

nickel oxide (NiO) remains, similarly to the temperatures lower than 400 °C. At 

temperatures > 450 °C the reflections of the oxidized species disappear and a slight shift 

towards lower 2θ occurs in Ni reflections due to increase in the cell size; implying the 

Fe blending to Ni and forming an alloy (FeNi) highly enriched with Ni. This is detected 

by XRD analysis (Figure 18.A). In addition, the increase at temperatures above 500 °C, 

blending, and alloy formation causes reformation in the carbon support structure. The 

Fe and Ni active nanoparticles under high temperatures are assumed to cause 

dissolution in the support. The SEM images (Figure 19) reveal the changes occurring to 

the structure of the support at elevated temperatures in presence of Ni and Fe metals.        

 

Figure 19: SEM images of Ni-NDC catalyst under different temperatures (A: 300 °C, B: 400 °C, C: 

500 °C at which the etching happens, and D: 600 °C). 

iii. Analysis and discussion 

After the preparation of the carbon supports and the pristine catalysts the carbon porous 

structure and its chemical composition is analyzed by N2-physisorption (Figure 20) and 

elemental analysis (E.A.) (Table 1) respectively. The porosity data implies that the in- 

house prepared C-supports is relatively of high surface area (NDC: 790 m2 g-1 and C: 
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980 m2 g-1 vs. C ref.: 305 m2 g-1) and that their physisorption properties (NDC and C) is 

comparable even after the deposition of Ni nanoparticles; thus these two systems can be 

compared to one another during reaction in terms of their porosity. Also, from the E.A. 

the amount of N detected in NDC support is ca. 3 wt. % and the ratio of N:C (0.04) is 

maintained after the deposition of Ni metal. Furthermore, the morphology and particle 

size distribution of the systems before and after Ni deposition is investigated via 

transmission electron microscopy (TEM) (Figure 18C and Figure S. 4) and SEM-EDX 

(Figure 18B and Figure S. 5). The morphology illustrates an amorphous support 

structure of each carbon material and a homogeneous distribution of the active metal all 

over the surface of the support with an average particle size range (21 nm – 29 nm) for 

pristine catalysts (Table 1). The comparable average particle size implies that any 

catalytic differences are a contribution of the different chemical structure (heteroatom 

modification and porosity) of the catalysts and not of the metal itself.              

 

Figure 20: N2-physisorption isotherms of the carbon supports (A) and Ni-C catalysts (B). Differential 

pore volume before (C) and after Ni deposition (D). 
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Table 1: Porosity, elemental analysis, av. particle size data summary of the support material and the Ni-
C catalysts 

 

SSA 

(m2 g-1) 

MPV 

(cm3 g-1) 

TPV 

(mL g-1) 

N/C 

(wt .%)E.A 

N:C 

(%) 

Av. Ni particle 

size 

(nm)TEM 

NDC 790 0.16 1.3 3/80 0.04 - 

Cref 305 0.04 0.6 -/97 - - 

C 980 0.68 1.1 -/96 - - 

Ni- NDC 620 0.13 1.0 2/50 0.04 28 ± 8 

Ni-Cref 155 0.04 0.8 0.2/71 - 27± 16 

Ni-C 805 0.22 1.2 1/56 - 21± 111 

                                                 
1 SSA: specific surface area, MPV: Micropores volume, TPV: total pore volume 

Spectroscopic analysis followed to check the carbon structure fingerprints and to detect 

the phase of Ni metal in the catalysts. The sum of Raman spectra (Figure S. 7) shows 

the presence of D- and G- bands in comparable intensity-ratios between the different 

systems prepared as summarized in (Table S.  3). Also, Ni is detected between 300- 880 

cm-1 and the full width at half maxima (FWHM) (140-160) shows comparable structure 

of carbon material typical for amorphous carbon structure with slight order and 

aromaticity in Ni-Cref. catalyst and support, which is in line to HR-TEM images (Figure 

S. 4). Alongside, XRD measurements provided clear overview of the presence of solely 

reduced metallic Ni metal phases as shown in (Figure  21). 

 

Figure  21: XRD of pristine 32 wt. % Ni-C catalysts at reducing T: 450 ° C for 3 h. 
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iv. Catalytic application: kraft lignin hydrogenolysis reaction 

After synthesis and characterization, the catalysts are set to catalytic-experiments to 

value their performance in hydrogenolysis of kraft lignin. Degradation of kraft lignin is 

challenging. Particularly, selectivity towards the splitting of ether bonds is important to 

produce the desired valuable phenolic chemicals, stability towards the poisonous sulfur 

present in kraft lignin, and recyclability of the catalyst as discussed in the introduction 

part (chapter 2). Furthermore, the reaction is applied not only in a batch reactor, but also 

in a fixed-bed flow reactor to investigate whether the reaction system can contribute to 

the catalytic performance along to the catalyst properties themselves.        

1. Hydrogenolysis in batch system: preparation and results 

Softwood -derived kraft lignin purchased from UPM BioPiva is used to investigate the 

degradation in batch and flow reactions.  Kraft lignin (2.5 g) dissolved in ethanol (500 

mL) is loaded in a stirred autoclave with the catalyst (1 g). Then, the autoclave is sealed, 

purged and filled with H2 (8 bar) at room temperature, and heated up to 150 °C where 

the pressure reached ~ 20 bar, while stirring for 24 h (more details and reactor 

description can be found in appendix Figure S. 9). After cooling the reaction, the 

product is filtered, the catalyst solid phase is washed with excess solvent (ethanol) for 

the purpose of removing any coked lignin or other products from it, and the liquid phase 

is further rotary-vaporized to remove the solvent and gather a concentrated product 

phase for analysis.  A schematic summary is given in (Figure 22). 

 
Figure 22: illustration of kraft degradation using batch reactor.  

A variety of different analysis techniques is applied for product analysis to accumulate 

enough information to conclude on the products due to the complexity of lignin 

structure to analyze and understand. Applied techniques are 2D-NMR, inductively 

coupled plasma optical emission spectrometry (ICP-OES), gas chromatography coupled 
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with spectrometry (2D-GCxGC-MS and GC-FID), and gel permeation /size exclusion 

chromatography (GPC/ SEC). The data obtained by these techniques suggested that 

kraft lignin hydrogenolysis is successful and it is degraded into different phenolic 

groups. The 2D-NMR (Figure S. 12) showed the absence of ether linkages (β-O-4) in 

the batch and flow degraded product of lignin, and the formation of more aromatic 

groups. In agreement to that, the GPC/SEC (Table S.  11) measurement provided that 

the product is of lower average molar mass than the pristine kraft lignin. The 

composition of the batch reaction product is detected by 2D-GCxGC-MS and GC-FID 

(Figure 24 A-B). The 2D-GCxGC-MS measurement (applied by our collaborators in the 

chemistry department in the university of Serbia) provided that the dominant 

components are volatile 2- methoxy phenol derivatives beside cyclopentene, benzene 

methoxy derivatives, and bicyclic compounds, and the analysis corresponds to at least 

85 wt. % of the content vaporized at 300 °C in the GC injector. A table of the detected 

components is summarized in the appendix (Table S.  6). The GC-FID applied to 

investigate the degraded kraft lignin allowed to clarify the difference between the three 

Ni-C composites. The salt-melt synthesized catalysts performed better than the 

reference catalyst (Ni-C ref). The reason is their higher surface areas (620-805 m2 g-1 vs. 

155 m2 g-1) (Table 1). In addition, the reaction with Ni-NDC produced higher monomeric 

and dimeric compounds as well as oligomers than that with Ni-C. This effect is 

concluded to be the result of nitrogen in the carbon structure in Ni-NDC. This 

conclusion is supported by the XPS results (Figure S. 13) that shows the presence of 

different N-states e.g. pyrrolic, pyridinc, and graphitic of 23 at.%, 19 at.%, and 43 at.% 

in Ni-NDC respectively, which have contributed to improving the activity of Ni. 

Although via XPS no direct effect is detected of electron donating nitrogen 

strengthening the Ni binding  to support (due to low wt.% of N), the increased electron 

density of active Ni sites in Ni-NDC can be an indirect proof of activity increase due to 

electron donating nitrogen. Supporting information given by Raman spectroscopy 

measurements (Figure S. 8) show the spectra for pristine Ni-NDC has Ni peak present at 

higher shift in comparison to Ni-C; thus the electron donating N seems to influence the 

Ni electronic state. Although the kraft lignin is successfully degraded and the porosity 

and nitrogen effects is realized experimentally, yet looking into ICP-OES results for the 

concentrated degraded kraft lignin product, a significant quantity of Ni (600-900 ppm) 

is detected indicating leaching of metal into product. Although this might refer to the 

filtration method where the filter paper used is a 150 mm folded filter paper, through 

which the catalyst might pass to the product, yet the possibility of metal leaching during 
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reaction cannot be ruled out. Also, the XRD of fresh and spent Ni-C catalysts for batch 

reaction (Figure S. 11) demonstrates that the Ni reduced state is maintained and is not 

oxidized or poisoned during hydrogenolysis. The recycling of the catalyst is demanding 

as the collected spent catalyst had increased in mass implying deposition of lignin on 

the surface of the support as a result of coke formation, where washing these out with 

common solvents failed. Hence, a large surface area range is unavailable for additional 

reactions as seen in the N2-physisorption for spent catalysts (Table S.  10), where the 

available surface significantly dropped for all catalysts, e.g. specific surface area (SSA) 

for Ni-NDC fresh was 620 m2 g-1 then dropped to 13 m2 g-1 for Ni-NDC from batch 

reaction.                                                                    

2. Hydrogenolysis in flow system: preparation and results 

In the intentions of understanding the effect of the different systems on the catalysis 

reaction, the degradation of kraft lignin is applied as well in a flow reactor. The same 

reaction temperature was applied as with the batch reaction (T: 150 °C) and H2 pressure 

of 25 bar was provided by hydrogen cells equipped in the device. The weight of the 

catalyst used is less than half of that for batch (350 mg) and the educt is pumped with a 

flow of 0.3 mL min-1. These parameters are limited by the size of the cartridge and the 

volume of the flow reactor (~ 1 mL within 3.3 min). More details regarding the flow 

system are given in (Figure S. 10). An illustration of the reaction is described in (Figure  

23). 

 

Figure  23: Illustration of kraft degradation using flow reactor. 
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Figure 24: Data obtained for kraft lignin degradation by GC-FID and 2D-GCxGC-MS for batch (A and 
B) and flow (C and D) reactions respectively. 

The same concentration of kraft lignin in ethanol (5 mg mL-1) is streamed into the 

catalyst cartridge, degraded, and collected in a product vessel to be later rotary 

vaporized and concentrated for characterization. The 2D-NMR (Figure S. 12) indicates 

the selectivity of the catalyst towards cleavage of the ether linkages as in batch reaction. 

Also, the GC–FID and the 2D GCxGC – MS results imply the presence of small molar 

mass molecules (Table S.  6) and the Ni–NDC catalyst has higher abundancy of 

degraded lignin products compared to Ni–C (Figure 24 C-D). Noticeable, the intensity 

of the signals from the products of the flow reaction compared to that of the batch 

reaction for Ni-NDC is higher by 2 orders of a magnitude measured via using heptane 

as the internal standard. The stability of Ni-NDC was retained for at least 50 h (Figure S. 

14). Finally, the ICP technique detected negligible amounts of Ni leaching in degraded 

lignin product (~ 8 ppm) (Table S.  7), which explains the decrease in activity over time 

but also indicates a better control in flow reactor than in the batch. Also, after 100 h of 

continuous reaction an ~ 83 wt. % of the initial content of the Ni on NDC was still 

preserved. In contrast, Ni – NDC after the batch reaction preserved only 30 wt. % of its 

initial content. This decrease is a result of deposition of coked lignin on the surface of 
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the catalyst during reaction, causing an increase in the C value compared to that in the 

fresh catalyst, by that affecting the wt. % of Ni on the carbon support. This is seen less 

in flow reactor, because this system allows direct collection of product and shorter time 

contact of lignin with the catalyst compared to the batch reactor.      

Furthermore, ~ 99 wt. % of degraded kraft lignin was collected when applying the two 

salt-melt catalysts even up to 50 h of reaction, providing less crosslinking and coking to 

occur due to direct separation of the product from the catalyst before potential 

condensation of reactive degraded lignin fragments. In addition, the flow reactor is 

blocked whenever applying the reaction with Ni-Cref. causing the device to 

automatically stop. The reason behind that is presumed to be the size of lignin 

macromolecule (3.5 nm) [67] being blocked by the micropores of Ni-Cref.causing high 

back-pressure and stopping the system. Further investigation regarding this matter is not 

considered. This is due to the fact that this catalyst has a low surface area and performed 

lower than the in-house prepared catalysts in the batch reaction. Thus, implicating the 

importance of a higher surface area in catalysis and the effectiveness of the salt-melt 

synthesis compared to a commercial synthesis method.     

After recovering the catalysts, N2 – physisorption showed a decline in the SSA of Ni – 

NDC after 100 h reaction from 620 m2 g-1 to ~ 225 m2 g-1 as well in the TPV from 1.02 

cm3 to 0.42 cm3 (Table S.  10). This decrease occurs from sorption of degraded 

molecules in the pore system of the support. Once saturated and filled no further 

decrease in SSA can be reached even after 100 h.  

The hydrogenolysis of kraft lignin in both batch and flow reactions formed a majority of 

2 – Methoxy phenol derivatives such as guaiacols, benzene methoxy derivatives and 

bicyclic compounds (Table S.  6). Among the resultant phenols, especially guaiacols, 

are in dominance of the products as the origin of the used kraft lignin is softwood lignin 

which guaiacyl units are its essential constituent along to syringol and hydroxyl phenols.   

v. Summary and conclusion 

In desire to contribute to the development of an industrial heterogeneous catalyst for 

production of value-added chemicals, a hierarchical porous carbon support modified 

with nitrogen heteroatom is synthesized. Ni nanoparticles are deposited on it and the 

resulting catalyst is investigated for the hydrogenolysis of kraft lignin.  

The hydrogenolysis of kraft lignin is a process of added value due to the difference in 

price of kraft lignin (cheap and abundant) to the obtained phenols and molecules from 

lignin degradation, aside from the important products formed that can be used as 
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valuable chemicals and fuels. Therefore, lignin degradation is considered as a model 

reaction. 

Knowing that Ni metal is selective to the cleavage of ether linkages and thus active for 

lignin hydrogenolysis, it was used as the active metal. The carbon supports have high 

surface area, are thermally stable, and convenient to retrieve the metal thus good for 

recyclation. A salt–melt synthesis method is used to prepare the carbon support of sugar 

source (glucose and glucoseamine) to provide the hierarchical porosity and the 

functionality (e.g. N) in one pot synthesis. Based on that, three Ni – C catalysts are 

prepared. Ni–NDC prepared from glucoseamine and Ni–C prepared from glucose are 

synthesized and compared to a Ni–C ref prepared from a commercial Vulcan® carbon. 

The main aim is to understand the effect of the heteroatom on the metal activity, 

selectivity and stability and to provide a deeper insight about the influence of the reactor 

(continuous flow system vs. a batch autoclave system) on the catalytic performance.  

