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Chemistry without catalysis,  

would be a sword without a handle,  

a light without brilliance, 

 a bell without sound. 

 

Alwin Mittasch 

 

 

¿Qué es la vida? Un frenesí.  

¿Qué es la vida? Una ilusión,  

una sombra, una ficción,  

y el mayor bien es pequeño;  

que toda la vida es sueño,  

y los sueños, sueños son. 

 

La vida es sueño. Pedro Calderón de la Barca. 
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Abstract 

Bifunctional catalysts consisting of palladium or platinum and supported on amorphous silica-

alumina were prepared and tested in the hydrocracking of n-hexadecane, which is considered to be 

representative of n-paraffins in hydrocracker feeds. In addition to the evaluation of the  

physicochemical properties, a comprehensive study on catalyst activity and selectivity has been 

conducted, in the full range of conversions. 

A theoretical model was proposed to fit the experimental conversion-selectivity data. The n-

hexadecane reactivity pattern was expressed in terms of a reaction network involving lumps 

consisting of monobranched and multibranched n-hexadecane isomers, and cracking products. 

Pseudo first order kinetics and irreversible reaction steps were assumed in order to obtain the kinetic 

constants of each step. 

For the same metallic molar loading, a platinum-based catalyst proved more active than a palladium 

one. The reaction network model showed that cracking products were produced by means of a 

bifunctional mechanism on palladium catalysts, with n-hexadecane isomers as intermediates. 

However, on platinum catalysts, an additional monofunctional mechanism was observed. The noble 

metal catalyzes the hydrogenolysis of n-hexadecane without requiring any acid function. An increase 

in the platinum loading leads to an increase in the importance of this direct cracking route. 

The deactivation in the platinum-based catalysts is only due to coke formation, which deactivates the 

metal sites. The regeneration by means of a Temperature-Programmed Oxidation does not lead to a 

complete recovery of the metal function, according to the volumetric chemisorption measurements 

and the experimental selectivity  data. Further work is required to determine the real causes.  
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1. INTRODUCTION. 
This master thesis project is focused on the development and testing of suitable catalysts for the 

hydrocracking of Fischer-Tropsch waxes.  

In the 1970s, the demand for transportation fuels shifted to a wider range of products, especially 

middle distillates. In recent years, the production of hydrocarbons cuts from various sources via the 

Fischer-Tropsch process has lived a renewed interest. Paraffinic cuts produced via the Fischer-

Tropsch reaction can be upgraded either to liquid fuels or to lubricant base oil of high quality. The 

first kind of upgrading, which will be studied in this project, involves the catalytic hydrocracking of 

the heaviest part of the Fischer-Tropsch hydrocarbons. Hydrocracking is usually carried out on 

bifunctional catalysts, which contain a hydrogenation/dehydrogenation function and an 

isomerization/cracking function. 

In particular, diesel fuels produced with this process exhibit good properties compared to diesel fuels 

derived from crude oil, because they are virtually free of sulfur, nitrogen and aromatics and are 

characterized by a very high cetane number, which results in good combustion properties. Of the 

various alternative fuels possible for use in automotive engines (including biodiesel, dimethylether, 

LPG, methanol and CNG), synthetic diesel from Fischer-Tropsch based GTL (Gas-To-Liquid) processing 

is the most promising in terms of production potential, quality and engine compatibility. Synthetic 

fuels can also be obtained from CTL (Coal-To-Liquid) and BTL (Biomass-To-Liquid) technologies [1]. 
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2. BACKGROUND. 

2.1 Fischer-Tropsch process. 

The Fischer-Tropsch process converts synthesis gas to hydrocarbons, which are then processed to 

obtain diesel fuels. The overall process is shown in Figure 1. A Fischer-Tropsch facility has three main 

sections: synthesis gas generation, Fischer-Tropsch synthesis and refining of the synthetic crude.  

 

 

 

Figure 1. Overall process for production of liquid fuels by Fischer-Tropsch synthesis (reproduced from [2]). 

 

 

Synthesis gas can be produced from any carbon source, such as natural gas, coal or biomass. 

Appropriate conditions for the Fischer-Tropsch reaction were discovered in the second decade of the 

20th century and, from that moment on, Fischer-Tropsch synthesis experienced an important 

development due to political and economic reasons [2].  

Fischer-Tropsch fuel production began in 1935 at the Ruhrchemie company [3]. Nine coal-to-liquid 

plants were built in Germany and, during World War II, the interest remained strong. But, after 1950, 

the very low oil prices make the Fischer-Tropsch synthesis unprofitable. The first oil crisis, in the 

1970s, resurrected the development of this technology and, nowadays, interest in this field continues 

growing in view of decreasing oil reserves and subsequent rising prices. In the 1990s gas-to-liquid 

plants were built to use natural gas as feedstock [3].  New plants are currently being built and added 

to the existing ones.  Existing plants for Fischer- Tropsch synthesis are shown in Table 1. The 

worldwide capacity for Fischer-Tropsch derived fuels has been estimated at almost 30 Mt/a for 2010 

[2], which represents less than 1% of global oil production [4].  
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Table 1 .Existing plants for Fischer-Tropsch synthesis (values in kt/a calculated with assumed average product density of 800 

kg/m
3
) (adapted from [2]). 

Company Site Capacity [bpd 

(kt/a)] 

Raw 

material 

Commissioning 

date 

Existing plants     

Sasol 

 

Sasolburg 2500 (120) Coal 1955 

Sasol 

 

Secunda 85000 (4000) Coal 1980 

Sasol 

 

Secunda 85000 (4000) Coal 1982 

MossGas Mossel Bay 30000 (1400) Natural gas 1992 

 

Shell Bintulu 12500 (580) Natural gas 1993 

 

Sasol/Qatar Petroleum Qatar 34000 (1600) Natural gas 2006 

Sasol Chevron 

 

Escravos 34000 (1600) Natural gas 2007 

Shell Qatar 140000 (6500)

  

Natural gas 2011/12  

 

 

In 2007, the only Fischer-Tropsch derived fuel that was commercially available in the European Union 

came from the Bintulu (Malaysia) plant, owned by Shell [3]. 

There are two main types of Fischer-Tropsch technology:  high temperature Fischer-Tropsch (HTFT) 

and low-temperature Fischer-Tropsch (LTFT). When diesel is the desired product, the Fischer-Tropsch 

synthesis is carried out at low temperature, generating n-paraffins as the main product, but also a 

small amount of olefins and oxygenates [5]. However, primary Fischer-Tropsch products are not 

appropriate to use as transportation fuels. Firstly, because a large fraction of the products has a 

boiling point higher than 370 °C. In addition, the quality of the middle distillates is very poor due to 

the high viscosity. In order to convert primary Fischer-Tropsch products into transportation fuels, an 

upgrading step is necessary, to lower the boiling point and increase the degree of isomerization, 

which leads to a decrease in viscosity and an improvement of the cold flow properties. 

With the increasing interest in Fischer-Tropsch synthesis as a route to produce high quality fuels, 

efforts are focused on maximizing middle-distillate fuels selectivity. It is not possible to obtain 

paraffins of a specified carbon-number range in high yields and the most effective way to increase 

the overall selectivity consists of producing long-chain waxes, via LTFT synthesis, which are then 

hydrocracked selectively into the desired product range [1]. Both middle distillates quality and yield 

are improved [6]. 
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2.2 The hydrocracking of Fischer-Tropsch products. 

Hydrocracking is an established process which converts heavy feeds into lighter products. It can  be 

defined as any cracking of molecules in the presence of hydrogen and the process can take place in 

the presence or absence of a catalyst [7].  

Chevron Research developed the world’s first commercially proven low temperature hydrocracking 

process in 1959. Hydrocracking units had been implemented previously, but high temperatures and 

pressures were required. The development of superior catalysts allowed more favorable operating 

conditions, with moderate temperatures (200-400 °C) and pressures (35-140 atm) [7]. 

Research has concentrated mainly on crude oil processing. These feedstocks are typically aromatic 

and rich in heteroatoms. On the contrary, Fischer-Tropsch products mostly consist of linear and 

paraffinic hydrocarbons, virtually free of sulphur, nitrogen and metals [1]. Besides, taking into 

account that the only desired products of Fischer-Tropsch waxes hydrocracking are middle-distillate 

fuels, further research in this field is needed.  

Results published indicate that middle-distillate fuel yields of about 80wt-% can be achieved, so it is 

possible to optimize the process. Secondary products are basically gasoline/naphtha (15wt-%) and 

C1-C4 gas (5wt-%) [1]. 

The hydrocracking stage should fulfill several requirements: convert the heavy paraffins into middle 

distillates, minimize cracking of the middle distillates present in the feedstock and, lastly, favor the 

production of isomerized middle distillates. Hydrocracking is usually carried out on bifunctional 

catalysts, which contain an hydrogenation/dehydrogenation function provided by one or more 

metals or one or more sulfides, and an acidic function of the Brönsted type. The hydrocracking of 

long chain alkanes brings on an increase in the middle distillates fraction, whereas isomerization 

improves the cold flow properties [6]. 

The high chemical reactivity of heavy paraffin molecules and the absence of strong catalyst 

contaminants enable the use of milder conditions, i.e. lower temperatures and pressures, compared 

to those needed to hydrocrack conventional petroleum-based feedstocks. 

 

 

2.2.1 Mechanism. 

The commonly accepted reaction mechanism for the hydroisomerization and hydrocracking of n-

paraffins on bifunctional catalysts is shown in Figure 2.  
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Figure 2. Bifunctional mechanism for hydroisomerization and hydrocracking of a normal paraffin (reproduced from [8]). 

 

After physisorption in the pores of the catalyst, the n-paraffin is dehydrogenated on the metal sites 

to the corresponding n-olefin. Unsaturated species diffuse to a Brönsted acidic site and they are 

protonated and transformed to a carbocation. Such carbocations undergo isomerization or cracking 

reactions, resulting in an isocarbocation or a lighter olefin and a lighter carbocation, respectively. 

These products diffuse back to a metal site, where they are hydrogenated and, finally, desorbed from 

the catalyst [8] [9].  

The formation of hydrocracked products generally involves two successive reaction steps: 

hydroisomerization and hydrocracking. 

Regarding the hydroisomerization step, there are two types of mechanisms. In the first one (type A), 

branchings are subjected to positional changes, but the branching degree of the carbocation remains 

unchanged. In the second one (type B), the branching degree of the carbocation increases or 

decreases through the formation of cyclic carbonium ion intermediates. Type A isomerization is 

much faster than  type B  [8]. Both mechanisms are shown in Figure 3. 

 

 

 

 

Figure 3. Mechanisms for hydroisomerization, types A (above) and B (below) (reproduced from [8]). 
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The hydrocracking occurs by breaking the carbon-carbon bond located in β position of the positively 

charged carbon atom of the carbocation. Consequently, a smaller carbocation and an olefin are 

formed. This process is known as β-scission and five types can be distinguished. Their cracking rates 

depend on the stability of the alkylcarbenium ions involved. Table 2 summarizes the characteristics 

of each type of β-scission. 

Table 2. Types of β-scission(reproduced from [8]). 

 

 

β-scission reactions starting from a secondary alkylcarbenium ion and leading to a shorter primary 

ion and an alkene are the slowest (type D). If the reaction transforms a secondary ion into another 

secondary ion, the process is faster, but it needs at least one branching in the chain (type C). Even 

faster are the scissions involving tertiary and secondary ions and these need at least two branchings 

(types B1 and B2). Finally, the fastest β-scission reactions start from a tertiary alkylcarbenium ion and 

lead to a shorter tertiary ion and an alkene (type A). Accordingly, increasing the number of 

branchings in the hydrocarbon chain results in a higher cracking rate [10].  

The type of β-scission not only affects the reaction rate, but also the branching degree of the 

resulting products. Type A produces only branched cracked products; types B1 and B2 lead to both 

branched and  linear products, whereas types C and D generate only linear products [10]. Due to the 

relative rate of the different types of β-scission a high degree of branching can be expected in 

bifunctional hydrocracking products. 

 

2.2.2 Reactivity of normal paraffins. 

The relative reactivity of n-paraffins towards cracking over a bifunctional catalyst increases with the 

chain length, as it is shown in Figure 4.  

 



Noble metal catalysts for

 

Figure 4. Hydrocracking reactivity of paraffins of different chain length over a bifunctional catalyst (reproduced 

 

The different reactivity can be exp

scission reactivity than terminal or near

proportional to the total carbon n

carbon number minus 4 for hydroisomerization 

higher reactivity of  the longer paraffins as a result of their stronger phsysisorption on the catalyst 

surface [14] [15].  

Calemma et al.  [16] reported that the overall reactivity of n

factors. Besides the two above mentioned

liquid equilibrium in the reaction environment should also be taken into account.

process conditions, the reaction mixt

from the system, whereas the heavier hydrocarbons will preferentially adsorb on the catalyst, thus 

remaining longer in the reactor and increasing the chance of being cracked. 

physisorption would play a minor role in the reactivity of n

Fischer-Tropsch waxes, whereas a more important role would be played by the vapour

equilibrium [16] [17]. 

