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ABSTRACT 

This thesis is focused on the study of the performance of a noble metals catalyst 
in the hydrocracking of blends of non-olefinic plastic and an intermediate refinery 
stream as an alternative to less efficient strategies for waste valorisation. To this 
end, the process has been approached from a laboratory-scale point of view with 
a perspective of its industrial implementation, focusing on the effect of co-feeding, 
the mechanisms involved, the catalytic deactivation phenomena and the kinetic 
study. 

The catalyst used, consisting of a PtPd catalyst supported on zeolite Y, has been 
tested in the hydrocracking of polystyrene (PS) and vacuum gas oil (VGO) 
blends. The study aims to evaluate the feasibility of producing streams suitable 
for use as automotive fuels by understanding the hydrocracking and catalytic 
deactivation mechanisms involved. The operating conditions used in a batch 
reactor were as follows: 380-420 °C; 50-110 bar; PS content in the feed, 10 wt%; 
catalyst/feed ratio, 10 wt%; and time, 30-300 min. The liquid fractions have been 
extensively characterised by chromatographic techniques concluding that the 
naphtha and light cycle oil (LCO) are suitable for inclusion in the blending pools 
of commercial fuels. The deactivated catalyst has also been characterised in depth 
to check the role played by the plastic in its deactivation, playing a critical role 
at 380 °C. The use of temperatures above 400 °C indicates that PS incorporation 
into a hydrocracking reactor is effective for naphtha and LCO production without 
causing any operational problems. Different possibilities of catalyst regeneration 
have also been studied and characterised to explain the reversible and irreversible 
causes and to establish the best way to enhance the sustainability of the process. 

The validity of the process has been tested by introducing oxygenated plastics, 
namely polymethylmethacrylate (PMMA) and polyethylene terephthalate 
(PET), which add as a new variable the presence of heteroatoms. Using the same 
catalyst, the reactions have been carried out in a 100 mL batch reactor under the 
following operating conditions: 380-440 °C; 50-110 bar; plastic content in the feed, 
10 wt%; catalyst/feed ratio, 10 wt%; and time, 30-300 min. The results confirm 
the existence of synergy in the co-feeding, assisting the conversion of the heavier 
compounds and providing a high selectivity to the fractions of interest. In 



addition, the influence of the presence of oxygen in the products and the effect of 
the nature of each plastic on the coke formation have been analysed. 

Using advanced analytical techniques, the liquid products of the hydrocracking 
reactions of VGO and VGO mixed with oxygenated plastics have been studied 
for a better understanding of the mechanisms involved. Analyses of both 
hydrocarbons and heteroatom-containing compounds (such as nitrogen, sulphur 
and oxygen) have been performed using a combination of chromatographic 
techniques, high-resolution mass spectroscopy and magnetic resonance imaging. 
The combination of the results with the catalytic performance results has allowed 
to establish the preferential routes of the process and to identify the possible 
alterations due to the influence of each plastic according to its nature. 

From the experimental results, different reaction networks and kinetic models 
have been optimised, of which an original 7-lumps model (8 lumps for the 
oxygenated plastic blends) has been selected for its high accuracy and fit based 
mainly on the effect of time and temperature. The model owes part of its 
originality to the introduction of individual deactivation equations related to each 
of the deactivation phenomena (plastic fouling, coke deposition and metal 
poisoning) and their contribution to the global catalyst activity. 

Overall, the results highlight the potential of hydroprocessing units to contribute 
to a more sustainable cycle of plastics production by re-incorporating their 
residues into petroleum treatment cycles. The approach to the mechanisms and 
kinetics of the process encourages the introduction of a new way of recycling 
waste materials, assisting the decarbonisation of the refinery and its large-scale 
adaptation as a contribution to the Waste Refinery.  
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Chapter 1 

 

1.  INTRODUCTION 

 

 

 

 

 

 

This Chapter introduces the topic that leads to the development of this Thesis, 
mainly focused on the combined hydrocracking of a heavy stream of refineries 
and non-olefinic plastics. The background of this work is based on the actual 
energetic scenario and the impact of the exploitation of petroleum resources that 
has been carried out so far. The influence of the oil market, the distribution of 
the demand and utilization of these resources and the regulations on the products 
and the waste generated by part of the industry are here addressed. Among the 
potential answers for these circumstances, hydroprocessing is revealed as a 
versatile and already-in-use option. Thus, the fundamentals of its performance, 
the basis of the catalysts design and the approaches to the kinetic modelling of 
the hydroprocessing of complex blends are exposed to comprehend their 
upgrading through this process.  
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1.1. ENERGY SCENARIO AND WASTE PRODUCTION 

The world is at a critical juncture in the energy situation, generation and 
distribution. As occurred in the past, the energy problem finds its origin in 
geopolitical drivers that lead to the rise in prices that is now bringing about some 
economic repercussions such as inflation. Part of this crisis repeats the importance 
of some tasks such as reducing oil dependence, especially the ones coming from 
imports. However, some additional issues must be considered to understand the 
current energy scenario and the multiple causes of its instability, namely COVID-
19, the coal trade resurgence, the Russia/Ukraine conflict, the impact of the 
climate on renewable energies and the oil demand. 

COVID-19 has had a great and multidimensional impact on our lives, not only 
in the social dimension but also in the sector of energy and industry. The full 
lockdown executed by most of the countries at different moments reflected a 
reduction of weekly consumption of energy by 25 % [1], due to the shutdown of 
industries, academic institutions and shopping and leisure centres. These changes, 
along with some observed in the usage patterns of energy-consuming resources 
such as transport [2], must be considered within the context of the previous 
pricing war (which remained through the pandemic) [3] and the oversupply that 
was already inducing an energetic uncertainty [4]. Globally, the general effects of 
this incident on the energy market and the renewable energy sector have been 
badly considered [5]. However, some authors have stated that there is a great 
opportunity for renewable energy sources since this crisis has put the focus on the 
investment in these sources and the promotion of their development due to their 
efficiency [6]. 

The coal trade matter is one of the main concerns regarding CO2 emissions, as it 
is an industry that demands an immediate suppression of obsolete technologies 
and yet keeps an increasing trade density [7, 8]. In this respect, China 
concentrates half of the global consumption and more than 50 % of the CO2 coal-
related emissions [9]. Moreover, China as well as other countries are considering 
stepping back in the decarbonisation strategies due to the influence of some of 
the energetic issues here exposed on the power supply stability. 
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Related to the above, the latest international conflict between Russia and Ukraine 
is also strongly affecting an already fragile state. The combination of the imports 
cuts, the reduction of the supplies by Russia and the dependence on fossil fuels 
despite the transition towards renewable sources is leading to a situation in which 
the robustness of the energy network is tested [10, 11] and the vulnerabilities of 
the supply chain through cascading failures are highlighted [12]. 

As an alternative to the exposed dependency on fossil fuels, the transition to 
carbon neutrality through the implementation of renewable energy sources brings 
several opportunities but also remarkable challenges. In order to become 
competitive and gain weight in terms of contribution to co-generation schemes, 
renewable energy sources have to overcome the substantial subsidies for 
maintaining fossil fuels utilization [13], the unpredictability over the impact of 
renewable power plants [14] and the limitations that each of these alternative 
sources present [15]. Apart from that, developing countries are usually identified 
as the ones with higher emissions due to the rapid industrialization rate they 
suffer and the greater help they need to implement new technologies from an 
agrarian and weaker infrastructure [16]. 

As a global result of these factors, United Nations has reported that more than 
two-thirds of greenhouse emissions are related to the energy sector, and over the 
75 % are related to fossil fuels. Consequently, an unusual rupture in Earth’s 
balance (Figure 1.1) has been manifested in rises in the sea level [17], the oceans’ 
heat gain [18], the precipitation amounts [19], CO2 concentration in the 
atmosphere [20] and glacier mass loss [21]. Hence, the focus must be put once 
again on the exploitation of the most traded commodity in the world: crude oil. 
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Figure 1.1. Key factors of global climate change due to greenhouse emissions. 

1.1.1.  Crude oil exploitation and market 

Crude oil is known as the major commodity in the present-day and has been 
known, along with natural gas, for a few thousand years to humankind. It consists 
of different blends of hydrocarbons with different physical and chemical properties 
that depend on its origin and heaviness. As a general rule, crude oil is made by 
carbon (83-87 wt%), hydrogen (10-14 wt%), sulphur (< 6 wt%), nitrogen  
(< 2 wt%) and oxygen (< 1.5 wt%) [22]. Apart from the major elements, there 
are small concentrations of heavy metals that form what are called 
metalloporphyrins that can affect the properties of the petroleum fluids and the 
posterior performance of the catalysts in the refineries [23]. It is well known that 
the current oil reserves are running out and even if some new are being considered 
for their exploitation the nature of the extracted material is heavier.  

The common classification used for crude oil is the API gravity, which 
distinguishes between light (API > 31.1), medium (22.3 < API < 31.1), heavy 
(10 < API < 22.3) and extra-heavy (API < 10) crudes [24]. Apart from giving 
general information about the relative density of the crude oil compared to water, 
the utilization of this classification can provide some approaches to the 
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composition of the material being treated such as the contents of heteroatoms, 
asphaltenes and metals. The relevance of the character of the crude oil relies on 
the competitiveness of each region to being supplied with light crude oils that 
easily penetrate the world market at the same time that they have the 
infrastructure to manipulate that crude oil [25]. Besides, there is an additional 
classification of the crude oil attending to its total sulphur concentration, as the 
ones presenting lower accumulations of this element (known as sweet) will 
demand less quality adjustment treatments than those called bitter. 

As energy price is a crucial factor for the global economy, the markers that 
strongly affect oil prices are the influence of supply and demand factors, the 
influence of the international oil market (which is inherent) and the impact of 
emergencies, as discussed above. Hence, the importance of crude oil in terms of 
exploitation, distribution and market will play a decisive role in the coming years 
in the international panorama.  

Figure 1.2 depicts the global reserves of oil that can be certainly extracted with 
the actual and foreseen technologies. It can be observed that there are countries 
with clear control of the oil supplies (Venezuela, Saudi Arabia, Canada), as the 
top 14 countries account for more than 90 % of the known reserves, which implies 
a remarkable role of these countries on the world economy. However, as it is 
reflected in the Statistical Review of World Energy (2021) of BP [26], this does 
not imply a major production of petroleum resources, as this is just indicative of 
the quantity of petroleum that can be extracted in economically viable terms and 
therefore the refining capacity of each country must also be taken into account. 
Moreover, the uncertainty that surrounds the actual amount of available crude 
oil is also supported by the technological development that allows the extraction 
of heavier resources over time. 
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Figure 1.2. Proven oil reserves in 2020. Our world in data [27]. 

The increasing market for heavy oil components and the advances in recovery 
processes have boosted the attention to reservoirs that had been considered 
unfeasible so far [28]. A further consideration is the fact that each region provides 
a very different crude oil in terms of the above-mentioned parameters to measure 
the quality of the crude oil (sulphur content and API gravity) [29], even if it is 
increasingly poorer due to the depletion of the light and medium crude oils [30]. 

Furthermore hand, oil demand is a key factor for worldwide economic health, and 
so it has been stated that geopolitical disturbances (such as the recent pandemic 
and military conflicts) in this parameter are strongly reflected in the oil market 
and therefore in the global economy [31]. In fact, the uncertainties in this area 
have proved to be more negative in the countries oil-importer than those which 
export this commodity [32]. 

Oil demand has achieved a value of 96.9 million barrels per day (Mb/d) in 2021 
[33] and is expected to grow by 23.6 Mb/d by 2045. A continuously increasing oil 
demand has been observed in the last decades as it inevitably accompanies the 
rapid economic growth that many regions are going through. This direct 
relationship between the economic capacity and the oil demand has been 
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remarked during the COVID-19 pandemic, as it gradually abated the oil demand 
due to the cessation of many oil-consuming activities, although a monthly upward 
quote has been observed since August 2021 [34]. 

When attending to the oil demand by regions, non-OECD countries hoard more 
than half the medium-term oil demand, exhibiting the main part of the global oil 
demand, led by the demand increase observed in China. The rapid growth of 
these economies, strictly oil importers (China accounts for almost 80 % [35]), will 
support oil prices in the long term. Regarding the OECD countries, the reports 
led to conclude that the oil demand is expected to grow at least in the period to 
2024 which will be offset by a decline during the rest of the medium term. Bearing 
all of this in mind, the oil demand projections indicate a solid growth for the 
following years and the main concern is about the energetic security issues that 
will end in slower oil substitution. 

In the long term, a gap between OECD and non-OECD countries is anticipated 
due to the contrary behaviours that can be foreseen: a declining trend on the first 
and a continuous increase in the latter. These trends for OECD regions are a 
consequence of the efficiency and technological development and the replacement 
of oil-dependent industries by alternative fuels and renewable energies, backed by 
a static population and the ongoing electrification in industries such as the 
residential and industrial sectors. 

All these factors reflect the instability of a complex and dynamic market such as 
the one of crude oil. In order to achieve the goals marked by international 
consensus of decarbonisation, reduction of carbon emissions and the enhancement 
of biosphere resilience [36], the intensifying of the crude conversion processes 
seems imperative. In this context, technologies with the capacity to deeply 
refining heavy feeds and produce various chemical products are expanding. 
Moreover, the increasingly strict requirements of the products obtained in 
refineries underline the benefits of some of these processes such as 
hydroprocessing, which provides a simultaneous conversion of heavy oils and a 
reduction of heteroatoms in the products, which are progressively more controlled. 
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1.1.2.  Products and wastes regulations  

The light hydrocarbons obtained from the crude oil distillation and treatment 
present contents of sulphur, nitrogen and metals whose removal is required to 
accomplish the environmental regulations and the quality of the products. The 
absorption by the industry of heavier feeds and the stricter regulations about the 
emissions that are potentially hazardous for human health and the environment 
force the requirements to establish a balance between the satisfactory composition 
of the fuels for their use in engines and the limits that should be established before 
they harm their performance. 

There are global standards development organizations such as ASTM 
International, the European Committee for Standardization and the International 
Organization for Standards. The specifications that these delegations provide for 
the different types of fuels include parameters such as composition, performance, 
volatility, combustion, contaminants and additives. However, it must be 
emphasized that many of them are general guidelines and they vary from region 
to region. 

Regarding the gasoline composition, the Research octane number (RON) and the 
sulphur content mainly drive the performance of this fuel in engines and control 
catalyst deactivation, corrosion problems and environmental pollution [37]. 
However, there are multiple physicochemical specifications for gasoline even if 
they are given in ranges form according to the variety of engines and grades of 
fuels commercially available. In Europe, these specifications are collected in the 
Euro 5, Directive 2009/30/EC, whose main standards are shown in Table 1.1 [38]. 
It must be noted that, although outside the European Union these specifications 
have been laxer, in recent years several efforts have been made to adapt fuel 
regulations to the current environmental issues [39]. 

 



Energy scenario and waste production 

9 

Table 1.1. Environmental specifications for market fuels to be used for gasoline 
vehicles (Directive 2009/30/EC). 

Parameter Unit 
Limits 

Min. Max. 

Research octane number  95 - 

Motor octane number  85 - 

Vapour pressure, summer period kPa - 60.0 

Distillation:    

- percentage evaporated at 100 °C vol.% 46.0  

- percentage evaporated at 150 °C vol.% 75.0  

Hydrocarbon analysis:    

- olefins vol.% - 18.0 

- aromatics vol.% - 35.0 

- benzene vol.% - 1.0 

Oxygen content wt% - 3.7 

Sulphur content mg kg-1 - 10.0 

Lead content g L-1 - 0.005 

 

On the other hand, diesel engines usage is open to discussion after the chain of 
events related to their usage. This type of engine has been extensively used for 
transportation, shipment and the agricultural industry due to its high reliability 
and efficiency [40]. However, and even considering that they provided low carbon 
monoxide and unconverted hydrocarbons emissions related to the combustion 
characteristics [41], they are also responsible for the major contribution to the air 
of pollutants such as nitrogen oxides and particulate matter. For this reason, and 
along with the deterioration of in-cylinder combustion as well as oil depletion, 
both diesel engines’ performance and economy are under high back pressure [42]. 
In this context, the regulations of diesel engines are becoming more severe and 
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environmental agencies are pressing for reducing the health conditions and 
environmental emissions related to diesel combustion. As an example, the 
specifications for commercial diesel covered in Directive 2009/30/EC, the same 
as those used for gasoline in Europe, are exposed in Table 1.2. 

Table 1.2. Environmental specifications for market fuels to be used for diesel 
vehicles (Directive 2009/30/EC). 

Parameter Unit 
Limits 

Min. Max. 

Cetane number  51.0 - 

Density at 15 °C kg m-3 - 845.0 

Distillation:    

- 95 vol.% recovered at: vol.% - 360.0 

Polycyclic aromatic hydrocarbons wt% - 8.0 

Sulphur content mg kg-1 - 10.0 

FAME content – EN 14078 vol.% - 7.0 

 

Aside from the guidelines imposed on the refinery products, there is a large list 
of wastes being generated in refineries that usually go unnoticed [43, 44]. Some of 
them have also an influence on human health (i.e. hydrocarbons, metals, PAHs), 
and are being monitored and often treated through biological methods [45]. 
However, there are remaining wastes that need to be handled in different ways 
(such as solid waste from the spent catalysts). Furthermore, the effects of some 
of these compounds and materials are unknown and there is scarce literature 
about the combined effect of hydrocarbons, chemicals and blends of refinery 
wastes on contaminated environments [46]. 

The process intensification that is now coming into vogue must be focused on the 
optimization of the refining processes in such a way that wastes are minimized 
and properly treated and on the effective recovery of the wastes whether they are 
produced either during the refining process or they are discarded at their end-of-
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life as added-value products. In this regard, plastics reveal themselves as a 
potential source of transformable hydrocarbons blends as they are more valuable 
than crude oil and can contribute to the intensification of refining through their 
integration into fuel production.  
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1.2. PLASTICS MANAGEMENT DILEMMA 

1.2.1.  Plastics trade market 

Plastics are organic polymeric materials that consist of very large organic 
molecules that, depending on the fabrication and moulding treatment that is 
given to them, can adopt interminable forms and properties. Among the good 
properties related to these materials, one could find resistance, durability, 
corrosion resistance and high thermal and electrical insulation [47]. Because of 
this, these materials have been applied in recent years to agriculture, industry, 
construction, packaging and even medicine [48]. As they have proved to 
considerably increase the living standards of society, the plastic industry has been 
further developed across the last century in a search of continuous upgrading of 
these materials, optimizing their properties and applications. Consequently, the 
growth of the plastics industry has been progressively increasing until it has 
become one of the most profitable and extended industries, including the creation 
of employment, a great turnover, the contribution to public finances and ranking 
at the top of the industrial value-added contribution. 

Nowadays, with the world focusing on climate change, the plastics industry has 
been carefully evaluated from the beginning of the supply chain. As the 
production of so many different plastics comprehends a wide spectrum of raw 
materials, processes and final additives, there is a lack of research that 
encompasses all parts of the supply chain [49]. The production of virgin plastics 
has a prominent impact on petroleum exploitation, as more than half of the light 
olefins demand, e.g. ethylene and propylene, that mainly come from the catalytic 
processing of natural gas and crude oil (or their products) [50, 51] is aimed at 
plastics manufacturing [52]. In fact, 15 % of the CO2 emissions are related to 
primary chemical production, of which 27 % is attributed to high-value chemicals 
and most of these are used for plastics production [53]. Hence, the dramatic scale-
up of the plastics production industry must be rigorously broken down. 

Global plastics production reached 368 million tons in 2019 [54], excluding PET 
fibres, PA fibres and polyacrylic fibres, representing an increase of 2.4 % in 



Plastics management dilemma 

13 

comparison with the previous year. This output is directly related to the regions 
of higher oil imports, as Asia accounts for 51 % (China provides 31 % of the 
total), the United States, Canada and Mexico (NAFTA) produce 19 %, a 16 % 
is located in Europe and the rest of it is shared between Middle East, Africa and 
Latin America. On the contrary, in 2020 plastics production decreased due to the 
partial shutdown of human activity, although this reduction was limited to 367 
Mtons, which implies an actual development of mass production with no 
significant changes in the distribution. Also, the most developed regions are at 
the forefront of virgin plastics reduction. As an example, European plastics 
production without including recycled plastics has decreased from a peak of 64.4 
Mtons in 2017 to 55 Mtons in 2020. 

On the other hand, the reports offer a clear trend in plastic demand of continuous 
growth that will lead to almost a threefold increase in plastic use mainly driven 
by rising populations, incomes and development [55] if intervention is neglected. 
As a representative case, data from 2020 reflect that the 6 largest countries in 
Europe concentrate almost 70 % of the plastic market. Moreover, a direct link 
between this market and industrial activity can be deduced if polymers demand 
is examined in segments: 40.5 % is concentrated on packaging, 20.4 % is related 
to building and construction, and 8.8 % is required by the automotive industry 
and the rest is shared by minor sectors such as agriculture and household. 

Two main drawbacks can be ascribed to the massive plastics trade exposed: on 
one hand, it entails intensive exploitation of petroleum resources, which hampers 
the decarbonisation goals; on the other hand, the production of plastics has as an 
inevitable consequence the enlargement of the solid waste amount. Even if 
secondary plastics markets are boosted and policies are focused on extending 
plastics service life to curb the production [56], primary plastics production is 
expected to keep increasing for the incoming years and therefore so will the 
plastics wastes at their end of life.  
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1.2.2.  Plastics wastes 

Plastic waste or pollution comprises all activities that imply a negative impact 
on the environment of an area in which plastics have begun to be stored. The 
hazardous effects that plastics disposal has on our ecosystem are wide, as they 
can directly affect human health (either through the release of toxic substances 
or acting as carriers for other co-existence pollutants) [57], changing the properties 
of the environment soils and at the same time affecting to their animals [58], 
damaging the marine inhabitants [59] and leading to microplastics formation that 
affects indeed to all the previous circumstances [60]. 

The elemental composition of some of the majority of plastics found in municipal 
solid wastes (MSW) blends can be found in Table 1.3. Most of the basic plastics 
such as HDPE or PP show a high carbon content, the rest of them being mostly 
hydrogen. These compositions reflect a high calorific value, raising interest in 
their proper management once their lifespan has ended [61]. Nonetheless, the 
more complex the molecules designed for the plastic the higher introduction of 
heteroatoms such as oxygen (PET) or chloride (PVC), which can be dangerous 
in their treatment or toxic. Note that some of them show sulphur traces despite 
not having this element in their design composition and as a consequence of the 
multiple post-fabrication treatments they undergo. All the unknown compounds 
that might be within the composition of the plastics or have adhered to them 
during their service life exacerbate the plastic pollution issue. 