The kraft lignin degradation is successful in both reactors and showed selectivity 

towards the cleavage of the ether bonds (β–O–4 linkages) as observed via 2D–NMR, 

2D GCxGC–MS, and GC–FID. A clear variation in the performance results of each 

catalyst is also observed. Ni–NDC is of the highest performance in comparison to the 

other prepared catalysts (Ni-C and Ni-Cref.). According to the several analysis 

techniques applied to study the catalysts before and after flow and batch reaction, the 

hierarchical porous salt-melt synthesized catalysts (Ni-NDC and Ni–C) performed 

significantly better than a commercial catalyst (Ni–C ref) due to their higher surface 

areas. Moreover, the nitrogen heteroatoms influencing the activity of the Ni metal is 

detected via XPS and observed via the quantification of the spectra of GC–FID for 

degraded lignin where Ni–NDC performed the highest signal magnitude (abundant 

degraded lignin products) among the applied catalysts. In addition, considering the 

batch and the flow reactions, the results of the quantification of the product and the 

catalytic performance of the Ni–NDC catalyst provide that continuous flow reaction is 

more convenient. The reason derives from the stability of Ni–NDC activity up to 50 h 

and its production of similar phenolic molecules as in the batch reaction, but in a higher 

signal magnitude of 2 orders. Moreover, the catalyst could maintain its structural 

surface properties intact for up to 50 h before charring or crosslinking took place which 

was in very low amounts at up to 100 h reaction. Finally, the conversion of kraft lignin 

was ~ 99 wt. % in the flow reaction.  

Despite the efficiency of Ni–NDC catalyst in degrading kraft lignin macromolecule in 

presence of only ~ 3 wt. % N, and not get deactivated by sulfur, its ease of preparation 
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and relatively cheap to synthesize, the products of kraft lignin degradation showed the 

presence of Ni leaching whether in flow or batch reactions. Hence, an optimization of 

the catalyst by reducing the active metal wt. %, improving the N wt. % or doping 

different heteroatoms is recommended for clearer and deeper understanding of the 

effects. A depiction summarizing the idea of this research project is given in (Scheme 

2).    

 

Scheme 2: A depiction of kraft lignin catalytic degradation for production of value added chemicals. 

4.2. Functionalized Carbons as Supports in Aqueous 

Phase Reaction: Gold Nanoparticles Catalysts for 

Selective Glucose Oxidation  

i. Preface 

As the influence of the nitrogen modification of the carbon support is observed 

qualitatively but not strongly detected, further investigation is required. Hence, 

research proceeded by investigating the functionalization of the sugar-carbon salt melt 

support with different heteroatoms. This time gold deposited on carbon (Au–C) 

composites are synthesized for selective glucose oxidation to gluconic acid in an 

aqueous phase reaction (APR). The focus this time is to determine the influence of the 

heteroatoms on the catalytic performance (activity, selectivity, and stability) in 

correlation to another reaction type (in this case an oxidation reaction), but still in a 

liquid (aqueous) phase reaction.  
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ii. State of art 

Sugar–derived salt–melt carbon materials used as supports has many advantageous 

properties, as mentioned in prior chapters, upon them the ability to tune their atomic 

structure. The addition of heteroatoms or functional groups alters the surface and the 

electronic properties of the carbons in particular and the catalytical performance in 

general as can be concluded from (chapter 4.1)[68]. The doping of heteroatoms not only 

influences the support or the metal and thus the catalytic performance, but it impacts the 

interaction between the catalyst and the surrounding phase as well. The presence of 

oxygen-functional groups such as carboxyl groups on the surface of the support for 

example alters the tendency of the active metal to oxidize. It can also adjust the growth 

of the metal particle size which is a known anchoring effect widely studied. Usually 

such interaction is related to porosity effect, metal loading, or particle size, however less 

is known about heteroatoms influencing the interaction with the surrounding phase [69-70]. 

In order to investigate that, modification of sugar–derived salt–melt carbon supports 

with variable heteroatoms (O, N, and H) was carried out. Then a catalyst system was 

prepared via deposition of gold (Au) on these supports to end up with Au–CGlucose–O, 

Au– CGlucose–H, Au–CGlucoseamine, and Au–CGlucose, for comparison between heteroatom 

doped versus heteroatom-free systems. As all catalysts synthesized of the same carbon 

source (glucose) except Au–CGlucoseamine (glucoseamine precursor) which is comparable 

in properties to Carbon from glucose according to (chapter 4.1.2), their carbon structure 

is of similar porosity structure and the resultant of any difference would be of the 

modification with the particular heteroatoms applied. The catalysts were used in the 

liquid phase oxidation reaction of D-Glucose to D–gluconic acid in presence of oxygen 

flow as oxidizing agent. This reaction has been chosen as a model reaction as it has 

already been extensively used for investigating gold catalysts in liquid phase and thus 

reference data is widely available [49, 71-74]. Moreover, the reaction was investigated for 

economic reasons, because a large amount of gluconic acid of ~ 100000 t is annually 

produced [75] and used as additives in food, pharmaceutical products, textiles, and in 

constructions industry. Currently, it is manufactured by biotechnological processes 

where fermentation is taking place [75-77]. However, gold catalysts show a promising 

alternative source in means of reaction rate and high space time yield for gluconic acid 

production (as given in Figure  25) [78]. 
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Figure  25: The conversion of glucose by different metal nanoparticles [79]and the activity as a measure of 

TOF. [78] 

Furthermore, hydrogen peroxide (H2O2) can be used as oxidizing agent for the reaction 

rather than molecular oxygen flow, but it decomposes in alkaline medium and as a 

commercial product it contains side products e.g. glycerol used to stabilize the H2O2 

from decomposition which might influence the reaction. 

The oxidation of glucose to gluconic acid in presence of a heterogeneous catalyst is 

proposed to proceed through an Eley–Rideal mechanism [78, 80]. In this mechanism, the 

surface of the catalyst adsorbs the molecular oxygen which would interact with glucose 

molecules in the liquid phase and convert/ oxidize the glucose molecules to gluconic 

acid. In general, the catalytic performance is measured as a function of the Au 

deposition method, the structural properties of the support, and the reaction conditions. 

The influence of heteroatoms on a catalyst and the catalytic properties remains seldom 

investigated. As a result, the relation of carbon surface structure with the catalytic 

properties is studied with focus on the effect of the heteroatoms.                            

iii. Catalytical systems 

1. Heteroatom Modification of Sugar–Derived Salt–Melt Carbon 

Supports  

In consequence, sugar–derived hierarchically porous salt–melt carbon support was 

synthesized and modified with three different heteroatoms (O, H, and N). Similar to the 

synthesis in Ch.4.1.2, a scaled–up mixture of glucose and salts (ZnCl2 and KCl) in 1:3 

ratio respectively was carbonized at 900 °C under N2 flow then washed with excess of 

distilled water (D. W.) to remove any remaining salt. Afterwards, part of the carbon 

(denoted here as CGlucose) was heated using the muffle furnace at 400 °C for 1h in air to 

obtain (CGlucose–O). Another part was treated in a tubular furnace under H2/Ar flow at 

600 °C for 2 h with a heating rate of 20 K/min producing by that (CGlucose–H). In 
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addition, to obtain a nitrogen doped carbon glucoseamine was used as precursor and 

similarly to (CGlucose) it was synthesized as described in Ch.4.1.2 and denoted as 

(CGlucoseamine).                                          

2. Gold – Carbon catalysts  

Synthesis of gold–carbon catalysts was based on colloidal gold nanoparticle deposition 

method that provides particle sizes less than 5 nm to exhibit high catalytic activity. 

Furthermore, the method does not require an additional temperature treatment due to the 

use of pre-reduced gold nanoparticles (Au NPs) and provides homogeneous dispersion 

of the particles over the support. A 500 mL of distilled water (D.W.) was mixed with 29 

mL of 0.2 wt.% gold precursor tetra–chloro auric acid salt (HAuCl4.3H2O (49 % Au)) 

while stirring. Then, 11.6 mL of 1 wt. % aqueous sodium citrate (the gold stabilizing 

ligand) was added. After 30 s, 5.80 mL of cooled sodium borohydride mixture was 

added as the reducing agent (85 mg of NaBH4 in 50 mL of ice-cooled 1 wt. % sodium 

citrate solution in water). Then the color of the dispersion immediately turned to wine– 

red color. Afterwards, each of the previously prepared carbon supports were immersed 

into a defined volume of the synthesized colloidal Au NPs solution to obtain 1 wt. % Au 

– C catalysts. The carbon – gold solution mixture was sonicated for 2 h, then separated 

via centrifugation (4000 rpm . 20 min -1) and dried in vacuum oven overnight at 80 °C 

(Figure 26).   

 

Figure 26: Illustration of synthesis of gold nanoparticle carbon catalysts. 

iv. Analysis and discussion 

In order to investigate the effect of heteroatoms on the catalyst properties and the 

catalytic reaction, four catalysts were prepared with gold deposited on surface modified 

carbon supports (Au–CGlucose–O, Au– CGlucose–H, Au–CGlucoseamine, and Au–CGlucose). 

Prior to applying them in a reaction to study the effect on the catalytic performance, 

these pristine catalysts were characterized using several methods. Elemental analysis 
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(E.A.) data (in Table 2) revealed that CGlucose–O has higher content of oxygen compared 

to unmodified CGlucose meaning the treatment under air for the introduction of oxygen 

surface groups at 400 °C was successful. The CGlucose–H support has slightly reduced 

oxygen content as compared to unmodified CGlucose. Significant oxygen content is 

detected in CGlucose–H and CGlucose, keeping in mind that porous carbon supports adsorb 

molecules from the surroundings (e.g. water, carbon dioxide) which can influence the 

measurement. In the case of Nitrogen heteroatoms modification, CGlucoseamine support 

contained ~ 3 wt. % nitrogen (in consistency with NDC support previously mentioned 

in CH. 4.1.2) and no significant nitrogen content was detected in the other supports. The 

presence of nitrogen in CGlucoseamine material detected by E. A. has been supported by 

XPS measurements (Table 3). It is also noticeable that oxygen content of CGlucoseamine is 

higher than CGlucose. This result introduces the idea that the polarity (hydrophilicity and 

hydrophobicity) of the surface structure of CGlucoseamine and CGlucose–O is high, and is 

behind the increase in the oxygen content in these two carbons (more water from 

surroundings is adsorbed). Even after the deposition of Au NPs to the carbon supports, 

where the formation of Au NPs was in liquid phase, the E.A. for the catalysts reveal 

similar trends of elemental content to those of the supports; thus the metal deposition 

has no major influence on the surface modification of the carbon supports. 

Thermogravimetric analysis has been applied (under He atmosphere) as well to check 

the different surface structures of the prepared catalysts (Figure S.20). The results show 

Au–CGlucose–H has the lowest weight loss as the oxygen groups that are present in the 

system were removed. Au–CGlucoseamine and Au–CGlucose–O have high number of surface 

groups as also detected by E.A; thus they have higher weight loss. The mass lost during 

TGA measurement for these catalysts up to 100 °C is due to water evaporation which is 

especially in the catalysts modified with nitrogen and oxygen groups as stated prior in 

the E.A. data discussion.                       

Table 2:N2-physisorption and E.A. data summary of carbon supports and Au–C catalysts 

 

 

 

 

 

Support/ 

Catalyst 

SSA 

(m2.g-1) 

TPV 

(cm3.g-1) 

MPV 

(cm3.g-1) 

C/N/H/O 

(wt%)EA 

CGlucose 705 0.62 0.18 86/0.2/1.3/12 

CGlucose-O 1032 1.10 0.28 70/0.2/2/26 

CGlucose-H 904 0.93 0.25 87/0.2/1.3/10 

CGlucosamine 807 1.26 0.16 73/3/2/22 

Au-CGlucose 559 0.98 0.09 89/0.4/1.4/9 

Au-CGlucose-O 926 0.78 0.28 75/0.2/2/22 

Au-CGlucose-H 935 1.02 0.26 93/0.3/2/4 

Au-CGlucosamine 812 1.22 0.16 76/3/2/19 
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According to the N2 physisorption results of the supports (Figure  27 A and C), the 

isotherms illustrate the high nitrogen uptake at low relative pressure and the hysteresis 

loop at P. Po
-1 > 0.8. The quenched solid state density functional theory (QSDFT) was 

applied to analyze the pore size distribution (Figure  27 C) and a broad distribution of 

micro– to meso– pores of different sizes exist. The SSA for these carbon supports is 

between 700 – 1000 m2.g-1 and the total pore volume (TPV) up to 50 nm is between 0.6 

– 1.26 cm3.g-1 (Table 2). In the case of micropores, CGlucose–H and CGlucose–O (0.25 

cm3.g-1 and 0.28 cm3.g-1 respectively) contain higher micropores than the two others. 

despite these slight differences, the pore structure for the supports stay comparable. 

TEM imaging for the carbon supports illustrate the homogeneous mesopore carbon 

structure (Figure S.21) independent of the surface chemistry.  

Similarly, Au–C catalysts have been analyzed by N2– physisorption, and their isotherms 

indicated no significant difference than the supports, meaning the mesopore carbon 

structure remained unaffected by the Au NPs. Similarly, the micropore volume for the 

Au–C catalysts didn’t differ much compared to the carbons, except for Au–CGlucose 

which had a slight decrease likely due to clogging of small pores by small particles in 

the catalysts.  

The modification of the support material with heteroatoms can influence the polarity 

(hydrophilicity or hydrophobicity) of the material and thus will affect the interaction of 

the catalyst while synthesis or in a reaction. Therefore, water physisorption of supports 

and catalysts was tested at 25 °C. The isotherms (Figure  27 E and F) clearly state the 

CGlucoseamine and CGlucose–O are more hydrophilic than CGlucose–H and CGlucose. The water 

adsorption analysis is an indicator for the strength of the water–surface interaction. This 

interaction strength in these carbon supports is determined according to their pore size 

and the density of the heteroatom groups present on the surface of the carbon. 

Considering the comparable pore size distribution of the supports the lower pressure for 

water to bind with the surface of the support indicates more hydrophilic properties of 

CGlucoseamine and CGlucose–O. Also, after the metal loading to the support similar trend of 

water adsorption isotherm is observed. Interestingly, the water adsorption isotherms for 

the Au–C catalysts can be comparable in shape and water uptake to their pristine 

supports, except for Au–CGlucose–O which has a distinctive high water uptake of 0.5 – 

0.9 P.Po
-1.  This attributes to the stronger surface attraction to water adsorption after 

metal deposition. The water adsorption measurement provided sufficient information 

regarding the surface wetting and dispersability in water for the salt–melt carbons as 

well as for the catalyst synthesis and catalytic reaction in aqueous solution.  
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The morphology of the Au–C catalysts as investigated by TEM (Figure 28, Figure S. 22, 

Table 3) shows well distributed Au NPs on the surface of the least hydrophilic CGlucose–

H and CGlucose. The particle size for Au–CGlucose is smaller and has narrower distribution 

(3.4 ± 1.1 nm) compared to the Au– CGlucose–H (4.4 ± 2.4 nm).  In contrast, larger 

particle sizes are obtained for the hydrophilic Au–CGlucoseamine (6.8 ± 2.4 nm) and Au–

CGlucose–O (4.4 ± 2.4 nm). Upon all the Au–C catalysts prepared, TEM for Au–CGlucose–

O reveals the presence of large agglomerates of Au particles and only a small fraction of 

the metal is in sizes < 10 nm (Figure 28 C vs. Figure S. 22 C). In conclusion, the surface 

wetting of the more hydrophilic carbon supports appears to lead to different kinetics of 

ligand exchange around Au NPs from the citrate stabilizer to the carbon support, 

resulting in larger Au particles deposition.                     