 

 

2.3 Reactor systems for wax hydrocracking

The conversion of Fischer-Tropsch waxes into middle distillates is performed in a trickle

For instance, in the commercial Shell Middle Distillate Synthesis

conversion stage is a mild trickle

between 30 and 50 bar and at temperatures between 300 and 350
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of paraffins of different chain length over a bifunctional catalyst (reproduced 

The different reactivity can be explained taking into account that internal C-C bonds exhibit higher 

scission reactivity than terminal or near-terminal C-C bonds [12]. Sie proposed  that the reactivity is 

proportional to the total carbon number minus 6 for hydrocracking and proportional to the total 

carbon number minus 4 for hydroisomerization [13]. Nevertheless, Delayer et al. explained the 

higher reactivity of  the longer paraffins as a result of their stronger phsysisorption on the catalyst 

reported that the overall reactivity of n-paraffins could be

above mentioned, the intrinsic reactivity and the physisorption

liquid equilibrium in the reaction environment should also be taken into account.

reaction mixture is partially vaporized. The lighter hydrocarbons will escape 

from the system, whereas the heavier hydrocarbons will preferentially adsorb on the catalyst, thus 

remaining longer in the reactor and increasing the chance of being cracked. Intrinsic reacti

physisorption would play a minor role in the reactivity of n-paraffins during the hydrocracking of 

Tropsch waxes, whereas a more important role would be played by the vapour

for wax hydrocracking. 

Tropsch waxes into middle distillates is performed in a trickle

commercial Shell Middle Distillate Synthesis (SMDS) process, the heavy paraffin 

conversion stage is a mild trickle-flow hydrocracking process, operated typically at pressures 

between 30 and 50 bar and at temperatures between 300 and 350 °C [12]. 
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paraffins could be the result of three 

physisorption, the vapour-

liquid equilibrium in the reaction environment should also be taken into account. Under suitable 

ure is partially vaporized. The lighter hydrocarbons will escape 

from the system, whereas the heavier hydrocarbons will preferentially adsorb on the catalyst, thus 

Intrinsic reactivity and 

paraffins during the hydrocracking of 

Tropsch waxes, whereas a more important role would be played by the vapour-liquid 

Tropsch waxes into middle distillates is performed in a trickle-bed reactor. 

(SMDS) process, the heavy paraffin 

flow hydrocracking process, operated typically at pressures 
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Trickle-bed reactors are three-phase (gas-liquid-solid) reaction systems and they are widely used for 

industrial applications, including the hydrocracking for production of high-quality middle-distillate 

fuels. A trickle-bed reactor consists of a fixed bed of catalyst particles contacted by a concurrent 

downward gas-liquid flow carrying both reactants and products [18].  

These types of reactors have virtually a plug flow regime and they exhibit some advantages 

compared to slurried or fluidized reactors, such as a high catalyst loading per unit volume of the 

liquid. Nevertheless, the main drawbacks of trickle-bed reactors are their inapplicability if the catalyst 

undergoes a rapid deactivation and, in addition, the potential forming of hot spots due to an 

inadequate distribution of the liquid phase [18]. 

When a trickle-bed reactor is used to study catalytic reaction kinetics, the following care must be 

taken in order to assume plug flow behavior [19]: 

� The catalyst must be completely wetted by the liquid. 

� The catalyst bed length (H) should be at least 100 times the catalyst particle size (dp), 

in order to minimize back-mixing: H/dp>100. 

� The ratio between the reactor diameter (ID) and the catalyst particle size should not 

be smaller than 25, in order to minimize bypassing (e.g. wall effects): ID/dp>25. 

 

 

2.4 Catalyst formulations for wax hydrocracking. 

As explained above, hydrocracking is a bifunctional process and, accordingly, it requires a catalyst 

with both metal and acid sites [9].   

For the hydrogenation/dehydrogenation function the following metals can be used: noble metals, 

such as Pt and Pd; and non-noble transition metals from group VIA (Mo, W) and group VIIIA (Co, Ni), 

which are usually applied as sulfides (Ni-W, Ni-Mo, Co-Mo)..  

As Fischer-Tropsch waxes are virtually free of sulfur, the use of noble metals can be quite effective. 

Catalysts containing a noble metal produce better results in terms of selectivity for isomerization and 

products distribution [6] [20] [21]. However, these catalysts are much more expensive and their use 

is only justified when the benefit derived from their use offset the initial higher price.  

In addition, the catalyst stability depends on the hydrogenation/dehydrogenation function. A strong 

function will allow the hydrogenation of coke precursors, such as polynuclear aromatics, and, 

therefore, the catalyst life cycle will improve [8].  

Different acidic solids have been used in hydrocracking catalysts formulations. High middle distillates 

yields can be achieved using solids with weak or medium acid strength, like silica-aluminas, silicated 

aluminas or polyoxocation-pillared montmorillonite [8]. With the proper acid strength and the choice 

of operating conditions,  the overcracking of olefinic intermediates, leading to unwanted light gas 

products, can be minimized. 
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Weitkamp [22] introduced the concept of ideal hydrocracking to characterize the reactions of n-

alkanes with hydrogen on bifunctional catalysts whose acidic and hydrogenation functions have been 

carefully counterbalanced. The key features of ideal hydrocracking of long chain n-paraffins are: 

� High selectivities for isomerization. 

� Pure primary cracking. 

� Low reaction temperature. An adequate temperature is essential to correctly position the 

vapour-liquid equilibrium.  

 

If the production of heavy paraffins in a Fischer-Tropsch unit is combined with an ideal hydrocracking 

of these paraffins, following the above requirements, middle distillates yields around 80% can be 

obtained. This operation in two stages is applied in the Shell SMDS process [12]. 

To achieve ideal hydrocracking, the reaction rate should not be limited by olefins transport, so the 

two catalytic functions must be at short mutual distance. In addition, the product selectivities 

depend on the balance between the number and the activity of the metal and the acid sites. The 

hydrogenation/dehydrogenation function should be strong enough to balance the acidic function in 

order to feed the acid sites with a maximal amount of intermediate alkenes and quickly hydrogenate 

the cracked alkene intermediates. Compared to acid catalysts used in catalytic cracking, the presence 

of a metal phase increases the isomer yield and this enhancement will be higher as the difference 

between the hydrogenation/dehydrogenation activity and the acid strength augment. From a certain 

level of hydrogenation/dehydrogenation activity on, the isomer yield does not increase further [9].  

In an ideal hydrocracking catalyst, the rate determining step of the reaction takes place on the 

Brönsted acid sites. The secondary cracking or the cracking near the end of the chain can adversely 

affect the selectivity to middle distillates. The possibility of secondary cracking will increase when 

increasing the residence time of the olefinic intermediates in the proximity of the acid sites. 

Consequently, a too strong adsorption of the intermediates should be minimized. Reducing the acid 

site density and maintaining a constant hydrogenating power are other ways to avoid secondary 

cracking [8].  

Nevertheless, the occurrence of ideal hydrocracking is not only related to the catalyst formulation, 

but also depends on the operating conditions. There are four main factors that can cause a non-ideal 

hydrocracking: a decrease in the total pressure, an increase in the temperature, an increase in the 

molar hydrogen-to-hydrocarbon inlet ratio and, finally, an increase in the reactant carbon number 

[9].   

When Fischer-Tropsch waxes are processed on a bifunctional hydrocracking catalyst, process 

conditions can be tuned in order to achieve significant hydrocracking of the heavy part of the feed 

and to minimize the cracking of the lighter part of the feed, especially the middle distillates. By 

changing the hydrogenation activity of the catalyst relative to its acidity, the product distribution can 

be modified. For example, catalysts with a strong hydrogenation activity will lead to products with 

low iso-to-normal ratios. [7]. Figure 5 compares the product distribution for the hydrocracking of n-

hexadecane on two different catalysts. Platinum on silica-alumina shows a strong hydrogenation 

function, whereas nickel sulfide on the same support has a weaker hydrogenation activity, but strong 

acidity. 
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Figure 5. Product distribution for the hydrocracking of n-hexadecane on two different catalysts (reproduced from [7]). 

 

By using a catalyst with strong hydrogenation activity, the production distribution is spread evenly 

over a wide molecular weight range. However, a strong acidity results in the predominance of 

paraffins with carbon numbers of four, five and six, indicating secondary cracking. 

Busto et al. [23] have made a review of  the results related to the hydrocracking of long paraffins 

over different catalysts. Their compilation is shown in Table 3: 

 

Table 3. Catalysts used for the hydrocracking of long paraffins. Reaction conditions and results. 
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2.4.1 Catalyst preparation. 

Preparation of supported catalysts [24] includes the following steps: 

� Preparation of the support. 

� Formulation of the support particle or monolith.  

� Deposition of the active component. 

� Catalyst calcination. 

� Catalyst activation. 

Since for the experiments performed in this master thesis the support is provided by an external 

company, only the last three points will be explained.  

 

2.4.1.1 Deposition of the active component. 

There are three main methods of dispersing a catalytic species on a carrier: impregnation, adsorption 

or precipitation. The impregnation of a predried support to incipient wetness with a solution 

containing a salt (precursor) of the catalytic element is the simplest and most common procedure. 

The salt is dissolved in a volume of solvent equal to the catalyst pore volume. The solution is added 

slowly, even dropwise, to the support and the liquid penetrates into the pores until they are 

saturated. Finally, crystallites of the precursor are deposited in the pores when the material is dried. 

Although impregnation is a simple procedure which allows high metal loadings, it can lead to 

catalysts where the active component is not uniformly deposited along the pores. 

 

2.4.1.2 Catalyst calcination. 

Calcination is a high-temperature treatment in air, aimed at eliminating catalysts precursors formed 

in the preparation stage, such as hydroxides, nitrates or carbonates. This process may have some 

problems, which should be avoided. For example, a rapid heat-up during calcination has to be 

prevented, because water trapped in the pores could lead to a large increase in pressure and break 

particulate carriers. In addition, high temperatures due to exothermic decomposition reactions of 

salts could intensify sintering processes. 

 

2.4.1.3 Catalyst activation. 

The method used to activate the catalyst depends on which is the active phase. Metal catalysts are 

activated by means of a reduction treatment. Its purpose is to convert metal oxides to the 

corresponding metal, by using hydrogen, carbon monoxide, synthesis gas or other reducing agents. 

The reducing agent must be free of any impurities that may contaminate the catalyst or reverse the 

reduction process. Temperature is the most important variable in the operation, so its value must be 

optimized for each case. Noble metal catalysts can be reduced at relatively low temperatures (250-

350 °C) using short reduction times (2-6h). In addition, catalysts prepared by impregnation are more 

easily reduced than those obtained with other methods. Heating rate and hydrogen space velocity 

are also important variables in the reduction process that need to be optimized. 
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2.4.2 Catalyst characterization. 

Characterization of a heterogeneous catalyst [24] is the measurement of its physical, mechanical, 

chemical and catalytic properties, in order to understand relationships among them, study causes of 

deactivation and ensure a good quality control in catalyst manufacturing processes. There are many 

characterization techniques and each has its own advantages and limitations. For this reason, various 

techniques are often combined to obtain complementary information on catalysts properties. 

2.4.2.1 Surface area, pore size and pore volume. 

Surface area, pore size and pore volume are important parameters, because they are related to the 

internal surface available for active sites and also to the accessibility of reactants to active sites. 

The American Society of Testing Materials (ASTM) has standardized a procedure (ASTM : D3663-84, 

1988) to determine the surface area of a mesoporous material, based on the adsorption and 

condensation of nitrogen using vacuum. In this method, the sample is enclosed in a glass cell and it is 

evacuated or purged in inert gas and also heated to 373-673K. Then the sample is cooled to 77K 

(liquid nitrogen boiling temperature). The partial pressure of nitrogen is increased incrementally and 

the gas adsorbed on the material is measured. By decreasing the pressure the process is reversed. A 

typical curve generated with this procedure is shown in Figure 6.  

 

 

 

Figure 6. N2 adsorption and desorption isotherms at 77K for Bayerite Al2O3 (reproduced from [24]). 

 

As it can be seen, a hysteresis loop is obtained. After reaching the maximum pressure, the desorption 

isotherm does not retrace the adsorption isotherm, but rather is above it over a range of partial 

pressures. To explain the existence of the hysteresis loop, the connectivity of the pore network must 

be taken into account. Figure 7 shows a porous solid that will be used as an example to explain the 

presence of the hysteresis loop. 
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Figure 7. Network  of  three  pores  in a porous solid (reproduced from [25]). 

 

The pore network of the aforementioned solid consists of three pores, but only pore B is in contact 

with the exterior of the sample. In the adsorption process, nitrogen undergoes capillary 

condensation in the pores, beginning in the smallest pores and proceeding in larger and larger pores, 

with the increase in relative pressure. The pores are therefore filled in the sequence A, B, C in this 

case. In the desorption process, the liquid nitrogen becomes unstable, from a thermodynamic point 

of view, in the reverse order (sequence C, B, A). Nevertheless, in pore C, nitrogen is not in contact 

with the gas phase and it is unable to vaporize at its evaporation pressure, resulting in a metastable 

liquid nitrogen. The metastable liquid remains in pore C until nitrogen in pore B is vaporized. Finally, 

liquid nitrogen in pore A is in contact with the gas phase and vaporizes at its condensation pressure. 

The delay in the vaporization of nitrogen in pore C is therefore responsible for the hysteresis loop. 

Consequently, and according to Seaton [25], nitrogen in a pore of width w is prevented from being 

vaporized if every  possible path  between  that  pore  and  the  external  surface  of  the solid  

contains  at  least  one  pore  of  width  less  than  w. 