In addition to the individual composition dilemma, the heterogeneous nature of 
the plastic blends that can be recovered from the MSW must be considered. The 
average MSW blends include the following composition regarding plastics [62]: 
polypropylene (PP), 26 wt%; high-density polyethylene (HDPE), 15 wt%; low-
density polyethylene (LDPE), 13 wt%; linear low-density polyethylene (LLDPE), 
polyvinyl chloride (PVC), 20 wt%; polystyrene (PS), 7 wt%; polyethylene 
terephthalate (PET), 6 wt%, and; others, 5 wt%. Besides, the recovery of post-
consumer plastics is far from complete capture, as the rapid rise of the waste 
volume in urban areas in developing countries has encountered issues in terms of 
disposal, collection and management of the discarded materials [63]. 
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Table 1.3. Elemental composition of some plastics recovered from the MSW [64]. 

Material  C (wt%) H (wt%) N (wt%) O (wt) S (wt%) 
PET  61.4 4.3 0.05 32.7 0.17 
HDPE  82.4 15.2 0.06 0.3 - 
PVC  35.6 4.9 0.20 4.1 - 
LDPE  87.3 15.2 0.06 0.2 - 
PP  79.1 14.4 0.40 1.7 0.15 
PS  93.5 8.5 0.06 0.2 - 

PET: polyethylene terephthalate; HDPE: high-density polyethylene; PVC: 
polyvinyl chloride; LDPE: low-density polyethylene; PP: polypropylene; PS: 
polystyrene. 

1.2.3.  Waste Refinery 

The set of processes and technologies that promote the large-scale valorisation of 
not only plastics but also other discarded materials have been held under the 
name of Waste Refinery. The concept arises from the necessity of merging 
conventional units of refineries and new alternative feeds that are otherwise 
wasted. The integral valorisation of wastes faces noteworthy handicaps such as 
the huge initial investment that new units would require, the quality standards 
that the resulting products must fulfil and the competition with the conventional 
refineries [62]. As a consequence, Waste Refinery processes are proposed to be a 
combination of a first stage of secondary low-quality streams in conventional 
refinery units that must be further upgraded with a second stage of versatile units 
that can absorb not only those streams but also waste materials, as illustrated in 
Figure 1.3. This way, the refineries would promote the intensification of the actual 
processes while introducing a valorisation industry in an attempt of maximizing 
the yields of fuels and chemicals.  
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Figure 1.3. General scheme of the Waste Refinery concept. 

1.2.3.1. Biofuels 

Thermochemical conversion of bio-waste has several pathways depending on the 
main product that is obtained: they can be converted into gases (e.g. syngas), 
solids (such as biochars) and liquids (biofuels or bio-oils), thus giving rise to a 
varied number of processes encompassed in what is called Biorefinery. Raw 
biomass represents the most abundant organic macromolecular material 
containing carbon in nature [65] and its main advantage is the carbon-neutral 
character that is attributed to it due to the amounts of CO2 related to its 
development and the energy production derived from it being almost equal [66], 
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along with other good properties as its renewable nature and its low sulphur 
concentration.  

Conventionally, biomass has been extensively focused on heating facilities through 
its combustion but the correct utilization of this resource can be directed towards 
electric, fuels and other chemicals production, especially in countries with a strong 
share of coal in their primary energy sources [67]. Almost 50 % of global energy 
demand is expected to be supplied by renewables by 2030, most of these sources 
having a biomass-derived origin [68]. 

The most frequent materials used for that conversion include woody biomass, 
agricultural crop residues, algae, livestock manure, part of the MSW [69] and also 
materials of animal origin, which are sometimes overlooked when exposing 
biomass as a potential energy source. In total, bio-waste arising in the European 
Union (including MSW) has been estimated at 76.5-102 million tonnes, plus 37 
million tons from the food and drink industry [70]. As these amounts are predicted 
to be continuously increasing in the years ahead, the biomass market will thrive 
and diversify into various energy forms such as electricity, hydrogen, fuels and 
other chemicals. 

Sustainable biofuel production is also required, as the supply impact of first-
generation food-based biofuels and second-generation biofuels may imply food 
insecurity resulting from the diversion of agricultural lands to intensify 
lignocellulosic energy crops [71]. For that reason, the merging with other sectors, 
the sustainable exploitation of agricultural lands and preservation of lands for 
biodiversity and the greenhouse emissions compensation must be encountered 
through the optimized combination between the biomass available, its properties 
and the technologies employed. 

Apart from bio-waste from various industries such as food and agriculture, the 
intensification of these processes as well as the dependence of the automotive 
sector on fossil fuels has led to the identification of CO2 emissions as an indicator 
of climate change [72]. Recently, the energy potential of CO2-derived fuels has 
been pointed out as an effective way to bend the emissions curve, as they have a 
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high energy storage capacity while maintaining a near carbon-neutral balance if 
produced with the help of renewable energies [73]. However, it is sometimes 
argued that these fuels do not belong to the biofuel group because CO2 capture 
can take place in conventional combustion engines, which are not derived from 
biomass. CO2-to-fuel technologies are currently being developed in search of an 
efficient method that combines light and heat in photocatalytic processes to 
reduce the energy demands of thermocatalytic methods by avoiding or at least 
reducing the availability of sunlight as a constraint in photochemical processes 
[74]. 

1.2.3.2. End-of-life tires 

As a consequence of the increasing part of the automotive industry in the 
development of the economy of many countries, tire production has achieved an 
essential role. The continuous evolution of these materials and the numerous 
categories and origin do not affect their general composition, considering them as 
homogeneous materials mainly composed of [75]: 40-48 % of natural and synthetic 
rubbers; 22-27 % of carbon black and/or silica; 5-25 % of reinforcing materials 
(metals and textiles); and 0-8 % of facilitators (oils, waxes, plastics…). 

Tires market has been directly related to the growing population and hence to 
increasing demand. This way, 1.5 billion tires were estimated to be produced in 
2017 and the predictions elevate this value up to 2.5 billion units by 2022 [76]. 
This trend has turned into a worry since the 1960s, in a search of an economical 
and sustainable way to yield the maximum energy recovery from end-of-life 
(EOL) tires [77]. 

As with other wastes, the management of EOL tires can be divided into three 
main routes, namely material, energy or chemical recovery. Apart from that, 
consideration must be given to the incomplete correct management of tires. 
Regardless of the efficiency of recovery through the mentioned methods, landfill 
and stockpiles must be also considered. The tire disposal in landfills has been 
drastically reduced over the last years, as they are potentially risky due to the 
lack of control, the abandoning of most of them and the threats of potential fires 
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[78]. With respect to stockpiles, they are now the less desirable destination and 
have been also limited due to their impact on water, soil and air [79]. Currently, 
global data indicate that 3-15 % of tires are recycled, 5-23 % are reused, 20-30 % 
of them are landfilled or stockpiled and 25-60 % are incinerated [80]. 

Coming to the matter of more sustainable options, secondary utilization from 
EOL tires can be achieved through various alternatives, exposed in Figure 1.4. 
First, tire retreading is the renewing of the tread of a tire, thus extending its 
useful life. This reduces the cost required for one tire manufacturing between 30 
and 50 % of a virgin tire [81]. However, the strong dependence of the efficiency 
on the original tire structure, the lack of standardization in the processes and the 
limited retreading cycles of the tires can be submitted to reinforce the weight of 
searching alternatives. On the other side, using tires as repurposed construction 
material (under the so-called civil engineering) has been emplaced at the top of 
the agenda, as it involves a high-value recovery that requires fewer resources than 
recycling [82]. 

With regard to energy recovery, it can be a better way to deal with tire waste if 
compared to their disposal but should be only performed when recycling is not 
possible. The combustion of an EOL tire implies just 37 % of the energy required 
for the synthesis of a new one [83]. Nevertheless, it is not discarded as an option 
because tires contain a very low moisture content and high content of volatiles 
and heat, making it a very good option for the partial replacement of fossil fuels 
in combustion plants [84]. 

Last, chemical recovery comprises two main processes based on the thermal 
conversion of EOL tires making advantage of the good compositional properties 
exposed above: gasification and pyrolysis. Gasification mainly produces syngas (a 
gaseous blend of CO, hydrogen and hydrocarbons) from carbonaceous materials. 
The application of this technology to tires waste has been essentially made under 
laboratory conditions, with fewer results reported in pilot-scale units [85], but 
exhibiting a good waste management potential, even considering that it has 
proved to be heavily dependent on the temperature and the gasifier agent [86]. 
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Figure 1.4. Scheme of the circular economy of tires [87]. 

Alternatively, pyrolysis is the other thermal route to deal with tires that provides 
a considerable number of valuable products at the same time that it is one of the 
most environment-friendly and economically viable options within a competitive 
framework [88]. The maturity of this technology has allowed obtaining very good 
yields of products of interest while directly and indirectly reducing greenhouse 
gas emissions and the materials that are not converted during the pyrolysis 
(metals, rubber, additives…) might be recovered after the process, promoting the 
circular economy of these materials [89].  
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The valorisation of the tyre pyrolysis liquid (obtained in a spouted bed reactor) 
has been studied by Rodriguez et al [90]. In the framework of this research, these 
authors investigated the effect of the operating conditions (temperature, catalyst-
to-oil ratio and contact time) on the cracking of this liquid and then took a further 
step towards its real introduction in refineries by co-feeding it with vacuum gasoil 
[91, 92]. As a result, they demonstrated the feasibility of using these residues for 
the production of high yields of fractions of interest in refineries with compositions 
equally valuable for the production of liquid fuels. Furthermore, they established 
the operating conditions necessary for the minimization of lower-value gaseous 
products, boosting the performance of the FCC units. On the other hand, the use 
of hydroprocessing units for the valorisation of tyre pyrolysis liquids has been 
extensively studied by Hita et al. [93–95], who proposed a two-stage strategy in 
a trickled bed reactor. The most relevant results showed a remarkable reduction 
of sulphur compounds (the main objective of the research) while obtaining a 
remarkable conversion of aromatic compounds and the heavier fraction in general.  

1.2.3.3. Plastics 

The core of the plastics waste issue lies in the mismanagement that has prevailed 
in dealing with post-consumer materials. The different methods to cope with 
plastics residuum are the energy recovery processes (mainly incineration), landfill 
disposal and recycling, which accounted for 42 %, 23.4 % and the remaining  
34.6 %, respectively, in 2020. Incineration is the most widely extended process so 
far mainly due to the energy potential of the materials disposed of [96] and the 
reduction of the MSW volume. However, the combustion of mixed plastics from 
MSW is used to produce steam that provides electrical energy and the global 
process has an efficiency cap of 23 to 40 % [97]. Besides, the rapid increase in 
plastics consumption and their limited duration of life (from less than 1 month 
to 35 years [98]) have led inescapably to massive disposal of waste in landfills. 
This comes with an increasing threat because of its impact on soils, air, water 
and human safety [99] that reinforces the idea that, from a Global Warming 
Potential (GWP) and Total Energy Use (TEU) point of view, the best practice 
to deal with waste plastics is recycling.  
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Among recycling processes, mechanical recycling is currently the only option 
deployed at scale, based on the circular economy of these materials without 
significantly modifying their composition [100]. Even so, mechanical recycling of 
plastics has several limiting factors such as the heterogeneous nature of the 
polymers found on MSW, the additives and contaminants related to them and 
the poorer competitiveness of lower-quality and higher-cost recycling materials. 
Within this framework, chemical recycling (which only represents 0.2 % of the 
management distribution) appears as a viable solution to deal with plastics, as it 
involves the decomposition of the plastic through the chemical break of their 
bonds, producing blends of hydrocarbons suitable for new plastics or fuel 
production.  

Over the last few years, great efforts have been made to bolster the chemical 
recycling of waste plastics, putting special emphasis on the economically and 
environmentally feasible nature of these processes. The variety of technologies 
studied in this field includes depolymerisation, gasification, pyrolysis, catalytic 
cracking and hydroprocessing. Depolymerisation is somehow the starting point of 
plastics chemical recycling, as it entails the addition of a depolymerisation agent 
(such as glycol or methanol) that makes possible the reconstruction of the original 
monomers [101]. The main constraints of the application of this method to MSW 
plastics lie in the different nature if they are divided by their synthesis method 
into thermoplastics and thermosetting plastics. At the same time, the first group 
can be divided into addition or condensation polymers. Both addition polymers 
and thermosetting plastics require a strong chemical attack that moves away the 
focus due to the wide window of byproducts that can be formed instead of a 
major yield of the monomer [102]. 

Gasification of plastics focuses on the production of syngas (and particularly 
hydrogen) and hydrocarbons as a byproduct, exploiting the high volatile content 
of some of the usual plastics in waste. Although good yields of the target gases 
can be achieved, even with technological enhancements such as the usage of 
plasma gasification, the process demands huge energy investments and alternative 
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strategies are being explored, for example, the combined co-pyrolysis/gasification 
[103, 104]. 

In pyrolysis processes, materials are degraded by heat at moderate temperatures 
(300-700 °C) in an oxygen-free atmosphere. This degradation can be thermal or 
catalytic, and the control of temperature, pressure and time of the process 
determines the yields of the products obtained, which can be divided into liquids 
(condensable vapours and oil), solids (char) and non-condensable gases [105]. 
Pyrolysis capacity to absorb plastics of different compositions and multilayer 
polymers (that are otherwise hard to deal with through mechanical recycling), 
the maturity of the technique in terms of reactor and catalysts design and the 
employment of catalysts that notably reduce the power requirements to achieve 
such temperatures have resulted in the imposition of pyrolysis over the other 
available technologies [106], at least from a theoretical point of view. Some 
authors point out that there is a strong correlation between the operating 
conditions used (including the vast range of determining parameters and 
catalysts) and the composition and selectivity of products of interest that needs 
to be refined [107], while others highlight the preliminary nature of the process 
for its implementation at full scale, considering the operational problems derived 
from the sticky nature and heat transfer limitations of plastics [108]. Nonetheless, 
most of the results support pyrolysis as a promising chemical recycling way, some 
of the ones developed at a laboratory scale being collected in Table 1.4. 

From another perspective, chemical recycling also makes use of the refinery units 
with the highest versatility as catalytic cracking and hydroprocessing. In the same 
way that pyrolysis, catalytic cracking is presented as a viable alternative to 
pyrolysis due to its narrower range of products and the reduction of the employed 
temperatures [109]. 
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Table 1.4. Summary of laboratory scale studies of plastics pyrolysis. 

Material Operating conditions Ref. 
PET 450-560 °C, thermal pyrolysis, 

spouted bed reactor 
[110] 

HDPE 500 °C, HZSM-5 + SiO2/Al2O3, 
spouted bed reactor  

[111] 

PS 400-700 °C, zeolites, micropyrolyzer [112] 
LDPE 550 °C, USY and HZSM-5, fixed bed 

reactor 
[113] 

Plastics mix (PE, PP, PS, 
PET, PVC) 

440-500 °C, ZSM5, semi-batch 
reactor 

[114] 

Plastics mix (PE, HDPE, 
LDPE, PP, PVC, PS) 

390 °C, zeolites and FCC catalysts, 
fluidized bed 

[115] 

 

Catalytic cracking is commonly used to deal with feeds containing large molecules 
as the catalysts of FCC units are usually acid zeolites adjusted for the proper 
acidic strength and density and shape selectivity [116]. To understand the virtues 
of introducing waste plastics in refineries units, the global energy context should 
be resumed. The growing price of crude oil facilitates the economic feasibility of 
processes that produce transportation fuels and other chemicals from 
unconventional materials [117]. Consequently, careful attempts have been realized 
to upgrade low-value secondary streams of refinery through refining processes 
such as catalytic cracking. A step beyond limiting these technologies to refinery 
streams, the inclusion of alternative potential hydrocarbons sources, such as post-
consumer plastics, has gained attention recently, as well as the co-feeding of both 
feedstocks. 

Conversely, many of the studies above-referred have been conducted in individual 
reactors, exhibiting some drawbacks such as the difficulty to recover the catalyst 
after use, the deposition of foreign compounds adhered to the plastics or the 
contribution of these materials to catalyst deactivation (e.g. through coke 
deposition). To face these deficiencies, other authors have called attention to 
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strategies that separate the polymer degradation and the quality upgrading steps, 
mainly through a pyrolysis/catalytic cracking system. This way, the yields 
towards high-value products have been improved as in the production of gasoline, 
olefins and BTX. Alternatively, using solvents to reduce viscosity has also been 
considered when feeding plastics to these units. A summary of the most relevant 
and recent studies of the catalytic degradation of plastics is collected in Table 
1.5. 

Table 1.5. Summary of studies about catalytic cracking of plastics. 

Material Operating conditions Ref. 

HDPE 350-550 °C, HZSM-5 [118] 
HDPE 500 °C, MCM-41 + ZSM-5 [119] 
HDPE waxes 500-560 °C, FCC catalyst [120] 
PP 450 °C, clinoptilolite [121] 
LDPE 500 °C, Zn- and H-ZSM-11 [122] 

 

Last, the hydroprocessing of plastics has turned into one of the most promising 
technologies, as it combines plastic degradation and aromatic and heteroatom 
compounds reduction. Besides, the products coming from other refinery units are 
usually refined in hydroprocessing units to remove sulphur, aromatics or even 
metals, so the union of long-chain hydrocarbons cracking and quality adjustment 
in one unit presents several benefits. The involvement of many complex 
simultaneous mechanisms, however, requires a thorough study to comprehend the 
process and optimize its application to a more sustainable industry.  

In this field, Rodriguez et al. studied the introduction of plastic pyrolysis liquid 
in a simulator of an FCC unit simulating refinery conditions, both separately 
[120] and by blending with vacuum gasoil [123], the usual feed for these units. 
The results showed the capacity of this unit for the valorisation of plastic waste 
through the production of middle distillates and the existence of synergistic 
mechanisms when both liquids are co-fed. Similarly, a first approach to the co-
feeding of plastics with vacuum gas oil has been carried out in hydroprocessing 
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units using polyolefins and the liquid derived from their pyrolysis liquid, research 
carried out by Vela et al [124, 125]. By optimising the operating conditions and 
the catalyst used, results have been obtained that confirm the viability of the 
process and allow maximising the production of naphtha or LCO with a 
composition suitable for blending in refinery pools. 
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1.3. HYDROPROCESSING 

Hydroprocessing is a refinery process focused on the conversion of various 
petroleum fractions at the same time that eliminates heteroatoms and metals 
through the employment of high temperatures and partial pressures of hydrogen. 
Hydroprocessing processes often vary within a wide operating condition range 
depending on the nature and origin of the feed and also on the desired 
specifications of the products, although all of them are recognized as one of the 
most advanced methods to upgrade oil streams and produce high-value fuels [126]. 

The introduction of hydrogen in heavy feeds upgrading was one of the most 
significant advances in refining technology during the 20th century [127]. By 
adding hydrogen to the medium, two types of reactions are added to cracking 
processes: hydrogenation and hydrogenolysis (limited destructive hydrogenation 
of C-C linkages), which imply the saturation of aromatic compounds and the 
cleavage of C-X bonds, being X either carbon, sulphur, nitrogen, oxygen or 
metals. Besides, several advantages are achieved: (i) improving the performance 
and stability of gasoline; (ii) reducing the corrosion in the refining process; (iii) 
decreasing smoke formation in kerosene; and (iv) boosting the burning properties 
of the fuels by reducing the heteroatom content. 

The application of hydroprocessing strongly depends on the final goal of each 
unit, presenting multiple parameters to configure them. The most important 
variables in these processes are temperature, pressure, space-time (or the synergy 
between catalyst mass and reaction time in discontinuous reactors) and, to a 
lesser degree, sulphur and nitrogen content, polynuclear aromatic compounds 
concentration, hydrogen recirculation rate and water presence. 

According to the severity of the conditions, two main processes can be 
distinguished, namely hydrotreatment and hydrocracking, which produce 
different levels of conversion among the most common refinery processes, as 
illustrated in Table 1.6. Hydrotreatment involves only hydrogenation and 
hydrogenolysis, while the cracking function is added in hydrocracking due to the 
use of more severe conditions. These reactions, along with the hydrogen presence, 
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lead to the minimization of polymerization (which would trigger under thermal 
cracking atmospheres) and of coke condensation. Moreover, isomerization, 
dehydrogenation and cyclization also happen in hydroprocessing reactors because 
of the drastic conditions employed. 

Table 1.6. Operating framework of the most common processes in the refinery. 

Process Temperature, °C Pressure, bar Conversion, % 

Coking 480-560 1-6 50-75 

Visbreaking 470-500 3-15 5-25 

Hydrovisbreaking 455-510 3-20 45-75 

Catalytic cracking 480-550 0.7-1.4 60-90 

Hydrotreating 270-340 7-207 0-35 

Hydrocracking 300-450 60-210 60-95 

 

The applicability of each hydroprocessing depends on the main goal of the 
treatment, differentiating between contaminant pollutants removal, mild 
conversion or full conversion. The severity of the operating conditions 
distinguishes between hydrotreating, mild hydrocracking or severe hydrocracking, 
each having different conversion ranges and features, as depicted in Figure 1.5. 
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Figure 1.5. Main differences between the conversion range and targets of the 
principal types of hydroprocessing.  

1.3.1.  Hydrotreatment 

Hydrotreating is aimed at the removal of impurities in crude oil fractions to 
reduce the related emission of pollutants during the use of the treated products 
as fuels. In addition, hydrotreating is a common process for enhancing the quality 
of commercial fuel streams.  

The increasing interest in these units lies in the increasingly heavy nature of the 
available crude oil reserves, which demands further upgrading of the refinery 
products. Indeed, although a noticeable success has been achieved in improving 
the hydrotreatment units, the process has been not economically possible until 
the price and impact of hydrogen have decreased because of its production in 
refineries through reforming. 

As a catalytic process, catalyst selection plays a key role in hydrotreating units. 
However, this parameter is usually controlled by the feedstock due to the lack of 
one catalytic system suitable for hydroprocessing feedstocks with different 
porphyrins content and molecular weight distributions, which are the main 
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factors affecting the catalyst selection. For that reason, research has focused on 
the development of new catalysts that reach the broader spectrum of possible 
scenarios. 

Hydrotreating catalysts are usually composed of dispersed oxidized metals such 
as Co, Mo, Ni and W [128], which later undergo sulphidation, supported on a 
low-mild acid support. Each combination of metals has a specific target: Ni-Mo 
catalysts are focused to deal with polyaromatics and nitrogen refractory 
compounds, Ni-W combinations are used when a high aromatic saturation is 
required [129] and Co-Mo catalysts have proven to provide the best results in 
hydrodesulphurization and hydrodenitrogenation, but with lower impact on 
aromatics concentration. 

The structural properties of the catalyst, mainly provided by the support, as well 
as the acidity, would determine the accessibility to the active sites and the extent 
of hydrogenolysis reactions, which are undesired in hydrotreating. The common 
materials used as supports comprehend silica, silica-alumina, carbon nanotubes, 
titanium oxide, zirconia or even blends of them [130]. However, among the usually 
proposed supports, γ-alumina shows outstanding mechanical and textural 
properties [131].  