 
Figure  27: Nitrogen physisorption isotherms (A,B) with corresponding cumulative pore size distributions 

(C,D) and water vapour physisorption isotherms (E,F) of the catalyst supports (A,C,E) as well as the Au-

C catalysts (B,D,F). 
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Figure 28: TEM images (A-D) and corresponding Au NP size distributions up to 10 nm (E-H) of Au-

CGlucose-H (A,E), Au-CGlucose (B,F), Au-CGlucose-O (C,G), and  Au-CGlucosamine (D,H). 

The Au particles size and distribution was also supported by the XRD patterns (Figure 

29) of the catalysts, in which Au–CGlucose–O show sharper peaks originating from 

agglomerated Au metal. The presence of broadened peaks is observed for the rest of the 

catalysts which is caused by the nanoparticle sized metal on support. Another point to 

clarify, the peaks present in Au–CGlucoseamine XRD pattern between 32 ° and 37 ° belong 

to the iron oxide which results during calcination in the oven as explained in Ch. 4.1.2.3 

and contributes to the increase of oxygen content in CGlucoseamine support as seen from 

E.A. Along to investigating the particle distribution and size with TEM and XRD, the 

gold content of the catalysts was inspected by ICP–OES (Table 3). The Au–CGlucoseamine 

contains 0.7 wt. % of Au in comparison to 0.4 wt. % present in the rest of the catalysts, 

referring to high adsorption of water in support before Au NP deposition.  

 
Figure 29: XRD patterns of the Au-CGlucose, Au-CGlucose -H, Au-CGlucosamine, and Au-CGlucose-O catalysts. 
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Another analysis method applied is XPS for the Au–C catalysts illustrates the gold 

content on the particle ranging between 0.4 – 2.7 atom % (Table 3, Figure S. 23, Figure 

S. 24). Comparing the value of XPS with those of ICP indicates the presence of the Au 

particles mainly on the external surface of the support, or in other words, the particles 

are not entering the internal porosity of the carbon particles when depositing from the 

aqueous solution. The XPS scans reveal the presence of Au 4f peaks that are 

comparable for all catalysts. The Au 4f signal shows a doublet for the metallic gold at 

binding energy of ~ 84 and ~87.5 e.V and no oxidized state of Au was detected in 

agreement with the XRD study. 

Out of these analyses, the presence of different surface chemistries leads to compelling 

changes in the catalysts structure after Au NP deposition. This means the catalytic 

properties will be influenced by the particle size, surface properties of support, and 

reduced state of gold metal.  

Table 3: XPS and ICP data summary, average particle sizes before and after (given in brackets) glucose 

oxidation reaction, and gold-specific activity (expressed as metal time yield, MTY) of the Au-C catalysts 

Catalyst 
C/N/O/Au 

(atom%)XPS 

Au 

(wt%)ICP 

Average 

Au size 

(nm)TEM 

MTY 

 (MolGlucose
.Mol-1

Au
.s-1) 

Au-CGlucose 90/-/6.7/2.7 0.4 
3.4 ± 1.1 

(3.8±1.2) 

 

1.5 

Au-CGlucose-O 89/-/10/0.5 0.4 n. d. n. d. 

Au-CGlucose-H 90/-/9.9/0.4 0.4 
4.4 ± 2.4 

(5.2±2.5) 
1.0 

Au-CGlucosamine 88/1.8/8.6/1.3 0.7 
6.8 ± 2.4 

(8.4±3.8) 
0.2 

v. Catalytic application: D – glucose oxidation reaction 

After synthesis and characterization of Au – C catalysts they were tested in a titration 

system for an oxidation reaction of aqueous D – glucose to form D – gluconic acid with 

molecular oxygen as the oxidizing agent. The conditions of the reaction were pH = 9, 

temperature of 45 °C, oxygen flow of 250 mL min-1 and stirring at 800 rpm. 50 mL of 

0.1 M of glucose dissolved in D. W. was used, and the change of pH during reaction 

was adjusted by automatic addition of certain volume of 1 M aqueous NaOH solution. 

Details of the setup and the reaction are given in (Figure S. 26).  

The results of the titration (Figure  30) illustrated a full glucose conversion for all 

catalysts used except for Au–CGlucose–O. A varied catalytic activity expressed as metal 

time yield (MTY) for each catalyst was observed (Table 3).  
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The highest MTY between the catalysts is for Au–CGlucose (1.5 molGlucose
. molAu

-1.s-1) 

followed by Au–CGlucose–H (1.1 molGlucose
. molAu

-1.s-1). Both of these catalysts have 

hydrophobic surface chemistry as discussed in Ch.4.2.3 about the water adsorption 

measurement, and have smaller Au NPs which contributed to the rapid glucose 

conversion. Contrarily, Au–CGlucoseamine had significantly lower catalytic activity (0.2 

molGlucose
. molAu

-1.s-1) and the Au–CGlucose–O had barely notable conversion. This can be 

referred to the particle size which is large in these two catalysts as detected by TEM 

(Table 3). Furthermore, it can be presumed that the hydrophilicity and strong adsorption 

of the substrate and product molecules on the porous catalyst support slower their 

transport to the catalytically active sites. 

 
Figure  30: Glucose conversion of the Au-CGlucose, Au-CGlucose-H, Au-CGlucosamine, and Au-CGlucose-O 

catalysts as a function of time (A) and heterogeneity test of Au-CGlucose –H (B). Reaction conditions:  ϑ = 

45°C, pH = 9, O2 flow ~ 250 mL.min-1, CGlucose = 0.1 mol.L-1, V = 50 mL, magnetic stirring at 800 rpm. 

After the reaction the product was collected and separated from the catalyst by first 

centrifugation then filtration. Afterwards, it was analyzed by high pressure liquid 

chromatography (HPLC) to detect the selectivity of each catalyst. The data obtained 

(Figure S. 27) demonstrated the selectivity to producing gluconic acid from oxidizing 

glucose under the given conditions for all catalysts used except the Au–Cglucose–O and 

achieving full conversion of glucose as already given by titration.   
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Among various applications, Gluconic acid is applied in pharmaceuticals and food 

additives aside from the other applications. Therefore, for safety and health reasons 

leaking of metal in the product during catalysis has to be ruled out. To detect any 

possible Au NPs leaked in the glucose solution during reaction, a heterogeneity test was 

performed. This test is just a titration reaction of glucose under the same conditions and 

parameters applied. The only difference is at middle of the reaction the catalyst is 

removed and the reaction is continued to observe any possible change in pH and test for 

Au NPs leak. The titration outcomes (Figure  30 B) for Au–Cglucose–H, show a complete 

stop of addition of NaOH volume due to no change in pH and hence no Au leakage and 

no glucose conversion to acid without the catalysts takes place.         

 
Figure  31: TEM images (A-D) and corresponding AuNP size distributions up to 10 nm (E-H) of the spent 

catalysts Au-CGlucose-H (A,E), Au-CGlucose (B,F), Au-CGlucose-O (C,G), and Au-CGlucosamine (D,H). 

After the titration reaction, the catalysts were separated by centrifuge from the product 

and washed twice with deionized water (D.W.) then dried overnight in a vacuum oven 

at 60 °C. This is to observe the changes to the spent catalyst structure after a reaction 

but also to check for its stability. A TEM analysis was performed and provided that Au–

CGlucose–O had few Au NPs just as identified by TEM and XRD of the fresh catalyst. 

The other spent catalysts show that Au NPs have slightly grown in size compared to 

their fresh state and remained well dispersed, despite achieving full conversion and 

being active during reaction (Figure  31). The Au NPs of Au–CGlucoseamine showed a 

distinctive growth of average diameter increasing from 6.8 nm to 8.4 nm.   

A recyclability test was therefore performed for the three active catalysts (Figure S. 28). 

After a second cycle of titration and oxidation reaction the activity of Au–Cglucoseamine 

has decreased notably, whereas Au–Cglucose–H and Au–Cglucose had almost unchanged 

activity during the second cycle.       
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vi. Summary and conclusion 

In continuation step to understand the influence of heteroatoms on carbon supports and 

the catalyst, three different heteroatoms (H, O, and N) have been used to modify a 

hierarchically porous salt–melt carbon support. Later, four catalysts have been 

synthesized of the modified and unmodified porous salt–melt carbon supports to result 

with Au–CGlucose–O, Au–CGlucoseamine, Au–CGlucose–H and Au–CGlucose. In order to 

investigate the heteroatoms effect, oxidation of glucose in aqueous solution to form 

gluconic acid reaction has been applied. The activity, selectivity, and stability of the 

catalysts alongside with the heteroatoms influencing the properties of the carbon 

support and the catalyst and its interaction with the surrounding phase have all been 

investigated and discussed. Several characterization methods were performed. The 

results and data collected can be summarized as follows. A hydrophobic/ non–polar 

carbon surface (CGlucose–H and CGlucose) leads to smaller Au NPs and higher catalytic 

activity. Au–CGlucose–H and Au–CGlucose, and Au–CGlucoseamine have all reached full and 

selective conversion. Yet, the latter catalyst showed less activity due to its slightly 

larger average Au NPs. In contrast, Au–CGlucose–O had almost no sign of activity 

regarding its large size of Au NPs formed during deposition on the hydrophilic support. 

An illustration is given in (Scheme 3). Under the applied reaction conditions, all 

catalysts showed full selectivity for the production of gluconic acid. In conclusion, the 

surface chemistry structure of the carbon material has direct influence on the metal 

deposition mechanism in aqueous solution and thus on the structure of the catalyst. As a 

result, an indirect influence of the surface of the support can be observed on the 

catalytic properties especially in oxidation reaction of glucose in an aqueous phase on 

gold surfaces. In this regard, a precise adjustment of this property of carbon supports is 

essential for the synthesis of suitable heterogeneous catalysts for liquid phase reactions. 

 
Scheme 3: Schematic structure of gold catalysts on salt-templated porous carbon supports with different 

surface polarity. 
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4.3. Functionalized Carbons as Supports in Gas Phase 

Reaction: Iron Nanoparticle Catalysts for Selective Lower 

Olefins Production from Syngas via Fischer Tropsch 

Synthesis 

i. Preface 

In this project a different carbon allotrope than salt-melt sugar- derived carbon is used. 

As mentioned in previous chapters, carbon material has several allotropes each with 

unique properties allowing it to advance in certain applications. Herein, salt-melt 

synthesized carbons are replaced with multi-walled carbon nanotubes (CNTs). In a 

process like Fischer-Tropsch, carbon nanotubes have better performance compared to 

the salt-melt carbon supports, all due to the CNTs’ graphitic cylindrical layers shape 

which provide it with advanced properties e.g. high surface area, high conductivity, 

high thermal stability, good metal immobilization, and good mass transfer. Several 

studies have been given regarding the properties of CNTs; however the 

functionalization of CNTs’ chemical surface is shortly introduced. Therefore, CNTs 

have been chosen for this study to provide more insights about CNTs functionalization 

and the influence of these functionalities on the catalytic properties especially in a 

gaseous phase. 

ii. State of art 

The increase in global population requires sustainable resources of chemicals and 

energy that can comply with the rapid increase in demands [81-83]. The instability of 

fossil fuel reserves and price trigger the need for alternative routes for the production of 

chemical compounds that are so far produced from oil-based feedstock [84-85]. Carbon 

monoxide (CO) hydrogenation process, also widely known as the Fischer-Tropsch 

synthesis (FTS), is one possible strategy to provide various valuable chemicals. The 

hydrogenation reaction is a mixture of hydrogen (H2) and CO known as synthesis gas/ 

syngas.[86-87] Syngas can be derived from biomass [88], coal [89], or natural gas [90] and can 

be converted into various hydrocarbon fractions via FTS process, which is also 

considered a surface polymerization reaction [54, 91]. Lower hydrocarbon chains as 

olefins (C2-C4) are of particular interest since they are important building blocks in the 

chemical industry [92]. The process involved for the direct transformation of syngas to 

such molecules is known as Fischer-Tropsch to olefins (FTO) reaction [93]. While 

metallic cobalt (Co) is the more attractive catalyst for the production of long-chain 
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molecules at low temperatures [54, 91], iron (Fe) especially Fe(carbide) is known to be 

selective to the production of low olefins (C2-C4) at relatively high-temperatures (300-

350 oC) and thus the most established FTO catalyst [54, 91, 93-96]. Promoters (e.g. sodium/ 

sulfur (Na/S) [56, 97-98], or potassium (K) [99]) [100-101] are added to the metal active sites to 

enhance the selectivity and activity of FTO catalysts towards lower olefins production. 

Such an addition provides more facile carbide formation (to maximize the CO 

conversion), controls chain length distribution of the products (optimize C2-C4 yield and 

minimize methane formation), and favors ß-hydride abstraction instead of α-

hydrogenation for chain growth termination (increase olefin/paraffin formation). In 

most cases, porous supports (e.g. silica (SiO2) 
[102], alumina (Al2O3) 

[103], porous carbon 
[97]) are used to stabilize Fe nanoparticles and avoid deactivation of the catalysts due to 

particle growth. High surface area carbon supports have recently attracted considerable 

attention as FTO catalyst, because the transition metal (of which typically an oxidized 

phase is present after calcination) has only weak interaction with the carbon surface [66, 

104]; Hence can be activated to the catalytically active Fe-carbide phase once exposed to 

syngas. Besides the strength of interaction of the Fe species with the support surface, 

other factors such as the carbon pore structure [102], surface chemical properties [105-106] 

and the Fe particle size [56-57] influence their activation behavior and stability.  

1-dimensional carbon materials like carbon nanofibers and carbon nanotubes (CNTs) 
[107-109] are attractive supports for FTO catalysts. They are capable of immobilizing the 

active metal on their large external surface. Thus, the active sites are readily accessible 

for carbide formation and conversion of the syngas without diffusion limitations. 

Moreover, the inter-particular distance can be maximized allowing to a slow particle 

growth during FTO operation [108, 110-111], maintaining catalyst stability and activity for a 

longer time on stream.  

The activation of Fe particles on carbon surfaces and the catalytic properties 

dependence on the surface functional groups are practical indications that a strong 

electronic communication is between the carbon support and the metal nanoparticles. 

The Fermi energy in both systems adapt to each other by changing the electron density 

in the interface layer [43, 112-113]. Besides the support geometry and the promoters’ effects, 

this “junction”is another reason to further tune the properties of FTO catalysts. 