By measuring the quantity of nitrogen molecules adsorbed at monolayer coverage, the internal 

surface area can be determined, taking into account that each adsorbed molecule occupies an area 

comparable to its cross-sectional area. Brunauer, Emmet and Teller  have stated an equation, known 

as the BET equation, which relates the volume adsorbed at a certain relative pressure with the 

volume adsorbed at monolayer coverage: 

 �
�(1 − �) =

1
��	 + (� − 1)�

��	  
Equation 1 

 

x=P/P0, P=partial pressure of N2, P0=saturation pressure at the experimental temperature. 

V=volume adsorbed at P. 

Vm=volume adsorbed at monolayer coverage. 

c=constant. 
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The above equation can be linearized and used to calculate the surface area. The most reliable 

results are obtained at relative pressures (i.e, values of x=P/P0) between 0.05 and 0.3. However, new 

methods (ASTM: D4567-86, 1988) and devices (Micromeritics, 2003; Quantachrome, 2003)  have 

been developed, which are aimed at reducing analysis time [24].  

The equipment used to determine the pore size distribution of a mesoporous material is the same as 

that used to determine the surface area, but higher relative partial pressures of nitrogen are required 

in order to condense it in the catalyst pores. The ASTM has standardized a procedure to measure the 

volume of gas adsorbed or desorbed in the BET plot at relative pressures up to 1. As it was said 

before, hysteresis is observed if a mesoporous material is analyzed. All calculation methods are 

based on the Kelvin equation and then incorporate a correction, because results are affected by the 

thickness of the adsorbed film on the walls. The Kelvin equation can be expressed as: 

 �� 
� =

(−2���������)����  
Equation 2 

 

 

P=measured pressure. 

Po=saturation pressure. 

� =surface tension of liquid nitrogen. 

Vliq=molar volume of liquid nitrogen. 

�=contact angle between liquid and solid (usually assumed zero for liquid nitrogen). 

rk=Kelvin radius or radius of the wetted pore (less than the pore radius due to the thickness 

of the condensed adsorbate). 

R=gas constant. 

T=absolute temperature. 

 

One of the methods based on the application of the Kelvin equation is the BJH method, proposed by 

Barrett, Joyner and Halenda [26]. 

Finally, gas adsorption isotherms can also provide information about the pore volume. Gas 

condenses in pores and fills them, so the volume of condensed gas is a measure of the pore volume.  

 

2.4.2.2 Dispersion, metal surface area and crystallite size of metallic catalytic species. 

The measurement of monolayer hydrogen adsorption capacity of supported metals is a relatively 

simple and inexpensive method to estimate the metal surface area of a given catalyst.  

Various methods were proposed to measure the hydrogen adsorption, depending on the supported 

metal. It is necessary, in any case, taking into account the stoichiometry of the adsorption reaction. 
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An 1:1 stoichiometry has been reported in several studies for both base and noble metals [27] [28]. 

Hydrogen molecules are dissociated into two atoms and each of them is adsorbed onto a different 

metal site.   

One method is volumetric hydrogen chemisorption, where the sample is first treated  appropriately 

so as to remove surface contaminants that may interfere with the subsequent measurements. Then, 

hydrogen is titrated incrementally onto the catalyst and the pressure values are recorded after each 

increment. It is necessary to wait long enough in order to reach equilibrium conditions. After the first 

titration, the sample is evacuated and titrated again. The first titration corresponds to both 

chemisorption and phsysisorption. The subsequent evacuation removes only the phsysisorbed 

hydrogen because it is more weakly bound to the metal. The second titration corresponds, 

consequently, only to the physisorption process. The volume of chemisorbed hydrogen is then 

obtained by the difference between the two sets of values.  

It is considered that the catalyst surface is saturated when the amount of adsorbed 

hydrogen increases linearly with pressure. The volume chemisorbed at monolayer coverage is 

estimated conventionally by extrapolating the linear part of the curve to zero pressure. A typical 

volumetric chemisorption isotherm is shown in Figure 8.  
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Figure 8. Typical volumetric chemisorption isotherm (• first analysis, • second analysis, • difference) (personal compilation).  

 

In some cases the support increases the quantity of adsorbed gas and, if this is the case, hydrogen 

uptake in the absence of metal has to be measured to make the appropriate correction. However, for 

alumina and silica supports, this effect is negligible.   

The hydrogen spillover effect may also introduce errors in the chemisorption measurements. It is a 

phenomenon that involves the migration of atomic hydrogen to the catalyst support after H2 

dissociation on the metallic surface. Hydrogen spillover has been demonstrated for metals such as 
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palladium and platinum, when supported on Al2O3 and SiO2  [29]. The phenomenon is not desired in 

catalyst characterization because it increases the amount of adsorbed gas. Therefore, dispersion and 

metal surface area are overestimated  [30]. 

Metal dispersion can be defined as the fraction of metal exposed, according to the following 

equation: 

 ���������� = � !"��	�$	� �$%��	!�&%'	%&�!�
��&%'	� !"��	�$	!�&%'	%&�!�	  

 

 

 

The number of surface metal atoms  and the total number of metal atoms can be obtained with the 

following expressions: 

 �( = )	�&�	�*  

 �+ = ,$�*-.	/01� 
 

 

X=chemisorptive uptake. 

sto=stoichiometry of adsorption. 

N3=Avogadro constant 

w=weight percentage of the catalytic element present as either metal or oxide. 

$=fraction of the catalytic element present in the metallic state (rather than an oxide). 

-.	/01�=molecular weight of the metal. 

 

Taking into account the above expressions, metal dispersion can be calculated as: 

 ���������� = 45	),$	 																	45 = -.	/01��&� 

 

Equation 3 

 

The metal surface area, per unit mass of metal, can be estimated from the above parameters and the 

atomic surface area, σ. 

 6	 = )	�&�	�*7,$  
 Equation 4 

 

 

Assuming spherical particles, the average crystallite diameter is estimated as follows: 
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 8 = 6
6	: =

4;���������� 																	4; =
6-.	/01�	�*7:  

Equation 5 

 

 

2.4.3 Catalyst deactivation and regeneration. 

Although a catalyst is defined as a substance that increases the reaction rate and remains 

unchanged, deactivation is inevitable for most processes. Causes of deactivation  can be 

classified into three types: chemical, mechanical and thermal [24] [31]. 

2.4.3.1 Chemical deactivation. 

Chemical causes include poisoning and loss of catalytic phases by vapor-solid or solid-solid reactions. 

Poisoning is the chemisorption of species in the catalytic sites, thus blocking their catalytic function. 

Three types of poisoning curves can be distinguished, as shown in Figure 9. Poisoning is considered 

“non-selective” if the activity loss is proportional to the concentration of adsorbed poison. If the 

most active sites are poisoned preferentially at low concentrations, the poisoning is known as 

“selective”. Finally, if the reverse occurs, the poisoning is “anti-selective”. 

 

 

Figure 9. Types of poisoning (reproduced from [31]) . 

 

Degradation of supported metals by metal vaporization or volatilization must also be taken into 

account. Metal loss through direct vaporization is usually negligible, because very high temperatures 

are required. However, metal loss through formation of volatile metal compounds can take place at 

moderate temperatures, for example in CO, O2, H2S and halogen-containing environments. 
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In addition to vapor-solid reactions, solid-solid reactions can lead to catalyst deactivation. There are 

three types of phase transformations: reaction of the metal with a promoter or carrier; segregation 

of the metal or carrier phase; metal or carrier phase transitions (e.g. from γ-alumina to α-alumina). 

 

2.4.3.2 Mechanical deactivation. 

Within the mechanical deactivation, fouling and attrition have to be considered. Fouling is the 

physical deposition of species from the fluid phase onto the catalyst surface, which block catalytic 

sites or pores and cause, in consequence, a loss of activity.   

Although coke- and carbon-forming processes include the chemisorption of condensed 

hydrocarbons, which could be considered catalyst poisons, these processes are normally included in 

the fouling processes because of their large mechanical effects. Coke consists of polymerized heavy 

hydrocarbons and it is obtained by decomposition or condensation of hydrocarbons on catalyst 

surfaces. Carbon is a product of the CO disproportionation reaction (2CO � C+CO2). 

In a supported metal catalyst, coke and carbon formation have different effects:  

� Strong chemisorption of carbon as a monolayer or physisorption in multilayer.  Adsorption 

processes block access of reactants to metal surface sites.  

� Complete deactivation of a metal particle by encapsulation.  

� Plug of micropores and mesopores, thus blocking the access of reactants to crystallites inside 

these pores. 

� Disintegration of catalyst pellets and plugging of reactor voids. This occurs when the 

deactivation proceeds to a large extent. Carbon filaments may build up in pores and, 

eventually, fracture the support material. 

 

Figure 10 illustrates various options for carbon (or coke) deposition in a supported metal catalyst. 

 

 

Figure 10. Conceptual model of fouling (reproduced from [31]). 

 

As said before, attrition is another major cause of  mechanical deactivation. It is noticeable through 

the reduction in the particle size or a rounding or smoothing of the catalyst particle, which can be 

studied by microscopy. 
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2.4.3.3 Thermal deactivation. 

Thermally induced deactivation is caused by sintering processes, which typically take place at 

temperatures above 500 °C and are intensified in the presence of water vapor. These processes are 

irreversible or difficult to reverse, making prevention essential. Three basic mechanisms were 

proposed to explain crystallite growth: crystallite migration, atomic migration and vapor transport at 

very high temperatures. The processes of crystallite and atomic migration are shown in Figure 11. 

 

 

Figure 11. Conceptual model for crystallite growth due to sintering by atomic migration (A) or crystallite migration (B) 

(reproduced from [31]). 

 

Atomic migration involves the separation of metal atoms from crystallites, the subsequent migration 

of these atoms over the support surface and, ultimately, their capture by larger crystallites. 

Crystallite migration involves the migration of entire crystallites over the support surface, which 

eventually collide and coalesce. 

In addition to temperature, atmosphere, metal type and metal dispersion, promoters and impurities, 

texture or porosity also affect the rates of sintering and redispersion.  

Sintering rates increase exponentially with temperature. Regarding the atmosphere, metals usually 

sinter more rapidly in oxygen than in hydrogen. However, redispersion of noble metals can be 

promoted by treatment in oxygen, depending on the selected support and temperature. With 

respect to promoters and impurities, they may increase (e.g. sulfur) or decrease (e.g. oxygen) metal 

atoms mobility on the support. Finally, support surface defects or pores hinder the mobility of metal 

particles. 

 

2.4.3.4 Deactivation of noble metal catalysts for the hydrocracking of Fischer-Tropsch 

waxes. 

There are several causes of deactivation for noble metal catalysts, when applied to the hydrocracking 

of Fischer-Tropsch waxes. The most important ones are coke deposition, mechanical attrition and 

metal particle sintering. Poisoning and fouling do not occur when Fischer-Tropsch waxes are 

hydroprocessed, because they are virtually free of impurities. However, organic bases and ammonia 

are common poisons for acidic solids (e.g. silica-alumina) in hydrocracking reactions, whereas sulfur- 

and arsenic-containing compounds are common poisons for metals in hydrogenation and 

dehydrogenation reactions [31].  
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2.4.3.4.1Coke deposition. 

Coke deposition is the main cause of deactivation. In addition to acid site poisoning, coke can also 

cause plugging of the pore mouths of the catalytic  structures, thus part of the deactivated sites are 

not actually poisoned by coke, but rendered inaccessible to the reactants.  

Catalyst coking during the hydroprocessing of LTFT waxes occurs slowly [5]. Waxes contain mostly n-

paraffins and these molecules have to go through numerous steps in order to form coke [32]. A 

simplified scheme illustrating the processes of coke formation is shown below. 

 

 

Figure 12. Simplified scheme of coke formation from hydrocarbons over acid and bifunctional metal-acid catalysts  

(reproduced from [32]). 

 

In the case of Fischer-Tropsch waxes, which contain no aromatics, coke precursors can be formed by 

dehydrocyclisation of the paraffins, when the hydrogen partial pressure is too low [33]. A paraffin is 

first dehydrogenated on a metal site to form an olefin, which diffuses to an acid site and undergoes 

cracking. It can then react with other olefins or with its own tail to form a cyclic compound, which is 

further dehydrogenated to a benzenic ring. 

Coke formation depends strongly on the balance between metal and acid sites and on the hydrogen 

partial pressure. Therefore, a proper formulation of the catalyst and the choice of process conditions 

are essential to avoid coking.  

A good dispersion of the metallic hydrogenation function will keep the catalyst clean by quickly 

hydrogenating the cracking products. In addition, a high hydrogen excess will also limit the formation 

of coke precursors. Figure 13 shows that, for a given feed and catalyst, the coke level is inversely 

proportional to the hydrogen pressure. This is the main reason why hydroprocessing treatments are 

carried out at high hydrogen pressure. 
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Figure 13. Steady-state level of carbon on a catalyst as a function of hydrogen pressure. (reproduced from [34] ). 

 

 

Since coke formation occurs slower, wax hydrocracking can be carried out at lower pressures than 

conventional crude oil hydrocracking. As explained before, in the SMDS process, the wax 

hydrocracker operates at pressures ranging between 30 and 50 bar [35], while conventional 

hydrocrackers require pressures above 100 bar. 