Similar to catalyst selection, catalyst deactivation is regulated by the properties 
of the feedstock, the operating conditions and their nature. Anyways, the two 
main phenomena involved in catalyst deactivation are coke fouling and poisoning 
by metals [132]. The limitation of the severity of operating conditions might 
minimize the first one due to the lesser extent of cracking/polymerization of 
aromatics, which are coke precursors. Moreover, the regeneration of the coke 
deposited on the catalysts under these operating conditions is feasible and can be 
achieved through oxidation at mild temperatures [133]. However, metal 
deposition on the catalyst is inherent to hydroprocessing and depends on the 
original metal amount of the feed, leading to an irreversible deactivation that 
affects some of the main functions of hydrotreating catalysts [134], thus discarding 
them. 
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As previously stated, the main reactions involved in hydrotreating are 
hydrogenation and hydrogenolysis. The operating conditions of this type of 
hydroprocessing, however, favour the predominance of hydrodearomatization 
(HDA). HDA is an exothermic and reversible type of reaction carried out to 
saturate double bonds and aromatic structures [135]. The hydrogenation of 
aromatic structures has been proposed to take place ring-by-ring, concluding that 
there are no partially hydrogenated ring compounds in the final products [136]. 
Moreover, it is well-established that the higher the aromatic ring number, the 
higher the HDA reaction rate. Considering the possible species going under 
hydrotreating within crude oil refining, some representative reactions of 
hydrotreating are shown in Figure 1.6. 

1.3.2.  Hydrocracking 

The urgency of converting refractory feedstocks into naphtha and jet fuels paved 
the way for the development of hydrocracking. This process is based on the same 
principles as hydrotreating but uses more severe conditions to break down high-
boiling molecules at the same time that it takes full advantage of the addition of 
hydrogen. Because of this, the lower limits of the hydrocracking operating 
framework can overlap with the upper limits of hydrotreating. 

Hydrocracking’s origins date back to the 1920s in Germany. IG Farben 
introduced sulphur-resistant catalysts for the hydrogenation of coal and tar to 
obtain liquid fuels [137]. The catalytic materials used back then were nitrogen 
compounds mixed with other catalysts such as clays, active silica or alumina 
[138]. 
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Figure 1.6. Representative reactions of hydrotreatment. 

Later on, the intensification of fuels for aviation promoted the application of 
hydrocracking as an alternative source during World War II, using more advanced 
materials such as tungsten or molybdenum sulphide as catalysts [139]. However, 
the emergence of fluid catalytic cracking, which became the major source of high-
octane fuels, along with the availability of crude oil in the Middle East, outshone 
the further development of hydroprocessing technologies as it was not 
economically competitive [140]. Far from disappearing, hydrocracking technology 
was continuously investigated during the 1960s and early 1970s and its capacity 
grew in a moderate but continuous way, especially in the USA but followed by 
the rest of the world during the following decade [141]. This boost benefited from 
the development of the automotive industry, the production of lower-value and 
refractory secondary streams in catalytic cracking units that could be treated in 
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hydrocracking units and the flexibility of this process that allowed focusing on 
different fuels according to the evolution of the demand.  

In recent years, the increasingly restrictive legal requirements, the development 
of high-efficiency catalysts, the expansion of the petrochemical industry and the 
introduction of computation in the calculations of optimum operating conditions 
have significantly stimulated the development of hydrocracking processes [142]. 
Consequently, the expansion of this technology covers the direct treatment of 
crude oil [143], the refining of byproducts coming from other units such as the 
catalytic cracking and the reforming ones [144] and even absorbing new 
alternative materials such as wastes or biomass. 

The main interest of its application lies in the fact that hydrocracking offers a 
threefold action: it reduces boiling point to commercial fuel cuts, removes 
heteroatoms and reduces aromatics, especially polynuclear aromatic compounds, 
through the characteristic ring-opening mechanism. This phenomenon 
encompasses a set of series-parallel reactions that begin with the partial 
hydrogenation of polycyclic aromatics, producing saturated rings that then are 
cracked into monoaromatics. The scission of the side chains attached to the 
aromatic rings results in the production of paraffins and isoparaffins [145]. Taking 
phenanthrene as a representative compound of the polyaromatic compounds 
found in heavy petroleum streams, Figure 1.7 exemplifies the ring-opening 
pathways and interactions between the possibly appearing species. 

Within this reaction scheme, the main (and desired) products are expected to be 
formed by saturated compounds or low-ring number aromatics, with no presence 
of olefins (resulting from the cracking but almost immediately hydrogenated). 
Due to the isomerization reactions, which occur in a parallel way, the streams 
obtained from hydrocracking have a high degree of branching, thereby increasing 
their quality as commercial fuels. Moreover, the presence of hydrogen provides 
one of the main differences with thermal cracking: the polyaromatic compounds 
from the feed or formed during the process can be partially converted into lighter 
species instead of undergoing condensation reactions, lessening the coke 
formation. It must be bear in mind that, although the saturation of olefins is 
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practically irreversible, the reactions shown in Figure 1.7 can be reversible if the 
operating conditions are not favourable, as in the case of a very high temperature 
that promotes the dehydrogenation of saturated species towards aromatics 
formation. Similarly, the adjustment of operating conditions will establish the 
preferred pathway of the feed species, even if it is common that a number of them 
to take place simultaneously [146]. 

 

Figure 1.7. Phenanthrene ring-opening mechanism (adapted from [147]). 

The most common industrial implementation processes of hydrocracking are one- 
and two-stage processes. Their popularity comes principally from their flexibility 
to produce gasoline, jet fuel or diesel, therefore allowing adjusting the production 
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to the demand at any given moment. Currently, the configuration election 
depends on the individual economics of the refinery. 

The use of a single-stage process is focused on the conversion of vacuum gasoil 
into medium distillates, with approximate conversions of 50-60 %. The resulting 
product has good properties such as low sulphur and nitrogen content and can be 
transferred either to catalytic cracking units or fuel blending pools. Moreover, it 
is usual to recycle part of the products to maximize the conversion and/or 
selectivity towards lighter cuts. The recycling rate is determined by the refractory 
nature of the fresh feed, as the less reactive compounds would promote coke 
formation and therefore the catalyst deactivation [148]. 

A two-stage process is designed with two purposes: on one hand, the poisons and 
impurities free stream coming from the first stage can be further converted in the 
second one; on the other hand, the total hydrogen consumed in the process is 
often less than that used in single-stage processes [149]. Regarding the first, it is 
considered a noticeable advantage due to the formation of great quantities of 
ammonia and hydrogen sulphide in the first stage, thus minimizing their 
concentration during the second one. The optimization of the operating 
framework of the individual units is this way designed to eliminate these 
compounds under more severe conditions and then to maximize the selectivity in 
the second stage by using a catalyst with balanced metal and cracking functions. 

As there are different configurations for hydrocracking units, various types of 
reactors can be used [150], the most common being collected in Figure 1.8. Among 
them, fixed bed reactors are one of the most extended, as soft and mild 
hydroprocessing units do not suffer from severe catalyst deactivation and 
therefore can be working in continuous mode for long periods, with hydrogen 
being produced in other units of the refinery. On the other side, ebullated-bed 
units are designed to absorb larger quantities of feed. Moreover, catalyst life is 
not a limiting parameter, as the fresh catalyst is added and the spent catalyst is 
removed continuously. Last, slurry-phase hydrocracking units stand out due to 
their flexibility to deal with different feedstocks, usually heavier (even coal tar), 
by using the most severe operating conditions with low-priced catalysts. 
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There are numerous commercial applications of hydrocracking technology, some 
of them being the following: the so-called “residfining” and Residue 
HydroCracking (RHC) processes, the Asphaltenic Bottom Cracking (ABC) 
process, CANMET hydrocracking process, HYVAHL F process and LC-Fining 
process, all of them aimed to the conversion of heavy feeds [30, 151]. 

The advancement in catalyst design and the improvements in reactor design have 
allowed in recent years the introduction of new and alternative feeds in 
hydrocracking units in an attempt of producing liquids suitable for their use as 
fuels. 

 

Figure 1.8. Most common hydrocracking reactors. 

Some works have focused on the valorisation of secondary streams such as light 
cycle oil (LCO) to improve its quality and confirm the viability of considering it 
as the main feed [152, 153]. LCO is a secondary stream of FCC units of refineries, 
with a boiling point range similar to diesel. However, this stream is not considered 
as good due to some of its properties such as a low cetane number, a high density 
and a much higher content of sulphur and nitrogen. A two-stage hydroprocessing 
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strategy has been confirmed to be feasible for providing acceptable yields of 
naphtha and middle distillates with adequate quality [154, 155]. 

Tires pyrolysis oil has also been presented as a suitable alternative to dealing 
with waste tires. The use of zeolite catalysts allows for obtaining an intermedium 
stream in the pyrolysis stage that can be focused towards naphtha or diesel 
production. The resulting product should be fed afterwards in a hydroprocessing 
unit to adapt its composition to the characteristics of commercial fuels, as its 
sulphur and aromatic content require a refining process that is sometimes advised 
to perform by its co-feeding with other materials [156]. 

The application of hydrocracking to biomass-derived oils has also been proven to 
be a feasible upgrading route, as the removal of water from these oils is 
compensated in terms of product total hydrogen content through the surplus of 
hydrogen used in hydrocrackers [157]. The introduction of these bio-streams 
appears to be an eco-efficient solution that benefits refinery economics [158]. 
However, as it occurs with other new materials, the addition of bio-compounds 
to hydrocracking habitual reactors must be constrained due to the sulphur and 
composition variations that they might produce. For that reason, the co-feeding 
of these materials with conventional streams has also been advised [159]. 

Recently, the introduction of waste materials such as plastics has gained attention 
due to the good yields of liquid fuels produced in their hydrocracking [160]. In 
order to reduce the operational problems that introducing solid materials to the 
reactor may provoke, some modifications such as a previous pyrolysis stage [161] 
and the addition of a moderate quantity of these plastics [162] have been 
employed to boost this plastics valorisation strategy. Yet the knowledge about 
the effects of adding materials with such a heterogeneous nature as the plastics 
blends is scarce and the process must be further studied. 

1.3.3.  Additional functions: HDS, HDN, HDO and HDM 

Throughout hydroprocessing, hydrogenolysis reactions (involved in both 
hydrotreating and hydrocracking) also imply the cleavage of σ-type C-X bonds, 
X being nitrogen, sulphur, oxygen or metals, commonly, leading to what is 
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sometimes termed “hydropurification”. The presence of these atoms is usually 
harmful, not only because they are limited in commercial fuels due to the 
hazardous nature of their combustion products but also because of some 
operational problems derived from their presence and/or transformation in other 
compounds [163–167]. The hydrogenolysis of compounds containing these 
heteroatoms behaves similarly in the case of N, S and O atoms (as depicted in 
Figure 1.9a), the corresponding products being ammonia, hydrogen sulphide and 
water through hydrodenitrogenation (HDN), hydrodesulphurization (HDS) and 
hydrodeoxygenation (HDO), respectively. On the other hand, 
hydrodemetallization (HDM) usually ends up with the deposit of varied metal 
forms. Figure 1.9b shows a frequent route for HDM based on sulphided catalysts 
that promote HDM activity [168]. The removal of heteroatoms is this way another 
reason why these units play a key role in product quality upgrading processes in 
refineries. 

 

Figure 1.9. General heteroatom removal mechanisms in hydroprocessing. 
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HDS has been conventionally applied in refineries for some time now in order to 
produce low-sulphur fuels, as the unhealthy consequences of SOx compounds 
productions are well-known [169] (e.g. acid rain, damage to marine and soil life). 
Moreover, the tightening of environmental regulations has incremented in the last 
years due to the higher concern about the automotive industry pollution. In crude 
oils, two main families of sulphides can be found. On one side, active sulphides, 
which include sulphur, hydrogen sulphide and mercaptans, can be easily removed 
partially because of their simple structures. On the other side, inactive sulphides 
such as thioethers, disulphides and thiophenes-derived compounds are more 
reluctant to be removed due to their aromatic structures and steric hindrances 
[170]. 

The optimization of HDS processes focuses on the elimination of the most 
refractory sulphur-containing molecules. As an example, the conversion of 4,6-
dimethyldibenzothiophene (4,6-DMDBT) presents two routes with very different 
rates, as depicted in Figure 1.10 [171]: one of direct desulphurization (DDS) and 
another that firstly undergoes the hydrogenation (HYD) of one of the aromatic 
rings, followed by the sulphur elimination. The final products are 
dimethylbiphenyl (DMBP) and methyl cyclohexyltoluene (MCHT), respectively. 
The selectivity towards one or another route is largely influenced by the catalyst, 
although as a general rule, the presence of methyl substitutes leads to steric 
hindrance that facilitates sulphur removal through the indirect route. For this 
reason, the correct identification of the sulphur compounds that heavy streams 
in a refinery can contain is a matter of study, since HDS catalysts design is 
conditioned by the selectivity towards their conversion. Historically, HDS 
catalysts consist of a molybdenum active phase (either in metal or sulphide form) 
which can be doped with nickel or cobalt. Furthermore, the support significantly 
affects the HDS in terms of metal dispersion and catalyst stability, the most 
common ones being gamma-alumina, zeolites and carbon structures [172]. 
Recently, the modification of conventional catalysts through the addition of 
phosphorous and iron has exhibited an improvement in HDS performance [173]. 
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Figure 1.10. HDS routes. 

While the industry has focused on the production of ultra-low sulphur streams 
for fuel blending pools, the presence of nitrogen and the intensification of diesel 
production has contributed to the formation of NOx species in the atmosphere 
that cause health, environmental and economic impacts [174]. Apart from that, 
nitrogen species are proven to be poisons for hydrotreating and hydrocracking 
catalysts and inhibit the removal of other heteroatoms in the catalytic conversion 
of heavy streams [175], exhibiting the most refractory nature among them. 

Organonitrogen species can be divided into heterocycles and non-heterocycles 
[176]. The latter ones are more likely to be eliminated through hydroprocessing 
and comprehend simpler structures such as anilines and aliphatic amines. 
However, most of the nitrogen-containing species contain heterocyclic aromatic 
rings (the most representative of them being pyrrole and carbazole-derived 
structures) which are difficult to remove directly through cracking reactions as in 
the case of the non-heterocycles [177]. The application of HDN is currently based 
on the same metals that those of HDS catalysts due to their high efficiency and 
supports that provide high specific surface area and volume, easy modification 



Hydroprocessing 

41 

and open and concentrated pore distribution [178], as they are mesoporous silica 
materials (MCM-41, SBA-15, FDU-12).  

Since petroleum contains noticeably less oxygen than sulphur and nitrogen, HDO 
reactions have received comparatively less attention. However, the absorption of 
new materials that contain this heteroatom (such as some plastics or bio-streams) 
by hydrocrackers has returned this issue. Oxygenated compounds appear in the 
mentioned materials in diverse forms such as methoxyl (R-O-CH3), phenolic 
noncyclical benzyl ether (R-O-R) and carbonyl groups (R-C=O) [179]. Besides, 
the removal of oxygen from these molecules does not occur in one way, as the 
breakdown of C-O-C- and C-O-H bonds that takes place implies a complex 
reactions system (that involves hydrogenation, hydrogenolysis, decarbonylation 
and hydrolysis) and results in increasing the fuel stability. Globally, HDO 
reactions usually produce water and the corresponding hydrocarbon after 
deoxygenation, although hydrogen consumption is high due to the formation of 
water and the proton supply to complete the formed molecule [180]. With this 
purpose, HDO catalysts are usually made up of sulphides or noble metals 
supported on acidic materials (e.g. γ-alumina, activated carbon or silica-alumina) 
[181]. 

Last, the importance of HDM has risen because of the increasing content of 
undesired metals in the heavier oils that are now being exploited. Those metals 
(including vanadium, nickel, lithium, iron and chromium, among others) form the 
so-called porphyrins, which are part of larger colloidal aggregates responsible for 
the catalyst deactivation due to the pore blockage and, in the worst cases, for the 
sedimentation of particles that affect the quality of the products of refineries 
[182]. Consequently, refineries’ hydroprocessing units usually have a guard-bed 
HDM catalyst (of lower price) consisting of meso- and macro-porous supports 
(Al2O3) with metals (Ni, Mo, Co) oxides as active phase [183]. 

1.3.4.  Hydrocracking catalysts and catalytic deactivation 

The multiple reactions involved in hydrocracking require a catalyst capable of 
promoting two main functions: hydrogenation and cracking. Previous studies in 
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the development of catalytic cracking catalysts had introduced the concept of two 
functions happening at the same time. In a similar way, in the 1960s, the first 
approaches to a consecutive cracking and isomerization mechanism were 
introduced [184]. Later, the observation of unsaturated compounds’ behaviour in 
hydroprocessing introduced the importance of metallic materials in the catalyst. 
The refinement of the catalyst design and the deepening of the hydrocracking 
mechanisms’ knowledge led to the establishment of bifunctional catalysts as the 
preferred option for this process. 

1.3.4.1. Bifunctional catalysts 

Bifunctional catalysts are composed of a support that is involved in cracking 
reactions and a metal dispersed over the support that promotes hydrogenation-
dehydrogenation reactions. While metals are chosen due to their activity levels, 
the support must provide a large surface that favours a uniform metal dispersion, 
good pore distribution and acidic properties, and thermal stability. The ideal 
hydrocracking mechanism of an n-alkane over a bifunctional catalyst is shown in 
Figure 1.11. First, the long paraffin is dehydrogenated in the metal sites; then the 
corresponding alkene intermediates diffuse to the acid sites of the support and 
are either isomerized or cracked. The resulting products can be hydrogenated to 
form final species or further cracked through secondary scission reactions that 
promote the formation of lighter species once they undergo hydrogenation back 
in the metal sites. If hydrocracking is not ideal, the largest fragments formed 
during primary cracking will undergo secondary cracking reactions, although the 
formation of C1 and C2 hydrocarbons does not take place as their primary 
carbenium ions are energetically disfavoured. Moreover, the formation of non-
symmetrical hydrocarbons distribution when the carbon number is high enough 
(at least 12 carbons) is very likely to happen if the primary scission products are 
not rapidly desorbed, which only occurs under ideal conditions. 
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Figure 1.11. Ideal hydrocracking mechanism of an n-alkane over a bifunctional 
catalyst. 

Possible combinations of acidic supports and metals for soft hydroprocessing have 
already been discussed in the previous subsection. However, the support of 
hydrocracking catalysts must contribute to a higher extent to the cracking 
function at the same time that provides isomerization activity [185]. The material 
employed for supporting the active phase must provide a pore distribution that 
facilitates the rapid diffusion of the branched isomer to the bulk phase before 
overcracking takes place. Moreover, it should allow the metal to be dispersed as 
close as possible to the acid sites (especially in the zeolite catalysts), as it has 
been proved that the intimacy between the metallic and acidic sites favours the 
hydrocracking sequential mechanisms [186]. The selectivity towards desired 
products depends not only on the acidic strength but also on the nature of the 
acidic sites, benefiting from the presence of Brønsted sites [145]. Taking all into 
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consideration along with the particular needs of each feed, mesoporous materials 
such as MCM-41 [187], alumina [188] or silica-alumina [189] and microporous 
materials such as zeolites [190] have been widely studied. 

Regarding the metallic function, there are two variants of metal types used for 
the catalyst design, namely non-noble and noble metals. The first group include 
molybdenum, tungsten, cobalt and nickel and different combinations of them and 
their respective catalysts have been extensively used in the oil industry [191, 192]. 
Compared to these, noble metals (Pt, Pd, Ir, Ru) based catalysts have shown 
better performance in terms of activity and selectivity [193], although their use is 
contingent on the poisoning species (especially sulphur) present in the feed [194], 
as these metals are extremely sensitive to the presence of poisons and can be 
rapidly deactivated. To avoid this, common strategies in refineries are the 
addition of materials that protect the catalyst components [143] and, more often, 
the utilization of a double system with an HDS pretreatment [195], either in 
separate reactors or independent beds in the same reactor. Recently, the 
introduction of oil-soluble dispersed catalysts (like Mo, Ni, Co and Fe salt) has 
been studied, as they supply a high exposure to active sites and low mass transfer 
resistance of the high molecular weight molecules [196]. 

1.3.4.2. Catalyst deactivation 

Aside from activity and selectivity, stability is a mandatory feature of industrial 
catalysts. Catalyst deactivation may occur due to various causes in 
hydroprocessing: (i) coke deposition, (ii) poisoning metals, (iii) active phase 
sintering and (iv) attrition [197–199]. The extent of each cause depends in a great 
manner on the operating conditions and the feed, although the main deactivation 
causes are the first two, with special concerns about coke deposition. Generally, 
in the industry three stages of catalyst deactivation are distinguished, as first 
there is a rapid deactivation due to coke deposition on the surface, then metals 
are deposited at a slower rate and finally both of those materials lead to the pore 
obstruction. Commercial catalysts are designed to last longer and therefore their 
visible deactivation is very gradual, with cycles comprehended between a few 
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months and up to two years [200]. The understanding of each of the mentioned 
phenomena allows for creating more stable catalysts. 

Carbonaceous particles precipitation does not occur only over the catalyst surface 
but also can affect the equipment, leading to its fouling [201]. Although the coke 
formation mechanisms are not globally settled because of their complexity, 
researchers agree on the two main routes for its formation: on one side, the 
precipitation of the partially hydrocracked asphaltenes; on the other side, the 
condensation of coke precursors [202]. In industrial operations, coke formation is 
mainly related to primary and secondary asphaltenes [203]. The nature of these 
molecules has a great impact on their behaviour during hydrocracking, as the 
higher presence of metals that may not be removed promotes the formation of 
colloidal aggregates. With respect to coke condensation, the nature of its 
mechanism is more well-established, mainly composed of (i) hydrogen transfer at 
acid sites, (ii) dehydrogenation of adsorbed hydrocarbons and (iii) 
polycondensation reactions [204]. Using the example of the ring opening 
mechanism depicted in Figure 1.7, whose pathways were already told to be 
reversible, coke formation takes place through consecutive stages as follows [205]: 
alkanes which are being cracked form olefins that can be either saturated in 
presence of hydrogen or undergo oligomerization reactions, forming firstly dienes 
and then naphthenes by cyclization reactions. If hydrogen transfer reactions 
persist, aromatics are formed from these naphthenes and polyaromatics are 
produced sequentially. The primary form of these aromatics is soluble aromatics, 
which are usually confined in the support (as in zeolite cages), and condense into 
insoluble structures that develop until they reach the catalyst surface, leading to 
a massive clogging of the pores structure. Although under hydrocracking 
conditions the formation of olefins is rare, the formation of naphthenes is an 
inherent stage that could be directed towards their further cracking or starting 
the condensation towards coke structures skipping the olefins cyclization step. 
The severity of the operating conditions (temperature, the acidity of the 
catalyst…) and the nature of the compounds in the feed (as aromatics have a 
higher interaction with active sites that facilitate their conversion into coke 
structures) are essential in the understanding of coking processes [206, 207]. 
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Catalyst deactivation due to metals deposition is evidenced more progressively 
than coke formation but has gained attention in recent years due to the 
deterioration of the quality of heavy oil feedstock. Current processes demand a 
more efficient HDM that avoids clogging issues in hydrocracking units, as catalyst 
deactivation by metals (unlike coke deposition) is irreversible [143]. Oppositely 
to the coke deposition deactivation mechanism, poisoning metals sediment is 
fundamentally based on diffusion and adsorption phenomena. The efficiency of 
HDM catalysts will be measured in terms of HDM activity and retention capacity, 
both of them dependent on structural and morphological properties. Some authors 
have argued that a large average pore diameter provides greater activity and 
stability to the catalyst [208], while others suggest that pore distribution and its 
optimization is crucial for maintaining a commitment between activity and 
stability [209]. Additionally, the behaviour of organometallic species is diverse, as 
some metals like vanadium are mostly deposited over the surface while others like 
nickel are preferentially distributed through the pores [210]. Hitherto, HDM is 
carried out in guard-bed reactors before even HDS reactors to prevent HDS 
catalysts deactivation [166]. Thus, metals deposition contribution to the catalyst 
deactivation should not be undervalued, particularly when refineries are about to 
integrate new feeds that can contain unknown metals coming from their 
manufacture. 