In accordance, in this study, CNTs are modified with nitrogen doped carbon layer and 

compared to the catalytic properties of CNTs functionalized with standard surface 

functionalities. These functionalities are obtained after treatment in air (denoted as O), 
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hydrogen (denoted as H), ammonia (denoted as NH3), or cyanamide solution (denoted 

as CN and referred to in text as N-doped carbon layer). N-doping in the surface of the 

carbon layer of the CNTs led to stabilization of small Fe particles up to ultra-small sub-

nm Fe agglomerates even before activation. Additionally, the promoters (Na and S) led 

to enhancing the selectivity towards the production of low olefins chain (~47 %C), low 

methane formation (8 %C), high catalytic metal time yield activity (up to 94 x10 ^-5 

molCO gFe
-1 s-1) as compared to the unpromoted catalysts. Despite the low overall N-

content (1 wt.%), the heterojunction effect between iron carbide and N-doped carbon 

layer on CNTs led to improved catalytic properties of the FTO catalysts as compared to 

the conventional surface functionalized CNTs. 

iii.         Catalytical systems 

1. Treatment of carbon nanotube supports 

A batch of multi-walled CNTs (MWCNTs) purchased from Sigma-Aldrich (CAS 

308068-56-6) is first oxidized in a muffle oven under air at 400 oC for 1 h. The 

corresponding support is denoted as CNT-O. Then, for CNT-H preparation, CNT-O 

material is heated in 5 vol. % H2/Ar flow at a heating rate of 20 K min-1 up till 600 °C 

and hold for 2 h. CNT-CN is prepared by dispersing CNT-O in aqueous cyanamide 

(CN2H2) solution of 1 g. mL-1 with a CNT: CN2H2 ratio of 1:2. Then, the mixture is 

dried under static air at 60 oC for 12 h followed by subsequent calcination at a heating 

rate of 1 K min-1 up to 800 °C for 4 h under N2 flow. The CNT-NH3 is prepared through 

amination in a tubular oven.  CNT-O is heated to 400 °C with 2.5 K.min-1 (from 25 °C 

to 350 °C within 2 h and 1 min hold followed by heating to 400 °C within 30 min to 

avoid overshooting of temperature) in a flow of 1 mL min-1 of 10 vol.% NH3 in N2. 

After 4 h at 400 °C the flow is changed to 900 mL min-1 N2 and the oven is cooled down 

to room temperature.        

2. Synthesis of Promoted and Unpromoted Iron Nanoparticles on 

functionalized  Carbon Nanotubes Catalysts      

The Promoted catalysts are labelled as FeP-CNT-X and the unpromoted ones as Fe-

CNT-X where CNT-X is representing the respective support. 270 mg of each CNT-X 

support is impregnated with the following solution to prepare FeP-CNT-X: 187.5 mg of 

ammonium iron (III) citrate (Fluka, 14.5- 16 % iron) (iron precursor), 3.8 mg sodium 

citrate dihydrate (Na precursor), and 2.6 mg of iron (II) sulfate heptahydrate (sulfur 
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precursor) in ca. 0.6 mL H2O in a mortar. Theoretically, from this procedure a 10 wt. % 

Fe promoted with 0.1 wt. % Na and 0.1 wt. % S are loaded on CNT-X supports.  

Later on, the impregnated CNTs are first dried overnight at 60 °C under static air, then 

calcined at 500 °C in a tubular furnace under N2 flow for 2 h on a heating rate of 2 °C . 

min-1. The unpromoted catalysts are synthesized and calcined similarly as the FeP-CNT-

X, but without the addition of the promoters (sodium citrate and iron (II) sulfate 

heptahydrate). Furthermore, the calcined promoted and unpromoted catalysts are sieved 

to a particle size between (63- 250) µm. An illustration of the functionalization and 

synthesis procedure is given in (Figure  32). 

 

Figure  32: Sketch about carbon nanotube functionalization and impregnation with iron nanoparticles 
and promoters. 

iv. Analysis and discussion                  
The surface structure of purchased multi-walled CNT material is modified with four 

different heteroatoms. Oxygen-functionalized CNTs is obtained by treatment of pristine 

CNTs at 400 °C in air (denoted as CNT-O). Part of this material is further treated once 

in ammonia at 400 °C and once in hydrogen at 600 °C to introduce amine and hydrogen 

groups replacing the oxygen groups (denoted as CNT-NH3 and CNT-H). Another part 

of CNT-O is modified by a layer of N-doped carbon via the addition of cyanamide 

followed by calcination (CNT-CN). Resulting modified CNTs are used as supports to 

synthesize four promoted (~3 wt. % Na and ~1 wt. % S, relative to Fe) and four 

unpromoted catalysts with theoretical Fe contents of 10 wt. % to all by incipient wet 

impregnation followed by a calcination step.   
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Elemental analysis (E.A.) is carried out to quantify the elemental composition of the 

catalysts and the pristine supports (Table 4). Although the elemental compositions are 

not very different from each other, the amount of O detected is the highest in the CNT-

O support and traces of nitrogen are detected in CNT-NH3 and CNT-CN. Hence, the 

modification of the supports is successful. Also, higher nitrogen content is detected in 

the Fe-CNT-CN and Fe-CNT-NH3 catalysts with and without promoters in comparison 

to Fe-CNT-O and Fe-CNT-H indicating that the nitrogen surface functionalization of 

the supports is also successfully translated to the calcined catalysts. The detected 

amount of oxygen and Fe of ~15 wt.% in calcined catalysts corresponds well to iron 

oxide (Fe2O3) and the surface oxygen groups which relates well with the targeted Fe 

loading of the catalysts of 10 wt.%. Moreover, there is no significant change in the 

compositions between Fe-CNTs-X and FeP-CNT-X catalysts, because only traces of 

promoters are added which do not influence the content of other elements during 

calcination.  

In agreement to that, inductively coupled plasma optical emission spectroscopy (ICP-

OES) data (Table 4) shows that all calcined catalysts contain 8-10 wt.% Fe, ~0.3 wt.% 

Na and ~0.1 wt.% S in good accordance with the targeted loadings. Thermal gravimetric 

analysis (TGA) results support the previous analysis where the remaining residual mass 

is comparable between each catalyst and is ~ 14 wt. % Fe (Figure S. 36). Significantly 

lower amounts of Na and S are detected in the unpromoted catalysts. Due to the 

comparable amount of these elements in the respective series of catalysts, it can be 

concluded that potential differences in their catalytic properties will not be caused by 

unwanted fluctuations of their promoter content. All the elements are homogeneously 

distributed on a microscale and no larger Fe agglomerates are observed outside of the 

CNT network as shown by SEM-EDX mapping (Figure S. 30-33). N2-physisorption 

results (Table 4 and Figure S. 29) show the specific surface area (SSA) of the catalysts 

decreases slightly after Fe deposition due to the increase in mass loading. However, the 

pore features of the CNTs with large external surface area and large meso- and macro- 

porosity are neither changed significantly by the surface treatments nor by deposition of 

Fe2O3 nanoparticles resulting in a series of FTO catalysts with similar textural 

properties. 
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Table 4: Summary of porosity analysis, elemental analysis, ICP-OES and XPS data of the CNT-X 
material and the Fe-CNT-X catalysts 

Support/ 
Catalyst 

SSA

(m
2
/g)

PV 
@ 20 nm   
(cm

3
/g) 

C/N/H/O (+Fe)

(wt%)
EA
 

Fe/C/O/N 

 (wt. %)
XPS

Fe/Na/S 
 (wt. %)

ICP
 

Average particle size
± standard deviation

(pristine/ spent) 

CNT-O 281.2 0.3 96.3/0.2/0.8/2.5 -/98/1.7/- - - 

CNT-H 227.8 0.2 97.1/0.2/0.9/1.7 -/98/2.3 /- - - 

CNT-CN 225.4 0.2 96.9/0.8/0.9/1.3 -/99/0.7/0.3 - - 

CNT-NH
3
 231.7 0.2 96.6/0.4/1.0/2.0 -/99/0.9/0.1 - - 

Fe-CNT-O 183.8 0.2 82.2/0.7/1.0/16.0 (O+Fe) 0.8/97/2.2/- 9.2 /0.1/0.04 9.6 ± 3.9/ 9.7 ± 4.8 

Fe-CNT-H 173.7 0.2 82.9/0.7/1.1/15.3 (O+Fe) 0.8/95/4.2/- 8.6/0.06/0.02 7.0 ± 2.3/ 12.2 ± 10.1 

Fe-CNT-CN 207.3 0.3 81.5/1.2/1.0/16.3 (O+Fe) 0.9/95/2.9/0.9 7.9/0.06/0.03 8.6 ± 3.1/ 7.7 ± 3.4 

Fe-CNT-NH
3
 220.0 0.4 82.9/0.8/1.0/15.3 (O+Fe) 0.9/95/3.6/0.5 8.9/0.1/0.02 9.0 ± 2.4/ 14.8 ± 12.6 

FeP-CNT-O 125.1 0.2 83.4/0.7/0.9/14.9 (O+Fe) 0.6/96.9/2.5/- 9.3/0.3/0.1 8.3 ± 4.0/ 13.8 ± 6.1 

FeP-CNT-H 161.8 0.3 83.7/0.7/1.1/14.4 (O+Fe) 1.0/96/3.0/- 9.8/0.3/0.1 12.8 ± 7.3/ 16.9 ± 4.0 

FeP-CNT-CN 153.4 0.2 81.7/1.2/1.0/16.1 (O+Fe) 1.2/94/3.8/0.9 8.7/0.3/0.1 7.5 ± 2.8/ 14.3 ± 6.6 

FeP-CNT-NH
3
 184.9 0.3 82.3/0.8/1.1/15.8 (O+Fe) 0.6/97/2.3/0.3 9.4/0.3/0.1 9.7 ± 4.1/ 14.7 ± 15.3 

 

X-ray diffraction (XRD) measurements of the pristine supports (Figure 33A) show the 

typical graphitic-type peaks at 25.8°, 43°, and 53.6° 2θ resulting from the (002), (100), 

and (004) diffraction planes of the multi-walled CNTs. After Fe loading and calcination 

(Figure 33B and 33C), Fe is present as hematite in agreement with Raman spectroscopy 

and XPS discussed below. Significant peak broadening is observed for all catalysts, 

indicating the presence of Fe2O3 nanoparticles independent of the presence or absence 

of promoters and for all catalyst supports employed. 

Raman spectroscopy measurements of the supports (Figure 33D) and the calcined 

catalysts (Figure 33E and 33F) show the typical D- and G-band contributions of the 

CNT supports as sharp peaks as well as the overtone bands D+G and G` at higher 

Raman shifts as it is typical for carbon materials with a high degree of local order such 

as CNTs. Independent of the support pretreatment, the shape of the spectra remains 

comparable thus indicating that all the supports will have a comparable carbon 

microstructure and that the different pretreatments do not significantly change the 

carbon atomic arrangement in the bulk of the CNTs. After loading of Fe precursor and 

calcination, peaks at wavelengths around 200-700 cm-1 are seen in the promoted and 

unpromoted catalysts, which correspond to Fe species typical for α-Fe2O3 
[114]. Due to 

the almost similar hematite content of all samples, their intensity is in the same range 

independent of the support and the presence or absence of Na and S. 
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Figure 33: X-ray diffraction patterns (A-C) and Raman spectra (D-F) for CNT-X supports (A and D) as 

well as Fe-CNT-X catalysts (B and E) and FeP-CNT-X catalysts (C and F). 

In agreement with the E.A., X-ray photoelectron spectroscopy (XPS) analysis of the 

supports and Fe-CNT-X catalysts (Table 4 and Figure S. 40) show the presence of 

traces of surface nitrogen in the supports and catalysts that contain NH3 functional 

groups or an N-doped carbon surface layer. Although the detected nitrogen content is 

relatively low and the N 1s line scans have a low signal-to-noise ratio, it is clearly seen 

that the nitrogen signal for the ammonia-treated supports and catalysts is located at a 

binding energy of ~ 400 eV representative for surface-amine groups. Whereas, for the 

CNT-CN materials with a nitrogen-doped carbon layer on their surface the signal is 

located at slightly lower binding energy (Figure S. 40 [3] [6] [10]). The latter signal is 

typical for pyridine- or cyano-type nitrogen as typically present in nitrogen-doped 

carbons [115-116]. All catalysts and supports show comparable shapes of the C 1s spectra 

after the different surface treatments and after iron loading and calcination, which is in 

agreement with Raman spectroscopy analysis. The increase of the intensity of the O 1s 

contribution at ~530 eV after Fe loading corresponds to oxygen bonded in the Fe2O3. 

The Fe 2p is detected as two peaks that show the characteristic shape for Fe3+ at binding 

energy between ~709 eV (Fe2p3/2) and ~725 eV (Fe2p1/2), indicating that the Fe is 

present in form of Fe2O3 after calcination in all samples.  
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Scanning transmission electron microscopy (STEM) imaging of promoted (Figure 34 

and Figure S. 35) and unpromoted (Figure S. 34) catalysts show the dispersion of Fe 

nanoparticles on the surface of the carbon material which is of typical appearance for Fe 

particles deposited on 1-dimensional supports. Particle size analysis shows the presence 

of Fe2O3 particles with an average size of 7-12 nm for promoted catalysts and 7- 9 nm 

for unpromoted catalysts (Figure 35).  

The STEM-EELS mapping images (Figure 35) illustrate that solely Fe2O3 nanoparticles 

are present on the CNT-O and CNT-H supports. In contrast, the CNT-NH3 and 

especially the CNT-CN supports can obviously stabilize much smaller Fe species even 

down to clusters of only few atoms or single Fe atoms. In agreement with literature [57, 

106, 117], nitrogen groups can act as anchoring sites for the stabilization of smaller metal 

domains.  

 

Figure 34: HR-STEM imaging of FeP-CNT-O (1), FeP-CNT-H (2), FeP-CNT- NH3 (3), FeP-CNT-CN (4) 
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 Figure 35: STEM- EELS mapping of FeP-CNT-O (1), FeP-CNT-H (2), FeP-CNT- NH3 (3), FeP-CNT-CN 

(4).  

 

Figure 36: Particle size distribution of promoted (A) and unpromoted (B) pristine catalysts. 

v. Catalytic Application: Fischer-Tropsch Reaction for Olefin 

Production 

The catalytic testing is carried out in a 16-port high throughput fixed bed reactor system 

(Avantium Flowrence). The Fe-CNTs-X sieved catalysts are set in the fixed bed 

reactors to have the FTO reaction happening simultaneously, where 20 mg of the 

catalysts were diluted with 120 mg of SiC. Prior to application of reaction conditions, 

the calcined catalysts are reduced in-situ at 350 °C (5 °C  min-1) for 2 h in 30 % H2 in 

He (v/v) at 3 bar and a gas hourly space velocity (GHSV, based on volume of undiluted 

FTO catalyst) of 3300 h-1 followed by a carburization step to convert the metallic iron to 
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iron carbide at 290 °C (5 °C min-1) for 1 h in synthesis gas (H2: CO = 1 v/v) at 3 bar and 

GHSV of 6000 h-1. After carburization, reaction conditions are applied by increasing 

temperature to 340 °C with 5 °C min-1 in 10 bar of synthesis gas (H2:CO= 2 v/v, 

5 %vol He as internal standard) and GHSV=5000 h-1. The product stream is diluted with 

N2 (flowdiluent: flowreactor, in = 2.5) after the reaction to avoid condensation. The 

products are analyzed with an online-gas chromatograph equipped with a flame 

ionization detector (FID), a thermal conductivity detector (TCD), and a backflush 

system to analyze C1-C9 hydrocarbons and permanent gases. The syngas conversion by 

Fischer Tropsch reaction and the analysis of the products took place in the inorganic 

chemistry department of Prof. Krijn P. de Jong in Utrecht University in the Netherlands. 

A summary of the procedure of activating the catalyst for a FTO reaction is shown in 

(Figure 37). The selectivity of the promoted catalysts was calculated at a CO conversion 

of 80% and within a range of 36 - 57% for the unpromoted catalysts. 

 

Figure 37: Summary of the reaction process of Fischer-Tropsch conversion of syngas in a fixed bed 
reactor. 