SMDS process typically takes place at a temperature of about 300-350 ºC so the type of coke formed 

is known as high temperature coke. High temperature coke consists mainly of polyaromatics and its 

composition is almost independent of the reactant [32]. 

 

2.4.3.4.2 Mechanical attrition. 

At industrial scale, catalysts are subjected to high attrition forces, due to the high pressure and the 

rapid flow of gases. In addition, since fixed-bed hydroprocessing units are huge, catalyst bed weight 

is very high and contributes also to mechanical attrition. Therefore, catalyst pellets are formed in 

special shapes, in order to avoid major losses of surface area. 

At laboratory scale, the deactivation by mechanical attrition is negligible. 

 

2.4.3.4.3 Metal particle sintering. 

Metal sintering has also a great importance in the deactivation of hydrocracking catalysts [36].The 

agglomeration of the metal particles is favored by the presence of water and high temperatures. 



Noble metal catalysts for the hydrocracking of FT waxes. Background. - Rodrigo Suárez 

 

 

22 

 

Water is a product of the Fischer-Tropsch reaction and, therefore, it is usually separated before 

hydrocracking in real operation.  

 

2.4.3.5 Catalyst regeneration. 

Regeneration can partially or totally restore catalytic activity. A deactivated hydrocracking catalyst is 

regenerated by means of an oxidizing atmosphere, consisting in a stream of air, diluted oxygen or air 

and steam. Carbonaceous species are then eliminated, thereby freeing the blocked active sites.[37].  

The oxidation of carbon at various temperatures has been studied [38], [39] for several catalysts, 

often by means of a temperature-programmed oxidation (TPO).The regeneration treatment has to 

be carried out at a temperature high enough for carbon removal, but low enough to avoid damage in 

the active (or metal) phase and support. The typical regeneration temperature is 400 to 550 °C. The 

use of higher temperatures can lead to sintering processes.  

Another important factor is the production of water upon combustion of coke [37]. Water partial 

pressure has to be controlled because high values can also cause sintering of the support or the 

metal particles. 

Until the mid 1970s, the regeneration of hydroprocessing catalysts was carried out in situ. 

Nevertheless, ex-situ regenerations have become the industry standard since then, because of their 

many advantages, such as a better activity recovery [37].  

 

 

2.5 Hydrocracking of n-hexadecane. 

N-hexadecane is often used as a model compound in hydrocracking studies, because it has enough 

molecular weight to be representative of paraffins in hydrocracker feeds, generates a product 

distribution that is simple enough to be quantitated rapidly using analytical GC and, moreover, it is a 

liquid at room temperature, which allows pumping  without difficulty [40].  

Rosetti et al. have specifically investigated the hydrocracking reactivity of n-hexadecane on a Pt/SiO2-

Al2O3 catalyst [41]. A typical distribution of n-hexadecane hydrocracking products as a function of 

chain length is shown in Figure 14. 
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Regarding the influence of operating conditions, it should be noted that: 

� Conversion increases with increasing temperature due to kinetic reasons.  

 

� Conversion decreases with increasing pressure. Considering that ideal hydrocracking 

occurs, the rate determining step is the rearrangement of the carbocations, while the 

hydrogenation and dehydrogenation steps are considered to be in equilibrium. The 

pressure increase brings about an increase of hydrogen partial pressure and, as a 

result, a decrease in the steady state concentrations of olefins and carbocations, 

thereby decreasing the rate of the limiting step and lowering the conversion.  

 

� Conversion decreases with increasing weight hourly space velocity (WHSV), i.e. with 

decreasing contact time.  

 

� The H2/wax ratio affects the liquid-vapour equilibrium and, consequently, the 

conversion values. During the hydrocracking process, a fraction of the n-paraffin 

evaporates. The vaporization degree can be estimated with a routine based on the 

Soave–Redlich–Kwong (SRK) equation of state. Results [41] show that an increase of 

the H2/wax ratio leads to an increase of the vapour phase fraction.  

 

For an ideal trickle-flow regime and assuming that the catalyst particles are completely 

covered by the liquid and that the reaction takes place only in liquid phase, in 

equilibrium with the gas  phase, the n-paraffin concentration at the reactor outlet can 

be expressed as a function of the degree of evaporation, $ [42]: 

 4 = 4��<
�(;<=)>?(@ 

Equation 6 

 

 

As shown in Equation 6, if the n-paraffin is partially evaporated, the real WHSV of the 

liquid phase is lower than the overall one, leading to higher conversions [6]. 

 

 

2.6 Comparison between Fischer-Tropsch derived diesel and other fuels. 

Diesel is preferred to gasoline due to the higher efficiency of the engines.  Besides, from an 

environmental point of view, the amount of carbon dioxide released into the atmosphere is lower 

when using diesel fuel because it is more fully hydrogenated [43].  

The ideal diesel fuel has a high cetane number. This number indicates the self-ignition quality of the 

diesel, i.e. its combustion properties. A high cetane number results in a reduction of the ignition 

delay period as a smaller volume of fuel needs to be injected [43]. The majority of the engine fuels 

are obtained from crude oil and require an hydrotreating step to increase their cetane number [43].  
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On the other hand, diesel fuels obtained via the Fischer-Tropsch process manifest better properties, 

if they are compared to conventional diesel fuels, obtained from crude oil. Firstly, they have a higher 

cetane number (typically above 70). Secondly, they are more environmentally friendly, because of 

the absence of sulfur, nitrogen and aromatic compounds [1].  

Transport remains a problematic sector due to its high amount of emissions. In the EU-27, between 

1990 and 2008, transport emissions of greenhouse gases increased by 24 % and now account for 

around 19 % of total emissions [44]. As legislation regarding emissions, e.g. from vehicles, is 

becoming increasingly restrictive, it is clear that Fischer-Tropsch derived diesel will be an important 

alternative in the near future. In addition, limited reserves of fossil fuels call for a prompt 

investigation in this field. Since biomass can be used as raw material to obtain synthesis gas, this 

process is even more interesting, because fuel can be produced from a renewable energy source. 

There are other alternative fuels to conventional diesel fuels, such as biodiesel, dimethyl ether, 

ethanol or hydrogen. Nevertheless, studies manifest that most of this alternative fuels enable a high 

reduction in greenhouse gas emissions, but have the problem of requiring significant and, therefore, 

expensive modifications in vehicles and fuel facilities [3].  
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3. EXPERIMENTAL SECTION. 

3.1 Introduction.  

In this master thesis several experiments were performed in order to test and compare noble metal 

catalysts for the hydrocracking of Fischer-Tropsch waxes. Experiments were carried out with n-

hexadecane as model compound. N-hexadecane is supplied by Merck Schuchardt OHG (n-

hexadecane for synthesis, MW=226.44 g/mol, ρ=0.773-0.774 (20 °C), assay (GC, area %) ≥ 99). 

The main steps of each experiment are listed below. Some of them will be detailed later. 

� Catalyst preparation, including deposition of the active component on the support and 

catalyst calcination. 

� Reactor loading. 

� Leak test. 

� Reactor start-up, including catalyst activation. 

� Implementation of different reaction conditions, product sampling and 

product analysis. 

� Reactor shutdown and emptying. 

 

 

3.2 Experimental rig for activity and selectivity testing. 

Catalysts activity and selectivity were tested in an experimental rig built for operating under high 

pressure. A flow scheme of the installation is given in Appendix I. 

Three different gases can be supplied to the system. In addition to hydrogen, required for 

the hydrocracking reaction and reduction treatments, oxygen and helium are also needed. They are 

used, respectively, for the oxidation treatments and as inert gas. Before being introduced into the 

system, hydrogen and helium are passed through an oxygen-moisture trap. Gas flows are controlled 

by thermal mass flow controllers (MFC-1, MFC-2, MFC-3). N-hexadecane is stored in a feed vessel (V-

1) and it is supplied to the system by a HPLC dosing pump (P-1). 

The reaction takes place in a fixed bed tubular reactor (R-1), loaded with powdered fresh catalyst and 

heated by an electric furnace. It consists of a 3/4-inch stainless steel pipe (ID=15.7 mm, length 55 

cm). Temperature inside the reactor is controlled with a cascade control system (TIC-1). This control 

architecture requires the measurement of two temperatures. The first thermocouple is protected by 

a thermowell and inserted into the catalyst bed. The thermocouple can be displaced depending 

on the height of the catalyst bed in each case. The second thermocouple measures the 

temperature on the outer wall of the reactor. The reactor is embedded in an aluminum jacket to 

reduce temperature gradients. This system allowed for a precise and even isothermal operation. 

The pressure in the reactor can be adjusted by a downstream pressure valve (PCV-1) located on the 

gas outlet line, using a transducer (PTR-1) to measure the pressure on the reactor head. A spring 
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loaded safety valve (RV-1) situated on top of the reactor opens if the pressure rises above a set value 

(80bar).   

Under the operating conditions, a mixture of gas and liquid is present at the outlet of the reactor. 

The liquid products are separated in two consecutive traps (V-2, V-3): a hot (25 °C) and a cold trap (0 

°C). Two sets of traps in parallel are available in order to minimize disturbance to the system during 

the sampling procedure and also for choosing which side to operate, which depends on whether the 

ongoing reaction period generates large or small volumes. The gaseous products are sent 

for analysis, through the pressure valve, to an online chromatograph, as described later. The amount 

of gas sent to the chromatograph can be regulated with a needle valve (HV-6). A three-way valve 

(HV-8) allows the temporary diversion of the gaseous products to a bubble flowmeter (FE-1), for the 

measurement of the gas flow. 

More information about some equipment, including models and specification sheet, is provided in 

Appendices. 

 

 

3.3 Catalyst preparation.  

Catalysts used in this study are, as it was said before, bifunctional and consist of an acidic support 

and a noble metal. 

3.3.1 Nomenclature. 

Four different catalysts were prepared and tested in this master thesis. Their characteristics are 

summarized in the table below: 

Table 4. Catalysts nomenclature. Characteristics. 

Name Support Metal Metal loading (%wt) Metal loading (mmol/g) 

Pd06S40 Siral40 palladium 0.33 0.031 

Pt03S40 Siral40 platinum 0.33 0.017 

Pt06S40 Siral40 platinum 0.60 0.031 

Pt3S40 Siral40 platinum 3.3 0.169 

 

 

3.3.2  Support. 

Siral materials are commercial supports supplied by Sasol Germany GmbH (formerly Condea Chemi 

GmbH), specifically silica-alumina hydrates. These silica-aluminas are produced according a patented 

procedure [45], by modifying a γ-alumina with silica. The process involves the hydrolysis of a solution 

of aluminum hexanolate in hexanol  (6 wt.% Al) with deionized water at 90 °C,  followed by mixing 

the filtered alumina suspension with a solution of orthosilicic acid (3 wt.% SiO2). By variation of the 

amount of orthosilicic acid used, samples containing between 1.5 and 90wt. % silica can be prepared 

[46]. 
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In this master thesis, Siral40 was used as the acidic solid support. The number indicates the SiO2 

content of the silicated alumina material. Lewis and Brönsted acidity increases with increasing silica 

loading and reaches its maximum for the Siral40 material [46].The chemical and physical properties 

of this particular support are shown in Table 5: 

Table 5. Chemical and physical properties of Siral40 (reproduced from [25]). 

Property Value 

Al2O3 + SiO2 (%) 75 

LOI (%) 25 

Al2O3: SiO2 (%) 60:40 

C (%) 0.2 

Fe2O3 (%) 0.02 

Na2O (%) 0.005 

Loose bulk density (g/L) 250-450 

Particle size (d50) (µm) 50 

Surface area (BET)* (m
2
/g) 500 

Pore volume* (mL/g) 0.90 
 

´* after activation at 550 °C for 3 hours. 

 

3.3.3 Metal. 

The hydrogenation/dehydrogenation function is provided by a noble metal, either palladium or 

platinum. The metal precursors used were tetraamine platinum nitrate -[Pt(NH3)4](NO3)2- or 

palladium nitrate dihydrate -Pd(NO3)2·2H20-, as appropriate. Experiments were performed with 

different metal loadings.  

 

3.3.4 Metal impregnation procedure and catalyst calcination. 

Catalysts were prepared by incipient wetness impregnation [47]. Firstly, the support material was 

sieved to separate the desired fraction (90-200 µm). This fraction was dried at a temperature of 120 

°C for 5 hours, increasing the temperature from ambient to 120 °C at a heating rate of 5 °C/min. Then 

the sample was calcined in air at 500 °C for 2 hours, with a heating rate of 2 °C/min. After calcination, 

support samples were kept at 120 °C in order to minimize moisture uptake.  

The calcined supports were impregnated with an aqueous solution of the noble metal salts. The 

needed amount of salt depends on the desired metal loading. The amount of water was calculated 

from the total pore volume of the support, previously measured by nitrogen adsorption. 

The impregnated catalysts were dried at 120 °C for 5 hours, increasing the temperature from 

ambient to 120 °C at a heating rate of 5 °C/min. Finally, catalysts were calcined in air at 500 °C for 4 

hours, with a heating rate of 2 °C/min. After calcination, catalyst samples were kept in tightly closed 

containers. 
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3.3.5 Catalyst deactivation and regeneration. 