1.3.5.  Hydrocracking modelling 

Control of hydrocracking units in terms of yields, selectivity and quality 
standards (such as environmental restrictions) is decisive for the refinery 
economics. The development of models that can predict and simulate the effect 
of changing the operating conditions and feeds of these units allows this way 
maximizing economic profits. However, the nonlinearity and sensitivity to feed 
changes of hydrocrackers considerably complicate the establishment of a universal 
tool for their optimization [211]. Heretofore, hydrocracking models have been 
performed through two methodologies, i.e. discrete and continuous lumping 
modelling. Apart from those, there are two more innovative and complex model 
types, which are structure-oriented and single-event models [212]. Conventionally, 
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the discrete lumping procedure has been more frequently used, as it is considered 
simpler, even if the increase in the studied lumps and mechanisms involved have 
significantly increased their number of parameters (and therefore their difficulty) 
in recent years [213]. On the other hand, continuous modelling is used for 
predicting the composition of the resulting products by taking into account the 
numerous compounds appearing in petroleum cuts. For that same reason, its 
application is yet limited. 

Discrete lumps models are presented as a solution to the difficulties that catalytic 
processes inherently carry due to their complex reaction networks involving 
hundreds of hydrocarbons. The utilization of such an approximation allows for 
quantifying more easily phenomena such as diffusional limitations of the 
components in the reaction media and catalyst deactivation [197] that are usually 
empirically quantified. Lumps grouping is based on the consideration of pseudo-
components with similar kinetic behaviour, which can be established according 
to two different criteria. On one side, the boiling point criterion distinguishes 
between dry gas (DG), liquefied petroleum gases (LPG), naphtha, light cycle oil 
(LCO), heavy cycle oil (HCO) and coke (carbon deposited on the catalyst), and 
determines the appropriate reaction network [214], perform the sensibility 
analyses that grant the simplification of the models [215], and relate the kinetic 
parameters with those obtained in literature [216]. On the other side, SARA 
(saturates, aromatics, resins and asphaltenes) composition [217, 218] has also been 
used for separating models to predict liquid, gas and coke yields [219]. 

Various approaches to the modelling of heavy streams hydroprocessing have been 
carried out with diverse degrees of complexity, ranging from direct conversion to 
products [220] to more complex systems that consider from 4-5 lumps [221, 222] 
and even parametric studies that analyse the expansion to 22 lumps [223]. In 
order to provide confidence to the kinetic parameters obtained, it is common for 
the resolution of these models to be solved by progressive sub-models that start 
with simpler reaction networks and evolve towards the final proposed models, 
following the methodology well-explained by Ancheyta-Juárez and Sotelo-Boyás 
[224]. Regarding the literature about modelling the hydrocracking of plastics, 
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there are several fewer studies. These studies are usually based on experimental 
works that do not treat directly plastics but instead work with plastic pyrolysis 
waxes or solutions [161, 225]. The modelling of LDPE has been proposed by Bin 
Jumah et al. [218], who established 4 lumps involved and a reaction system similar 
to those proposed by other authors for heavy streams hydrocracking. This study 
found the limiting step in plastics conversion and constituted a precedent for 
introducing these alternative lumps into conventional models. The limited 
experimental studies about the co-feeding of plastics with heavy streams result in 
limited knowledge about the modelling of the hydrocracking of these blends. As 
an example, Vela et al. [162] have realized a successful fitting of a 6 lumps model 
for an HDPE and VGO blend hydrocracking, considering a general formula for 
the catalyst deactivation related to coke deposition, proposing the kinetic model 
depicted in Figure 1.12. 

 

Figure 1.12. Reaction network for HDPE/VGO hydrocracking proposed by Vela 
et al. [162].  

On the other hand, as discrete models cannot describe hydrocracking processes 
at a molecular level, continuous models emerge as an alternative directed to the 
understanding of the underlying physicochemical properties to take advantage of 
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computational development for describing and optimizing the hydrocracking 
process in a more advanced level [226]. Moreover, they present other advantages 
such as predicting the boiling point curve of the products and the distribution of 
heteroatoms [227] First attempts to apply continuous models to hydrocracking 
resulted in better fittings of discrete models when analysing VGO hydrocracking 
[222], even considering different parallel and in-series reaction pathways. The 
most recent advances have been performed in the hydrotreating field, with 
accurate predictions about the distribution of heteroatom concentration over time 
and as a function of boiling point [228]. However, these models still present some 
limitations such as the production of many samples and the non-exclusive 
dependence of species that belong to heavy oil fraction to boiling point or 
molecular weight, as explained by Ancheyta [229].
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1.4. OBJECTIVES 

Given the current situation of plastics consumption and annual growth rates, 
large-scale recycling of plastics is a priority to avoid the environmental problems 
of landfilling and direct combustion for energy generation. In this scenario, there 
is an interest in integrating refineries in this final stage of recycling and final 
production and marketing of plastic-derived fuels. This initiative increases the 
feasibility of large-scale recycling using devalued refinery units as part of the 
progress towards Sustainable Refinery (in this case through the enhancement of 
Waste Refinery). 

The concept of the Sustainable Refinery was created in response to the need for 
change and innovation in refineries in the face of current circumstances: i) 
progressive decline in the quality of crude oil; ii) increased fuel quality 
requirements due to environmental legislation; iii) growing demand for fuels in 
the short term and for streams of increasing consumption such as olefins; iv) 
socio-economic changes and uncertainties; and v) coexistence with other energy 
sources (both fossil and renewable). The Sustainable Refinery pursues the 
development of new thermochemical processes to be integrated into refines and 
the adaption and intensification of processes already in place to obtain fuels. 
Consequently, it aims to achieve an intensifying recovery of oil, progressively 
integrating the exploitation of other fossils (coal, natural gas) that of renewable 
resources (such as biomass through Biorefinery) and the recovery of waste from 
the consumer society (through Waste Refinery, by absorbing materials such as 
plastics or tyres). 

Due to their volume of implementation in refineries, the catalytic processes 
considered potentially suitable for the new feedstocks to be studied are the 
cracking (FCC) and hydroprocessing units. The hydroprocessing of plastic waste 
is an initiative that has been little studied in the literature and mainly involves 
work on small-scale slurry reactors. Hydroprocessing aims to produce fuels with 
the right composition for commercialisation, which is not achieved directly in the 
FCC (a unit that is more versatile and simpler than hydroprocessing units). 
Furthermore, given the difficulties in physically separating the different types of 
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plastics, dissolving them in other refinery streams such as fuel oil and vacuum 
gas oil or mixing them with other materials such as coal or lubricating oil can be 
an object of study for conventional refinery processes. 

The general objective of the thesis project is to develop plastics hydroprocessing 
to obtain automotive fuels (petrol and diesel) with the appropriate composition 
in order to progress towards the implementation of this initiative in refinery units. 
The results (catalyst, operating conditions, kinetic modelling) obtained at a 
laboratory scale will be key information for subsequent proposals for pilot plants 
development. Thus, progress towards hydroprocessing units implementation is 
key to covering the demand for automotive fuels in the short term, intensifying 
the recovery of oil and complying with environmental requirements in terms of 
its composition, and thus responding to the challenge of achieving Clean, Safe 
and Efficient energy. On the other hand, the proper and integrated management 
of plastics (and their hydroprocessing meets these conditions) is considered a 
priority to contribute to curbing or reversing Climate Change. 

Concerning the specific objectives, they extend into the scientific and applied 
fields. Thus, the contribution to knowledge on topics such as hydroprocessing 
mechanisms, the role of catalysts, kinetic modelling and the methodological 
contributions to these reactions (little studied due to their complexity) are aspects 
of great interest to the international scientific community. The objectives of the 
research are: 

1. To establish the appropriate conditions for the different feeds (PS, PET, 
PMMA, in all cases together with VGO), based on the compromise of 
reaction rates (activity, selectivity and quality of the products, and 
resistance to catalyst deactivation). 

2. To evaluate the impact and synergy of co-feeding plastics for VGO 
hydroprocessing in the results. 

3. To study in depth the reaction mechanisms of a catalytic process with a 
complex reaction system and a wide range of species involved. 

4. To establish a kinetic scheme for the individual reactions involved in the 
hydroprocessing of the different blends and reach a reasonable level of 
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knowledge of the reaction and deactivation mechanisms, which is 
adequate to establish kinetic equations for the different stages on a 
mechanistic basis. 

5. To obtain kinetic equations that quantify the reactions' progress, allow 
calculating the concentrations of the product fractions of the 
corresponding kinetic scheme over a wide range of operating conditions 
and enable the simulation and optimisation of the processes. 
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Chapter 2 

 

2.  EXPERIMENTAL 

 

 

 

 

 

 

This Chapter details the methodological information on the materials, equipment 
and analyses used. Here, the characterization of the feeds used, the equipment 
and reaction procedure and the conditions of the analytical methods used for the 
characterization of the catalyst, the reaction products and the deactivated 
catalysts are detailed. 
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2.1. FEEDSTOCKS 

2.1.1.  Vacuum gasoil (VGO) 

The vacuum gasoil (VGO) used in this work is the base product of the vacuum 
distillation tower of a Petronor refinery located in Muskiz, Spain. The main 
physico-chemical properties of VGO have been measured by different techniques 
and are collected in Table 2.1.  

Table 2.1. Properties and elemental composition of the VGO. 

Properties VGO 

density at 15 °C (g mL-1) 0.9213 
viscosity at 40 °C (cSt) 72.57 
average molecular weight (g mol-1) 413 

IBP–FBP (°C) 408–503 
Asphaltenes (wt%) 0.1 
GHV (kJ kg-1) 61.6 
Elemental analysis (wt%)  

C 82.3 
H 12.1 
N 2.8 
O 2.6 
S (ppm) 2240 

 

Density has been calculated by digital density meter, following the procedure 

described in the ASTM D4052 Standard. Viscosity (ν) has been determined 
following the procedure 11A4.2 of API Technical Data Book. This procedure 
consists of the utilization of an Ubbelohde Viscometer 53832 type IIC at 37.8 °C 
utilizing a thermal bath. The measurement is repeated 6 times and the average 
time is used to calculate this parameter according to Eq. 2.1. 

( )λ−=ν tK      (2.1) 



Feedstocks 

55 

where K is the constant dependent on the capillarity of the viscometer, t is the 

measured time in seconds and λ is a correction factor that is tabulated and 
provided by the manufacturer. 

The average molecular weight, as well as the chemical composition (saturated 
and aromatics concentration, shown in Table 2.3) have been determined through 
SAR analysis with an HPLC, and the content of asphaltenes has been determined 
following the ASTM D3279 Standard.  

For the calculation of initial and final boiling points (IBP and FBP, respectively), 
the simulated distillation curve, which is shown in Figure 2.1, has been carried 
out on an Agilent Technologies 6890 gas chromatograph equipped with a  
DB-2887 semi-capillary column (length, 10 m; inner diameter, 0.53 mm) and a 
FID detector, following the ASTM D2887 Standard. 

 

Figure 2.1. Simulated distillation curve of the VGO. 

The conditions used for this analysis are shown on Table 2.2. 
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Table 2.2. Chromatographic analysis conditions for simulated distillation 
analysis. 

Section Variable Value 

Oven 

T0 (°C) 40 
t0 (min) 5 

R1 (°C min-1) 10 
T1 (°C) 125 
t1 (min) 0 

R2 (°C min-1) 5 

T2 (°C) 155 
t2 (min) 0 

R3 (°C min-1) 10 
T3 (°C) 300 
t3 (min) 30 

Injector 

T (°C) 350 
P (bar) 0.078 

Column flow (mL min-1) 9.4 
Split ratio 2.5:1 

FID 

T (°C) 320 
H2 flow (mL min-1) 40 
Air flow (mL min-1) 450 

Make up flow (mL min-1) 20 

 

Last, elemental composition and gross heat value (GHV) have been determined 
in a LECO TruSpect CHN Macrom equipment, the second one being determined 
by the Dulong formula (Eq. 2.2), where the concentration of each element (C, H, 
O, S) is in weight percentage and the heating value is obtained on kcal/kg. 
Sulphur content has been determined through X-Ray Fluorescence. 









+






 −+= 2240S

8
OH 34.58.08C 0.01HV        (2.2) 
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The differentiation between fractions in Figure 2.1 has been carried out according 
to the boiling point criteria: naphtha (35-216 °C), light cycle oil (LCO,  
216-343 °C) and heavy cycle oil (HCO, > 343 °C). Table 2.3 collects this fraction 
definition as well as the chemical composition of the VGO. 

Table 2.3. Composition of VGO. 

Composition VGO 

Lumps (wt%) 
naphtha 
light cycle oil 
heavy cycle oil 

 
0.81 
0.97 
98.22 

Chemical groups (wt%)  
paraffins 49.0 
naphthenes 21.9 
aromatics  
1-ring aromatics 2.1 
2-ring aromatics 2.5 
3+-ring aromatics 24.5 

 

2.1.2.  Plastics 

Polystyrene (PS), polymethyl methacrylate (PMMA) and polyethylene 
terephthalate (PET) have been purchased from Dow Chemical, Altuglas 
International Arkema Group and Artenius, respectively. They all have been 
obtained in pellet form so, before their use, they have been ground to a particle 
size (dp < 0.5 mm) by cryogenic methods. The main properties of the three 
plastics are collected in Table 2.4. 

Average molecular weight, polydispersity and density have been provided by the 
suppliers. The elemental composition as well as the heating value have been 
determined in the apparatus described in Section 2.1.1. 
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Table 2.4. Main properties of the plastics. 

 PS PMMA PET 

Average MW, kg mol-1 311.6 - 25-30 

Polydispersity 2.39 - 2 

Density, kg m-3 
Elemental composition, wt% 

1030 1165 - 

C 92.1 64.0 67.5 

H 7.9 7.5 4.0 

O 0 28.5 28.5 

HV, kJ kg-1 43 27 24 

 

Finally, the three plastics have been pyrolyzed at programmed temperature to 
study their thermal behaviour, as collected in Figure 2.2. For this purpose, a 
temperature ramp has been carried out for each plastic in a TA Instruments TGA 
Q5000 IR Thermogravimetric apparatus.  

Figure 2.2a shows the weight loss with temperature of the studied polymers, 
noticing that both PS and PMMA start to degrade at 200 °C, although PMMA 
shows the lowest thermal resistance as its weight is < 1 wt% at 410 °C, while it 
takes 60 °C more to PS to be fully degraded. Regarding PET; the mass rapid loss 
is observed at the same temperature than that of PS, although it is noticeable 
that PET remains constant at ca. 15 wt% at temperatures above 475 °C.  

Figure 2.2b shows the derivative weight loss profiles of the combustions observed 
in Figure 2.2a, observing that PS and PET peaks match at 432 °C, with a minor 
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signal of PET due to the fraction of the plastic that is not converted. PMMA 
peak, on its side, is located at a lower temperature (378 °C). 

 

Figure 2.2. Thermogravimetric analysis of PS, PMMA and PET: a) weight loss 
and b) weight loss derivative.  

50 300 550 800
0

20

40

60

80

100

50 300 550 800
0

1

2

3

4

5

W
ei

gh
t 

(w
t%

)

Temperature (°C)

a)

D
er

iv
. W

ei
gh

t 
(m

g 
m

in
-1
)

Temperature (°C)

 PS
 PMMA
 PET

432 ºC
378 ºC

b)



Chapter 2. Experimental 

60 

2.2. CATALYST SYNTHESIS AND CHARACTERIZATION 

Hydrocracking runs have been carried out using an in-house prepared bifunctional 
catalyst. The synthesis procedure, established by Gutiérrez et al. [230], follows 
the scheme described in Figure 2.3. 

 

Figure 2.3. Schematic of the catalyst synthesis procedure. 

Platinum and palladium precursors (both in nitrate form) have been supplied by 
Alfa Aesar and Strem Chemicals, respectively, and have been used to prepare 
two solutions of established concentrations (ca. 2500 ppm) by diluting them in 
distilled water. Zeolite support consists of an ultrastable zeolite supplied by 
Zeolyst International (CBV 712) and has been calcined prior to the synthesis as 
follows: (i) 2 h at 400 °C (5 °C min-1), (ii) 15 h at 500 °C (5 °C min-1), and  
(iii) 2 h at 550 °C (5 °C min-1). 



Catalyst synthesis and characterization 

61 

The procedure consists of the dilution of the zeolite in distilled water, with a mass 
ratio of 10:1 of solvent-zeolite. Then this solution is stabilized at 80 °C and pH=7 
by using NH3 and NH4NO3 when necessary to adjust the pH. Once it is stabilized, 
the metals solutions are added to achieve the final concentration, which in this 
case is a nominal content of 0.5 wt% of each metal. This election is based on the 
positive results obtained by Keogh et al. [231] when analysing the effect of 
platinum content on hydrocracking of hexadecane and the major selectivity to 
the fractions of interest obtained by Gutiérrez et al. [232] when performing a 
platinum-palladium based catalysts screening. 

2.2.1.  N2 adsorption-desorption isotherms 

Surface properties of the catalyst have been determined from the nitrogen 
adsorption-desorption isotherms obtained with a Micromeritics ASAP 2010 
apparatus. The specific surface has been determined according to the BET 
procedure, whereas pore volume has been obtained from the t-plot method [233]. 
The average pore diameter has been estimated applying the BJH model The 
analysis has been carried out at -196 °C using N2 after the samples degasification 
at 150 °C for 8 h and vacuum pressure (2.7·10-6 bar) in order to remove impurities 
and humidity from the sample. 

2.2.2.  Temperature programmed desorption (TPD) 

The acidic properties of the catalyst have been measured by means of 
temperature-programmed desorption of ammonia (NH3-TPD) in a Micromeritics 
AutoChemII 2920, equipped with a thermal conductivity detector (TCD). The 
utilization of ammonia as a base to measure the acidity of micro-mesoporous 
catalysts presents no diffusional limitations and neutralizes centres in a wide 
range of acid strength. Thus, the application of this method for measuring similar 
catalysts has been corroborated by other authors [234]. 

The procedure is as follows: (i) sample is swept with a 20 mL min-1 flow of He 
and heated up with a temperature ramp of 15 °C min-1, then maintained for 10 
min; (ii) then the sample is cooled down to 150 °C; (iii) and stabilized at that 
temperature with a continuous flow of He of 50 mL min-1; after that, the sample 
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is saturated with continuous injection of ammonia (750 µL min-1); (iv) after 
sample flow is changed to 20 mL min-1 again, and the physisorbed fraction of 
adsorbate is eliminated; (v) finally, the temperature programmed desorption is 
carried out up to 550 °C with a 5 °C min-1 ramp. 

2.2.3.  Fourier transform infrared (FTIR) 

Brønsted/Lewis (B/L) acid sites ratio has been estimated by pyridine adsorption 
in a Specac high-temperature high-pressure cell couple in-line with a Nicolet 6700 
FTIR spectrometer. From FTIR spectra, Brønsted and Lewis bands are located 
at 1515-1565 cm-1 and 1435-1470 cm-1, respectively. This occurs because of C-C 
stretching vibrational frequencies associated with the protonated pyridine that 
forms pyridinium ions on Brønsted sites and the coordinated pyridine on Lewis 

sites [235]. The molar extinction coefficients (εB and εL, 1.67 and 2.22 cm µmol-1 
respectively), the surface of the sample disk (Sd, 1.69 cm2), its weight (Ws) and 
the area of each peak (A) are applied then by using Eq. 2.3, which allows 
calculating the pyridine concentration (Cpyridine) adsorbed on each type of acid 
site [236]. 

sW ε
dS A

pyridineC =     (2.3) 

The analysis follows an established procedure: (i) the catalyst sample is milled to 
powder and around 20 mg are placed into a press to obtain a wafer, (ii) the 
sample disk is placed inside the measurement cell and evacuated under vacuum 
pressure and a temperature up to 450 °C with a 5 °C min-1 ramp, (iii) after 
moisture has been removed from the sample and the corresponding spectrum has 
been checked, the cell is cooled down and stabilized at 150 °C when the first 
analysis spectrum is taken; (iv) pyridine pulses are injected for 2 min, then the 
sample is stabilized for 2 min and evacuated under vacuum pressure for 5 min, 
after which a new spectrum is taken; (v) this process is repeated until the 
saturation of the sample is achieved, and the last spectrum is the one used for 
the calculations explained above. 
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2.2.4.  Inductively coupled plasma with atomic emission spectroscopy 
(ICP-AES) 

Metal content on the fresh catalyst has been measured by inductively coupled 
plasma with atomic emission spectroscopy (ICP-AES) at the Geology 
Department of the University of the Basque Country UPV/EHU. A Thermo 
quadrupolar mass spectrometer (XSeries 2 model) from Perkin Elmer with a 
plasma source equipped with Xt interphase, shielded torch and concentric 
nebuliser has been used for the analysis. The calibration of the equipment has 
been carried out by using multi-elemental solutions of 100 ppm. 

The analysis is performed by adding a blend of HNO3:HF to a sample of 50 mg 
of the catalyst in closed containers of PFA (Savillex) for 24 h at 90 °C. Additional 
HClO4 is added during the evaporation of the resulting solution in order to avoid 
the formation of insoluble fluorides. Then HF is introduced on the samplers and 
heated overnight at 90 °C, dried and HNO3 is introduced and diluted into a 1:450 
ratio to perform the analysis. 

The deposited metals content on the spent catalysts has been determined by ICP-
AES as well in King Abdullah University of Science and Technology (KAUST) 
Core Labs. The methodology changes with respect to the previous one: first, 
samples are digested in an HNO3 (5 wt%), HCl and HF blend in a 3:1:1 ratio 
using an Ultra WAVE instrument (Milestone) at 250 °C and 130 bar for 40 min, 
and then diluted according to the appropriate proportion taking into account the 
total concentration and the calibration curves before being submitted to analysis. 