After characterization of the pristine catalysts and the supports, the catalysts stability, 

selectivity, and activity are tested for FTO process. As this research aims towards 

further insights about the functional groups effect regarding a more efficient industrial 

catalyst, the conditions applied for this FTO test is in relevance with an industrial FTO 

conditions (T: 340 °C at 10 bar of synthesis gas (H2:CO = 2 v/v). Therefore a ratio of  

H2:CO= 2 v/v is employed to reduce coke formation and avoid sudden increase in 

pressure in the FTO experiment.  
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Among the unpromoted catalysts, Fe-CNT-CN shows the most rapid activation under 

FTO conditions and reaches its maximum activity already after ~37 h of time on stream 

with an iron time yield (FTY) of 85 molCO gFe
-1 s-1 (Figure  38C) at 77 % CO conversion  

(Figure  38A) followed by slow loss of activity due to particle growth. Such a rapid Fe-

carbide formation is usually not observable for unpromoted FTO catalysts on carbon 

supports [57, 97]. 

 All other catalysts show a much slower carbide formation and do not reach a maximum 

in catalytic activity even after more than 180 h of time on stream (TOS). This 

significant difference is showing the beneficial promoting effect of a nitrogen-doped 

carbon surface layer on the formation of catalytically active Fe (carbide) species - even 

in absence of additional chemical promoters.  

The origin of this enhanced activation is likely the formation of a space charge layer 

between Fe species and N-doped carbon. The latter is significantly more noble (i.e., the 

electrons in the N-doped carbon layer have a higher working potential than those in the 

surface-functionalized CNTs) [118]. Such interactions thus enhances the activation of Fe 

species by increasing their electron density [43].In other words, this junction leads to 

enhanced CO binding properties of the Fe-based particles and thus more rapid 

carburization.  

A comparable effect is described for N-doped carbon-supported nickel nanoparticles 

which showed high efficiency in methanol dehydrogenation due to the tailored 

adsorption enthalpy at the metal-support interface [112]. Furthermore, the N-doped 

carbon layer leads to enhanced dispersion and stabilization of much smaller Fe species 

as seen in TEM images which also lead to more rapid carbide formation.  

In agreement with previous studies on mesoporous carbons and CNT supports with 

various surface functionalities [106-107], the NH3-treated CNT support provides a higher 

activity and more rapid activation than CNT-O- and CNT-H supported unpromoted 

catalysts. However, the enhancement is less pronounced as compared to Fe-CNT-CN, 

indicating the importance of the particular species of nitrogen which is present on the 

support surface.  

These significant differences in the activation properties of the catalysts become even 

much impressive when taking into consideration that there is only a comparably low 

ratio of nitrogen present on their surface. Selectivities of all unpromoted catalysts are 

comparable at 29 – 32 %C for C2-C4 olefin production and methane formation of more 

than 30 %C which are in a typical range for unpromoted FTO catalysts on carbon 
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supports under these conditions (Figure  38E)[97].  

As it is typical for Na/S promoted FTO catalysts, all of them show a remarkably more 

rapid carbide formation (Figure  38D) as compared to the unpromoted analogues 

independent of the support. The FeP-CNT-CN catalyst reaches its maximum CO 

conversion (Figure  38B) still in significantly shorter time than the promoted catalysts 

on the other supports while the deactivation rate remains comparable. Moreover, this 

catalyst achieved the highest FTY among the promoted catalysts of 94 x10^-5 molCO gFe
-

1 s-1. This FTY is among the highest reported so far, even as compared to optimized and 

promoted FTO catalysts that have been operated at higher syngas pressure [57, 66, 99, 105]. 

 As it is typical for Na/S promoted FTO catalysts, methane and C2-C4 paraffin formation 

is lowered and C5+ formation increases as compared to the unpromoted catalysts. While 

no significant influence of the CNT surface structure on the product selectivity became 

obvious for the unpromoted catalysts, even further decreased methane formation, higher 

olefin/paraffin selectivity in the C2-C4 region and higher C5+ formation can be observed 

for the FeP-CNT-CN catalyst and (less pronounced) for the FeP-CNT-NH3 catalyst – in 

spite of their comparable Fe particle size before (Figure 36) and after catalytic operation 

(Figure 40).  

The rate of deactivation is comparable for all catalysts after 187 h of TOS with slight 

increase for both promoted and unpromoted catalysts, while the latter show the lower 

growing rate (Table 4). This is due to the loss of Fe (carbide) surface area as a result of 

particle growth which mainly trigged the catalyst deactivation (Figure 39). In agreement 

with previous studies, oxygen-treatment of the CNTs leads to undesired delay of 

catalyst activation and lower catalytic activity independent of the presence or absence of 

promoters [105-106]. A summary table of the catalysts performance is given in (Table S.  

18). 
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Figure  38: Percentage conversion of syngas (CO) per hour for unpromoted (A) and promoted catalysts 
(B).Iron time yield per time of stream for unpromoted (C) and promoted catalysts (D). Selectivity towards 

certain hydrocarbon groups for unpromoted (E) and promoted catalysts (F). 

 

Figure 39: TEM of spent catalysts. sFe-CNT-O (A), sFe-CNT-H (B), sFe-CNT-CN (C), sFe-CNT-NH3(D), 
and the sFeP-CNT-O (E), sFeP-CNT-H (F), sFeP-CNT-CN (G), sFeP-CNT-NH3 (H). 
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Figure 40: Particle size distributions of promoted (A) and unpromoted (B) spent catalysts. 

vi. Summary and conclusion 

Eight Fe- CNT catalysts are synthesized via incipient wet impregnation (IWI) using 

modified CNT material with O, H, CN, and NH3 functional groups. Then, four of these 

catalysts are prepared with promoters (Na/ S) and the other four are used as such. The 

catalytic test is performed by a Fischer-Tropsch reaction in an aspiration to acquire high 

of the lower olefin hydrocarbon production selectivity with a main aim of providing 

deeper insights about different functionalities effect on the catalytical activity of Fe-

CNTs-X catalysts in a gaseous phase. The modification of CNTs with various surface 

structures and their influence on the FTO catalytic properties of supported Fe 

nanoparticles is reported. While the textural properties (catalyst porosity, Fe phase, 

carbon microstructure of the CNTs) remain unaffected by the surface modifications, 

significant effects on the catalytic properties are observed in both presence and absence 

of Na/S chemical promoters. A nitrogen-doped carbon layer on the CNT surface can 

stabilize atomically small Fe species, in addition to Fe nanoparticles. Moreover, it can 

enable much faster activation of the Fe species and result in favorable C2-C4 olefin 

selectivity as compared to the supports modified with standard surface functional 

groups. In conclusion, based on the structure-performance relationships, a “tandem 

promotion” effect takes place in the FeP-CNT-CN catalyst. From the one-side, an 

electronic junction originates between the Fe species and the N-doped carbon layer on 

the CNT support, and on the other hand, the widely established Na/S promotion which 

is leading to rapid activation and record-high catalytic activity of the Fe(carbide). In this 

regards, this novel concept holds a great promise for future design of Fe-based FTO 

catalysts with still wide range for improvement regarding the nitrogen species and 

content in the support surface layer, thickness of the layer, its interplay with the 

chemical promoters, and the support geometry. 
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„Nicht Kunst und Wissenschaft allein, Geduld will bei dem Werke sein.“ 
(Goethe) 
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5. Summary  Chemicals represent an essential part in our daily life. They are applied in various products as for instance preservatives in food, in any kind of polymers, in IT products such as smart phones and computers, in transportation as fuel sources, and in many more. An increase in population number leads to an increase in the consumption of these chemicals resulting in an increase in demand for them. Fossil fuels, the main feedstock for energy and chemical production, are unstable resources and not renewable. Besides, they contribute to different environmental and political matters. Hence, the necessity for alternative sources for production of chemicals and energy raises. These feedstocks such as lignocellulosic biomass, coal, natural gas and others require different processing than fossil fuels, and thus industry needs to adapt its established systems and processes. Since industrially, heterogeneous catalytic conversions are the most applied process to obtain the chemicals from these feedstocks, the catalytic systems need further study and improvement. The catalyst activity, selectivity, stability, cost of preparation, and recyclation as 

well as the conditions required for activation of the catalyst influence the production rate, 

quantity, quality, and cost of the final product. Thus, optimization of these catalyst properties is 

crucial for being capable of satisfying the increasing demands in the future. 
The development of a heterogeneous catalyst is investigated herein by modifying a 

catalyst surface chemistry structure not only with a hierarchical porous system, but also 

with surface functional heteroatom groups. The aim is to enhance the catalytic 

performance but to also provide a deeper insight regarding the interaction between the 

surface structure of catalyst and the surrounding phase. Such a study has rarely been 

carried out, especially the application of surface structure-modified catalyst in different 

phases (liquid and gaseous) and for different reactions (hydrogenation, oxidation, and 

hydrogenolysis). The heteroatoms utilized for the modifications are H, O, and N. Their 

effect on the metal particle size growth, polarity of the support (hence the catalyst), and 

the catalytic performance (activity, selectivity, and stability) has been explored.        

At first, hierarchical porous sugar– and sugar amine– derived carbon supports (C and 

NDC) were synthesized via salt-melt method and compared to a commercially produced 

support (C ref). Nickel (Ni) nanoparticles were deposited to produce Ni–NDC, Ni–C, 

and Ni–C ref catalysts. To investigate the effect of the heteroatom and the different 

porosity between these catalysts, hydrogenolysis of kraft lignin was chosen as a modal 

reaction and was performed in batch and continuous reactors. This investigation brought 

to sight the difference a heteroatom functionalized support can cause even when present 

in low concentrations (3 wt. %), besides the importance of a hierarchical porosity and 
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the surface area in a catalyst for higher performance. Moreover, deeper insights were 

given into the importance of utilizing a continuous reaction whether for the upmost use 

of the catalyst, or for the high product quality and quantity collection in comparison to a 

batch reaction.        

Ni–NDC catalyst preparation via one–pot salt-melt support synthesis and incipient wet 

impregnation was successful. It performed efficiently compared to the other comparably 

prepared catalysts (Ni–C and Ni–C ref) in means of activity, selectivity and stability. Its 

performance in a continuous reaction showed qualitatively to be higher than in a batch 

reaction. Eventually, complex kraft lignin structure degradation has been approved by 

the several techniques and analyses applied into lower molar mass molecule product 

mostly of guaiacol derivatives. Despite the successfulness, few drawbacks were present: 

one, the use of a relatively high concentrated Ni active metal for the catalysis in 

presence of low Nitrogen content making the Nitrogen effect less observable. Also, the 

leakage of the active metal (Ni) into the product collected. Therefore, for this project it 

is recommended to reduce the concentration of Ni metal, increase the density of the N-

heteroatoms, or apply different heteroatoms to improve the immobilization effect.    

In correspondence, synthesis of gold on carbon (Au–C) composites followed by 

exploring the functionalization of the sugar–derived carbon salt–melt support with 

varied heteroatoms (N, O, and H), and depositing Au nanoparticles via pre-reduced 

solution of Au. The functionalization of the heteroatoms was made without needing 

harsh acids that would require post treatment and are expensive when scaling up. In 

addition, impregnation method is replaced with pre-reduced Au nanoparticle solution 

for the reason of less energy and time consumption compared to impregnated catalyst.  

The catalysts were applied for the selective glucose oxidation to gluconic acid in a 

liquid phase. The aim from this project is to determine the influence of these 

heteroatoms on the catalytic performance (activity, selectivity, and stability), on the 

particle size growth, and on the supports properties in correlation to another reaction 

type (e.g. oxidation) which is still applied in a liquid phase reaction.              

Therefore, four catalysts have been synthesized of the modified and unmodified porous 

salt–melt carbon supports to result with Au–Cglucose–O, Au–Cglucoseamine, Au–Cglucose–H 

and Au–Cglucose. As the same support and metal are used, similar reaction rates and 

mechanism would take place. Hence, any different effect resulting for the catalytic 

performance is due to the different heteroatom modification. Of the different techniques 

performed, the heteroatoms showed direct effect on the supports polarity, and thus on 
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the size of the Au-nanoparticles deposited. Hence, the catalytic performance varied 

significantly. The results and data collected can be summarized as follows. A 

hydrophobic non–polar carbon surface (Cglucose–H and Cglucose) led to a smaller size of 

Au NPs and higher catalytic activity and selectivity. Au–Cglucose–H and Au–Cglucose, and 

Au–Cglucoseamine have all reached full and selective conversion. Yet, the latter catalyst 

showed less activity due to its slightly larger average Au NPs. Whereas, Au–Cglucose–O 

had almost no sign of activity regarding its large size of Au NPs formed during 

deposition on the hydrophilic support. Of this work, it was concluded that the surface 

chemistry structure of the carbon material has direct influence on the metal deposition 

mechanism in aqueous solution and on the structure of the catalyst. As a result, an 

indirect influence of the surface of the support can be observed on the catalytic 

properties especially in oxidation reaction of glucose in an aqueous phase. Accordingly, 

a precise adjustment of such property in carbon material as supports is essential for the 

synthesis of suitable heterogeneous catalyst for liquid phase reactions. 

As heteroatoms effect was obvious for the previous investigations, the study of the 

influence of these heteroatoms is further examined on a different allotrope of carbon 

such as multi-walled carbon nanotubes (CNTs) in a gaseous phase. Previously, 

heteroatoms were tested on amorphous and low ordered carbon supports and were 

found influential, and therefore it is intriguing to learn of any effect of heteroatoms on 

graphitically-layered and more ordered carbon support like CNTs. Furthermore, the 

carbon structure functionalization was checked in liquid phase in oxidation and 

hydrogenolysis processes, ergo exploring the effect in a gaseous phase would add a 

valuable understanding and provide a complete inquiry for the influence of functional 

modification of carbon surfaces in liquid and gas phases. In this regard, eight iron 

deposited on CNTs (Fe–CNT) catalysts have been synthesized via Incipient wet 

impregnation (IWI) using modified CNT supports with O, H, carbon nitride layer (CN), 

and NH3 functional groups. As CNT is purchased, the incorporation of nitrogen 

heteroatoms was via soaking with cyanamide to obtain a N-doped/ carbon nitride layer 

on the CNT and via ammonia gasification to obtain amine functional group (NH3). As 

these catalysts were used for a Fischer-Tropsch synthesis (FTS) process, and literature 

shows that the addition of promoters is an advantage, four of these catalysts have been 

prepared with promoters (Na/ S) and the other four have been used as such. The 

catalytic test is performed in Fischer-Tropsch reaction in the aim to acquire higher 

olefin- lower methane production selectivity. The results of this test show that promoted 

catalysts with modified CNT surface has higher stability, activity, and selectivity 
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compared to unpromoted ones. The N-groups are better heteroatoms in this case than 

the O or H functionalities. Distinctively, nitrogen from cyanamide treatment is much 

better than NH3 treatment due to the state of N-incorporated in the CNT surface as a 

carbon nitride layer (CN) compared to that formed by NH3 according to XPS data. 

Moreover, the combination of heteroatoms and promoters boosted the catalytic 

performance. Additionally, the faster the active phase iron carbide (Fe3C) is formed 

during activation step, the higher the activity leading to more production despite the 

faster coking and reduced stability. Eventually for all the previous reasons, promoted 

iron nanoparticles deposited on CN modified CNTs (FeP-CNT-CN) performed the 

highest upon the rest of the catalysts with an activity of 94 x 10-5 molCO g Fe
-1s-1, 

selectivity to lower olefins production of 47 %, and a CO conversion reaching  92 % 

within 37 h. 