3.3.5.1 Catalyst deactivation. 

Catalyst deactivation was studied under normal operating conditions, but also exposing the catalysts 

to severe conditions: low weight hourly space velocity (0.355 gfeed�h
-1�gcatalyst

-1) and low H2/n-

hexadecane ratio (3, in molar basis). 

 

3.3.5.2 Catalyst regeneration. 

Regeneration of the catalysts was carried out by performing a Temperature-Programmed Oxidation, 

with an oxygen flow of 100 NmL�min-1�gcatalyst
-1. The treatment was done at atmospheric pressure, 

according to the following temperature profile: temperature was firstly increased from ambient to 

500 °C at a heating rate of 5 °C/min and kept at that value for 1 hour; finally, it was decreased to 400 

°C (2 °C/min), with helium flow. After the TPO, the catalysts were reduced with pure hydrogen (50 

NmL�min1�gcatalyst
-1) by holding the temperature at 400 °C for 2 hours and then decreasing it to its 

operating value (2 °C/min). 

 

 

3.4 Catalyst characterization.  

3.4.1 Surface area, pore size and pore volume. 

Nitrogen adsorption measurements were performed in a Micromeritcs ASAP2000 unit. The samples 

were outgassed by evacuation at 250 °C for at least 4 hours, before being analyzed. Data were 

collected at liquid nitrogen boiling temperature (77K). 

 

3.4.2 Dispersion and crystallite size of metallic catalytic species. 

Dispersion and crystallite size of catalytic species were estimated by volumetric chemisorption of 

hydrogen at 35 °C in a Micromeritics ASAP2020 unit. 

Before the analysis, the samples  were evacuated and dried at 250 °C for at least 4 hours and 

reduced in situ in flowing hydrogen at 400 °C for 2 hours (heating rate 5 °C/min). The samples were 

subsequently evacuated at 400 °C for 1 hour, and then cooled in vacuum to the analysis 

temperature. The analysis was repeated after 30 minutes of evacuation time. As explained in the 

Background section, the metal surface area is estimated by the extrapolation to zero pressure of the 

difference between the two adsorption isotherms. 

Palladium is known to dissolve hydrogen, forming bulk Pd-hydride. Consequently, when measuring 

the hydrogen chemisorption of palladium-based catalysts, experiments must be performed at low H2 

partial pressures[48]. Chemisorption measurements on palladium samples were carried out at 

pressures in the range 1-10 mm Hg. 
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3.5 Catalytic testing. 

3.5.1 Reactor system. 

3.5.1.1 Features. 

Catalytic tests are performed in a fixed trickle-bed reactor, which is the same type of reactor used at 

industrial scale. As explained in the Background section, a plug flow behavior can be assumed if three 

conditions are met. Considering that the catalyst is completely wetted by the liquid, it is necessary to 

check the two other relations, using the geometrical characteristics of the reactor and catalyst 

[H(catalyst bed length)=4.5 cm (approx.); dp(catalyst particle size)=145 µm (average estimated value); 

ID(reactor diameter)=15.7 mm]. The following values are then obtained: 

A
8B = 310 > 100											 F�8B = 108 > 25						 

 

Both empirical correlations are satisfied for the system used, so it can be said that the reactor has 

a plug flow behavior. 

 

3.5.1.2 Preliminary checks. 

Before starting the experiments, it is necessary to take the following precautions: 

� Catalyst: the catalyst  must be dried overnight at 120 °C before being tested in the 

reactor, to avoid weighing errors due to moisture uptake of the siliceous materials. 

� N-hexadecane: the feed vessel must be filled with the paraffin at the beginning of each 

experiment and refilled if necessary. 

� Gases: it is necessary to check the gas pressures and confirm that the amount of each 

gas remaining is enough to complete an experiment.  

 

3.5.1.3 Loading procedure. 

After being washed to remove residues from previous runs, the reactor is loaded according to the 

scheme shown in Figure 16. 

 

 

 

 

 

 

Figure 16. Scheme of the reactor loading. 
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The bottom layer, used to support the catalytic bed, is composed of 3 mm quartz spheres, with an 

approximate height of 20 cm (layer 1 in Figure 16). Above this layer, about 2 cm of quartz wool is 

placed (layer 2). The third layer is the catalytic bed, which contains approximately 3 g of catalyst, 

with a pellet size between 90 and 200 μm (layer 3).  Above this layer, quartz wool is placed again, 

with a height of about 1-2 cm (layer 4). Finally, the remaining space is filled with 1 mm quartz 

spheres (layer 5). The top layer ensures preheating and phase mixing between the hydrogen and the 

n-hexadecane. 

It is essential to tighten properly both the top and the bottom fittings of the reactor because it is 

subjected to a high pressure and leaks must be avoided. To check for leaks, a leak test is performed. 

 

3.5.1.4 Leak test. 

The leak test consists of the following steps: 

� Close valves at the reactor outlet (HV-1A/B).  

� Start helium flow. 

� When the pressure reaches a value of 10 bar, stop the gas flow. Check if the 

pressure remains constant. If it does not decrease quickly, no big leaks are present. 

� Start helium flow again. Combine helium with a small amount of hydrogen to make the 

leak detector work. Since the reactor operates at a pressure of 30 bar, leak test must 

be performed at a higher pressure. Consequently, continue the supply of helium and 

hydrogen to a pressure of 40 bar. Then, check leaks with the sniffer (model: TIF 8850). 

� Tighten the reactor if there are leaks. Big fittings are usually the ones that cause more 

problems. It is often necessary to remove the reactor and tighten again the big fittings 

on the vice. 

 

3.5.1.5 Reactor start-up. 

Once the reactor has been loaded and the leak test performed with correct results, the next action is 

to start-up the reactor observing the following steps. 

� Put the jacket on the reactor. 

� Close the oven and insert the two thermocouples in their respective positions. The 

sliding thermocouple should be placed in the middle of the catalyst bed. Its position is 

calculated from the placement of the catalyst bed in the reactor and marked on the 

ruler above the reactor. 

� Start flushing the traps with hydrogen. 

� Start the catalyst activation. The catalyst is reduced in situ with pure hydrogen (50 

NmL min-1�gcatalyst
-1), by applying the following procedure: temperature is increased 

from ambient to 400 °C with a heating rate of 5 °C/min and then held at 400 °C for 2 

hours. Finally, it is decreased to the operating value (2 °C/min) and kept constant.  

� Pressurize the system to reaction pressure.  

� Start pump with the corresponding flow of n-hexadecane. 
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3.5.1.6 Operating conditions. Sampling. 

The catalysts were tested initially to study the dependence of n-hexadecane conversion 

on   temperature and weight hourly space velocity. In view of the results, new experiments were 

planned in order to obtain data in a wide range of conversions. The initial weight hourly space 

velocity in each experiment was chosen to obtain approximately 60% n-hexadecane conversion and 

this condition was kept for at least 15 hours, so as to minimize initial deactivation effects and get a 

stable catalyst. After this treatment, it was found that deactivation effects were negligible with the 

chosen experimental conditions, i.e., short times on stream and n-hexadecane conversion values 

not close to 100%. 

The operating conditions used in the experiments were:  

� Temperature: 310/330 °C. 

� Pressure: 30 bar. 

� H2/n-hexadecane=10 (molar basis). 

� Weight Hourly Space Velocity: 0.75 to 18 gfeed�h
-1�gcatalyst

-1. 

 

After each change in the operating conditions, the system was left to stabilize, after which the liquid 

products were collected and discarded. The minimum stabilization time was calculated as the sum of 

the residence time of the liquid feed in the catalyst bed plus the residence time of the gas in the 

reactor, piping and traps. The online GC analyses confirmed this calculation since, after the 

stabilization period, it was found that the concentration profiles were stable.  Then, the system was 

run for enough time to produce about 10 g of liquid products, when samples were collected and 

analyzed. 

The sampling procedure after each reaction period includes the following steps: 

� Liquid collection in the cold trap V-3A or V-3B (the one being used), by opening the 

valve HV-4A or HV-4B, respectively.  

� Liquid collection in the hot trap V-4 or V-2B (the one being used), by opening the valve 

HV-5A or HV-5B, respectively. The two liquid samples are collected in the same 

container and, as explained above, they are discarded or analyzed, depending on 

whether the current period is intended to stabilize the system or not.  

� The opening of the valves will cause a drop in pressure. Wait until it recovers to the 

operating value and empty both traps again. A new reaction period begins at this time. 

 

 

 

3.5.1.7 Reactor shutdown and emptying. 

Before emptying the reactor, it is necessary to perform the following steps: 

� Stop the pump. 

� Stop hydrogen flow and switch to helium flow. 

� Lower the set point of the pressure, gradually, to zero. 

� Set the temperature set point to zero.  
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Once the system is cooled down, the emptying procedure includes:  

� Stop helium flow. 

� Remove the thermocouples  and open the oven. 

� Loosen the upper and bottom fittings and take out the reactor. 

� Remove the aluminum jacket. 

� Empty the reactor: the quartz wool and the quartz spheres are discarded, whereas the 

catalyst is recovered to be characterized. 

 

 

3.5.2 Product analysis 

Liquid products are analyzed off-line with an Agilent 6890 GC equipped with a HP-5 (5%-Phenyl)-

methylpolysiloxane (60 m x 0.320 mm x 0.25 µm) column and a FID detector. The temperature 

profile in the oven is:  the initial temperature, 35 ºC, is hold for 5 min; then, temperature is increased 

to 140 ºC  at a heating rate of 4.2 ºC/min; from 140 ºC to 240 ºC at 10 ºC/min;  and, finally, from 240 

ºC to 300 ºC at 20 ºC/min. 

A typical chromatogram, obtained by analyzing a liquid sample, is shown in Figure 17 

 

Figure 17. Typical chromatogram (liquid analysis). 

 

The main challenge in liquid product analysis is to identify n-hexadecane isomers. In order to 

facilitate the kinetic analysis, lumping of the isomers was used. N-hexadecane isomers have been 

divided into two groups: monobranched and multibranched species [40]. Cracking products with 
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carbon number 14 or less are easily identified and could be separated in each linear alkane and its 

isomers. The yield of n-pentadecane could be estimated with lower precision, because of overlap of 

its GC peak with those of the multibranched n-hexadecane isomers. Branched pentandecanes were 

completely indistinguishable for the same reason. Figure 18 shows with more detail the integration 

of the peaks corresponding to n-pentadecane, n-hexadecane and n-hexadecane isomers: 

 

 

Figure 18. Integration of the peaks corresponding to n-C15, n-C16 and n-C16 isomers (liquid analysis). 

 

 

Gaseous products are analyzed on-line with a Perkin Elmer Clarus 500 GC equipped with a dual 

channel for permanent gases and full range hydrogen detection; and a light hydrocarbon channel, 

consisting of an Elite-Alumina PLOT column (30 m x 0.53 mm x 10 µm) and a FID detector. This setup, 

coupled with the use of nitrogen as an internal standard in the hydrogen reactor feed, allows for the 

quantification of the gaseous effluents, with regard to total flow and its composition in hydrogen and 

light hydrocarbons. The temperature profile in the oven is:  the initial temperature, 60 ºC, is hold for 

5 min; then, temperature is increased to 150 ºC (12 ºC/min) and, finally, it is kept at that value for 9 

min.  

A typical chromatogram, obtained by analyzing a gaseous sample, is shown in Figure 19: 
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Combining the results of both liquid and gas analys
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Figure 19. Typical chromatogram (gas analysis). 

Combining the results of both liquid and gas analyses, the overall distribution of converted products, 

in terms of linear and branched compounds, is obtained. 

the hydrocracking of FT waxes. Experimental section. - Rodrigo Suárez 

 

 

 

overall distribution of converted products, 



Noble metal catalysts for the hydrocracking of FT waxes. Theoretical model. - Rodrigo Suárez 

36 

 

4. THEORETICAL MODEL FOR THE HYDROCRACKING OF N-HEXADECANE. 

4.1 N-hexadecane reactivity pattern.  

The conversion of n-hexadecane leads to the formation of a mixture of n-hexadecane isomers 

together with cracking compounds made up of n-alkanes with shorter chain lengths and their 

respective isomers. 

Consequently, the n-hexadecane reactivity pattern can be expressed in terms of reaction networks 

involving lumps consisting of n-hexadecane isomers and cracking products. The isomerization 

reactions in the presented networks were assumed irreversible on the basis of thermodynamic 

calculations. The hydrocracking reactions were also assumed irreversible, since cracking products are 

highly favored at equilibrium [40]. 

The simplest network consists of three reactions in series as shown in Figure 20. In this network, 

named as Network 1, the only primary products are the monobranched lump, whereas 

multibranched lump and cracking products are secondary and tertiary, respectively. 

 

                  

 

Figure 20. Network 1. 

 

However, if selectivity plots of differing orders are examined, other networks should be considered. 

First-order selectivity plots can be used to distinguish primary products (rank 1) from nonprimary 

ones (rank>1) by extrapolating the plots to zero conversion and reading the value of the 

corresponding ordinate. Primary products are produced directly from the reactant, whereas higher 

rank ones are formed through one or more intermediates. Analyzing the plots, products having 

nonzero intercepts have rank 1 and those having zero intercepts have ranks of at least 2. The rank 

determination is independent of the reaction order for first-order selectivity plots [40]. 

Second-order selectivity plots distinguish secondary products from higher-rank ones, taking into 

account again the values of the intercepts extrapolated to zero conversion. This type of plots can be 

applied only if the reactions are of the same order. Pseudo-first-order kinetics are assumed in this 

case [40].   