2.2.5.  Metal dispersion 

Metal dispersion of the catalysts has been measured by CO pulse chemisorption 
in a Micromeritics AutoChem II apparatus coupled in line with a Blazer 
Instruments mass spectrometer. CO purity is 20 vol.% diluted in He. Metallic 
dispersion (D) is calculated following Eq. 2.4, as NS is the number of metal atoms 
over the catalyst surface and NT is the total number of metal atoms. 

100
N
ND

T

S=      (2.4) 
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The amount of total atoms is determined by the sum of the atoms of each metal, 
calculated by means of their concentration, measured by ICP-AES, the sample 
mass, their molecular weight and Avogadro’s number. The total atoms over the 
surface are calculated by determining the amount of CO retained on the catalyst 
and assuming the stoichiometry ratio of CO/Pt and CO/Pd chemisorption of 
unity [237].  

The analysis is carried out as follows: a sample of 100 mg is reduced at 300 °C 
for 1 h while a 50 mL min-1 flow of 10 vol.% H2 in Ar is going through the reactor 
in order to remove the impurities of the sample at the same time that metals turn 
into their reduced form. Then, the sample is stabilized at 60 °C and consecutive 
CO pulses are performed until the sample is saturated. 

2.2.6.  Pt and Pd ligands 

The arrangement of the Pt and Pd ligands has been assessed by means of CO 
adsorption at 25 °C in the FTIR spectrometer described in Section 2.2.3. The 
loading procedure is the same as that explained above, although the operating 
methodology differs. 

Vacuum pressure is applied to take a spectrum in order to ensure that the infrared 
beam is going through the sample. The vacuum pump is switched off, and a 
H2/Ar flow of 120 mL min-1 goes through the cell for 1 min, then regulated at 40 
mL min-1. The cell is heated up to 250 °C (5 °C min-1) and the system is stabilized 
at this temperature for 30 min. Then the gas flow is switched to 120 mL min-1 of 
He for 1 min and stabilized at 60 mL min-1. The system is cooled down to 25 °C 
and He flow is stopped. After sweeping with 120 mL min-1 of CO/He (20 vol.%) 
for 1 min, this flow is regulated at 20 mL min-1 and fed for 10 min. After this 
time, a new sweeping with 120 mL min-1 of He is repeated for 1 min and then 
spectra are taken with a flow of 60 mL min-1 each 10 min until two sequential 
spectra are the same. That last spectrum is the one used for the data treatment. 

Data treatment has consisted of comparing the percentage areas of the different 
bands collected from literature [238–240] for both platinum and palladium:  
1865 cm-1, multibonded CO-Pt; 1911 cm-1, multibonded CO-Pd; 1920, 1936 and 
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1982 cm-1, bridging CO (adsorbed on the face); 2075 cm-1, linear Pt-CO. The area 
corresponding to each band has been normalized for all samples with respect to 
their mass. 

2.2.7.  XRD 

The crystallinity of the catalyst has been determined by powder X-ray diffraction 
(XRD) in a Philips X’Pert Pro automatic diffractometer operating at 40 kV and 
40 mA, in theta-2theta configuration and equipped with a secondary 
monochromator with Cu-Kα radiation (wavelength, 1.5318 Å) and a PIXcel solid 
state detector (active length in 2θ, 3.347 °). Data have been collected at room 
temperature from 10 to 90 ° in the 2θ range (step size, 0.026°; time per step,  
60 s). A fixed divergence and antiscattering slit giving a constant volume of 
sample illumination have been used. 

2.2.8.  Scanning electron microscope (SEM) images 

Scanning electron microscope (SEM) images have been obtained in the Advanced 
Research Facilities (SGIker) of the Faculty of Science and Technology of the 
University of the Basque Country UPV/EHU by means of a Schottky-type field 
emission scanning electron microscope (JEOL JSM-7000F) equipped with a 
secondary electron detector at 10 kV. 

2.3. REACTION EQUIPMENT AND PROCEDURE 

2.3.1.  Catalyst activation 

Prior to the runs, the catalyst has been reduced ex-situ in a fixed bed unit 
consisting of a stainless fixed bed reactor equipped with three parallel rotameters, 
a heating jacket controlled by a TOHO TTM-005 controller and a 0.1 M NaOH 
solution located at the gases exit to prevent the emission of H2S. The gases 
controlled by the three rotameters are (i) 99.9995 % purity nitrogen, supplied by 
Carburos Metálicos; (ii) 99.999 % purity hydrogen provided by Air Liquide; and 
(iii) a 10 vol.% blend of H2S/H2 supplied by Air Liquide. 

The pre-treatment operation is carried out as follows: 
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i. Reactor loading. A blend of catalyst (0.15 < dp < 0.3 mm) and silicon 
carbide is equally weighted in order to have an amount slightly higher 
than the one needed for the reaction, using this CSi to avoid the formation 
of preferential routes of the gas flow. Before putting it into the reactor, 
wool glass is placed at the bottom of the reactor to prevent the dragging 
of solid material with the gas and then silicon carbide is placed below and 
above the catalyst/CSi bed itself for the same purpose. CSi is previously 

sieved to have a particle size above 500 µm to ease the posterior separation 
of the catalyst. 

ii. Catalyst reduction. Hydrogen is used to activate the catalyst. The flow 
of this gas is that of 30 mL min-1, diluted in a 50 mL min-1 nitrogen flow. 
At the same time, the temperature is raised to 400 °C (5 °C min-1) and 
then maintained for 4 h to ensure the complete metals activation. 

iii. Cooling down and catalyst recovery. The system is cooled down and 
once it is at ambient temperature, the system is unloaded and the blend 
of CSi and the activated catalyst is recovered. Then the catalyst is 
separated by sieving and added to the batch reactor. 

2.3.2.  Hydrocracking reactors 

2.3.2.1. Units description 

PS/VGO hydrocracking runs have been carried out in an Autoclave Engineers 
MicroclaveTM reactor specifically designed for laboratory-scale heterogeneous 
catalytic processes. This unit allows working at temperatures and pressures up to 
454 °C and 345 bar, respectively, which allows operating at the operating 
conditions window corresponding to industrial hydroprocessing. 

A scheme of this unit is collected in Figure 2.4. The setup can be divided into 
four different zones: (i) feeding zone, (ii) reactor, (iii) gas product sampling zone, 
and (iv) condenser system. 
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Figure 2.4. Reactor system scheme. 

(i) Feeding zone. The equipment has two different gas input lines. Each of them 
is provided with a Bronkhorst High-Tech B.V. mass flow controller, as well as 
a shutoff valve and a check valve to prevent the reverse flow through these lines. 
The gases used are: 

• Nitrogen. Used for the conditioning of the reactor (leak testing and 
inertizing). It is supplied by Carburos Metálicos with a purity of  
99.9995 wt%. Nitrogen flows up to 100 mL min-1. 

• Hydrogen. Used as reactant. It is provided by Air Liquide (purity of  
99.999 wt%). Hydrogen flow up to 100 mL min-1. 

(ii) Reactor. The reactor is a stirred tank reactor consisting of a HASTELLOY® 
C-276 alloy cylindrical vessel, with an internal diameter of 1.6 cm, length of 11 
cm and volume of 50 mL. It is provided with 3 deflector plates that prevent the 
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formation of vortices during stirring and thus favour the dispersion of the gas 
within the blend and the contact between the three phases. 

Mixing is regulated by a MagneDriveTM magnetic stirrer that allows operating 
at stirring speeds up to 5000 rpm. Reactions have been carried out at 1300 rpm 
in order to minimize external diffusion, as it has been proven that speeds over 
800 rpm do not influence conversion and allow neglecting external diffusion 
effects in batch reactors [219]. The stirring impeller is provided with a 6-flat-
blade disc-turbine designed by DispersimaxTM, which provides high-speed radial 
flow stirring and supplies the gas into the system through a hollow located on 
the central part of the turbine, maximizing the perfect blend between the gas 
and the other phases. Finally, the stirring system is supplied with a heat 
exchanger that uses cool water for keeping an adequate stirrer temperature. 

The reacting system is designed to operate isothermally, being provided with an 
external furnace of 2000 W of maximum power and a refractory material that 
covers the resistance. Two K-type thermocouples are used for this purpose, one 
located inside the vessel and another one located between the refractory material 
of the heating jacket and the external surface of the reactor. This heating system 
is controlled by an IB50 control unit that also provides real-time monitoring. A 
surrounding coil is also placed around the vessel and can be fed with cooling 
water once the reaction time has ended up. 

(iii) Gas product sampling zone. The reactor gas outlet is connected at the upper 
side of the reaction vessel, that reaches a three-way valve that allows collecting 
gas at the end of the reaction in external collecting sampling bags of 500 mL or 
directing the flow to a NaOH- solution scrubber to adsorb H2S before venting it 
out. 

(iv) Condenser system. The equipment is provided with a Huber Minichiller 600 
OLÉ that provides continuous flowing of an organic refrigerant at -10 °C in order 
to prevent the volatilization of light compounds, thus collecting only < C5 
compounds in gas products. The condenser is designed as concentric tubes of  
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2 m high (to achieve an efficient condensation), the inner one being the gas 
above explained and the external one being the refrigerant line. 

A very similar system has been used for oxygenated plastics/VGO hydrocracking 
but the unit employed for those experiments is a PID Engineering & Tech reactor 
of 100 mL. The reasoning behind the use of a different unit for analogous 
experiments with the different plastics is the experimental observation of some 
corrosive compounds when feeding oxygenated plastics that provoke the corrosion 
of the 50 mL reactor gasket. 

2.3.2.2. Procedure 

Prior to each reaction, reactor needs to be weighted every time one of the 
materials is added, as well as a previous measurement when it is empty. Then, 
the usual operating conditions lead to weight: (i) 2 g of reduced and sieved 
catalyst; (ii) 2 g of plastic; (iii) 18 g of VGO. Then the reactor vessel is connected 
to the setup, tighten up and surrounded around with the heating jacket. The 
steps of the reactions are then the following: 

Phase 1. Valves are checked to be in the correct position and gas cylinders to be 
open and with pressure enough to carry out the reaction. 

Phase 2. Reactor is fed with a nitrogen flow of 100 mL min-1 during 5 min for 
inertizing. Then it is pressurized up to 5 bar and then released for two repeated 
times. After that, leak test is performed by pressurizing up to 30 bar, flow is then 
stopped and pressure is checked to be constant for 30 min. If leak test is 
successful, pressure is released and the initial procedure of feeding gas up to 5 bar 
and released is repeated with 100 mL min-1 of hydrogen in order to remove 
nitrogen. 

Phase 3. The system is conditioned by feeding hydrogen with a 100 mL min-1 
flow until pressure reaches half of final pressure value, to prevent the partial 
vaporization of the blend while temperature is rising. Then, flow is stopped and 
heating is started by control unit until reactor temperature reaches a value 
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around 50 °C below the set point. At this point, hydrogen flowing is once again 
started until both temperature and pressure reach the reaction set point values. 

Phase 4. Once operating conditions have been reached, the stirring is activated 
and this time is counted as time zero. At this moment, the cooling system of the 
stirring system is switched on to avoid the overheating of the stirrer. 

Phase 5. After the established reaction time, the stirrer, the heating system and 
the hydrogen flow are turned off. Gas sample is collected at this point by releasing 
around 5 bar of inner pressure. The system remains pressurized while cooling 
down to room temperature, maybe helping by switching on the cooling system 
through the external coil around the reactor when it is at 100 °C. 

Phase 6. The system is depressurized with a constant rate, low enough to avoid 
dragging the liquid through the gas vent line. 

Phase 7. All the valves are switched to safe positions again and the vessel is 
dismounted and weighted.  
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2.4. PRODUCT COLLECTION, IDENTIFICATION AND 
ANALYSIS 

2.4.1.  Product separation 

The product separation process is collected in Figure 2.5. 

 

Figure 2.5. Product filtration and separation system scheme. 

Once the reactor has been dismounted from the setup, the liquid product is 
obtained employing a first vacuum filtration at room temperature, separating it 
from the unconverted plastic and deactivated catalyst. In cases of viscous product 
blends, directly attributed to low plastic conversions, cyclohexane has been used 
as diluting agent in 1:3 feed:cyclohexane mass ratio, ensuring that chromatograms 
peaks are not masked by the cyclohexane peak in posterior analyses. The solid 
products are dried at 110 °C overnight to evaporate the remaining cyclohexane. 
Afterwards, unconverted plastic and deactivated catalyst are separated by 
filtration at room temperature, previous addition of tetrahydrofuran (THF). The 
required amount of this solvent is calculated as a 1:20 dilution ratio of the 
foreseeable plastic mass, considering that the amount of catalyst remains constant 
along the procedure. The spent catalyst is then once again dried overnight at  
110 °C and subsequently collected to analyse it. Dissolved plastic has also been 
collected for possible analysis of their degradation during hydrocracking. 
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Once the separation of the products has been explained, the mass balances have 
been determined as follows: (i) gas product amount is calculated as the mass 
difference between the reactor weights before and after the reaction; (ii) coke 
amount is calculated using thermogravimetric techniques that will be detailed at 
the end of this Section and its total amount is determined taking into account 
the amount of catalyst recovered from the subsequent filtrations; (iii) unconverted 
plastic amount is obtained from the weight of the solid products after the first 
filtration (once they are dried) and the one of the final recovered catalyst; (iv) 
liquid fraction weight is calculated by the difference of initial loading and the 
catalyst and the other products. 

2.4.2.  Gas products 

Two different chromatographic techniques have been used for characterizing gas 
products, according to the system that has been used. For the 50 mL reactor, 
gases have been analysed in an Agilent Technologies 6890 cryogenic gas 
chromatograph equipped with a capillary column HP-PONA (length, 50 m; 
internal diameter, 0.2 mm), a FID detector and a CO2 detector for reaching 
cryogenic temperatures (-30 °C) to ensure the lightest compounds. Gas samples 

of 2 µL are taken from the sampling bag by means of a Hamilton syringe and 
then manually injected into the gas chromatograph. The analysis conditions used 
in the equipment are collected in Table 2.5.  

On the other side, gas products of the 100 mL reactor have been analysed in a 
Varian CP-4900 gas micro-chromatograph provided with four analytical modules: 
(i) a molecular sieve (MS-5) for the quantification of Ar, N2, O2, CO and methane; 
(ii) Porapak Q (PPQ), for differentiating between CO2, methane, ethane, propene 
and propane; (iii) Al2O3 to separate propene, propane, isobutane and n-butane; 
and (iv) CPSiL to separate C5-C10 hydrocarbons. Note that due to the utilization 
of a chiller operating at -10 °C, the last modulus is not used. The addition of Ar 
to the system is performed with a controlled mass flow of 10 mL min-1, measured 
before each experiment, in order to have a pattern for the real-time monitoring 
of both qualitative and quantitative analyses of gases. The method for this 
analysis is established as follows: sample time, 20 s; run time, 180 s; stabilizing 
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time, 5 s; sample line temperature, 110 °C, acquisition delay, 5 s. The conditions 
of each modulus are listed on Table 2.6. 

Table 2.5. Chromatographic analysis conditions for gas product analysis. 

Section Variable Value 

Oven 

T0 (°C) -30 
t0 (min) 5 

R1 (°C min-1) 15 
T1 (°C) 235 
t1 (min) 1 

R2 (°C min-1) 30 
T2 (°C) 275 
t2 (min) 0 

Injector 

T (°C) 300 
P (bar) 0.85 

Column flow (mL min-1) 0.9 
Split ratio 100:1 

FID 

T (°C) 320 
H2 flow (mL min-1) 40 
Air flow (mL min-1) 450 

Make up flow (mL min-1) 20 

 

Table 2.6. Chromatographic analytical conditions for continuous analysis of 
gaseous products. 

Modulus MS-5 PPQ Al2O3 
Column temperature (°C) 45 95 110 
Injector temperature (°C) 110 110 110 
Injection time (ms) 40 20 20 
Backflush time (s) 10 10 25 
Initial pressure (bar) 1.38 1.72 1.59 
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2.4.3.  Liquid products 

2.4.3.1. Simulated distillation 

Liquids have been characterized by simulated distillation according to the ASTM 
D2887 Standard in an Agilent Technologies 6890 chromatograph, following the 
same method as described in 2.1.1. 

2.4.3.2. Liquid product composition 

Liquid product composition has been characterized by means of bi-dimensional 
chromatography. The conditions used for the method are listed in Table 2.7.  

Table 2.7. Chromatographic analytical conditions for bidimensional 
chromatographic analysis of liquids. 

Section Variable Value 

Oven 

T0 (°C) 50 
t0 (min) 1 

R1 (°C min-1) 2 
T1 (°C) 260 
t1 (min) 40 

Injector 

T (°C) 300 
P (bar) 1.83 

1st column flow (mL min-1) 0.75 
2nd column flow (mL min-1) 35 

Split ratio 50:1 

FID 

T (°C) 350 
H2 flow (mL min-1) 20 
Air flow (mL min-1) 450 

Make up flow (mL min-1) 20 
 

The analyses were carried out on an Agilent Technologies 7890A gas 
chromatograph equipped with: (i) one non-polar capillary column DB-5 ms J&W 

122-5532 (length, 30 m; internal diameter, 0.25 mm; thickness, 0.25 µm); (ii) one 
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polar capillary column HP-INNOWAX (length, 5 m; internal diameter, 0.25 mm; 

thickness, 0.25 µm); (iii) a flame ionization detector (FID); (iv) an Agilent 

Technologies 7683B series autosampler, provided with 8-sample slots and a 10 µL 
syringe.  

2.4.3.3. Fourier-transform ion cyclotron resonance – mass spectrometry (FT-ICR 
MS) 

Fourier-transform ion cyclotron resonance – mass spectrometry (FT-ICR MS) 
coupled with atmospheric pressure photoionization (APPI FT-ICR MS) 
characterization has been carried out in a Bruker SolariX XR 9.4 Tesla 
instrument (Bruker Daltonics, Bremen, Germany) coupled in line with an  
Apollo-II ion source operated in positive-ion mode. Nitrogen at 220 °C has been 
used as a drying agent with a 4 L min-1 flow. Nitrogen has also been used as 
nebulizing agent, at a pressure of 1.2 bar. Photons have been produced with a 
krypton lamp with energies of 10.0 and 10.6 eV. 

Prior dilution of the samples in toluene is required and has been done through a 
syringe pump, then infused into the ionization source by direct infusion with a 

rate of 20 µmL min-1. Spectra have been calibrated by using homologous series, 
data treatment has been performed by Bruker Data Analysis V4.5 software, and 
chemical formula assignments have been done by means of the Composer software 
by Sierra Analytics (CA, U.S.A). DBE number is defined in Eq. 2.5 and has been 
determined with the following elemental constraints: C = 0-200; H = 0-1000;  
N = 0-4; O = 0-4; S= 0-4. 

( ) 1++−=
2
n

2
hcSONHC DBE sonhc    (2.5) 

2.4.3.4. Nuclear magnetic resonance (NMR) 

NMR spectra have been recorded using a Bruker 700 AVANAC III spectrometer 
equipped with a Bruker TCI multinuclear CryoProbe (BrukerBioSpin, 
Rheinstetten, Germany). Analyses have been performed at room temperature, 
collecting 32 scans for 1H spectra, 1024 scans for 13C spectra, and 8 scans for 
both HSQC and HMBC spectra. Recycle delay is 2 s for one-dimension analyses 
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and of 1 s for two-dimension spectra. Data treatment has been done using 
MestreNova (MNova) software, processing each spectrum 5 times and using the 
average value for each assignment. Structural assignments for 1H and 13C spectra 
have been done according to the one selected by Poveda and Molina [241]. These 
assignments are collected in Table 2.8. Samples have been prepared by diluting 
20 mg of sample in 1 mL of deuterated chloroform (CDCl3) in 5 mm NMR tubes 
(NORELL ©). 

Table 2.8. Structural assignments in 1H and 13C NMR. 

Region  Structural assignation 
9.0-12.0 H1 Aldehydic and carboxylic hydrogen 
7.2-9.0 H2 Aromatic hydrogen linked to aromatic carbons in di or 

poliaromatic rings 
4.5-6.0 H3 Aromatic hydrogen linked to monoaromatic rings 
6.0-7.2 H4 Olefinic rings 
2.0-4.5 H5 Paraffinic and naphthenic hydrogen CH, CH2 and CH3 

type linked to aromatics systems in a position, other 
groups can be appear in this region (-OH and –SH) 

1.5-2.0 H6 Naphthenic hydrogen, CH2 type, b to aromatic systems 
1.0-1.5 H7 Paraffinic hydrogen, b to aromatic systems, alkyl 

termination 
0.1-1.0 H8 Paraffinic hydrogen CH3 type, g and more to aromatic 

systems 
190.0-220.0 C1 Aldehydic and cetonic carbons 
178.0-190.0 C2 Quinoloinic carbons 
160.0-178.0 C3 Carboxylic carbons 
137.0-160.0 C4 Non protonated aromatic carbons 
154.0-157.0 C4.O Benzo and dibenzo aromatic carbons type, alpha to 

oxygen atom 
137.0-140.5 C4.SN Alpha carbon to sulphur or nitrogen atom in benzo, 

dibenzotiophene and benzopyridine type structures 
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Table 2.8. (continued) 

129.2-137.0 C5 Aromatic carbons linked to methyl groups and head 
bridge between aromatic rings 

129.7-131.7 C5.1 Only aromatic carbons head bridge between aromatic 
rings 

85.0-129.2 C6 Protonated aromatic carbons olefinic and carbons in 
benzonaphthenic and alkylic systems and aromatic 
carbons bridge of three aromatic rings 

60.0-78.0 C7 Paraffinic and naphthenic carbon alpha to OH 
50.0-60.0 C8 Tertiary (CH) and quaternary (C) paraffinic carbons 
21.5-60.0 C9 Naphthenic and paraffinic carbons, CH2 and CH type 
32.9 C9.0 Methyne carbons (CH-CH3) 
23.0 C9.1 Alpha methylene (CH2) to terminal methyl in alkyl 

chains 
30.0 C9.2 Methylenic carbons (CH2) in long chains, three and more 

carbons to final of chain 
32.0 C9.3 Methylenic carbon, third carbon atom from the end of 

chain or beta to aromatic rings 
37.0 C9.4 Methyne carbons to aromatic systems (CH2 bencylic) 
39.0-43.0 C9.5 Methylene carbons in alpha position to two aromatic ring 
18.5-21.5 C10 Methyl carbons in alpha position to aromatic rings 
3.0-18.5 C11 CH3 carbons atoms type 

 

2.4.3.5. GC/FID-PFPD analysis 

Sulphur analysis was performed on a gas chromatograph (Agilent Technologies 
7890A) equipped with a FID detector and a pulsed flame photometric detector 
(PFPD). The GC has a HP-PONA capillary column (length, 50 m; inner 
diameter, 0.20 mm; film thickness, 0.50 μm). The equipment uses helium as a 
carrier with a constant flow rate of 0.85 mL min-1 and the sample analysed is  
0.3 μL. The conditions of analysis are given in Table 2.9. 
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Table 2.9. Chromatographic analysis conditions for sulphur compounds 
speciation. 