 

“Research is what I’m doing when I don’t know what I’m doing.” 
 (W. von Braun) 
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6. Conclusion and Perspective 

The need for alternative sources of chemical feedstocks drives the quest for an 

improvement of the present industrial catalytic systems. Previously, diverse known 

approaches have been applied to improve the performance of a heterogeneous catalyst 

amongst them the focus on studying different metals, different supports, different 

methods of depositing the metal on the support, various preparation methods of nano-

sized active metal, and the hierarchical ordered- and templated porosity of the support. 

However, very few is known regarding the influence of heteroatoms on the catalyst and 

its interplay with the surrounding phase. Such an influence is of huge importance but 

neglected by many literatures due to lack of information. Therefore, within the given 

context, a deeper insight into the heteroatoms effect on the catalyst and its performance 

has been achieved. The aim of the study was to expand the knowledge towards better 

understanding of the catalyst system, as well as to improve the industrial catalytic 

systems for the alternative feedstocks. From the discussed research in this thesis, it has 

been experimentally proven that even at low concentrations of (1-3) wt.% the 

heteroatoms clearly influenced the performance of the catalyst, regardless of the 

different concentration of the active metals used, and the different phases (liquid/ gas) 

and reactions (hydrogenolysis, oxidation, and hydrogenation/ polymerization) applied. 

Several points could be concluded from these experiments: 

 Heteroatoms significantly influence the performance of the catalyst by effecting 

the deposition, stabilization, and electronic properties of the metal particles and 

the interaction of the catalyst with the surrounding phase as such. 

 The same heteroatom can enhance or depress the activity of the catalyst 

depending on the phase and the type of the reaction applied. 

 The state of bonding of the heteroatom to the support (e.g Nitrogen can bond in 

different states: such as amine, tertiary, or graphitic) influences the catalytic 

properties of the metallic nanoparticles. 

 Different heteroatoms provide different influence on the catalyst performance 

depending on their electronic configuration influencing the electronic transfer 

between support and active metal. 

In regards to the overall influence mentioned above, obviously precision in preparing 

such systems is very important and thus every single catalytic system and reaction has 

to be well controlled. Hence, in regards to the experimental results showing that 

heteroatoms can enhance the catalyst performance and in regards to the aim to provide 
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an improved industrial catalytic system, more is needed to be studied. Incorporation of 

other heteroatoms (e.g. sulfur and phosphorus) should be applied. This is important in 

order to further understand the interaction of the heteroatoms with the support and the 

active metal and how these interactions can be controlled. In addition, a study of 

different concentration of heteroatoms modifications is recommended. The density of 

the heteroatoms when functionalized in higher concentrations could reveal better and 

clearer information about the interaction with the metal for example, or with the support. 

The increase in the density of the heteroatoms may have a different effect on the 

properties of the catalyst compared to low density of heteroatoms.     

Finally, heteroatom functionalization of the support is one interesting approach to 

achieve an advanced industrial heterogeneous catalyst. In this thesis few of the 

questions related to the effects heteroatoms can make are answered and new realizations 

have been given. However, more questions are raised. Such questions are how would an 

increase in this heteroatom doping influence the characteristics of the catalyst? Would a 

mixture of the heteroatoms be better or worse for the catalyst? What is the suitable ratio 

of heteroatoms functionalized to support? Would the ratio make much difference? All 

these questions and more are important to look into, to be able to provide an 

optimization to the effect of these incorporated functionalities. The more information 

given regarding this topic can open wide range of applications not only in catalysis, but 

in other approaches as well.  
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B. Appendix 

a. List of abbreviations 
Symbol Description 

MOF Metal organic frameworks 

SiO2 Silica 

TiO2 Titania 

WHO World Health Organization 

IUPAC International Union of Pure and Applied Chemistry  

d Diameter 

LiCl Lithium Chloride 

KCl Potassium Chloride 

CO2 Carbon dioxide 

H2O water 

KOH Potassium hydroxide 

ZnCl4 Zinc Chloride 

SSA Specific Surface Area 

IL Ionic Liquids 

NaCL Sodium Chloride 

CVD Chemical Vapour Deposition 

NDC Nitrogen Doped carbon 

Pt Platinum 

Pd Palladium 

AuNPs Gold Nanoparticles 

CO Carbon Monoxide, CO and H2 make a synthetic gas 

H2 Hydrogen 

FTS Fischer Tropsch Synthesis 

FTO Fischer Tropsch Synthesis of Olefins 

-H/ -O/ -N A material functionalized with Hydrogen, Oxygen, or Nitrogen 

heteroatoms 

C Glucose (-H/-O) Carbon synthesized from glucose precursor and functionalized with 

Hydrogen or Oxygen. 

C Glucoseamine Carbon synthesized from glucoseamine precursor to functionalize 

it with Nitrogen. 
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C ref. Carbon reference (purchased carbon Vulcan) 

e.V Electron volt 

v/v or Vol% Volume percentage 

IWI Inciepient wet impregnation 

Ni Nickel 

FeO Iron oxide 

XRD Powder X-ray diffraction  

HCl Hydrogen chloride 

(FeCl2)aq. Iron chloride aqueous 

SEM-EDX Scanning electron microscopy-energy dispersive X-ray analysis 

(HR)-TEM (High resolution) Transmission electron microscopy 

TGA Thermal gravimetric Analysis 

Ni-NDC Nickel metal deposited on nitrogen doped carbon support 

Ni-C Nickel metal deposited on carbon from glucose pecursor support 

Ni-C ref. Nickel metal deposited on carbon reference support 

E.A. Elemental Analysis 

FWHM Full width at half maxima 

ID/IG Intensity of D-band vs. Intensity of G-band 

TPV Total pore volume 

D-/G-band Diamond or graphite band 

2D-(13C/1H) NMR Two dimensional carbon hydrogen Nuclear magnetic resonance  

ICP-OES Inductively coupled plasma optical emission spectrometry 

2D-GCxGC-MS Two dimensional gas chromatography mass spectroscopy 

GC-FID Gas chromatography flame ionization detector 

GPC/SEC Gas permeable chromatography/ size exclusion chromatography 

β-O-4 Ether linkage 

XPS X ray photon spectroscopy 

LPR Liquid phase reaction 

Au-CGlucose (-H/-O) Gold reduced deposited on carbon support derived from glucose 

and modified with hydrogen or oxygen 

Au-CGlucoseamine Gold reduced deposited on carbon support derived from 

glucoseamine to modify with N 

H2O2 Hydrogen peroxide 
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O 1s/C 1s/ Fe 2p S and p molecular orbits 

B.E. Binding energy 

D.W. Distilled water  

QSDFT Quenched solid state density functional theory 

H2O physisorption Water physisorption 

pH Degree of protonation / acidity 

T temperature 

rpm Round per minute 

HPLC High pressure liquid chromatography 

NaOH Sodium hydroxide 

Fe iron 

Na sodium 

S sulfur 

Al2O3 alumina 

CNT -CN/ -NH3/-

H/-O 

Multi walled carbon nanotube functionalized under cyanamide 

treatment, or ammonia treatment, or hydrogen and oxygen 

treatments 

CN2H2 Cyanamide  

Fe-CNT-CN/ -

NH3/-H/-O 

Iron deposited on Multi walled carbon nanotube support 

functionalized under cyanamide treatment, or ammonia treatment, 

or hydrogen and oxygen treatments 

FeP-CNT-CN/ -

NH3/-H/-O 

Iron with promoters (sodium and sulfur) deposited on Multi walled 

carbon nanotube support functionalized under cyanamide 

treatment, or ammonia treatment, or hydrogen and oxygen 

treatments 

sFe(P)-CNT-CN/ -

NH3/-H/-O 

Spent catalyst of iron (promoted) deposited on multi walled carbon 

nanotube support functionalized under cyanamide treatment, or 

ammonia treatment, or hydrogen and oxygen treatments 

PSD Pore size distribution 

TCD Thermal conductivity detector 

Wt.% Weight percentage 

TOS Time on stream 

FTY Iron time yield 

MTY Metal time yield 
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b. List of Materials 

Material Supplier and description 

Batch reactor Parr Instrument company 

Filter paper Whatman® Prepleated Qualitative Filter Paper, Grade 1V, pore 
size 11 µm  

Flow reactor Thalesnano, continuous fixed-bed reactor set-up H-CUBE 

ProTM 

Cartridge Thalesnano, Medium sized empty cartridge 

Zinc Chloride Sigma-Aldrich, ZnCl2 

D(+)-Glucose Roth, ≥ 99.5 %, C6H12O6   

D-Gluconic acid Sigma-Aldrich, 49-53 wt.% in H2O, C6H12O7 

Tetrachloroauric (III) 
acid trihydrate 

Alfa-Aesar, 99.99%, HAuCl4.3H2O 

Sodium borohydride Sigma-Aldrich, ≥98.0% , NaBH4 

Sodium citrate tribasic 
dihydrate 

Sigma-Aldrich, ≥99.0%, HOC (COONa)(CH2COONa)2 · 2H2O  

Sodium hydroxide Roth, ≥99.0%, NaOH 

Hydrochloric acid Roth, 37%, HCl 

Multiwalled carbon 
nanotube 

Sigma-Aldrich, MWCNT 

Potassium chloride Roth, 99.5%, KCl 
D-Glucoseamine 
hydrochloride 

Alfa-Aesar, 98%, C6H13NO5•HCl 

Kraft lignin UPM BioPivaTM  
Vulcan® Carbon  Cabot corporation 

Nickel Nitrate 
hexahydrate 

Sigma-Aldrich, 99.99%, NiNO3.6H2O 

Ethanol Sigma-Aldrich, 99.5%, C2H5OH 

D.W. Distilled water 

Cyanamide Sigma-Aldrich, 100% , CN2H2 

Ammonium iron (III) 
citrate 

Fluka, 14.5- 16 % iron 

Iron (II) sulfate 
heptahydrate 

Sigma-Aldrich, FeO4S · 7H2O 
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c. List of Gases 

Gas Supplier and description 

Oxygen 5.0  Air Liquide, 99,999%, O2  
Hydrogen 3.0  Air Liquide, 99,999%,, H2  
Nitrogen 5.0  Air Liquide, 99,999%, N2  
Helium 5.0  Air Liquide, 99,999%, He  
Argon 5.0  Air Liquide, 99,999%, Ar  

d. Characterization methods   

In order to investigate the influence of the heteroatoms on the support properties, on the 

active metal properties, and on the catalyst system performance, it is necessary to 

maintain a comparable structure and characteristics of the catalysts prepared so as any 

detected differences would be concluded as a result of the heteroatom functionalization. 

In that consequence, several characterization methods have been applied to ensure 

comparability and understand/ control the differences in the prepared systems. Hereby, 

this supporting chapter provides the procedures applied for each analysis performed 

within the discussed research. 

i. Characterization of nickel carbon modified catalysts for 
kraft lignin hydrogenolysis in liquid phase reaction 

Two dimensional – gas chromatography mass spectrometry (2D - GC × GC-MS) has 

been applied by dissolving degraded lignin samples in dichloromethane and sonicating 

for 15 minutes. The suspensions were filtered (membrane filter 0.45 μm, Agilent) and 

sample solutions were analyzed using GC×GC-MS gas chromatograph-quadrupole 

mass spectrometer GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan) and ZX2 thermal 

modulation system (Zoex Corp.) as Total Ion Chromatograms (TIC). A Rtx®-1 (first 

column: RESTEK, Crossbond® 100% dimethyl polysiloxane, 30 m, 0.25 mm ID, 

df=0.25 μm) and a BPX50 (SGE Analytical Science, 1 m, 0.1 mm ID, df=0.1 μm) 

column were connected through the GC×GC modulator as the first and second 

capillary columns, respectively. The temperature started with an isothermal step at 

40 °C for 5 min then it was increased from to 300 °C by 5.2 °C min-1 to finish with an 

isothermal step at 300 °C for 5 min. The modulation applied for the comprehensive GC

×GC analysis was a hot jet pulse (400 ms) every 9000 ms. The MS data was collected 

with Shimadzu GC/MS Real Time Analysis. The GC×GC-MS data were analyzed 
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using ChromeSquare 2.1 software, which is capable of directly reading GC×GC data 

obtained with GC-MS solution, converting it to a 2-dimensional image. The degradation 

products were identified by a search of the MS spectrum with the MS libraries NIST 11, 

NIST 11s, and Wiley 8.   

The X-ray diffraction measurements (XRD) are equipped with a Bruker D8 

diffractometer with Cu-K
α

source (λ = 0.154 nm) and a scintillation counter. The 

reference patterns are found in the ICDD PDF-4+ database (2014 edition).  

The transmission electron microscopy (TEM) has a Zeiss EM 912Ω microscope used at 

an acceleration voltage of 120 kV. 

The scanning electron microscopy (SEM) device used has a LEO 1550 Gemini 

microscope. 

The Nitrogen gas sorption (N2-physisorption) applied used a Quantachrome Quadrasorb 

apparatus. The analysis starts with degassing of each sample at 150 °C for 20 hours, and 

then the results are shown via QuadraWin software (version 5.05). Pore size 

distributions (PSDs), specific surface areas (SSAs), total pore volumes (TPVs) up to 

50 nm, and micropore volumes (MPVs) were calculated from isotherm analysis with the 

quenched solid density functional theory (QSDFT) method for nitrogen adsorbed on 

carbon with slit/cylindrical/spherical pores at -196 °C (adsorption branch kernel). 

The Elemental analysis (E.A) used a combustion analysis of a Vario Micro device. 

The two dimensional nuclear magnetic resonance (2D-NMR 1H-13C HSQC) spectra 

were obtained through an agilent 400 MHz spectrometer in deuterated solvents.  

The Size exclusion chromatography (GPC/ SEC) with UV/RI detection performed via 

N-methyl-2-pyrrolidone as eluent at 70°C using two PSS-GRAM columns (300 mm, 8 

mm2). The average particle size used was of 7 μm and the porosity measured between 

100–1000 Å. The Standard for the calibration was Polystyrene. Conversions and yields 

for lignin reaction were calculated by mass difference after liquid chromatographic 

separation.  

The gas chromatography flame ionization detector (GC-FID) was performed using 

Agilent technologies 5975 gas chromatograph equipped with an FID detector combined 
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with a second HP-5MS capillary column. The temperature program for degraded lignin 

was set with an isothermal step to start at 50 °C for 2 min then it increases to 300 °C at a 

rate of 10 °C min-1 for 20 min, where the temperature of the detector is kept at 280 °C. 

The evaluation of small molecular weight molecules concentration, yielded after lignin 

degradation was achieved with GC-FID measurements. The integration of the signals 

derived from lignin derived products was compared to an internal standard (Heptane). 

The Raman spectra was obtained using a Renishaw inVia Raman Microscope operating 

with an objective (Nikon, 10x/0.25, ∞/− WD 6.1) and an excitation wavelength of 532 

nm with a power of 4.0 mW. From the obtained Raman spectra the D and G bands were 

fitted with a Lorentz function.  

ii. Characterization of gold carbon modified catalysts 
for glucose oxidation in aqueous phase reaction 

Transmission electron microscopy (TEM) images were obtained by using a Zeiss EM 

912Ω  TEM microscope at an acceleration voltage of 120 kV. The samples were 

dropwise immobilized on the carbon-coated copper TEM grid after dispersing in 

ethanol. The Particle size distributions were calculated manually using the Image J 

software (v. 1.47). 