Three different networks are proposed in accordance with the results obtained in the experiments. 

These networks, named as Network 2,  Network 3 and General network , are shown below. 
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Figure 21. Network 2. 

 

 

   

 

 

 

Figure 22. Network 3. 

 

 

 

 

 

 

Figure 23. General network. 

 

 

In Network 2, a direct route between n-hexadecane and multibranched isomers is added, considering 

therefore these isomers as primary products. Network 3 includes the route between n-hexadecane 

and cracking products, but not the one towards multibranched isomers, so they are considered again 

secondary products, as in Network 1. Finally, in General network, the two previous routes are taking 

into account and all products are considered as primary ones. 

Different n-hexadecane reactivity patterns were observed depending on the catalyst and the 

experimental conditions. Accordingly, the different networks presented above are used in the 

subsequent analysis and data processing. 
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4.2 Development of the theoretical model. 

A  theoretical model to fit the experimental conversion-selectivity data was obtained by proposing 

and solving a set of differential equations. The set of equations changes depending on the network 

that best fits the experimental data.  

As explained before, the fixed trickle-bed reactor used in the experiments has virtually a plug flow 

regime. In this case, the fluid composition changes from point to point along a flow path. Therefore 

the material balances for a specific reactive or product must be made for a differential element of 

volume, dV. Figure 24 represents schematically a plug flow reactor. 

 

 

 

 

Figure 24. Plug flow reactor. Notation. 

 

The starting point for the material balance is: 

 F�� & = I &� & + ���%���%�%���	"J	��%�&��� + K�� ! '%&��� 

 

Equation 7 

 

  

For n-hexadecane, the above terms, in units of moles/time, are: 

  I�� & = LM<N;O  

  I &� & = LM<N;O + 8LM<N;O 

  ���%���%�%���	"J	��%�&��� = (−�M<N;O)8� 

  K�� ! '%&��� = 0 because of the steady state consideration.  

 

Introducing these four terms in Equation 7, the material balance is: 

 LM<N;O = (LM<N;O + 8LM<N;O	) + (−�M<N;O)8� 

 

Equation 8 

 

 

The conversion of n-hexadecane, )M<N;O, is defined as: 

 )M<N;O = 4M<N;OP<4M<N;O4M<N;OP  

   

 

Equation 9 

 

dV 

LM<N;O LM<N;O + 8LM<N;O 
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Taking into account the definition of conversion, the value of 8LM<N;O	 can be expressed as a function 

of 8)M<N;O: 

 8LM<N;O	 = 8(LM<N;OP	(1 − )M<N;O)) = −LM<N;OP	8)M<N;O   Equation 10 

 

 

Combining Equation 8 and Equation 10, we obtain that: 

 LM<N;OP	8)M<N;O = (−�M<N;O)8� 

   

Equation 11 

 

Equation 11 is valid for a differential element of volume, dV, and must be integrated in order to get a 

expression for the reactor as a whole: 

 Q 8�
LM<N;OP	 =

@
�

Q 8)M<N;O−�M<N;O
RSTUVWX
�

				⇒		 �
LM<N;OP	 =

Z
4M<N;OP	 = Q 8)M<N;O−�M<N;O

RSTUVWX
�

		⇒		  

 

 ⇒ 		Z = 4M<N;OP	Q 8)M<N;O−�M<N;O
RSTUVWX
�

⇒ 		Z = −Q 84M<N;O−�M<N;O
NSTUVWX
NSTUVWP

 

  

Equation 12 

 

 

Assuming pseudo-first-order kinetics, the reaction rate can be expressed as: 

 −�M<N;O = [4M<N;O Equation 13 

 

 

k represents the overall kinetic constant of disappearance of n-hexadecane. 

 

Combining Equation 12 and Equation 13, we obtain that: 

 	Z = −Q 84M<N;O[4M<N;O
NSTUVWX
NSTUVWP

= −1
[ �� \

4M<N;O=4M<N;O�]		⇒		4M<N;O= =	4M<N;O��<�^	 
 

Equation 14 

 

 

Equation 14 can also be expressed in terms of conversion: 

 	1 − ) = �<�^ Equation 15 

 

The value of the overall kinetic constant, k, can be calculated by linearizing the above equation, as 

follows: 
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 −��(1 − )) = [Z	⇒ 	− ��(1 − )) = [
.A6�				 		 

Equation 16 

 

If the first order kinetics assumption is correct, the plot of −Ln(1 − X) vs 1/WHSV should give a 

straight line with zero intercept and k as the slope.  

Similarly, other equations are proposed to calculate the concentration of the monobranched lump, 

the multibranched lump and the cracking products. The complexity of the equations is increased 

in these cases, when compared with the development necessary to obtain the concentration of n-

hexadecane, presented above. Therefore, it becomes necessary to use Matlab, a  software which 

allows the relatively quick and simple resolution of the differential equations obtained. 

The results provided by Matlab for the concentrations of the monobranched lump, the 

multibranched lump and the cracking products are included in Appendix II. Only the results 

corresponding to Network 3 and General Network are presented, because they are the two reaction 

networks used in the subsequent data analysis. 

From the concentration data, selectivity towards each product can be calculated immediately as: 

 	6bcdefg0 = 4bcdefg04M<N;O� − 4M<N;OX =
4bcdefg04M<N;O�)M<N;O 

Equation 17 

 

 

 

The above expression provides theoretical values of selectivity as a function of ki. In order to get 

the theoretical model that fits the experimental conversion-selectivity data, an optimization method 

is implemented  by using the internal function of Matlab called fminsearch. 

fminsearch finds the minimum of a scalar function of several variables, starting at an initial estimate. 

The aforementioned scalar function is obtained by summing the squared differences 

between experimental and theoretical selectivity values.  

k-values obtained with Matlab are then normalized to the overall kinetic constant of disappearance 

of n-hexadecane, k,  in order to make subsequent comparisons easier. The value of k in the different 

networks is shown in Table 6: 

Table 6. Value of k in the different networks. 

Network k 

Network 1 k1 

Network 2 k1+k4 

Network 3  k1+k5 

General network  k1+k4+k5 
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5. RESULTS AND DISCUSSION. 
As explained in the Experimental section, four different catalysts are tested and compared in this 

master thesis, whose characteristic were shown in Table 4. A characterization of the various catalysts 

and the support is carried out in order to obtain their physicochemical properties, by means of 

volumetric chemisorption of hydrogen and nitrogen adsorption measurements. 

A comprehensive study of both catalyst activity and selectivity is also performed. Regarding activity, 

the influence of temperature and weight hourly space velocity is studied for a palladium-based 

catalyst with a metal loading of 0.33%wt. Then, the influence of metal loading is examined by testing 

three platinum-based catalysts with metal loadings of 0.33%wt, 0.60%wt and 3.3%wt. The activity of 

the palladium and platinum catalysts is compared at the same metallic molar loading, specifically 

0.031mmol/g. 

Regarding selectivity, the theoretical model presented in the previous section is used to fit the 

experimental conversion-selectivity data of the different catalysts and compare them. A study about 

the product distribution is also performed. 

Finally, catalyst deactivation and subsequent regeneration are also studied in both palladium and 

platinum-based catalysts. The deactivation is studied by applying normal operating conditions and 

also accelerating the process with severe conditions. 

 

5.1 Catalyst characterization. 

5.1.1 Surface area, pore size and pore volume. 

Physical properties of the catalyst support and the noble metal impregnated catalysts are presented 

in Table 7. In particular, two catalysts are analyzed, consisting of Siral40 with a palladium loading of 

0.33%wt (Pd06S40) and Siral40 with a platinum loading of 0.60%wt (Pt06S40).  As explained before, 

surface area was calculated applying the BET equation, while average pore size and total pore 

volume were calculated with the BJH method, using the adsorption isotherm. 

Table 7. Physical properties of Siral40, Pd06S40 and Pt06S40. 

support / catalyst 

BET 

surface area 

(m²/g) 

BJH ads. 

average pore diameter 

(nm) 

BJH ads. 

pore volume 

(cm³/g) 

Siral40 (90-200 µm)   414 9.9 0.99 

Pd06S40  380 10.0 0.99 

Pt06S40  375 9.8 0.95 
 

           

After impregnation of the support, results show no significant variation in pore diameter and pore 

volume, while a slight decrease in surface area is observed.  This decrease cannot be attributed to a 

pore blockage by the metal because low metal loadings are used and, therefore, only a small amount 

of palladium or platinum is introduced. In addition, as will be shown below, estimated size of the 

metal crystallite is approximately 10 times lower than the average pore diameter.  The modification 
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of the porous structure after the second calcination could probably explain the aforementioned 

decrease [47]. 

Pore size distribution for the support and the various catalysts is shown in Figure 25: 
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Figure 25. Pore size distribution of Siral40, Pd06S40 and Pt06S40 calculated by BJH adsorption. 

 

Figure 25 also illustrates that there are no significant differences in pore size between the 

different samples tested. Most of the pores are mesopores (diameter between 2 and 50 nm). 

However, there is also a small number of macropores (diameter greater than 50 nm). A bimodal pore 

size distribution is therefore observed. 

 

5.1.2 Dispersion and crystallite size of metallic catalytic species. 

Chemical properties of the aforementioned noble metal impregnated catalysts (Pd06S40 and 

Pt06S40) are presented in Table 8. As explained before, average crystallite size was calculated from 

the metal dispersion value using Equation 5: 

 8 = 6
6	: =

4;���������� 																	4; =
6-.	/01�	�*7:  

Equation 5 

 

Values of C1 are found in the literature: 107 (Pd), 108 (Pt) [24]. Hydrogen uptake was measured on 

the un-impregnated support, in the absence of metal, and proved to be negligible, as expected for 

alumina and silica supports. 
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Table 8. Chemical properties of Pd06S40 and Pt06S40. 

catalyst 
metal dispersion 

(%) 

average 

crystallite size 

(nm) 

Pd06S40  96 1.1 

Pt06S40  89 1.2 

 

Metal dispersion was nearly complete for both catalysts and no significant difference in the size of 

the crystallites was found between the palladium and platinum based samples. 

 

 

5.2 Catalyst activity. 

5.2.1 Influence of temperature  and weight hourly space velocity.  

The influence of temperature and weight hourly space velocity was studied for a palladium-based 

catalyst with a metal loading of 0.33%wt (Pd06S40), analyzing the conversion reached for different 

values of WHSV and performing experiments at two different temperatures (310 and 330 ° C). The 

other operating conditions were kept constant. Values of n-hexadecane conversion as a function of 

WHSV ,for both temperatures studied,  are shown in Figure 26: 
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Figure 26. Influence of temperature and weight hourly space velocity on catalyst activity (Pd06S40, Pressure: 30 bar, H2/ n-

hexadecane=10)). 
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As expected [41], n-hexadecane conversion clearly depends on both variables. Conversion increases 

with increasing temperature and decreasing WHSV.  

 

5.2.2 Influence of metal loading. 

The influence of metal loading was studied by testing three different platinum-based catalysts, with 

metal loadings of 0.33%wt (Pt03S40), 0.60%wt (Pt06S40) and 3.3%wt (Pt3S40). Experiments were 

carried out at different WHSV. Values of n-hexadecane conversion as a function of WHSV, for the 

three catalysts, are shown in Figure 27: 
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Figure 27. Influence of metal loading on catalyst activity (Temperature: 310 °C, Pressure: 30 bar, H2/n-hexadecane=10)). 

 

As seen in Figure 27, an increase in the metal loading leads to higher conversion values. More details 

about the influence of temperature and metal loading are presented in the following section. 

 

5.2.3 Reaction order for the disappearance of n-hexadecane: first order kinetics model. 

As explained above (section 4.2) , the overall kinetic constant of disappearance of n-hexadecane, k, 

can be obtained from Equation 16, by means of a linear fitting of the experimental values of 

conversion and WHSV. 

 	−��(1 − )) = [
.A6�				 		 

Equation 18 

 

   

The results for Pd06S40 at temperatures of 310 and 330 °C are shown in Figure 28: 
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Figure 28. Conversion as a function of WHSV in linearized form for Pd06S40 (Pressure: 30 bar, H2/n-hexadecane=10) and 

linear regression. 

 

The above analysis was also performed for the three studied platinum catalysts, obtaining the 

following results: 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

 Pt03S40

 Pt06S40

 Pt3S40

-L
n

(1
-X

)

1/WHSV (h)

 

Figure 29. Conversion as a function of WHSV in linearized form for Pt03S40, Pt06S40 and Pt3S40 (Temperature=310 °C, 

Pressure: 30 bar, H2/n-hexadecane=10) and linear regression. 
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Data from the above linear regressions are summarized in Table 9: 

Table 9. First order kinetics model. 

catalyst temperature (°C) k (h
-1

)  intercept R
2 

Pd06S40  310 1.39 0.032 0.999 

Pd06S40  330 4.99 0.155 0.996 

Pt03S40 310 1.19 0.146 0.966 

Pt06S40 310 2.32 0.068 0.995 

Pt3S40 310 2.76 0.107 0.995 

                                       

In the various cases presented, the coefficient of determination R2 is close to unity, so the linear 

fitting of the data is good, confirming the assumption of first order kinetics. Furthermore, as 

expected, values of intercept are close to zero.  