Section Variable Value 

Oven 

T0 (°C) 40 
t0 (min) 3 

R1 (°C min-1) 15 
T1 (°C) 235 
t1 (min) 1 

R2 (°C min-1) 30 
T2 (°C) 320 
t2 (min) 25.17 

Injector 

T (°C) 250 
P (bar) 2.47 

Column flow (mL min-1) 1.2 
Split ratio 60:1 

FID 

T (°C) 340 
H2 flow (mL min-1) 30 
Air flow (mL min-1) 400 

Make up flow (mL min-1) 25 
PFPD T (°C) 250 

 

2.4.3.6. Research octane number (RON) 

The RON of every sample has been determined following the methodology 
developed by Anderson et al. [242]. This method is based on chromatographic 
characterization of naphtha, dividing 31 different groups (some of them single 
components) that are separated according to their chemical nature, boiling point 
and retention time. A specific factor is attributed to each of these groups and 
RON is calculated as the sum of the multiplication of each group percentage and 
its corresponding factor. 
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2.4.3.7. Cetane index (CI) 

Cetane index is based upon the density and volatility of light cycle oil fraction, 
and has been determined using the calculation proposed by ASTM D-4737 
Standard, as follows: 

( )
( ) ( ) 22

90N
2

10N90N

50N10N

60BTT0.00049T0.42B0.0523
T0.901B0.1310.0892T170B45.2CI
+−+−+

++++=   (2.6) 

where   ( ) 10.85ρeB 3.5 −−= −        (2.7) 

Note that T10N, T50N and T90N are the modified values from simulated distillation 
as distillation temperatures of 10, 50 and 90 vol.% minus 215, 260 and 310, 

respectively. The density of LCO fraction, ρ, is estimated through GCxGC 
analysis described in Section 2.4.3.2, by using the average blend taking into 
account the amount of each carbon number and compound type and their 
corresponding individual densities. 

2.4.4.  Coke amount 

The amount of coke deposited on the spent catalysts has been determined by 
temperature-programmed oxidation by thermogravimetric analysis (TG-TPO) on 
a TA Instruments thermobalance (TGA Q500). 

Apart from quantifying the total coke amount deposited on the catalyst, the 
procedure is modified based on the methodology developed by Wang et al. [243] 
in order to differentiate between the internal and external coke deposits. The 
preparation of the sample consists of mixing 20 mg of deactivated catalyst sample 
with 0.4 mg of CrO3 by means of an extra addition of a few drops of water to 
ensure the correct blend of chromium, the final content of which is assumed to 
be 1 wt%. Once the sample is placed on the balance, a pretreatment with 50 mL 
min-1 of nitrogen at 50 °C is held for 10 min. Then the oven is heated up to  
550 °C (10 °C min-1) and held for 5 min in order to remove the moisture content 
of the sample as well as the adsorbed light organic compounds that can be swept 
and therefore are not considered as coke. After that, the sample is cooled down 
to 50 °C, stabilized for 10 min and then the nitrogen inlet is switched to air. 
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Then, the temperature is risen to 550 °C (5 °C min-1) and held for 60 min to 
assure the complete combustion of coke molecules. 

2.4.5.  Reaction indices 

In order to follow the extent of the reactions, different indices have been defined. 

2.4.5.1. Yields 

Taking into account the formation of gas, liquid and solid products, the evolution 
of the different lumps defined in the hydrocracking runs need to be done through 
a comparable variable. Thus, the yield (Yi) of each i lump is defined as the mass 
of each lump (mi) with respect to the total mass of the products, as defined in 
Equation 2.8. 

100
m

mY
i

i
i ∑

=       (2.8) 

2.4.5.2. Conversions 

Two different conversions have been defined as two different feeds can be 
distinguished. Hydrocracking conversion (XHC) is defined based on the conversion 
of the heaviest lump of VGO, i.e. HCO, in mass basis, as described in Equation 
2.9. 

100
m

mm
X

HCO,0

tHCO,HCO,0
HC

−
=     (2.9) 

being mHCO,0 the initial mass of HCO lump and mHCO,t the mass of HCO lump at 
the end of a reaction of t duration time. 

In the same way, plastic conversion relates the initial loaded amount of plastic 
with the unconverted amount of solid plastic, as depicted in Equation 2.10. 

100
m

mm
X

plastic,0

tplastic,plastic,0
plastic

−
=     (2.10) 
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where mplastic,0 is the initial plastic amount added to the reactor and mplastic,t is 
the amount of solid plastic recovered at the end of reaction. 

2.4.5.3. Selectivity 

With the aim of quantifying the target lumps (i.e. naphtha and LCO) yields and 
measuring the catalytic activity, a selectivity (Si) has been used based on an 
already used parameter [125]. 

)m(m)m(m
m

S
tplastic,tHCO,plastic,0HCO,0

ti,
i +−+

=        (2.11) 

where Ynaphtha, YLCO, YDG, YLPG, Yplastic and Ycoke are the yields of naphtha, LCO, 
DG, LPG, HCO, plastic and coke, respectively. 
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Chapter 3 

 

3.  PS/VGO HYDROCRACKING 

 

 

 

 

 

 

This Chapter gets a first approach to the non-olefinic plastics and vacuum gasoil 
blends hydrocracking. The characterization of the PtPd/HY catalyst used here is 
detailed, as well as the deactivation mechanisms involved in the process that are 
used in the last Chapter to explain the kinetic model development. In this context, 
the study of the influence of the operating conditions on the hydrocracking 
performance has been carried out with the final goal of obtaining high yields of 
fuel-like streams, i.e. naphtha and middle distillates. The effect of temperature, 
time and pressure is assessed on product distribution, liquid composition and 
plastic conversion. The results obtained in this Chapter formulate the optimal 
operating framework as well as the possibilities of regenerating the catalyst to 
contribute to a more sustainable process while valorising plastic wastes. Part of 
the results in this Chapter have been published in Fuel Process. Technol. 2021, 
224, 107010.  
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3.1. CATALYST CHARACTERIZATION 

The properties of the catalyst used for the reactions have been determined 
according to the procedures described in Section 2.2.2. Nitrogen isotherm as well 
as the ammonia TPD are collected in Figure 3.1. Moreover, the textural 
properties of the catalyst properties can be found in Table 3.1. Figure 3.1a shows 
a type IV isotherm with a characteristic hysteresis loop (H3-type), which 
corroborates the presence of a well-developed mesoporous structure along with 
slit-shaped (and usually narrow) pores according to the IUPAC [244]. This 
structure is reflected in the high capacity of nitrogen adsorption (178 cm3 g-1) at 
low relative pressures, as well as the high surface of the catalyst and the average 
pore diameter. 

 

Figure 3.1. a) N2 adsorption-desorption isotherms and b) NH3 TPD of the 
PtPd/Y catalyst. 

Concerning the acidic properties, the TCD signal of the catalyst (Figure 3.1b) 
shows a bimodal distribution that represents two different types of acid sites  
(100-300 °C region associated with weak acid sites and 300-500 °C region 
attributed to strong acid sites [245]) and total acidity of 0.465 mmol NH3 g-1, a 
remarkable value related to the support. The ratio between the area of the first 
and second peaks resulting from the signal deconvolution indicates that there is 
a higher amount of strong acid sites. Apart from that, the pyridine adsorption 
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FTIR spectrum is collected in Figure 3.2a. Following the procedure previously 
explained (Section 2.2.3), the determination of the B:L sites ratio has been carried 
out, finding a value very close to the unity, as can be seen in Table 3.1. 

Table 3.1. Properties of the PtPd/Y catalyst. 

Textural properties  
SBET (m2 g-1) 548 
Smicropores (m2 g-1) 368 
Vmicropores (mL g-1) 0.163 
Dpore (nm) 7.9 

Acidic properties  
total acidity (mmol NH3 g-1) 0.465 
B/L ratio 0.98 

Metallic properties  
Pt content (wt%) 0.44 
Pd content (wt%) 0.50 
dispersion (%) 47.8 

In Figure 3.2b, the spectrum from the CO adsorption FTIR analysis is collected, 
resulting in a higher concentration of Pt linear bonds (68.4 %) at  
2075 cm-1 and the remaining one corresponding to multibonded Pd atoms (found 
at 1982 cm-1). Figure 3.2b also shows a signal corresponding to the 1650 cm-1 
wavelength that is usually attributed to interactions between the adsorbed gas 
and the support [246]. The importance of the Pt arrangement lies on the direct 
relationship between the ratio of bridging/linear bonds and the size of the 
particles, which can explain not only their dispersion but also their activity [247]. 

Last, the XRD pattern of the catalyst is collected in Figure 3.3. The characteristic 
peaks of the zeolite are easily noticeable [248], as it is the main composing 
material. In the same way, the alumina diffraction peaks can be observed in the 
regions between 45-50 ° and 65-70 ° [249], as well as the broad shift on the baseline 
comprehended between 15 and 35 ° can be attributed to the SiO2 of the material 
[250]. Moreover, noble metals’ signal can be attributed to the peak observed at 
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40 °, although their dispersion and low concentration can hinder their detection 
[251]. 

 

Figure 3.2. a) Pyridine adsorption FTIR spectrum and b) CO adsorption FTIR 
spectrum of the PtPd/Y catalyst. 

 

Figure 3.3. X-ray diffraction pattern of the PtPd/Y catalyst. 
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3.2. YIELDS DISTRIBUTION 

PS/VGO hydrocracking reactions have been carried out in a 50 mL batch reactor 
unit (described in Section 2.3.2.1) using the PtPd/Y catalyst under the following 
conditions: 

• Feedstock: PS (10 wt%) blended with VGO 

• Temperature: 380-420 °C 

• Pressure: 50-110 bar 

• Reaction time: 30-300 min 

• Catalyst-to-feed ratio (mass basis): 0.1 

• Stirring speed: 1300 rpm 

To properly evaluate the feasibility of hydrocracking of plastic/VGO blends, the 
performance of the different lumps established must be studied, as well as the 
influence of each property on their evolution. Thus, the objectives are to maximise 
the formation of lumps of commercial interest (i.e. naphtha and LCO) as well as 
HCO and PS conversion and minimise if possible the formation of low-value-
added products such as gases. 

3.2.1.  Effect of temperature and time 

Figure 3.4 displays the effect of temperature and reaction time on the product 
yields distribution obtained in the hydrocracking of the PS/VGO blend at 80 bar. 
Note that lines describe the trends followed by the experimental points. Firstly 
focusing on the results obtained at 380 °C, the major fraction in the feed, i.e. 
HCO, decreases from an initial 88.4 wt% to a 62.3 wt% at 30 min and then to a  
60.4 wt% at 60 min. From that time, the catalyst activity is inhibited and the 
conversion of this lump is stopped, at the same time that other lumps’ formation 
also ends. Specifically, LCO and naphtha yields, which show their intermediate 
nature in these systems, increase during the first hour from values close to 1 wt% 
to 9.6 and 18.1 wt%, respectively. With respect to the gaseous fractions, their 
content is very limited and only a 5.0 wt% of LPG is appreciated.  
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Figure 3.4. Evolution with reaction time of the yields of the products resulting 
from the PS/VGO hydrocracking at a) 380, b) 400 and c) 420 °C. 
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Also, a certain degree of condensation from the naphtha and LCO lumps can be 
observed at 380 °C, as the HCO yield achieves a final value of a 70.0 wt% at  
300 min, while the yield of the aforementioned lumps decreases due to the 
inhibition of the catalytic activity. Similarly, PS decreases from the initial  
10.0 wt% to a 5.6 wt% at 60 min and then the decrease of this feed is practically 
non-existent. This means that plastic conversion at this temperature does not 
overcome 55 wt% at 300 min. 

On the other hand, the results observed at 400 and 420 °C show a very different 
behaviour as this activity decays within the first 60 min of reaction is not 
observed, and the conversion of both HCO and PS continues along the reactions. 
This way, the HCO lump at 400 °C goes down to 24.7 wt% at 300 min, with final 
contents of naphtha and LCO of 40.0 and 7.6 wt%. This focus on naphtha 
increasing and the limited content of LCO confirms the intermediate nature of 
this lump, which is immediately converted into lighter products and goes through 
a maximum at 120 min (13.0 wt%). In the same way, at 400 °C gas formation 
becomes significant, producing 5.1 wt% of DG and 21.0 wt% of LPG in the longest 
reaction. Alongside, at this temperature, the conversion of PS is not limited and 
from 60 min forward the yield of the unconverted PS is very close to 1 wt%. 

The increase of temperature up to 420 °C favours the hydrocracking reactions 
extent in a way that the HCO lump yield reaches 3.0 wt% at 300 min, which 
represents a conversion of 98.5 %. However, as the temperature increase has a 
major effect on cracking reactions, the naphtha and LCO yields are limited to 
values similar to those obtained at 400 °C (39.8 and 5.5 wt%, respectively), at 
the expense of higher gas formation, with final DG and LPG yields of 14.2 and 
36.5 wt%, respectively. Also, the conversion of PS is boosted such that at 30 min 
unconverted PS yield is already close to zero. 

As a result of this, it can be established that a temperature of 380 °C is not high 
enough to totally convert the PS. This hinders the conversion of the heavy 
molecules of HCO due to the deposition of the partially degraded PS molecules 
over the surface of the catalyst, avoiding the contact between the other reactants 
and the active sites. Bin Jumah et al. proposed a mechanism of PS hydrocracking 
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[252] consisting of three stages for its conversion into ethylbenzene: (i) the 
initiation stage in which polymeric chains are broken into smaller chains on the 
acid sites of the zeolite and formed olefins are hydrogenated on the Pt and Pd 
particles; (ii) the propagation of the hydrocracking reactions that form oligomers 
and monomers; and (iii) the hydrogenation stage that leads to the formation of 
ethylbenzene. The high content of hydrogen within the reactor acts as a 
stabilizing agent for PS, as it inhibits the chain unzipping responsible for the 
depolymerization of PS that expels styrene monomers [253].  

Thus, the explanation for the activity decay observed at 380 °C (Figure 3.4a) lies 
on the incapacity of the catalyst at that temperature for promoting the second 
stage of the PS hydrocracking mechanism, as the initial conversion of this 
material confirms that the initiation stage has indeed taken place. On the 
contrary, the high conversion levels found at 400 and 420 °C reflect the progress 
of this mechanism towards the second and even the third stage due to the 
hydrogen excess that promotes an easy hydrogenation, favoured by the presence 
of the noble metals of the catalyst. 

3.2.2.  Effect of pressure 

As an additional parameter of study, the effect of pressure on hydrocracking 
reactions has been also studied. The experiments (Figure 3.5) have been carried 
out under pre-set conditions of 120 min and 420 °C, as the corresponding reaction 
shows a good catalyst performance (Figure 3.4c) in terms of naphtha and LCO 
yield and plastic conversion. A hydrogen pressure increase seems to entail a direct 
reduction of the formation of gases, even when the conversion of the HCO lump 
is similar. The composition of the liquid fraction obtained from the simulated 
distillation manifests only a ± 5 wt% difference in the HCO content, so the 
differences observed in Figure 3.5 can be attributed to the lesser extent of DG 
and, especially, LPG formation. This major influence of hydrogen pressure on the 
vaporization of heavy feeds has already been observed [254], reporting that the 
higher hydrogen pressure implies a gas-liquid equilibrium displacement in favour 
of the liquid, as it takes less space. 
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Figure 3.5. Effect of hydrogen pressure on products yield distribution of the 
PS/VGO hydrocracking at 120 min and 420 °C. 

Concerning the formation of lumps of interest, it can be seen that even with not 
too different yields of HCO (from 4.5 wt% at 50 bar to 15.0 wt% at 110 bar), 
both yields of naphtha and LCO escalate up to values of 56.9 and 16.9 wt%, 
respectively. This, along with the decrease in gas yields, can be explained through 
the promotion of hydrocracking mechanisms over thermal cracking ones, as the 
presence of hydrogen attenuates the formation of free radicals. Plastic yields have 
residual values (lower than 0.5 wt%) whose evolution cannot be attributed to the 
real effect of pressure on plastic conversion but to insignificant experimental 
differences within the context of full conversion aforementioned for the reference 
reaction. Finally, it must be noticed that the hydrogen pressure has a clear effect 
on coke deposition, as its yield decreases along the pressure increase from a  
2.7 wt% to 1.2 wt% at 110 bar. The reduction of the deposited coke amount is a 
direct consequence of the lessening of the coke precursor formation derived from 
the hydrogen pressure increase [255]. 

50 80 110
0

20

40

60

80

100

Y
ie

ld
 (

w
t%

)

Pressure (bar)

 DG   LPG   Naphtha  
 LCO  HCO   Plastic   Coke



Chapter 3. PS/VGO hydrocracking 

92 

3.3. LIQUID COMPOSITION 

The production of fuel-like streams is subject to the suitability of these fractions 
to be blended into motor fuel blends commonly found in refineries, so careful 
compositional analysis is necessary to determine the effect of operating conditions 
on liquid properties. As naphtha and LCO have been set as preferred products, 
their individual composition for the PS/VGO hydrocracking products has been 
determined and analysed in this Section. 

3.3.1.  Effect of temperature and time 

Figure 3.6 collects the evolution of naphtha composition over reaction time at 
different temperatures. As the naphtha fraction contains only compounds with a 
boiling point below 216 °C, aromatics of three or more rings do not belong to this 
fraction and therefore have not been considered. It can be observed that the 
influence of temperature on chemical composition is strong, although the effect of 
this parameter affects each group differently. Accordingly, the concentration of 
isoparaffins, naphthenes and monoaromatics seem to be greatly influenced by 
increasing temperature and time course, while normal paraffins and diaromatics 
are not so much affected. 

The results obtained at 380 °C (Figure 3.6a) are appreciably conducted by the 
aforementioned PS fouling mechanism (Figure 3.4a). Thus, the usual 
hydrocracking mechanisms that would lead to the hydrogenation of aromatics in 
favour of naphthenes and paraffinic compounds [145, 147] are inhibited, observing 
steady values of these families up to 120 min. Then, once the catalytic activity 
has been fully inhibited, monoaromatics concentration increases in the same 
quantity that naphthenes and isoparaffins decrease, which leads to conclude that 
hydrogen-transfer reactions have been suppressed and dehydrogenation reactions 
are promoted instead. Furthermore, hydrogen-transfer reactions are commonly 
followed by the construction of scaffolds that lead to the formation of cyclic 
molecules [256], so the boost of the opposite reactions explains not only the 
formation of monoaromatics from naphthenes but also the cyclization of 
isoparaffins. 
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Figure 3.6. Evolution over time of the naphtha composition obtained in the 
hydrocracking of PS/VGO blends at a) 380, b) 400 and c) 420 °C. 
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in which the formed carbocations act as hydrogen acceptors [257]. Consequently, 
the resulting carbonium ion from the isoparaffins will undergo the cyclization 
reaction mentioned before, increasing the content of naphthenes that will be 
subsequently transformed into monoaromatics. Apart from that, hydrogen-
transfer reactions are not only induced under a surplus of hydrogen but also take 
place in absence of it, as may be the case, as polystyrene is continuously being 
converted from 60 min onwards. These elementary reactions are promoted for 
example at high temperatures in other processes such as catalytic cracking [258], 
thereby taking place on the acid sites of the support once the degraded PS 
molecules have covered the metallic sites of the catalyst surface. 

On the other hand, the trends displayed at 400 and 420 °C (Figure 3.6b and 3.6c, 
respectively) for the reacting families are the opposite of those observed at  
380 °C. Essentially, monoaromatics concentration decreases in favour of an 
increase of isoparaffins and naphthenes. Temperature is the controlling parameter 
in these reactions, as the maximum hydrodearomatization is achieved at 400 °C, 
as monoaromatics concentration reaches a minimum at this temperature and  
300 min (20.2 wt%). At that same reaction time, the content of 1-ring aromatics 
at 420 °C is 32.3 wt%. Concurrently, a maximum of 43.3 wt% of naphthenes 
concentration has been obtained at 400 °C against the 32.1 wt% produced at  
420 °C. This effect of temperature on the composition is directly related to the 
thermodynamic limit of monoaromatics hydrogenation to naphthenes, as the 
equilibrium of this reaction has its critical point at ca. 380 °C which shifts towards 
dehydrogenation reactions once has been overpassed [259]. With respect to 
isoparaffins, the effect of temperature at 400 and 420 °C is almost negligible, as 
final contents are almost identical (28.2 wt% at 400 °C and 26.5 wt% at 420 °C). 
The decrease observed by rising the temperature is coherent with the promotion 
of cracking reactions that take isoparaffins as reactants for the formation of 
smaller molecules that belong to DG and LPG lumps [260]. 

LCO composition has been also analysed, as displayed in Figure 3.7. In this case, 
a higher number of chemical families have been affected by both temperature and 
reaction time, as normal paraffins do not show a stationary behaviour at 400 and 
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420 °C. However, the activity decay phenomenon observed at 380 °C is also 
reflected in this fraction. This way, monoaromatics concentration has the 
maximum value at this temperature (as well as the concentration of total 
aromatics) and it goes to a minimum at 180 min. The fact that the PS molecules 
hinder the contact between the reactants and the catalyst active sites is 
reaffirmed at this point. The higher initial amount of aromatics occurs due to the 
low catalytic activity as a result of the difficult access that HCO and hydrogen 
(liquid and gaseous) would have due to the deposition of PS molecules (solid) in 
the medium (diffusional problems) [143]. In addition, both isoparaffins and 
naphthenes concentrations show exactly the opposite trend, passing through a 
maximum at 180 min and then decreasing. In a similar way that dehydrogenation 
mechanisms have been explained before, the hydrogenation activity is therefore 
suppressed. Hence, the reactions that take place in the acidic sites of the catalyst 
are the controlling mechanisms from 180 min onwards. 

Regarding the results obtained at 400 and 420 °C (Figure 3.7b and 3.7c, 
respectively), the trends followed by the different families of compounds have 
been maintained over time. As shown, both normal and branched paraffins raise 
with reaction time while the concentrations of naphthenes and aromatics 
diminish. Attending to each group of aromatics, first, it must be noticed that the 
total concentration of aromatics only increases by a 3.8 wt% from 400 to 420 °C. 
The distribution among the aromatic compounds is illustrative of the 
aforementioned thermodynamic equilibrium in hydrogenation reactions, as it can 
be observed that there is a higher 1-ring aromatics and lower 2-ring aromatics 
concentration, which is explained through the consecutive hydrogenation 
mechanism of polyaromatics. These reactions begin with the easy hydrogenation 
of polyaromatics present in the HCO fraction, producing di- and poly-aromatics 
corresponding to the LCO fraction, which go then under further hydrocracking 
reactions until they turn into monoaromatics (known for being more refractory 
[261]) and naphthenes [262]. 
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Figure 3.7. Evolution of LCO composition over reaction time obtained in the 
PS/VGO hydrocracking at a) 380, b) 400 and c) 420 °C. 
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n-paraffins results as a direct consequence of the higher development of cracking 
reactions that break both isoparaffins and naphthenes, promoted by the 
temperature increase. However, the major concentration of isoparaffins and 
naphthenes observed at 400 °C implies a change in the ongoing mechanisms, as 
hydroisomerization/hydrocracking reactions have a dominant role at this 
temperature [263].  