The Nitrogen gas sorption (N2-physisorption) experiments were carried out at -196 °C 

at a Quantachrome Quadrasorb apparatus. Before starting the analysis samples were 

degassed at 150 °C for 20 h. Results were analyzed with the QuadraWin software 

(version 5.05). Pore size distributions (PSDs), specific surface areas (SSAs), total pore 

volumes (TPVs) up to 50 nm, and micropore volumes (MPVs) were calculated from 

isotherm analysis with the quenched solid density functional theory (QSDFT) method 

for nitrogen adsorbed on carbon with slit/cylindrical/spherical pores at -196 °C 

(adsorption branch kernel).  

Water vapor physisorption (H2O-physisorption) isotherms were measured with a 

Quantachrome Autosorb IQ instrument at 25 °C.  

The Elemental analysis (E.A) was carried out by combustion analysis in a Vario Micro 

device. 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo 

Scientific K-Alpha+ X-ray Photoelectron Spectrometer. All samples were analyzed 
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using a microfocused, monochromated Al Kα 
X-ray source (1486.68 eV; 400 μm spot 

size). The K-Alpha+ charge compensation system was employed during analysis to 

prevent any localized charge buildup. The samples were mounted on conductive carbon 

tape and each sample was measured at 10 different spots. The spectra of the 10 spots 

were averaged and the resulting spectra analyzed using the Avantage software from 

Thermo Scientific. 

Thermogravimetric analyses (TGA) were performed using a thermo microbalance TG 

209 F1 Libra from Netzsch. A platinum crucible was used for the measurement of 10 ± 

1 mg of samples in a nitrogen flow of 20 ml min-1 and a purge flow of 20 ml min-1. The 

samples were heated with to 800 °C with 2.5 K min-1.  

X-ray diffraction (XRD) experiments were carried out with a Bruker D8 diffractometer 

and with a CuKα source (λ = 0.154 nm) and a scintillation counter. The reference 

patterns were found in the ICDD PDF-4+ database (2014 edition). 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was conducted 

using a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. Prior to 

the measurements the carbon supports were burned off at 800 °C under air atmosphere 

in a muffle furnace and the residual material was dissolved in aqua regia prior to the 

measurements. 

The Raman spectra was obtained using a Renishaw inVia Raman Microscope operating 

with an objective (Nikon, 10x/0.25, ∞/− WD 6.1) and an excitation wavelength of 532 

nm with a power of 4.0 mW. From the obtained Raman spectra the D and G bands were 

fitted with a Lorentz function.  

Dynamic light scattering (DLS) utilized using an ALV-7004 Multiple Tau Digital 

Correlator in combination with a CGS-3 Compact Goniometer and a HeNe laser 

(Polytec, 34 mW, λ = 633 nm at θ = 90° setup for DLS). Temperature applied isset to 

25 °C. Toluene was used as immersion liquid. The hydrodynamic radii (Rapp) is 

determined by fitting autocorrelation functions using REPES algorithms. 
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iii. Characterization of iron carbon functionalized 
catalysts for synthetic gas conversion to 
hydrocarbons 

High resolution transmission electron microscopy (HR-TEM) images were obtained on 

a double-corrected Jeol ARM200F microscope equipped with a cold field emission gun 

utilizing a Gatan GIF Quantum. The acceleration voltage was set to 200kV. The particle 

size distribution (PSD) was calculated manually using Image J software. 

A Zeiss Gemini Leo 1550 with oxford energy dispersive X-ray (EDX) detector of 80 

mm² with 15 kV was used for scanning electron microscopy (SEM) investigations and 

determination of elemental compositions, respectively.  

Nitrogen physisorption (N2-physisorption) experiments were carried out at -196 °C on a 

Quantachrome Quadrasorb apparatus. Before starting the analysis samples were 

degassed at 150 °C for 20 h. Results were analyzed with the Quadra Win software 

(version 5.05). Pore size distributions (PSDs), specific surface areas (SSAs), total pore 

volumes (TPVs) up to 50 nm, and micropore volumes (MPVs) were calculated from 

isotherm analysis with the quenched solid density functional theory (QSDFT) method 

for nitrogen adsorbed on carbon with slit/cylindrical pores at -196 °C (adsorption 

branch kernel).  

The Elemental analysis (E.A.) was carried out by combustion analysis in a Vario Micro 

device. 

X- ray Photoelectron Spectroscopy (XPS) was performed by using a Thermo Scientific 

K-Alpha spectrometer equipped with a monochromatic small-spot X-ray source and a 

180°double focusing hemispherical analyzer with a 128-channel delay line detector. 

An aluminum anode (AlKα =1486.6 eV) operated at 72 W and a spot size of 400 μm is 

used to obtain the spectra. The measurement of the survey scans was at constant pass 

energy of 200 eV, and the measurement of high-resolution scans of the separate regions 

was done at 50 eV. The background pressure of the ultra-high vacuum (UHV) chamber 

was 2×10−8 mbar. No special precautions were considered to keep the sample under 

an inert atmosphere during catalyst transfer and handling. Sample charging was 

compensated for by the use of an electron flood gun, and binding energy calibration was 

done by setting the peak of graphitic sp2 carbon to B.E.=284.0 eV. 



Page 88                                                                     Appendix ||    B 

 
 

Thermogravimetric analyses (TGA) were performed using a thermo microbalance TG 

209 F1 Libra from Netzsch. The catalysts were measured using a platinum crucible of 

10 ± 1 mg under synthetic air flow of 10 mL/min up to 1000 °C with a heating rate of 

5 K/min.   

X-ray diffraction (XRD) experiments were carried out with a Bruker D8 diffractometer 

and with a CuKα source (λ = 0.154 nm) and a Scintillation counter. The reference 

patterns were found in the ICDD PDF-4+ database (2014 edition). 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed 

by using a SPECTRO ARCOS ICP-OES instrument after aqua regia extraction of the 

samples. 

Raman spectra was obtained using a Renishaw inVia Raman Microscope operating 

with an objective (Nikon, 10x/0.25, ∞/− WD 6.1) and an excitation wavelength of 532 

nm with a power of 4.0 mW. From the obtained Raman spectra the D and G bands were 

fitted with a Lorentz function. 
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e. Supporting information for chapter 4: research and 

outcomes 

[S.I]    Functionalized carbons as supports in liquid phase reaction: Nickel 
Nanoparticles Catalyst for Kraft Lignin Hydrogenolysis in Batch and 
Flow Reactions 
 

 

Figure S. 1: SEM-EDX images of NDC support unwashed (A) and washed (B) from the iron impurities 

and TGA for washed NDC (C)  

Table S. 1: Elemental content in wt. % of Fe detected by SEM-EDX 

Spectrum Fe in unwashed NDC (wt. %)  Fe in washed NDC (wt. %) 

1 15  0.8 

2 51  0.6 

3 12  0.9 

4 10  0.6 

 

 

Figure S. 2: SEM images for 10 wt. % (A), 19 wt. % (B), and 32 wt. % (C) of pristine Ni-NDC catalyst 
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Figure S. 3: XRD analysis for 10 wt. %, 19 wt. %, and 32 wt. % of pristine Ni-NDC catalyst 

Table S.  2: The ICDD # as given by Match software for detected compounds 

Element ICDD # 

NiO 96-432-9324 

Fe2O3 96-101-1241 

Ni 00-004-0850 

 

Figure S. 4: TEM images of carbon glucose support before (A) and after Ni deposition (D), carbon 

glucoseamine support before (B) and after Ni deposition (E), and carbon reference support before (C) 

and after Ni deposition (F) 

 

Figure S. 5: SEM-EDX (A) and SEM image (B) of pristine Ni-NDC  
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Figure S. 6: Average particle size distribution of pristine Ni-C catalysts 

 

Figure S. 7: Sum of deconvoluted Raman results of the carbon supports before (A) and after (B) Ni 

deposition 

Table S.  3: Raman data summary of carbon supports and Ni-C catalysts 

Ni-NDC Ni-C Ni-C 
ref

 NDC C C 
ref

 

D-Band (cm
-1

) 1348 1348 1352 1351 1344 1351 

G-Band (cm
-1

) 1593 1570 1586 1589 1591 1591 

I
D
:I

G
 1.02 1.10 0.99 0.99 1.07 1.04 

FWHM D-band 151 162 139 178 183 123 
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Figure S. 8: Deconvolution results of Raman spectra for carbon supports (B and C) and for Ni-C 

composites (A and D) 

 

Figure S. 9: Representation of the batch system used for kraft lignin hydrogenolysis 
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Table S. 4: Parts of the batch system used for hydrogenolysis of kraft lignin 

# Parts 

1 Pressure gauge 

2 Metal stirrer 

3 Cooling system 

4 Autoclave 

5 Heating  mantel 

6 Temperature system 

The batch reactor is purchased from Parr instrument company series 4523 Bench top 

reactors, 1 L autoclave size, maximum pressure of 130 bar, and temperature up to 

350 °C. To start a reaction, the autoclave is filled with the 2.5 g kraft lignin in 500 mL 

ethanol solution and 1 g catalyst. Then it is tightly closed and purged then filled with 8 

bar hydrogen gas and heated with the heating mantel. The temperature system controls 

the degree of temperature and stirring speed where 150 ° C was the temperature applied 

and 500 rpm was the stirring speed. As the system heats up the pressure inside the 

reactor builds up and this is recorded by the pressure gauge which would normally 

reach ~ 22 bar. Finally, to maintain the stability of the reaction’s temperature, the 

autoclave is connected to a cooling system. After 24 h the reaction is put off manually, 

left to cool, then the content of the autoclave is filtered and the liquid part is further 

treated with rotary vaporization system to obtain a concentrated product to analyze with 

GC-FID and GCxGC-MS. The solid phase collected from filtration is washed with 

excess of the solvent then dried and analyzed.          

 

Figure S. 10: Representation of the flow system used for hydrogenolysis of kraft lignin 

Table S. 5: Parts of the flow system used for hydrogenolysis of kraft lignin 
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# Parts

1 Hydrogen cells 

2 Educt vessel 

3 HPLC pump 

4 Fixed bed cartridge 

5 Product vessel 

6 Heating system 

Specifications of the flow reactor: A commercial continuous fixed-bed set-up H-CUBE 

ProTM. It can withstand a temperature up to 150 °C and a pressure up to 100 bar with 

flow rates ranging between 0.3 mL min-1 to 3 mL min-1. The cartridge containing the 

catalyst is of 70 mm height and a diameter of 4 mm with one end sealed with 8 µm filter. 

The flow reactor is composed of an educt vessel, in which 2.5 g of lignin dissolved in 

500 mL ethanol was added, and then with an HPLC pump the solution is impelled with 

0.3 mL min-1 flow towards the 350 mg catalyst fixed bed cartridge. The catalyst 

chamber is heated to 150 °C through an inner heating system equipped in the device 

which is set via the screen. Also, the hydrogen pressure was set to ~ 25 bars and was 

provided by the hydrogen cells in the system. Afterwards, the product is collected in 

another vessel and later on being rotary vaporized and analyzed. Before the reaction, the 

catalyst would be purged with the solvent until the set conditions of the reaction are 

reached and the temperature and pressure are stabilized. As well as after the reaction the 

catalyst would be purged till system is cooled down. 
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Table S.  6: Compounds detected by GCxGC-MS in degraded kraft lignin samples 

No. Retention time Molar mass Compound 

1.  13.085 106 

 

 

 

 

2.  18.197 112 

 

 

 

 

3.  18.209 99 

 

 

 

 

4.  18.646 110 

 

 

 

 

5.  19.393 126 

 

 

 

 

6.  19.543 124 

 

 

 

 

7.  19.995 112 

 

 

 

 

8.  20.112 120 

 

 

 

 

 

 

9.  20.444 124 

 

 

 

 

 

10.  20.446 124  
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11.  20.891 140 

 

 

 

 

12.  21.190 138 

 

 

 

 

13.  21.345 126 

 

 

 

 

 

14.  22.097 138 

 

 

 

 

 

15.  22.392 140 

 

 

 

 

16.  22.541 138 

 

 

 

 

17.  22.993 122 

 

 

 

 

 

18.  22.996 122 

 

 

 

 

 

19.  23.593 154 
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20.  23.745 138 

 

 

 

 

 

 

21.  24.296 134 

 

 

 

 

22.  24.496 120 

 

 

 

 

23.  25.091 168 

 

 

 

 

24.  25.694 136 

 

 

 

 

 

 

25.  26.295 152 

 

 

 

 

 

26.  27.049 168 

 

 

 

 

27.  27.197 150 

 

 

 

 

 

28.  27.345 166 
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29.  27.953 154 

 

 

 

 

30.  28.545 164 

 

 

 

 

31.  28.692 164 

 

 

 

 

 

32.  28.697 152 
 

 

33.  28.844 166 

 

 

 

 

 

 

 

 

34.  29.158 152 

 

 

 

 

 

 

 

35.  30.797 164 

 

 

 

 

 

 

 

 

 

36.  31.397 196 
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37.  31.555 166 

 

 

 

 

38.  32.591 
206 

 

 

 

 

 

39.  32.599 182 

 

 

 

 

40.  32.605 180 

 

 

 

 

 

 

 

41.  32.740 220 

 

 

 

 

42.  33.051 182 

 

 

 

 

 

 

43.  33.498 180 
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45.  33.954 182 

 

 

 

 

 

 

46.  34.408 186 

 

 

 

 

 

 

47.  35.153 210 
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49.  35.455 182 
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52.  37.257 196  

53.  39.506 198 

 

 

 

 

 

 

 

 

52. 39.660 212 
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Table S.  7: Content of Ni in pristine and spent catalysts, and in the degraded lignin product 

 Sample Ni 

(ppm) ICP 

Degraded lignin-product of a 

reaction with: 

Ni-C ref Batch 798 

Ni-C Batch 625 

Ni-C Flow 12 

Ni-NDC Batch 865 

Ni-NDC Flow 8.3 

Catalyst 

Fresh Catalyst 327750 

Ni-NDC Flow 273393 

Ni-NDC Batch 110263 

 

 
Figure S. 11: XRD measurement for pristine catalyst, after flow reaction, and after batch reaction for Ni-

NDC (A), Ni-C (B), and Ni-C ref (C) 

Table S.  8: Elemental analysis of Ni-NDC before and after degradation reaction 

Sample 

Ni-NDC 

N/C 

(Wt. %)E.A.

N:C

NDC 3/80 0.04

After flow 2/51 0.04

After batch  1/50 0.02

Fresh 

 Ni-NDC 
2/50 0.04
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Figure S. 12: 13C vs. 1H 2D-NMR of kraft lignin pristine (E) and the flow and batch degradation of lignin 
of Ni-NDC (A and B), Ni-C (C and D) respectively, and the batch reaction of Ni-C ref (F) 

Table S.  9: Detected functional groups by 2D-NMR (13C vs. 1H) 

# 1 2 3 4 5 

Functional groups Aliphatics Methoxy γ-CH2 Aromatics β-aryl ether (β-O-4) 
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Table S.  10: Summary of characteristics of Ni-C composites after flow and batch reactions 

 SSA 

(m
2
/g) 

TPV 

(mL/g) 

N/C 

(wt.%) E.A. 