Values of slope are a measure of catalyst activity, because they represent the overall rate of 

disappearance of n-hexadecane to form products. This rate increases with increasing  temperature  

for a given catalyst. In the case of Pd06S40, for example, increasing the temperature from 310 to 330 

°C leads to a disappearance of n-hexadecane about 3.5 times faster. It was also found, by comparing 

three different platinum-based catalysts,  that catalyst activity increases when increasing the metal 

loading. The rate of disappearance of n-hexadecane is strongly dependent on the amount of metal, 

indicating the importance of an adequate catalyst formulation.  

With respect to the comparison between palladium and platinum catalysts, it was expected that the 

activity was almost identical at a given temperature, if both catalysts had the same metallic molar 

loading (Pd06S40 and Pt06S50, at 310 °C). It is noted, however, that the platinum based catalyst is 

more active than the palladium one. The kinetic constant at a temperature of 310 °C increases by 

approximately 67% with respect to palladium. 

 

 

5.3 Catalyst selectivity. 

5.3.1 Validation of the theoretical model proposed. 

5.3.1.1 Palladium-based catalyst. 

The most direct way to analyze the distribution of reaction products is to plot the selectivity of each 

product (or lump) against the conversion of the feed, i.e. by means of selectivity plots. Selectivity plot 

for the palladium-based catalyst with a metal loading of 0.33%wt (Pd06S40) is shown in Figure 30: 
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Figure 30. First-order selectivity plot for Pd06S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10). 

 

 

The concentration of monobranched n-hexadecane isomers is maximum at zero conversion and 

decreases when conversion increases, while multibranched isomers increase at the early stage of the 

reaction, go through a maximum and thereafter decrease. This latter decrease cannot be appreciated 

in Figure 30, but it is described in the literature and can be derived from the reaction routes shown 

above. Contrastingly, the concentration of cracking products increases continuously with conversion. 

It can be seen, in Figure 30, that both monobranched and multibranched n-hexadecane isomers are 

primary products because the extrapolation of their plots to zero conversion results in nonzero 

intercepts. However, cracking products appears to be secondary or higher order products. 

The reaction network that would fit best the experimental results obtained for Pd06S40 would be, a 

priori, Network 2. As General Network includes all possible reaction pathways, it should also 

provide a suitable model to describe catalyst selectivity. Figure 31 shows the fitting corresponding to 

this last network, together with the experimental results.  
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Figure 31. Experimental results for Pd06S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10) and theoretical 

model (General Network). 

 

 

The pseudo-first-order kinetic constants obtained with the theoretical model are shown in Table 10. 

As explained before, k-values are presented normalized to the overall rate of disappearance of n-

hexadecane. As expected, the value of k5 is close to zero. This confirms the hypothesis that the 

reaction path between n-hexadecane and cracking products can be neglected. Cracking products are 

obtained, therefore, mainly through the classic mechanism with n-hexadecane isomers as 

intermediates. 

Table 10. k-values(normalized) for General Network (Pd06S40). 

 General Network 

k1 1.247 

k2 1.291 

k3 0.418 

k4 0.120 

k5 0.021 
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5.3.1.2 Platinum- based catalyst. 

5.3.1.2.1 Pt06S40. 

Selectivity plot for the platinum-based catalyst with a metal loading of 0.60%wt (Pt06S40) is shown in 

Figure 32: 
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Figure 32. First-order selectivity plot for Pt06S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10). 

 

The selectivity trends observed with the platinum catalyst are similar to those obtained with the 

palladium catalyst, but there are also some important differences. As before, the amount of 

monobranched n-hexadecane isomers decreases when increasing conversion and multibranched 

isomers go through a maximum. However, the evolution of the selectivity to cracking products is 

slightly different and must be analyzed carefully. Firstly, it is clear that cracking products are primary 

products and, therefore, they are obtained directly from n-hexadecane. In addition, there is 

no continuous increase in their selectivity with increasing conversion. Initially, the amount of 

cracking products decreases slightly and passes through a minimum. Then, selectivity increases, 

recovering the trend observed for the palladium catalyst. 

With these results, two networks may be appropriate to describe the behavior of the system: 

General Network, if all products are primary products; or Network 3, if multibranched n-hexadecane 

isomers become secondary products. The fitting corresponding to General Network provides a 

negative value for k4  (k4=-0.054), which is physically impossible. In any case, the constant of 

formation of multibranched isomers directly from n-hexadecane is very close to zero, thus indicating 

that that route can be neglected. Figure 33 shows the fitting corresponding to Network 3, together 

with the experimental results.  
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Figure 33. Experimental results for Pt06S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10) and theoretical 

model (Network 3) 

 

The chosen network fits the experimental data correctly. The pseudo-first-order kinetic constants 

obtained with the theoretical model are shown in Table 11.  

Table 11. k-values(normalized) for Network 3 (Pt06S40). 

 

 

 

 

 

The kinetic constants k1, k4 and k5 represent the numerical value of the fractional selectivity towards  

each product lump  at zero conversion, being, therefore, a measure of the relative importance of the 

different reaction routes in the proposed networks. Results for Pd06S40 and Pt06S40 are shown in 

Table 12: 

Table 12. Relative importance of each reaction route for Pd06S40 and Pt06S40 at zero conversion. 

 

 

 Network 3 

k1 1.352 

k2 2.519 

k3 2.652 

k4 0.000 

k5 0.963 

 Pd06S40 Pt06S40 

k1 (monobranched isomers) 89.8% 58.4% 

k4 (multibranched isomers) 8.7% 0.0% 

k5 (cracking products) 1.5% 41.6% 
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A comparison between selectivity patterns in Pd06S40 and Pt06S40 shows clear differences. As seen 

in the selectivity plots, the direct formation of cracking products from n-hexadecane is negligible in 

the palladium-based catalyst, but it is very important in the platinum-based catalyst. This results in a 

decrease in the amount of monobranched and multibranched isomers.  

 

5.3.1.2.2 Pt03S40 and Pt3S40. 

The selectivity analysis performed for the platinum-based catalyst with a metal loading of 0.60%wt 

(Pt06S40) was also carried out for the catalysts with metal loadings of 0.33%wt (Pt03S40) and 

3.3%wt (Pt3S40), to check if high selectivity values to cracking products were also obtained and how 

they were related with the metal loading.   

Selectivity plots for both catalysts are shown in Figure 34 and Figure 35. As for Pt06S40, General 

Network provides values of k4 negative, but very close to zero. Consequently, multibranched isomers 

are not produced directly from n-hexadecane or, if they are, the amount is negligible, so they can be 

treated as secondary products. The fitting presented for both cases were done using Network 3. 
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Figure 34. Experimental results for Pt03S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10) and theoretical 

model (Network 3). 
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Figure 35. Experimental results for Pt3S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10) and theoretical 

model (Network 3) 

 

The importance of the direct route from n-hexadecane to cracking products increases significantly 

when increasing the platinum content, indicating that the metal function is responsible for this route.   

More details about this issue are presented in the next section. The relative importance of the direct 

cracking route for the three platinum-based catalysts is shown in Table 13: 

Table 13. Selectivity to cracking products at zero conversion for Pt03S40, Pt06S40 and Pt3S40. 

 

 

 

 

 

5.3.2 Product distribution. 

Taking into account the bifunctional mechanism of ideal hydrocracking, discussed in the Background 

section, the product distribution in the hydrocracking of n-hexadecane can be predicted assuming 

that only primary cracking occurs [8]: 

� Methane, ethane, tetradecane and pentadecane are not formed. 

� Equal molar amounts of fragments between C4 and C12 are formed. 

� Molar amounts of C3 and C13 are half of the molar amounts of fragments between C4 

and C12. 

 

Catalyst 
Metal loading (%wt) Selectivity to cracking products  

at zero conversion (%) 

Pt03S40 0.33 28.5% 

Pt06S40 0.60 41.6% 

Pt3S40 3.3 57.7% 
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5.3.2.1 Palladium-based catalyst. 

The product distribution obtained when using the palladium-based catalyst with a metal loading of 

0.33%wt (Pd06S40) as catalyst is shown in Figure 36, together with the theoretical distribution 

expected for the ideal hydrocracking of n-hexadecane. Experimental results are shown for a high 

conversion value of n-hexadecane (84.6%).  
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Figure 36. Product distribution  for Pd06S40 (n-C16 conversion=84.6%, Temperature=310 °C, Pressure: 30 bar, H2/n-

hexadecane=10) and theoretical distribution. 

 

Results show that the product distribution is approximately flat, indicating that hydrocracking follows 

the ideal bifunctional mechanism. The molar ratio of cracked products to cracked n-hexadecane is an 

indicator of the existence of pure primary cracking. If the ratio is equal to 2, there is only primary 

cracking, whereas higher values indicate the existence of secondary cracking [7] [40]. For these data, 

the calculated ratio is 2.09. Therefore, secondary cracking does not occur or occurs to a very small 

extent and can be neglected. 

The results obtained at lower conversions deviate slightly from the ideal behavior, as the distribution 

of cracking products become skewed to lighter paraffins, peaking in the C4-C6, indicating that 

secondary cracking occurs. This is not theoretically expected, since the secondary cracking of primary 

fragments is favored at high conversions [7] [1].  

 

A thorough analysis of the data revealed that the behavior shown above for high conversion is 

expected for the entire range of conversions. However, limitations in the detection of certain 

compounds in the chromatographic analysis cause a significant error in the results. With the 

palladium-based catalyst, the abundance of cracking products is very low, except for conversions 

above 80%, as seen in Figure 31. Cracking products of low molecular weight, which are mainly in the 

gas phase, are determined correctly. However, products with higher molecular weight are present 
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almost entirely in the liquid phase and their quantification has an associated error. Due to the low 

abundance of these products, some peaks in the chromatographic analysis are very small and cannot 

be detected, so certain compounds are underestimated, especially branched products. 

 

With the platinum-based catalyst, the above problem is not observed, because substantial amounts 

of cracking products are obtained, even at low conversions. 

 

5.3.2.2 Platinum-based catalyst. 

The product distribution obtained with the platinum-based catalyst with a metal loading of 0.60%wt 

(Pt06S40) reflects some differences compared with Pd06S40. Results are shown in Figure 37: 
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Figure 37. Product distribution for Pt06S40 (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10) and theoretical 

distribution. 

 

 

An approximately flat distribution of fragments between C4 and C12 is obtained for all conversions 

studied, as expected for ideal hydrocracking behavior. These results suggest that the metal and acid 

functions are well balanced in this catalyst. The occurrence of secondary cracking is discarded, at 

least in significant amounts, as indicated by the molar ratio of cracked products to cracked n-

hexadecane. Calculated ratios are shown in Table 14: 

 

Table 14. Molar ratio of cracked products to cracked n-hexadecane (Pt06S40) 

n-C16 conversion 16.4 38.7 62.7 86.3 

mol cracked products/ mol n-C16 cracked  2.03 2.06 2.09 2.08 
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Nevertheless, the presence of methane, ethane, tetradecane and pentadecane within cracking 

products should be noted, because it is an important deviation from ideality. The bifunctional 

mechanism of ideal hydrocracking does not predict the formation of these compounds, so there 

must be an additional mechanism not considered so far. This fact is in agreement with the results 

obtained for the reaction network model. The platinum-based catalyst showed a direct route to form 

cracking products from n-hexadecane.   

In addition, these results are consistent with the assertions of Calemma et al. [21], who point out 

that cracking products are obtained through two reaction routes: directly from the corresponding n-

paraffin and through a series of consecutive reactions via isomerization products. The direct pathway 

would include a catalytic route  and a non-catalytic one, consisting of a thermal cracking. However, 

the contribution of the thermal process is considered to be negligible at 310 °C, temperature 

at which the experiments with the platinum catalyst were carried out. 

Therefore, unlike what happens in the case of palladium, the platinum catalyst follows also an 

hydrogenolysis mechanism. It was reported ([16] [49] [50]) that platinum catalyzes the 

hydrogenolysis of paraffins without necessitating any acid function.  

Böhringer [1] gives a comprehensive description of  hydrogenolysis and a variant of it, known as 

methanolysis. Hydrogenolysis occurs via adsorbed hydrocarbon radical intermediates, initially 

formed through extraction of a hydrogen radical. The intermediates undergo then C-C scission, as 

depicted in Figure 38. The probability of C-C scission is non-selective, resulting in a product 

distribution with approximately the same selectivity to fragments between C1 and C15, in the case of 

n-hexadecane hydrocracking. 

 

 

Figure 38. Reaction pathways of mono-functional hydrogenolysis (reproduced from [1]). 

 

Methanolysis, or successive hydrogenolytic demethylation, occurs via scission of the terminal C-C 

bond in the adsorbed hydrocarbon radical. The resulting fragments can either desorb or undergo a 

subsequent demethylation. The process is shown in Figure 39. This cracking pathway generates 

mostly methane and the corresponding fragments of high carbon number (mainly pentadecane, but 

also tetradecane, tridecane or dodecane, in decreasing amounts). 
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Figure 39. Reaction pathways of mono-functional hydrogenolytic demethylation (reproduced from [1]). 