Lastly, research octane number (RON) and cetane index (CI) have been also 
calculated to complement the understanding of the time and temperature effect 
on the quality of the naphtha and LCO fractions, displaying these results in 
Figure 3.8. Note that the values corresponding to 380 °C reactions (Figure 3.8a) 
do not follow any trend as a consequence of the activity decay due to PS fouling 
and the changes observed in the liquid composition that have been discussed 
above. Apart from that, RON values obtained at 400 and 420 °C (within the 
91.9-104.3 range) allow establishing that the naphtha obtained is adequate for 
being used as a blending component of commercial gasoline. Also, the effect of 
temperature on this index is subtle, as it is quite similar for both temperatures, 
although there is a slight decrease in RON with increasing temperature due to 
the effect of temperature on cracking reactions. With respect to CI, the values 
obtained at both 400 and 420 °C are also attractive for the inclusion of the 
fraction obtained here into the refineries blending pools. The trends show opposite 
directions along the time at the different temperatures, observing an increase of 
this index at 400 °C and a clear decrease at 420 °C. Although the decrease in 
isoparaffins should improve the value of the index, the distribution of this 
compositional change is equally divided into normal paraffins and aromatics when 
comparing 400 and 420 °C samples at 300 min. The contribution difference 
between branched and normal paraffins is quite lower than the CI loss produced 
by the increase in aromatics [264], thus explaining these contradictory trends. 
Considering all the above, and even if the values of the samples are generally 
below commercial standards, the quality of the streams obtained is considered 
good enough to be added to the blending pools. 
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Figure 3.8. Evolution of RON and CI of the products resulting from the 
PS/VGO hydrocracking at a) 380, b) 400 and c) 420 °C. 
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3.3.2.  Effect of pressure 

Figure 3.9 displays the naphtha composition change along the studied hydrogen 
pressure values. Under 50 bar, aromatics account for up to 45.3 wt% of the 
naphtha, being reduced to 32 wt% by increasing the pressure up to 80 bar, while 
the further increase to 110 bar only reduces the total aromatic content by an 
additional 2.4 wt% (29.6 wt%). In all cases, the hydrogenation of aromatics 
produces an increase in naphthenes content (from 22.7 wt% at 50 bar to 34.9 and 
39.7 wt% at 80 and 110 bar, respectively), as expected based on the typical ring-
opening mechanism [265]. 

 

Figure 3.9. Effect of hydrogen pressure on naphtha composition of PS/VGO 
hydrocracking products at 420 °C. 
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pressure to promote hydrocracking reactions. This way, the cyclization of 
paraffins would increase the number of naphthenes present in the medium and 
not only those produced by the hydrogenation aromatics, whose thermodynamic 
equilibrium would be affected by this alternative formation of saturated cyclic 
compounds. 

As well as naphtha composition, LCO composition has also been studied and the 
results are shown in Figure 3.10.  

 

Figure 3.10. Effect of hydrogen pressure on the LCO composition of PS/VGO 
products obtained at 420 °C. 
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hydrogenation of polyaromatics (and posterior hydrocracking) would explain the 
increase in saturated species while producing a similar concentration of 
monoaromatics. In fact, LCO composition shows a higher amount of diaromatics 
but also of naphthenes that can be the straight result of those polyaromatics 
hydrogenation. 

With respect to paraffins belonging to the LCO fraction, a similar effect to that 
observed on naphtha composition is noticed when attending to normal paraffins, 
with a slight effect of pressure on their concentration (whose change is less than 
1 wt%). However, there is a noticeable boost in isoparaffins when increasing 
pressure from 50 to 80 bar, which is consistent with the ring-opening mechanism 
as final products resulting from the hydrocracking of aromatics in the absence of 
a catalyst with high selectivity towards normal paraffins [266].
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3.4. CATALYST DEACTIVATION 

Catalyst deactivation is a crucial issue nowadays in industry, as the activity decay 
in catalytic processes requires compensation that usually proceeds by a 
temperature increase or other alternative that shortens the service life of the 
catalyst. In hydroprocessing, one typical approach to characterize the catalyst 
deactivation is based on the determination of the coke and metals deposited on 
it [200]. However, the introduction of new materials in hydroprocessing units can 
change the scenario, as the deactivation strongly depends on the properties of the 
feeds, operating conditions and even the structure of catalysts. In this Section, a 
diligent characterization of the spent catalysts has been carried out to enhance 
the knowledge of the catalyst. 

3.4.1.  Coke characterization 

Coke deposition is the main cause of catalyst deactivation related to 
hydrocracking processes and, consequently, there is extensive literature delving 
into the issue [267, 268]. However, as the hydrocracking of plastics and refinery 
streams blends has been studied far less [269], the deposited coke characterization 
of these systems needs to be performed by the combination of different and 
complementary techniques.  

Table 3.2 collects the amounts of coke deposited (per 100 g of catalyst) in the 
catalyst at different temperatures over the reaction time. Catalysts of short 
reactions do not show a clear trend, probably as a consequence of the plastic 
deposition over the catalyst that enlarges the amount of carbonaceous material 
that can be oxidized during TPO analyses. Otherwise, the effect of time and 
temperature can be summarized in two statements: (i) for long reactions, the 
effect of temperature is that of promoting the deposition and development of 
polyaromatics inside the support of a bifunctional catalyst [270]; and (ii) the high 
hydrogen pressure and catalytic activity can compensate the formation of 
carbonaceous deposits by enhancing the hydrocracking reactions of coke 
precursors, as observed during the hydrodeoxygenation of bio-oil [271], which 
results in the initial deposition of higher amounts that are gradually converted 



Catalyst deactivation 

103 

over time, thus explaining the lower contents observed at 180 and 300 min 
compared with the preceding ones. 

Table 3.2. Coke content (wt%) deposited on the spent catalysts used in 
PS/VGO hydrocracking. 

 30 min 60 min 120 min 180 min 300 min 

380 °C 10.6 9.2 9.6 8.4 6.2 

400 °C 8.7 10.6 4.5 11 9.1 

420 °C 10.4 8.3 14.9 13.7 10.9 

The methodology followed to carry out the TPO analyses allows not only to 
measure the quantity of the deposited coke but also to distinguish between the 
amount of coke deposited on the external and the internal parts of the catalyst, 
as exposed in Figure 3.11 for one of the samples. 

 

Figure 3.11. TPO profiles of the sample obtained at 420 °C and 300 min with 
and without the chromium addition. 
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the combustion of the external coke. In this context, Figure 3.12 displays the 
evolution over time of the internal and external coke at different temperatures. 

 

Figure 3.12. Evolution over reaction time of the internal and external coke 
obtained in the hydrocracking of the PS/VGO blend at the studied temperatures. 
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mechanisms, thus remaining constant for the 300 min. On the contrary, the 
samples obtained at 380 °C show a growing deposition of external coke. This 
observation is linked to the phenomenon of PS molecules deposition that has been 
already explained, as their behaviour and the one attributed to asphaltenes are 
very similar in terms of being somehow composed of high molecular weight alkyl-
bridged aromatic and cycloalkyl groups [273]. As stated before, the catalyst is not 
capable of converting the chains of PS, whose degraded molecules end up being 
insoluble within the liquid products [274]. The sedimentation of these molecules 
is the PS fouling phenomenon described in Section 3.2, causing the corresponding 
activity decay. Moreover, there is a possible chemical pathway in which these 
molecules undergo several chemical transformations and form aggregates via Van 
der Waals interactions, leading to the formation of species that can be classified 
as coke [275]. PS aggregates and the deposited compounds defined as coke have 
not entered the channels of the zeolite and therefore they are later recovered as 
external coke when dissolved in THF, in which PS is indeed highly soluble. 

The nature of the deposited coke has been studied through FTIR analysis and 
the spectra are displayed in Figure 3.13. Although the spectra have been collected 
for the complete spectral range (550-4000 cm-1), only the regions with 
distinguishable signals are shown on the graphs, according to the aliphatic and 
aromatic vibration regions. Based on that, the structures that can be observed 
on the deposited coke correspond to bulky aromatics and branched alkanes [276]. 
More specifically, the following regions have been established according to the 
literature [271, 277]: (i) 3000-2800 cm-1, attributed to the aliphatic C-H stretching, 
with two maxima at ca. 2856 and 2925 cm-1, which correspond to symmetric and 
asymmetric stretching, respectively; (ii) 2000-1650 cm-1, related to aromatic C-H 
stretching; (iii) 1650-1600 cm-1, corresponding to olefinic C=C stretching; and (iv) 
1600-1550 cm-1, which is attributed to aromatic C=C ring breathing and usually 
has a maximum around at 1585 cm-1. 
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Figure 3.13. FTIR analysis evolution in (a, c and e) the aliphatic and (b, d and 
f) aromatic regions of the coke obtained at (a and b) 380 °C, (c and d) 400 °C 
and (e and f) 420 °C in the hydrocracking of PS/VGO blends. 

Considering the aforementioned, it can be deduced that the main species in the 
coke deposited on the catalyst in all the cases are mainly aliphatic, since the 
intensity of the signals belonging to this region is noticeably higher for all the 
samples. However, an increase in temperature results in a progressive decrease in 
the aliphatic band. Moreover, the distribution of this region is different depending 
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on the reaction temperature. This way, at 380 °C, an increase in the asymmetric 
stretching band can be observed, even saturating the detector at 300 min  
(Figure 3.13a). However, these signals are reduced at 400 °C (Figure 3.13c), 
obtaining that the symmetric stretching band increases up to 60 min and remains 
constant for the rest of the time, while the asymmetric band is virtually constant 
for all the samples. A very similar behaviour is observed in the aliphatic region 
for the samples collected at 420 °C (Figure 13e), although the general intensity 
of the signals is lower than the previous ones, especially in the case of the 
symmetric band.  

On the other hand, a strong influence on the temperature and reaction time can 
be extracted from the aromatic vibration bands. At 380 °C (Figure 3.13b), the 
samples go through a maximum of intensity 120 min, so a clear trend cannot be 
established. Despite that, a general increase in aromatic regions can be 
appreciated, along with an increase in the olefinic C=C stretching signal. At this 
temperature, the effect of the PS degraded chains on the changeable coke nature 
is exposed, as it has been already commented that the partially converted plastic 
molecules change their chemical composition over time and, therefore, so do the 
carbonaceous deposits [278]. At 400 °C (Figure 3.13d), the intensity of the 
aromatic band is constant along the reaction time, as a consequence of the 
equilibrium between the hydrogenation and condensation reactions, as 
commented before. If the temperature is increased up to 420 °C (Figure 3.13c), 
there is an obvious effect of the dehydrogenation mechanism that leads to the 
formation of more condensed structures and that takes place through hydride 
transfer and methylation of aromatics, which are promoted at high temperature 
and long reactions [279]. 

The results of the extraction and characterization of the soluble fraction of the 
deposited coke are displayed in Figure 3.14.  
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Figure 3.14. Evolution of the soluble coke composition of the PS/VGO 
hydrocracking spent catalysts obtained at a) 380, b) 400 and c) 420 °C. 

Note that there is a strong dependency of the fraction of coke that can be 
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soluble coke accounts up for a 70 wt% and it decreases down to a 28 wt% at  
420 °C. The effect of time on the composition of soluble coke is evident and 
constant at all temperatures, as the species turn into more aromatic compounds, 
especially during the first 120 min. In the same way, and more noticeably at 400 
and 420 °C, the aromatics species condensate into more complex compounds as 
reflected in the increasing amount of polyaromatics. This is in line with the 
conventional effect attributed to the temperature on condensation and cokization 
reactions, which are promoted when this parameter is risen [199]. 

Taking into account the above-mentioned condensation phenomenon, it is 
interesting the fact that aliphatics achieve a minimum concentration in the 
soluble coke at 400 °C, even more so considering that the concentration of heavy 
species and the weight of the insoluble coke is higher in the samples obtained at 
420 °C. It is precisely for this reason that such a deviation in the trend is observed, 
as the insoluble fraction is usually composed of PAHs [280] and the concentration 
of these compounds is higher at 420 °C, while the aromatics representing the 
major fraction of the composition obtained at 400 °C are 1-ring compounds. Thus, 
the aromatic fraction of the coke is remaining at a higher degree in the insoluble 
coke, therefore offering the illusion that the coke obtained at 420 °C is less 
aromatic than that obtained at 400 °C. 

3.4.2.  Plastic covering and metals deposition 

The coke deposited on the catalyst as well as the poisoning metals and the 
degraded PS that precipitates when not properly converted lead to the 
deterioration of the physicochemical properties of the catalyst. With the aim of 
illustrating a full picture of the deactivated catalysts and comprehending the 
reasons for the degradation of their properties, some additional methodologies 
have been applied to perform their full characterization. 

SEM images of some of the spent catalysts are shown in Figure 3.15, which allow 
identifying the incidence of the different causes of deactivation. This way,  
Figure 3.15a reveals a smooth covering over the catalyst particles that, employing 
EDX analysis, is confirmed to be carbonaceous and different from other dark 
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particles found on the spent catalysts (coke). Because of this, it can be concluded 
that this material corresponds to the degraded PS that has been reported as the 
main deactivation agent in the reactions carried out at 380 °C. Furthermore, this 
covering has been not observed at the other studied temperatures, which is 
coherent with the different activity behaviour exhibited at 400 and 420 °C  
(Figure 3.15b and 3.15c). 

 

Figure 3.15. SEM images of the spent catalysts obtained at a) 380 °C,  
b) 400 °C, and c and d) 420 °C. 

At 420 °C (Figure 3.15c and 3.15d), the deposition of poisoning metals is exposed, 
as it is a known phenomenon that takes place in the hydroprocessing of heavy 
streams [281]. By application of contrast, the particles showing higher bright 
levels in the images correspond to high molecular weight atoms, which stand out 
from others of lower molecular weights. The noble metals inherent to the catalyst 
have a moderate brightness and a very low particle size as the dispersion achieved 
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is high. However, there are some materials with a higher shine that, by means of 
EDX, have been assigned to Fe and Ni particles, which are usually found in VGOs 
[91]. Furthermore, these highly brilliant particles can constitute a sort of alloy 
whose formation is possible at high temperatures [282, 283], as manifested in 
Figure 3.15d. The formation of these alloys can noticeably affect the catalyst 
deactivation not only by pore blockage but also due to their deposition on the 
catalyst metals.  

The existence of undesirable metals in the feed (and so in the spent catalysts, as 
seen in Figure 3.15) creates the necessity of monitoring them, as they can 
substantially affect both the catalytic activity and the condition of the equipment 
[166]. Figure 3.16 shows the metal loading evolution of the identified metals in 
the spent catalysts (Fe, Ni), that have been measured through ICP-AES, at the 
three studied temperatures.  

 

Figure 3.16. Evolution of deposited metals amount over time at the three studied 
temperatures on the spent catalysts of PS/VGO hydrocracking. 

The trends show a boosting effect of temperature on the hydrodemetallization 
capacity of the catalyst [284], as the uptake of the catalyst increases at 400 and 
420 °C. However, there are different tendencies observed along the reaction time. 
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At 400 °C, the metals deposited on the catalyst seem to achieve an asymptotic 
value up to a maximum (246 ppm) at 180 min that is maintained onwards. As 
the metal retention capacity is mainly based on the textural properties [285], the 
catalytic inhibition provoked by the PS molecules that clog the pores can prevent 
not only hydrocracking but also hydrodemetallization to carry on. On the 
contrary, at 400 and 420 °C the metal loading on the catalyst keeps increasing 
over time. Here, a strong effect of temperature is observed when increasing it up 
to 420 °C, as the maximum of metals accumulation in the catalyst is moderately 
above the one observed at 380 °C (479 ppm), while this amount escalates at  
420 °C even at lower times (from 120 min), ending up at 1168 ppm. 
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3.5. CATALYST REGENERATION 

Each process and the reactions involved have intrinsic mechanisms that trigger 
catalyst deactivation, a major concern for the industrial application of catalytic 
processes due to economic and practical aspects. Considering coke deposition as 
the main cause of catalyst deactivation, the usual process to partially or fully 
recover its initial activity is coke oxidation. However, the regeneration method 
can be incomplete or, even in the case that the combustion is complete, the initial 
properties of the catalyst might not be recovered. Indeed, the regeneration 
method can also affect some of the properties of the material, modifying this way 
the catalytic performance. In this Section, the regenerability of the catalyst is 
explored through different methodologies and the one that offers the best results 
has been applied over different time conditions to ensure the proper behaviour of 
the regenerated catalyst. 

3.5.1.  Regeneration methods screening 

Based on the results obtained in Section 3.2, the selection of the optimum 
operating conditions has been done in a search of maximizing plastic conversion 
and naphtha yield at the same time that gas production is contained. For that 
reason, the regenerability study of the catalysts has been performed at 400 °C, 
180 min and 80 bar, as a full conversion of PS and naphtha yield of 34 wt% is 
achieved under those conditions. 

Figure 3.17 presents the yields distribution of the products from the PS/VGO 
hydrocracking with the fresh catalyst and the regenerated ones using different 
methods referenced in the literature [204]. Such processes consist of controlled 
combustion with diluted air (20 mL min-1 of air and 80 mL min-1 of pure nitrogen), 
hydrogen (30 mL min-1 diluted in 50 mL min-1 of nitrogen) and CO2  
(30 mL min-1 and 50 mL min-1 of nitrogen); all of them carried out at reaction 
temperature in an attempt to minimize the catalyst modifications that can take 
place during the regeneration process. 
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Figure 3.17. Products yield distribution obtained in the hydrocracking of 
PS/VGO with fresh and regenerated catalysts through different methodologies. 
Operating conditions: 400 °C, 180 min, 80 bar. 

Comparing the results with those obtained with the fresh catalyst, it is evident 
that only the controlled oxidation of the spent catalysts provides a similar activity 
under the studied conditions. The utilization of hydrogen for removing the 
deactivating species or carbon dioxide to promote their oxidation seems to be 
unfeasible, as the conversion of HCO fraction is minimal and even the PS is not 
converted. This low reactivity of PS can be responsible for the low hydrocracking 
activity of VGO in the same way that it was observed when operating at 380 °C 
(Section 3.2.1). Hydrogen incapacity for regenerating the catalyst can be 
attributed to the formation of coke species in that same atmosphere with higher 
partial pressures, so this agent is incapable of converting and sweeping those 
compounds. Concerning CO2, the regeneration possibilities provided by this gas 
have been proven in other processes that involve lighter species with higher 
regeneration temperatures due to the highly endothermic character of coke 
gasification. However, an increase in temperature could affect the support in 
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terms of thermal stability, so a further study about this possibility might be 
suggested to involve CO2 valorisation in the whole process. 

With respect to coke combustion, the yields of interest barely decrease when 
regenerating the catalyst by these means (less than 0.5 wt%), observing that the 
higher HCO yield corresponds to a decrease in LPG, although this difference only 
accounts for 2 wt%. This slight decrease in catalytic activity can be assigned to 
the irreversible deactivation related to metals deposition at this temperature 
(Figure 3.16c and 3.16d). As the deactivation due to metal deposition is often 
described in terms of an implicit maximum capacity of metal removal [197], it 
can be assumed that this catalyst deactivation has limitations once the catalyst 
is saturated with metals. This way, it is logical to establish that there is a limit 
for the magnitude of the activity decay linked to this phenomenon. 

3.5.2.  Effect of air combustion regeneration on system performance 

To confirm the feasibility of catalyst regeneration through air combustion, various 
reactions at 400 °C and 80 bar have been performed with the catalysts 
regenerated under this method. Figure 3.18 displays the effect of this regeneration 
on the product distribution over reaction time, with very similar yield 
distribution, the difference accounting for less than 2 wt%. On the contrary, at 
300 min the conversion of the heavy fraction is surprisingly higher than the one 
obtained with the fresh catalyst, obtaining 10.9 wt% of HCO, lower than the  
25.8 wt% obtained with the fresh catalyst. The fact that this decrease of ca.  
15 wt% does not match with the slight increase of 3.3 wt% of gas production 
leads to conclude that the hydrocracking reactions development is changing and 
not only an increase in cracking force has taken place. Although the thermal 
stability of zeolites is well-established, an exothermic reaction as it is the coke 
combustion can result in thermal stress via local hot spots on these materials 
[286], therefore altering their properties and thus explaining the changes observed 
in Figure 3.18. Moreover, the explained equilibrium between the hydrogenation 
and condensation of aromatic structures results in a higher monoaromatics 
content (Figure 3.14b) in the coke fraction. The production of a fraction with a 
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higher volatile content can significantly increase the flammability and combustion 
stability during coke combustion [287], thus enhancing its exothermicity. 

 

Figure 3.18. Yields distribution over reaction time at 400 °C by using the 
catalyst regenerated with controlled air combustion for the PS/VGO 
hydrocracking. 

As the combustion of coke has revealed itself as an effective treatment for 
recovering the catalytic activity, the composition of the target fractions has been 
studied. This way, the naphtha composition of the products resulting from the 
PS/VGO hydrocracking with regenerated catalysts is displayed in Figure 3.19. 
Two main differences can be observed in the naphtha composition of the samples 
obtained with fresh and regenerated catalysts, each of them being attributable to 
one phenomenon. First, the samples obtained at 60 and 180 min show a slight 
decrease in hydrodearomatization capacity, with paraffins and naphthenes 
contents ca. 5 wt% below the concentrations obtained with the fresh catalyst. 
Since the hydrogenation function is promoted by the metallic sites of the catalyst 
and these are more affected by the irreversible deactivation related to deposited 
metals, this slight decrease is undoubtedly owed to the noble metals poisoning. 
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On the other hand, it has been already commented that the cracking activity of 
the catalyst used for 300 min has increased, which can be directly related to its 
acidic properties. Even though the metals precipitate with maximum catalyst 
uptakes, the change in the support can suppose an increase in the adsorption 
strength of aromatics, therefore enabling a higher HDA activity [288]. 

 

Figure 3.19. Naphtha composition from the PS/VGO hydrocracking products 
obtained with fresh and regenerated catalysts at 400 °C and 80 bar. 

On the other side, Figure 3.20 shows the LCO composition of PS/VGO 
hydrocracking products with fresh and regenerated catalysts. A similar behaviour 
that the one observed on naphtha composition can be appreciated, as the general 
effect of the catalyst regeneration is slightly lessening its hydrogenation capacity. 
This way, the saturated species concentration diminishes between 2 and 7 wt% 
when using the regenerated catalysts, mainly due to the minor concentration of 
naphthenes. The direct relationship between the hydrogenation potential of a 
catalyst and the hydrogenation of 1-ring aromatics has already been discussed, 
therefore concluding that the hindering of these reactions is the logical 
consequence of the deterioration of the hydrogenation function. Regarding 
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paraffins, isoparaffins are also modified as a result of the minor formation of 
naphthenes. On the contrary, the non-selective cracking of aliphatic chains during 
the ring-opening makes that normal paraffins content remains steady after the 
regeneration. 