Ni particle 

size 

(nm)TEM 

Kraft lignin  

mass balance (%) 

Ni -NDC 

flow 

(50hrs) 

225 0.42 2/51 20 99 

NDC-Ni 

batch 
13 0.05 1/54 24 57 

Ni-Cref 

flow 

The porosity of this catalyst caused a high pressure and blockage 

when a flow of lignin solution was treated for degradation via 

catalytic hydrogenation system; therefore no flow reaction took 

place 

Ni-Cref 

batch 
27 0.06 0.3/59 15 73 

Ni-C 

flow 

(25hrs) 

236 0.46 0.6/57 38 99 

Ni-C 

batch 
62 0.17 1/56 50 54 

Table S.  11: Size exclusion chromatography/ Gel permeation chromatography data (SEC/GPC) for 

pristine and degraded kraft lignin via the different Ni-C composites  

 DETECTOR 

UV-1000-270nm Shodex RI-71 

Mn (g mol-1) Mw (g mol-1) Mz (g mol-1) Mn (g mol-1) Mw (g mol-1) Mz (g mol-1) 

Kraft lignin 716 3307 10123 1023 3684 11275 

Ni-NDC Flow 672 1299 2018 830 1423 2307 

Ni-NDC Batch 773 1537 2555 927 1703 2857 

Ni-C Flow 623 1149 1846 783 1265 1997 

Ni-C Batch 776 1082 1578 883 1568 2657 

Ni-Cref. Batch 596 1918 3756 1118 2290 4176 
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Figure S. 13: X-ray photoemission spectroscopy for Ni-NDC and NDC (A), detection of Ni 2p3/2 for Ni-C 

composites (B), N 1s in Ni-NDC (C) and NDC (D) 

Table S.  12: Summary of the XPS data for NDC support and the Ni-C composites 

Sample 
XPS / at.%

N/C/O/Ni 

NDC 3/89/5/- 

Ni-NDC 3/86/8/2 

Ni-C -/88/7/2 

Ni-C ref. -/88/8/3 

 
Figure S. 14: Stability test for Ni-NDC in flow system up to 100 h 
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[S.II]    Functionalized carbons as Supports in Aqueous Phase 
Reaction: Gold Nanoparticles Catalyst for Selective Glucose 
Oxidation  

a. Comparison of Au–CGlucoseamine to different systems under 

different preparation and reaction conditions  

The decision of using 1 wt.% of Au metal deposited on salt-melt carbons via pre-

reduced nanoparticles is made after comparing Au metal to commercial noble metal Pd; 

known to be active for oxidation of glucose. Also after comparing salt-melt carbon to a 

e commercial SiO2 support. In addition, a comparison to the deposition method has been 

tested between a pre-reduced method and IWI method, and looking into the different 

weight percentage of the deposited metal (1 wt. % vs. 5 wt. %).  

First, Pd (using Palladium chloride (PdCl2) as precursor) and Au were deposited in a 5 

wt. % on CGlucoseamine via IWI method (according to the pore volume of the carbon 

support the aqueous solvent D.W. was added to the precursor to dissolve it prior to 

deposition, in case of Pd precursor ethanol was used as the solvent because PdCl2 is 

insoluble in D.W). The calcination of the catalysts of course proceeded where Pd-

CGlucoseamine was heated up to 450 °C for 3 h at a 3 °C/min rate with 5% Hydrogen/ 

Argon flow. In the case of Au-CGlucoseamine the calcination was at 200 °C for 2 h at a 

3 °C/min rate with 5% Hydrogen/ Argon flow. After the preparation of the catalysts, 

they have been tested via the titration system described in (Figure S. 15). The results 

showed Au-CGlucoseamine catalyst to have clearly higher activity than Pd-CGlucoseamine 

towards glucose conversion (Metal time yield of 7.6 x 10-4 mole Glucose/ mole Au/ s) which 

is in consistence to literature.  

 
Figure S. 15: Titration results of 0.1 M D-glucose oxidation for 5 wt. % Pd-CGlucoseamine 

and Au-CGlucoseamine 

As a result the Au was considered for this study. Later, different deposition methods 

were made to check for better Au nano particle size and distribution considering its 
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economic value as well. Therefore, IWI and pre-reduced Au nanoparticle methods were 

applied for the preparation of Au-CGlucoseamine. At the same time, the synthesis was made 

in different mass percentage of 1 wt. % and 5 wt. %. The TEM images and the particle 

size distribution (Figure S. 16) provide that both methods has well distributed Au NPs  

in an average nanoparticle sizes ~ 6 nm out of 100 particle diameter count. However, 

the pre-reduced Au nanoparticle method provides an immediate reduction of Au 

nanoparticles with more controlled size by the stabilizer used, aside from the fact that a 

large batch can be produced and used for several preparations of catalysts at once which 

by that reduces the time of work. For these advantages, the pre-reduced Au nanoparticle 

method was considered. In addition, the less mass percent 1 wt. % has a good 

distribution of Au nanoparticles (Au NPs) on the carbon surface as that of the 5 wt. %. 

Moreover, after a titration test for the 0.1M D-glucose conversion to D-gluconic acid, 

the MTY of the 1 wt. % is higher than that of 5 wt. % when considering a range of 

glucose conversion between 0.002 mol and 0.004 mol (MTY of 1 wt. % Au: 0.8 mole 

Glucose/ mole Au/ s and MTY of 5 wt. % Au: 7.6 x 10-4 mole Glucose/ mole Au/ s) (Figure S. 

17). Therefore, for the mentioned reasons besides the fact that 1 wt. % is more 

economic, the 1 wt. % Au NP-C was considered for the catalysts preparation.      

 

Figure S. 16: TEM imaging of IWI synthesized Au – C Glucoseamine 5 wt.% (A) and pre-reduced 

synthesized AuNP – C Glucoseamine 1 wt.% (B). 
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Figure S. 17: Glucose conversion via IWI (5 wt. %) and pre-reduced (1 wt. %) Au -
C Glucoseamine 

Furthermore, the 1 wt. % Au NP-CGlucoseamine as a support was compared to 

commercial silica support (SiO2) as shown in (Figure S. 18). The investigation of 

such a comparison was concluded via testing the different supported catalysts 

performance in converting 0.1 M D-glucose to D-gluconic acid. Knowing that all 

catalysts were synthesized using the same method of preparation (pre-reduced 1 wt. % 

Au NPs) the titration result revealed the activity of CGlucoseamine to be higher than 

SiO2 support. This slight inspection is further investigated in a master study 

collaborating to similar research project. The study utilizes several commercial 

supports (TiO2, SiO2, Al2O3, and others) and compares them to carbon by depositing 

1 wt. % Au NP and tests them for D-glucose conversion to D-gluconic acid. Their 

conclusion was that carbons have higher surface area that allows better deposition of 

Au NPs and thus better activity. Hence, the carbon was considered as the support for 

the heteroatom effect inspection. 

 

Figure S. 18: comparison between carbon support and SiO2 support for synthesis of 

Au NP catalysts and their activity in glucose conversion 
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b. Extra supporting data   

 

Figure S. 19: DLS measurement of pre-reduced Au NPs in solution (A) and TEM image 
and particle size distribution of Au NP after air-drying from pre-reduced solution (B) 

both before deposition on a support   

 
Figure S.20: Thermogravimetric analysis (TGA) of Au-C catalysts under nitrogen flow at a heating rate 

of 10 K. min-1 
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Figure S.21: TEM images of as-made CGlucose (A), CGlucose-H (B), CGlucose-O (C), and CGlucoseamine (D) 

 

Figure S. 22: extra TEM images of pristine catalysts Au–Cglucose–H (A,) Au–Cglucose (B), Au–Cglucose–O 
(C) and, Au–Cglucoseamine (D) 
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Figure S. 23: X-ray photoelectron spectroscopy survey scans of the surfaces of Au-CGlucose (A), Au-

CGlucose-H (B), Au- CGlucoseamine (C), and Au- CGlucose-O (D) 

 

Figure S. 24: X-ray photoelectron spectroscopy (Au4f) line scans of the surfaces of Au-CGlucose (A), Au-

CGlucose-H (B), Au-CGlucoseamine (C), and Au-CGlucose-O (D) 
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Figure S. 25: Raman spectroscopy of D- and G- bands of te carbon structure of Au-CGlucoseamine (A), Au-

CGlucose-O (B), Au-CGlucose (C), and Au-CGlucose-H (D) 

Table S.  13: Summary of the D- and G- bands intensities and the full width at half 
maxima for Au-C catalysts 

Sample ID/IG FWHM
D-Band

 

Au-C
Glucose

  1.03 186 
Au-C

Glucose
-H 1.13 150 

Au-C
Glucose

-O 1.06 168 

Au-C
Glucoseamine

 1.04 167 

 

 

Figure S. 26: Automatic titration system and glucose oxidation setup 
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Table S.  14:  Automatic titration system and oxidation setup parts  

 

 

 

 

 

 

 

 

 

 

 

 

 

The automatic titration system equipped with the oxidation setup as in (Figure S. 26) 

was used for the conversion of glucose to gluconic acid. The titration system parameters 

were set to pH = 9, heating temperature of 45 °C, and stirring speed of 800 rpm. The 

device is equipped with a 1 M standard aqueous sodium hydroxide (NaOH) used in the 

titration to equilibrate the mixture during the reaction of forming gluconic acid. Then an 

oxygen flow line is also connected to provide the oxidizing agent to the reaction. An 

oxygen flow trap is set to observe the flow speed of the oxygen. Two syringes are used: 

one to provide the oxygen flow and the other to provide the aqueous NaOH to 

equilibrate the reaction. Of course, a cooling system and a thermometer are added to the 

reaction setup. Then, the pH meter which measures the pH of the reaction during 

gluconic acid formation and addition of the base volume.  In the three bottle neck flask, 

50 mL of 0.1 M Glucose in distilled water solution is added and heated. When the 

parameters set are reached, 50 mg of 1 wt. % Au – C catalyst is added and the change in 

the pH is moderated automatically with a certain volume of the standard base solution. 

The pH and the volume can be recorded up to 5 h. The flask is immersed in an oil bath 

for better heating and temperature is controlled via the thermometer.                   

# Parts

1 Automatic titration system

2 NaOH

3 Cooling system

4 pH meter

5 Thermometer

6 Reaction flask

7 Titration syringe

8 Oxygen flow

9 Heating and stirring control

10 Oxygen flow trap
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Figure S. 27: HPLC results of the reaction solutions of  Au-CGlucose, Au-CGlucose-H, and Au-CGlucoseamine (A). 

HPLC results of Au-CGlucose-O vs. reaction without catalyst (B). HPLC results of standards in aqueous 

solution: 0.1 M gluconic acid solution and 0.1 M glucose solution (C) 

 

Figure S. 28: Stability test of Au-CGlucose (A), Au-CGlucosamine (B), Au-CGlucose-H (C) for glucose 

conversion in a first (black curve) and a second (red curve) catalytic cycle 
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[S.III]     Functionalized Carbons as Supports in Gas Phase Reaction: 
Iron Nanoparticle Catalysts for Selective Lower Olefins Production 
from Syngas via Fischer Tropsch Synthesis 

 

 

Figure S. 29: N2- physisorption for specific surface area (SSA) and total pore volume (TPV) in the 

supports (A, B), pristine unpromoted catalysts (C, D) and pristine promoted catalysts (E, F). 
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Table S. 15: XRD of detected 2θ peak and, the planes peaks for CNTs-X supports and 

Fe-CNTs-X catalysts 

2Ѳ 
(MWCNT)

h, k, l 
(MWCNT) 

2Ѳ 
(Fe)

h, k, l 
(Fe) 

25.8 002 24 012 

43 101 30.3 104 

53.6 100 35.6 110 

  51.1 024 

  57.2 122 

  59.5 018 

  63 214 

 

Figure S. 30: SEM-EDX mapping of FeP-CNT-NH3 

 

Figure S. 31: SEM-EDX mapping of FeP-CNT-H 



Page 118                                                                     Appendix ||    B 

 
 

 

Figure S. 32: SEM-EDX mapping of FeP-CNT-CN 

 

Figure S. 33: SEM-EDX mapping of FeP-CNT-O 

Table S.  16: SEM-EDX mapping quantification of the elements of pristine promoted 

catalysts 

Pristine catalyst SEM-EDX mapping 
C/O/Na/S/Fe 

(wt. %)
 

Fe
P
-CNT-CN 85.5 / 9.5 / 0.14/ 0.3 / 4.1 

Fe
P
-CNT-H 86.7/ 9.6/ 0.23/ 0.2/ 2.6 

Fe
P
-CNT-NH

3
 86.4/ 9.3/ 0.13/ 0.15 /3.7 

Fe
P
-CNT-O 78.2/ 12.8/ 0.2/ 0.2/ 6.1 
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Figure S. 34: TEM imaging of Fe-CNT-NH3(A), Fe-CNT-CN(B), Fe-CNT-O (C), and Fe-CNT-H (D) 

   

Figure S. 35: TEM images of FeP-CNT-NH3 (A), FeP-CNT-O (B), FeP-CNT-CN (C), and FeP-CNT-H (D)  
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Figure S. 36: Thermogravimetric analysis for unpromoted catalysts (A) and promoted catalysts (B) 

 

Figure S. 37: Deconvolution of Raman spectra for CNT-CN (A), CNT-NH3 (B), CNT-H (C), CNT-O (D). 
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Figure S. 38: Deconvolution of Raman spectra for Fe-CNT-CN (A), Fe-CNT-NH3 (B), Fe-CNT-O (C), Fe-

CNT-H (D). 

 

Figure S. 39: Deconvolution of Raman spectra for FeP-CNT-CN (A), FeP-CNT-NH3 (B), FeP-CNT-O (C), 

FeP-CNT-H (D). 

Table S.  17: Intensity of D- and G- bands of Raman spectra for the supports and the 

catalysts, and the full width at half maxima (FWHM) of the D-band 

Supports / 
Catalysts ID/IG FWHM D band CNT-CN 1.2 72CNT-NH3 1.1 72CNT-H 1.1 76CNT-O 1.1 66Fe-CNT-CN 1.2 76Fe-CNT-NH3 1.3 70Fe-CNT-H 1.1 75Fe-CNT-O 1.1 73FeP-CNT-CN 1.1 68FeP-CNT-NH3 1.1 69FeP-CNT-H 1.1 68FeP-CNT-O 1.2 49
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DC
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Figure S. 40: XP spectra of supports (A) and its C, O, and N components (1, 2, 3), of Fe-CNT-CN (B) and 

its C, O, N and Fe (4, 5, 6, 7), of FeP-CNT-CN (C) and its C, O, N and Fe (8, 9, 10, 11) 
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Table S.  18: Summary of the catalytic properties of promoted and unpromoted 
catalysts during an FTO process at 340°C, 10 bar, and H2/CO = 2 

Catalyst 
Max. CO 

conversion (%)/ TOS 
(h)  

Max. activity in 
FTY 

(10-5 mol CO/gFe.s) 
/ TOS (h) 

Hydrocarbon product selectivity (%C) 
(Measured according to the max. CO conversion)   

CH4 
C2-C4 

Olefins 
C2-C4 

Paraffins 
C

5+
 CO2 

Fe-CNT-O 49/182 
47/182 

 
34 30 23 13 37 

Fe-CNT-H 36/182 35/182 37 32 18 13 37 

Fe-CNT-NH
3
 57/182 51/182 34 32 18 17 42 

Fe-CNT-CN 77/37 85/37 32 22 27 18 40 

Fe
p

-CNT-O 73/66 69/ 66 22 30 24 24 41 

Fe
p

-CNT-H 
 

92/24 84/ 24 16 34 20 30 42 

Fe
p

-CNT-NH
3
 92/27 86/ 27 11 40 13 37 41 

Fe
p

-CNT-CN 92/10 94/10 8 47 6 39 41 
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