 

 

A more comprehensive comparison between palladium and platinum catalysts is done by considering 

two experiments with approximately the same conversion (84.6% for Pd06S40 and 86.3% for 

Pt06S40). The molar carbon number distribution for both catalysts is shown in Figure 40, 

differentiating between normal and isoparaffins. 
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Figure 40. Product distribution for Pd06S40 (n-C16 conv. =84.6%) and Pt06S40 (n-C16 conv. =86.3%) (Temperature=310 °C, 

Pressure: 30 bar, H2/n-hexadecane=10). 
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In addition to the above mentioned differences in the overall distribution, Figure 40 clearly shows a 

higher amount of branched  cracking products in the case of palladium, whereas the platinum-based 

catalyst presents a greater tendency to produce normal paraffins. The overall ratio iso/n-paraffin of 

the cracking products is analyzed in Figure 41 for a wide range of conversions, to check whether the 

catalysts behave in the same manner as observed at high conversion.  Indeed, the ratio of branched 

to linear paraffins is always higher for the palladium-based catalyst and the difference increases with 

increasing conversion.  
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Figure 41 .iso/n ratio of cracking products as a function of the conversion degree for Pd06S40 and Pt06S40 

(Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10). 

 

As explained in the Background section, the hydrocracking step in the formation of cracking products 

occurs via a process called β-scission. A, B1 and B2 types, which are the fastest ones, lead to the 

formation of branched products. Therefore, the low abundance of isomers with the platinum-based 

catalyst is a further indication that the typical bifunctional mechanism is not the only mechanism 

responsible for the hydrocracking.  Hydrogenolysis plays also an important role and this mechanism 

leads only to linear products. This accounts for the low iso/n  ratios in the platinum-based catalyst. 

 

 

5.4 Catalyst deactivation and regeneration. 

5.4.1 Palladium-based catalyst. 

The deactivation of a palladium-based catalyst with a metal loading of 0.33%wt (Pd06S40) was 

studied by applying normal operating conditions, followed by more severe conditions in order to 
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obtain a rapid deactivation: low weight hourly space velocity (0.355 gfeed�h
-1�gcatalyst

-1) and  low H2/n-

hexadecane ratio (3, in molar basis). Then the catalyst was subjected to an oxidative regeneration 

treatment to burn off the coke deposits and check whether its initial behavior was recovered. Finally, 

another deactivation period was carried out.  The obtained conversion values,  as a function of time 

on stream (TOS), are shown in Figure 42: 
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Figure 42. Deactivation and regeneration in Pd06S40: catalyst activity (Temperature=310 °C, Pressure: 30 bar, Weight hourly 

space velocity=1.5 gfeed�h
-1
�gcatalyst

-1
). 

 

The catalyst deactivates slowly under normal operating conditions. Conversion decreases by 4.6% 

after 2.3 days of operation. In contrast, if the catalyst is subjected to the forced deactivation 

treatment, the loss of activity is four times faster. Coke formation is hindered by high hydrogen 

partial pressure, so working at lower H2/n-hexadecane ratio speeds up the formation of 

carbonaceous deposits and brings about a higher decrease in activity. 

After the treatment with oxygen and the subsequent reduction with hydrogen, a huge increase in 

conversion is observed. Conversion reaches 70.2%, exceeding even the value obtained at the 

beginning of the process. The activity recovery confirms that coke is the cause of deactivation and it 

can be burnt off by means of a Temperature-Programmed Oxidation.  

After a period of normal operation relatively long, the obtained selectivity values are consistent with 

those predicted by the theoretical model, having only minor differences. This fact is very important 

because it confirms the reliability of the data after a certain TOS. It was proved that the catalyst 

deactivation occurred slowly but, in addition, although some deactivation occurs, the obtained 

selectivities are roughly equal to those obtained with a fresh catalyst. The same consistence can be 

applied after the regeneration of the spent catalyst by means of an oxidation treatment. The 

theoretical model obtained for the fresh catalyst is shown in Figure 43, together with the 

experimental results: 



Noble metal catalysts for the hydrocracking of FT waxes. Results and discussion. - Rodrigo Suárez 

 

59 

 

0 20 40 60 80 100

0

20

40

60

80

100

cracking products

multibranched lump

after TPO

 Cracking products      (experimental)

 Monobranched lump  (experimental)

 Multibranched lump   (experimental)

 S
e

le
c
ti
v
it
y
 (

m
o

l 
p
ro

d
u
c
t 
lu

m
p
 /
m

o
l 
c
o

n
v
e

rt
e
d

 n
-C

1
6

)

n-C16 conversion

after normal run

monobranched lump

 

Figure 43. Deactivation and regeneration in Pd06S40: catalyst selectivity (Temperature=310 °C, Pressure: 30 bar, H2/n-

hexadecane =10, Weight hourly space velocity=1.5 gfeed�h
-1
�gcatalyst

-1
). 

 

 

However, if the catalyst is subjected to severe deactivation conditions, the selectivities changed 

enormously, as shown in Table 15. The changes are accentuated especially after the second 

deactivation period. It should be noted the significant increase in the selectivity to cracking products. 

Table 15. Selectivity values before and after deactivation (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10, 

Weight hourly space velocity=1.5 gfeed�h
-1
�gcatalyst

-1
). 

 Fresh catalyst After deactivation 1 After deactivation 2 

Cracking products 6.1% 10.7% 52.6% 

Monobranched lump 58.1% 54.9% 20.3% 

Multibranched lump 35.8% 34.4% 27.0% 

 

 

5.4.2 Platinum-based catalyst. 

The behavior of the platinum-based catalyst with a metal loading of 0.33%wt (Pt03S40) was studied 

after a period of severe deactivation conditions. In addition to the decrease in the catalyst activity, 

the selectivity values obtained after the deactivation period exhibit clear differences if compared 

with those of the fresh catalyst. Figure 44 shows the theoretical model obtained for the fresh 

catalyst, together with the conversion-selectivity data for the spent catalyst. 
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Figure 44. Selectivity plot for Pt03S40:  fresh (theoretical model)  and spent (experimental data)  (Temperature=310 °C, 

Pressure: 30 bar, H2/n-hexadecane=10). 

 

The selectivity to cracking products is greatly reduced after the deactivation, unlike what happens 

with the palladium-based catalyst. Taking into account that a direct cracking route was identified in 

the platinum catalysts (monofunctional hydrogenolysis mechanism on the metal sites), the results 

suggest that the deactivation causes an important alteration in the metal function. 

If the deactivation is mostly due to coke formation, a treatment with oxygen should result in a 

recovery to the original conditions, i.e. high selectivities to cracking products. However, the results 

obtained indicate otherwise, as seen in Figure 45: 
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Figure 45. Selectivity plot for Pt03S40, spent and regenerated (Temperature=310 °C, Pressure: 30 bar, H2/n-hexadecane=10, 

Weight hourly space velocity= 3,7,18 gfeed·h
-1

·gcatalyst
-1

). 

 

The regeneration procedure leads to a conversion increase, i.e. a recovery of the activity lost due to 

deactivation. Regarding the selectivity values, the formation of cracking products is more favored 

than after the deactivation period, but not reach the initial amounts, indicating that the metal 

function is not totally recovered despite the Temperature-Programmed Oxidation. 

The determination of the physicochemical properties of the fresh, spent and regenerated catalyst 

will probably allow a more clearly understanding of this behavior. These properties are shown in 

Table 16. 

 

Table 16. Physicochemical properties of Pt03S40: fresh, spent and regenerated. 

catalyst 

BET 

surface area 

(m²/g) 

BJH ads. 

average pore diameter 

(nm) 

BJH ads. 

pore volume 

(cm³/g) 

H2 

uptake 

(cm³/g) 

Pt03S40 (fresh)  383 8.3 0.89 0.260 

Pt03S40 (spent) 342 8.3  0.83 0.014 

Pt03S40 (regenerated) 382 8.3  0.90 0.135 

 

 

The catalyst deactivation leads to a decrease in surface area and pore volume. However, the value of 

both properties in the regenerated catalyst is, approximately, the same than in the fresh catalyst. 
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This suggests that the deactivation is only due to coke formation and the subsequent treatment with 

oxygen results in a complete coke removal. 

Coke adsorbs on the metal particles or even causes the complete encapsulation of these particles, 

thus blocking the access of reactants. The deactivation of the metal function is reflected in the huge 

decrease of the hydrogen uptake after the deactivation period.  

The volumetric chemisorption measurements in the regenerated catalyst confirm that the metal 

function is not recovered completely. One possible explanation could be that there is still a fraction 

of the platinum atoms in the oxide form, although the usual reduction treatment was carried out 

after the regeneration procedure. Further investigation is needed to fully understand what is 

happening. 



Noble metal catalysts for the hydrocracking of FT waxes. Conclusions. - Rodrigo Suárez 

 

63 

 

6. CONCLUSIONS. 
The study of palladium and platinum on silica-alumina catalysts in the hydrocracking of n-hexadecane 

has led to the following conclusions: 

 

• The hydrocracking of n-hexadecane can be expressed in terms of reaction networks involving 

lumps consisting of monobranched n-hexadecane isomers, multibranched n-hexadecane 

isomers and cracking products. The theoretical model proposed to fit the experimental 

conversion-selectivity data provides good results, confirming the correctness of the 

assumptions. 

 

• The activity of a platinum-based catalyst is significantly higher than the activity of a 

palladium-based catalyst with the same metallic molar loading.  

 

• The palladium-based catalyst behaves as a nearly ideal bifunctional hydrocracking catalyst. 

Cracking products are therefore obtained mainly through the classic mechanism, with n-

hexadecane isomers as intermediates. 

 

• Platinum-based catalysts show an additional mechanism, consisting in the direct formation 

of cracking products from n-hexadecane via hydrogenolysis and a variant of it, methanolysis. 

This is reflected in the formation of methane, ethane and the corresponding fragments of 

high carbon number, as well as in the low branching degree in the cracking products.  

 

• The higher activity of a platinum catalyst compared to a palladium catalyst with the same 

metallic molar loading stems from the existence of this additional mechanism, since the 

number of metal sites proved to be similar in both catalysts, according to the volumetric 

chemisorption measurements. 

 

• Catalyst activity increases with the metal loading for platinum-based catalysts, on account of 

the increasing importance of the direct cracking route. For the same reason, selectivity 

towards cracking products also increases with the platinum content. 

 

• Catalyst deactivation occurs slowly under normal operating conditions, confirming the 

reability of the experimental conversion-selectivity data after a certain time on stream. 

 

• The deactivation in the platinum-based catalysts is only due to coke formation, which blocks 

the access of reactants to the metal particles, thus resulting in a smaller amount of cracking 

products. The regeneration of the spent catalysts by means of a temperature-programmed 

oxidation, while completely removes the coke, does not lead to a complete recovery of the 

metal function.  
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APPENDIX I. FLOW SCHEME OF THE INSTALLATION.
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APPENDIX II. CONCENTRATION EQUATIONS.  

The equations used in this master thesis to calculate the concentration values, which are 

necessary for the subsequent calculation of the catalyst selectivity values, are presented below. 

The equations were obtained by programming in Matlab the resolution of the corresponding 

differential equations. 

 

 

 

NETWORK 3 

4M<N;O =	4M<N;O��<(�Vh�i)^ 

 

	4jdMd = −[;4M<N;O�(�<�V^ − �<�k^)
[; − [5  

 

4jf�0� = 4M<N;O�	[;[5�<�l^([; − [m)([5 − [m) −
4M<N;O�	[;[5([;�<�k^ − [5�<�V^ + [m�<�V^ − [m�<�k^)

([; − [5)([; − [m)([5 − [m)  

 

The concentration of cracking products is obtained from the other concentrations using a 

simple material balance: 	4Nc1g��Mn = 4M<N;O� − 4M<N;O − 4jdMd − 4jf�0� 

 

 

 

GENERAL NETWORK 

 

4M<N;O =	4M<N;O��<(�Vh�oh�i)^ 

 

	4jdMd = −[;4M<N;O�(�<�V^ − �<�k^)
[; − [5  

 

4jf�0� = �<�l^ p 4M<N;O�	[;[5[;[5 + [;[m − [5[m − [;5 −
4M<N;O	[q[m + 4M<N;O�	[;[5[;[5 − [;[m + [5[m − [55r

− �<�l^ p 4M<N;O�	[;[5�<�V^��l^[;[5 + [;[m − [5[m − [;5 −
4M<N;O	[q��l^[m + 4M<N;O�	[;[5�<�k^��l^[;[5 − [;[m + [5[m − [55r 
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	4Nc1g��Mn = 4M<N;O� − 4M<N;O − 4jdMd − 4jf�0� 
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APPENDIX III. SPECIFICATION SHEET: PUMP (MODEL: 307HPLC, GILSON). 
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APPENDIX IV. SPECIFICATION SHEET: MASS FLOW CONTROLLERS (MODELS: F-201CV, BRONKHORST). 
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APPENDIX V. SPECIFICATION SHEET: PRESSURE CONTROLLER (PRESSURE TRANSDUCER -MODEL: P-512C, 

BRONKHORST- WITH SEPARATE VALVE -MODEL: F-011AV, BRONKHORST). 
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APPENDIX VI. SPECIFICATION SHEET: RELIEF VALVE (MODEL: R-3A, SWAGELOK). 

 

 

 
 

 



 

83 

 

 

 

 
 

 

 



 

84 

 

 

 

 

  

 



 

85 

 

 

 

 

 



 

86 

 

 

 

 

 



 

87 

 

 

 

 



 

88 

 

 

 

  



 

89 

 

 

 