 

Figure 3.20. LCO composition from the PS/VGO hydrocracking products 
obtained with fresh and regenerated catalysts at 400 °C and 80 bar. 

3.5.3.  Effect of air combustion regeneration on coke deposition. 

Figure 3.21 shows the TPO profiles of the spent catalysts used in PS/VGO 
hydrocracking reactions after their regeneration in the oxidative atmosphere. 
Note that shaded areas indicate the zones corresponding to the denominated as 
external (first) and internal (second) coke.  
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Figure 3.21. TPO profiles of spent catalysts recovered from PS/VGO 
hydrocracking after regeneration for a) 60 min, b) 180 min and c) 300 min. 

The apparition of external coke only at 60 min differs from the results obtained 
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at 400 °C with the fresh catalyst accounts only for 5 wt%, its fading (probably 
due to its condensation into more complex structures) can be related to the 
hydrogenation activity loss related to irreversible deactivation. In fact, it has been 
observed in Section 3.5.2 the same impact on the hydrogenation function is 
reflected in the aromatics increase, so this can be another consequence of the 
metals poisoning.  

Apart from that, there is an increase in the combustion peak as reaction time 
goes on, which corresponds to the condensation of coke structures. The change in 
the combustion peak is more pronounced in the 300 min sample, which is a result 
of the increment of cracking reactions extent [289] also commented on in  
Sections 3.5.1 and 3.5.2. Regarding the total coke deposited on the catalyst, the 
trend also changes with respect to that observed in fresh catalyst reactions. As 
can be appreciated in Figure 3.18, the coke amount continuously increases from  
0.8 wt% yield at 60 min to 1.3 wt% yield at 300 min. This lack of coke attenuation 
that was observed with the fresh catalyst due to the compensation between 
hydrogenation and condensation reactions is in line with the promotion of 
cracking forces here observed, which lead to a higher extent of the second reaction 
type. In fact, the broadening of the signal observed in Figure 3.20c when 
compared to Figure 3.20a and 3.20b also indicates a wider spectrum of coke 
species that take longer to undergo complete combustion, meaning that 
condensation of coke precursors still takes place at 300 min. 
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4.  HYDROCRACKING OF OXYGENATED 
PLASTICS AND VGO BLENDS 

 

 

 

 

 

 

In this Chapter, the co-feeding of oxygenated plastics and VGO within a 
hydrocracking process has been studied using the PtPd/Y catalyst characterized 
in the previous Chapter. Polyethylene terephthalate (PET) and polymethyl 
methacrylate (PMMA) have been selected due to their representation among non-
olefinic plastics in the usual municipal plastic waste. The effect of adding different 
polymers to the feeding blend on product distribution and composition has been 
assessed, with special attention to the changes observed in the hydrocracking 
mechanisms. This way, the results obtained are used for introducing the analyses 
of heteroatom-containing structures as well as that of heavy molecules. As in the 
previous Chapter, the influence of each plastic on coke formation has been 
investigated, contributing to the foundations for the kinetic modelling 
development.  
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4.1. EFFECT OF OPERATING CONDITIONS ON PRODUCT 
DISTRIBUTION 

VGO, PMMA/VGO and PET/VGO hydrocracking reactions have been 
performed in a 100 mL batch reactor unit using the PtPd/Y catalyst 
characterized in Chapter 3 under the following operating conditions: 

• Feedstock: plastics (10 wt%) in VGO, and neat VGO 

• Temperature: 400-420 °C 

• Pressure: 50-110 bar 

• Reaction time: 30-300 min 

• Catalyst-to-feed ratio (mass basis): 0.1 

• Stirring speed: 1300 rpm 

The need for the utilization of a different reactor arises due to the production of 
potentially dangerous and corrosive compounds from the hydrocracking of 
carboxylic acids that can be obtained from these plastics [290]. In fact, a few 
initial tests with PMMA and PET blends confirmed the damage to the reactor 
gasket of the 50 mL reactor. As the catalytic performance over temperature and 
time has been discussed in the previous Chapter, the results when feeding PMMA 
and PET along with VGO focus on product distribution in terms of selectivity 
towards products of interest and the effect of different plastics on the optimization 
of the operating conditions. 

4.1.1.  Influence of temperature and time 

Figure 4.1 displays the conversion of the heaviest fraction, i.e. HCO (Figure 4.1a), 
and plastics (Figure 4.1b) along with reaction time on the hydrocracking of the 
neat VGO, PMMA/VGO (PMMA) and PET/VGO (PET) blends at 400 and  
420 °C. It can be observed that higher reaction times favour both HCO and 
plastics conversion in all cases and conversion of the plastic is higher than that 
of HCO through the studied reaction time (30-300 min). By an initial comparison 
between the conversion levels, it can be observed that HCO conversion depends 
on the combination of feed and temperature. Thus, at 400 °C HCO conversion is 
higher for the plastics blends, as the good conversion of the polymers  
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(Figure 4.1b) and the need for a higher cracking force for converting HCO 
polyaromatics constraint VGO conversion (73.3 wt% at 400 °C and 300 min). 
However, the increase up to 420 °C improves both VGO and PMMA/VGO 
blends, with final conversions of 95.9 and 94.6 %, respectively, while PET/VGO 
blend conversion of HCO is limited to 79.5 %. This highlights that, at a given 
time and temperature, the PMMA/VGO blend has a greater conversion than the 
PET/VGO blend, which is likely related to the refractory nature of aromatics, 
which hampers its conversion [291]. 

 

Figure 4.1. Hydrocracking conversion of a) HCO and b) plastics over reaction 
time at 400 °C and 420 °C. Reaction conditions: 80 bar, C/F = 0.1. 

Attending plastics conversion (Figure 4.1b), it can be noticed that after 30 min, 
both plastics are already converted in over 70 %, and almost complete conversion 
(> 90 %) is attained at 300 min. The remaining PET obtained at 400 °C, which 
presents a lower and slower conversion than PMMA, explains the parallel lower 
conversion of HCO observed in Figure 4.1a. As exposed in Chapter 3, it has been 
demonstrated that the unconverted plastic can act as a barrier between the active 
sites of the catalyst and the molecules of the co-fed materials [252, 253], therefore 
hindering their conversion. Temperature effect on cracking reactions seems 
evident, as the higher plastics conversion observed can be related to the higher 
scission of the long polymers chains [124]. 
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Figure 4.2 depicts the selectivity towards the different gaseous products, as they 
present distinct behaviour over time and temperature and diverse conclusions are 
extracted from the results of the different feeds. Total gas selectivity remains in 
the 0.17-0.45 range, which represents a maximum of ca. 40 wt% of the products 
for PMMA/VGO products and less than 30 wt% when feeding the other 
materials. Note that, taking into account the oxygen contained in the plastics 
and based on the products obtained from their pyrolysis [292, 293], CO and CO2 
have been identified as products and quantified along with the other gaseous 
fractions. Overall, the selectivity of gas products is higher when processing 
plastic/VGO blends compared to VGO alone. For a better understanding of the 
mechanisms involved, individual analyses of the gas fractions have been 
performed. 

The evolution of the DG selectivity is shown in Figure 4.2a. It can be noticed 
that the production of this lump is never over 0.1, exposing the limited 
overcracking activity of the bifunctional catalyst. That being said, the effect of 
temperature seems to affect differently to each feed. The addition of plastics to 
the feeding blend promotes the formation of these lighter species at 400 °C, 
probably due to the formation of C4 compounds as a result of the PMMA cracking 
and C2 compounds coming from PET cracking, as these groups can be found on 
the corresponding monomers and, as it has been seen on Figure 4.1b, the 
polymers’ conversion is quite high since the very beginning. However, when the 
temperature is increased, both VGO and PMMA/VGO selectivity towards DG 
escalates as a result of the thermal cracking activity [294], while PET/VGO dry 
gas amount over time barely changes after 60 min (thus observing a selectivity 
decrease). Due to its aromatic nature, PET hydrocracking can be assumed to 
occur through a carbocation mechanism [295], as the thermal cracking of this 
polymer has been explored at much higher temperatures [296], therefore 
explaining the restrictions on its conversion and DG formation at the studied 
temperatures. 
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Figure 4.2. Selectivity of a) DG, b) LPG and c) COx of hydrocracking products. 
Reaction conditions: 400-420 °C, 30-300 min, 80 bar, C/F = 0.1. 
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In Figure 4.2b, LPG selectivity advancement over time is collected at 400 °C and 
420 °C for each blend’s products. The greater extent observed in LPG formation 
with respect to that observed in DG corresponds to the cracking mechanism that 
produces C3-C4 as primary products [297] during the hydrocracking of medium 
streams. Two factors must be considered to fully understand LPG selectivity. On 
one hand, the temperature increase results in a general increase of the selectivity 
towards LPG, as it promotes the cracking reactions that produce gaseous 
compounds. The exception to this trend is observed in VGO products, as similar 
initial and final points are found in LPG selectivity. This behaviour is due to the 
simultaneous formation of higher amounts of LPG and the boost of secondary 
cracking reactions [298], therefore a fraction of LPG that is formed is converted 
into DG. On the other hand, and related to this, the effect of time is also that of 
promoting the formation of C3-C4 compounds. However, there seems to be a linear 
relationship between LPG and reactants conversion, therefore explaining the 
almost and fully steady values of LPG selectivity over time for VGO and 
PET/VGO hydrocracking products. In the case of PMMA/VGO, the 
predominance of cracking reactions leads to an increasing trend that is boosted 
with temperature. 

Last, the influence of HCO conversion, temperature and feed on the formation of 
CO/CO2 is followed in Figure 4.2c. Here, the effect of time and temperature is 
pretty clear on the evolution of this lump, as the selectivity towards these 
compounds seems to be strongly limited by the plastic that is being fed into the 
reactor. The PMMA/VGO blend is more easily converted into gaseous 
hydrocarbons and also into CO/CO2 than the PET/VGO blend, especially when 
the reaction is carried out at 420 °C and for 300 min, when overcracking is 
promoted. As a result, it can be deduced that all the COx fraction that can be 
produced from this polymer is obtained at low reaction times, thus its selectivity 
decreases with time because no more COx but other products are being produced. 
Temperature rise indeed improves the production of COx from PET at 420 °C 
and 30 min, but its selectivity then decreases as a consequence of the formation 
of other products when feeds conversion increases. As the oxygen content is 
analogue in both polymers, we observe that the CO/CO2 formation is half of that 
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produced by the PMMA/VGO blend. Since the levels of polymer conversion 
achieved by each blend are similar at high conversion levels and the total oxygen 
content supplied by them should be similar, it seems logical to expect that more 
oxygenated liquid products can be found in the PET/VGO blend hydrocracking 
products. 

In Figure 4.3, the selectivity of the hydrocracking of VGO, PMMA/VGO and 
PET/VGO blends towards the fractions of higher interest, those being naphtha 
and LCO, is shown at different temperatures over time. The evolution of the 
naphtha selectivity (Figure 4.3a) shows the final product character of this lump, 
as its formation is always promoted by a higher conversion of the feeds. This, 
along with the fact that the final values of selectivity obtained for all the systems 
are between 0.35 and 0.65, remarks the good performance of the catalyst for 
producing streams suitable for their mixing with the gasoline pools in refineries, 
especially if reactions are carried out for long enough times. 

 

Figure 4.3. Selectivity towards a) naphtha and b) LCO of VGO, PMMA/VGO 
and PET/VGO hydrocracking products. Reaction conditions: 400-420 °C,  
30-300 min, 80 bar, C/F = 0.1. 
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concurrently found in the increment of VGO heavy compounds conversion and 
the promotion of secondary cracking of plastic blends products [298]. In fact, as 
these secondary cracking reactions are hindered by PET’s lower conversion when 
compared to PMMA, it can be seen that the naphtha selectivity of the first blend 
is higher than that of the second at 400 °C (0.60 vs 0.45, respectively). 

With respect to LCO selectivity (Figure 4.3b), the intermediate character of this 
fraction is easily recognizable when attending to the trends over time, as it is 
formed in the first place but when conversion is further advanced it decreases in 
favour of lighter fractions. This way, the selectivity towards LCO is favoured 
when HCO conversion is lower (i.e. VGO and PET/VGO hydrocracking at  
400 °C) and decreases with the conversion escalation (as observed at 420 °C in 
Figure 4.1a). The rapid conversion of PMMA/VGO into final products is reflected 
in its minor selectivity for this intermediate fraction. In the case of PET/VGO 
products, the increment in conversion is observed by the lower LCO fraction 
obtained at 420 °C, although the harder conversion of the blend can be 
appreciated by a higher LCO production compared to the other blends. 

4.1.2.  Effect of pressure 

The role of hydrogen pressure has been proven to be important to adjust the 
composition of liquid products, but its effect on product distribution can be 
limited depending on the medium, as discussed in Chapter 3. By changing not 
only the reactor but also the feeds, the pressure effect on product distribution 
must be reviewed and is depicted in Figure 4.4. The hydrogen effect on liquid-gas 
equilibrium is once again confirmed, as an increase in hydrogen pressure results 
in a decrease in the selectivity towards gas (Figure 4.4a). The production of a 
major liquid fraction when hydrogen pressure is increased corresponds to the 
termination of the cracking mechanisms, which primarily form cations on the acid 
sites of the catalyst that can be further cracked or (and as in this case) saturated 
and transported to the bulk phase without being converted in lighter species [299]. 
When comparing the feeds, this effect is more noticeable in PET/VGO gaseous 
products selectivity, probably due to the aromatic nature taking advantage of a 
more reducing atmosphere and the general effect of a higher pressure above 
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commented. The cutback in gas formation for that blend is also reflected in a 
higher increase in fuel selectivity when pressure is incremented (Figure 4.4b), 
which confirms that the greater conversion of PET can produce compounds 
belonging to fuel fractions. 

 

Figure 4.4. Effect of pressure on a) gas selectivity, b) fuel selectivity and  
c) plastic conversion. Reaction conditions: 420 °C, 120 min, C/F = 0.1. 
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PET/VGO reactions, not only this effect should be taken into consideration but 
also the higher conversion of the aromatic rings of the polymer, which leads to 
major conversion levels of the plastic (Figure 4.4c) through the enhancement of 
hydrogen transfer reactions within the scheme of the hydrocracking of aromatic 
molecules [301]. 

With respect to plastic conversion (Figure 4.4c), the synergy between the 
hydrogen pressure and each plastic’s nature has already been pointed out due to 
its connection to gas and fuel selectivity. If the classical mechanisms of 
isomerization and hydrocracking are considered [302], a lower hydrogen pressure 
can shift the preferential mechanisms to beta-scission reactions that afterwards 
will be hydrogenated on metal sites, thus forming light isoparaffins, which is 
consistent with the high gas selectivity (Figure 4.4a). On the contrary, if hydrogen 
pressure is increased, the reversible pathway can be followed in the first stage, 
resulting in the formation of larger iso-CiH2i+2 compounds that possibly belong to 
fuel fractions. Similarly, PET is converted through similar mechanisms, 
considering a preliminary ring opening mechanism of the aromatic molecules that, 
as it is consolidated in hydrocracking, benefits from the hydrogen increment. In 
this matter, the effect of temperature should be re-examined, as it is the main 
driving force in the polymers conversion initiation. For example, the promotion 
of the formation of mono- and di- branched alkylcarbenium ions from PMMA by 
increasing the temperature can be deduced from the high content of CO/CO2 
quantified within the gas products [303].  
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4.2. LIQUID COMPOSITION 

4.2.1.  Influence of temperature, time and feed 

Figure 4.5 depicts the changes in the naphtha composition of the VGO, 
PMMA/VGO and PET/VGO hydrocracking products with reaction time for 
products obtained at 400 and 420 °C. To study the effect of each variable in this 
composition, the individual effect is analysed and then the relationship with other 
variables is established. The effect of time is that of promoting the ring-opening 
mechanism, observing that the main changes produced within this fraction are 
related to monoaromatics, naphthenes and isoparaffins. The sequential 
transformation of aromatics into naphthenes and then into paraffins is also 
conditioned by the adsorption strength of each type of compound [304], therefore 
being the aromatics and naphthenes the most reactive compounds, regardless of 
the thermodynamics equilibrium of hydrogenation reactions. Therefore, the 
higher advance in HCO conversion when feeding VGO results in a higher content 
of isoparaffins as the final product of the ring-opening reactions.  

Anyways, the displacement of this equilibrium at different temperatures is also 
exposed. It can be seen that at 400 °C hydrogenation reactions are favoured, with 
higher contents of naphthenes and isoparaffins that behave differently according 
to the feed for VGO and PMMA/VGO products, while PET/VGO products seem 
to be severely affected by the aromatic nature of this plastic. Even in that case, 
the trend observed over time is that of hydrogenating the monoaromatics 
produced in favour of saturated species. Once the temperature has risen to  
420 °C, the equilibrium of hydrogenation has been shifted towards the 
aromatization of the compounds through the cyclization and dehydrogenation of 
the compounds formed from the enhancement of the cracking forces. For example, 
a higher initial content of isoparaffins can be appreciated in the VGO 
hydrocracking products, which then decrease either because of the formation of 
gases through cracking or due to the cyclization towards naphthenic structures.  
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Figure 4.5. Evolution of naphtha composition for VGO, PMMA/VGO and 
PET/VGO hydrocracking products over reaction time at 400 (a, c and e, 
respectively) and 420 °C (b, d and f, respectively). Reaction conditions: 80 bar, 
30-300 min, C/F = 0.1. 
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This reverse reaction is more evident in PMMA/VGO products, which directly 
interrelate the isoparaffins content decrease over time with the parallel increase 
in monoaromatics. The latter can be explained through the role that hydrogen-
transfer reactions play when the hydrogenation equilibrium is not favoured, as 
isoparaffins are converted into carbonium ions that are likely to undergo 
cyclization reactions [256, 257]. This effect is also detectable when feeding the 
polymers’ blends, although the changes, as well as the concentration distribution 
of each chemical family, are strongly influenced by the nature of each feed. 

Regarding the effect of the blend on the composition of the naphtha fraction, the 
rapid conversion of the polymers at the beginning of these reactions (seen in 
Figure 4.1b) can explain the different starting points of this composition. By these 
means, and at 400 °C, the higher hydrogenation of the polyaromatics present in 
the VGO leads to a content of naphthenes of 39.6 wt% at 60 min, while this 
group is limited to a 28.4 and a 24.3 wt% in PMMA/VGO and PET/VGO 
products, respectively. In the same way, isoparaffins concentration at that time 
is higher when looking at the PMMA/VGO products (41.8 wt%) and 
monoaromatics are preferentially formed from PET/VGO blend (38.1 wt% at  
60 min). Precisely, the higher content of monoaromatics with respect to those 
obtained in VGO and PMMA/VGO products cannot be explained only through 
the addition of PET, as the total content of aromatic groups should be equal or 
less than the 10 wt% of co-fed polymer. Two simultaneous phenomena taking 
place lead to this situation: (i) on one side, the lower conversion of both HCO 
and PET can partially explain the lesser advance of aromatics hydrocracking 
reactions and the lower contents of naphthenes and, consecutively, of isoparaffins, 
according to the ring opening classical mechanism [147, 301]; (ii) on the other 
side, the hydrogenation reactions that affect aromatics from both VGO and PET 
are hindered by the competitive adsorption of their molecules on the catalyst and 
the more difficult conversion of the polymer [125]. 

Figure 4.6 shows the evolution of LCO composition over reaction time for VGO, 
PMMA/VGO and PET/VGO hydrocracking products at 400 and 420 °C.  
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Figure 4.6. Evolution of LCO composition of VGO, PMMA/VGO and 
PET/VGO hydrocracking products over reaction time at 400 (a, c and e, 
respectively) and 420 °C (b, d and f, respectively). Reaction conditions: 80 bar, 
30-300 min, C/F = 0.1. 
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In this fraction, the influence of reaction time on the distribution of the lumps is 
less noticeable at 400 °C, since, in general, all of them achieve steady values at 
120 min. At 420 °C, however, the development of the reactions does not reach a 
steady state and continues modifying the composition of each product with the 
reaction time. The differences observed over temperature are dependent on the 
co-feeding of a polymer, as two different trends can be observed according to the 
presence or lack of a polymer in the initial blend. On one hand, the extensive 
conversion of HCO when feeding VGO facilitates the conversion of first the 
polyaromatics in HCO fraction, thus rising their content in LCO, and then their 
further conversion in lighter species. This way, the content of diaromatics severely 
decreases at expense of an increase of monoaromatics, contrary to what is 
expected if attending to the hydrogenation equilibrium thermodynamics, as an 
increase of temperature favours the cracking of intermediate products, displacing 
the thermodynamic equilibrium of hydrogenation [294]. On the other hand, 
similar compositions and distributions can be found in PMMA/VGO and 
PET/VGO products. This indicates that the conversion of plastics through 
hydrocracking at 420 °C is so fast that the compounds that possibly belong to 
the LCO fraction are rapidly converted into naphtha species. Concerning the 
trends observed here, the effect of temperature on aromatics hydrogenation is the 
one that could be expected. The displacement of operating conditions towards 
dehydrogenation conditions leads to a reversal of diaromatics behaviour, as they 
increase at the same time that monoaromatics content is reduced. Under 
competitive adsorption conditions, VGO compounds are expected to reach the 
active sites more easily [304]. For that reason, the compounds derived from the 
polymers cannot be cracked in lighter products and end up being dehydrogenated 
towards polyaromatic structures. 

Last, it has already been commented that greater differences in the products 
obtained from each feed can be found at 400 °C on LCO composition for low-time 
reactions. The higher content of diaromatics (45.2 wt%) in VGO products at the 
early stages of the reaction reflects the higher conversion of the polyaromatics 
present in this material, while PMMA/VGO and PET/VGO hydrocracking 
products have major contents of isoparaffins (28.3 wt%) and monoaromatics  
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(31.4 wt%), respectively, when compared with the other products. Furthermore, 
the advance of hydrocracking reactions is also perceptible with close attention to 
polyaromatics’ behaviour. That is so that this lump increases on VGO products 
at 120 min and then decreases, which can be attributed to the conversion of 
heavier structures in HCO fraction to LCO compounds that then undergo further 
hydrocracking. In the same way, PET/VGO products show a final increase at 
300 min, when plastic is almost fully converted and thus so increases HCO 
conversion. In fact, the formation of polyaromatic species from the PET cannot 
be discarded, as the conversion of this plastic could begin with the formation of 
HCO molecular weight chains [305].  

To evaluate the quality of the naphtha fraction produced through the 
hydrocracking of each blend, the RON and CI have been assessed, and results are 
collected in Figure 4.7. The behaviour of RON is observed to be more similar 
when co-feeding plastics and VGO than that obtained by only feeding VGO. This 
way, the changes observed in the products of the latter are more noticeable than 
the others, which barely change over time and temperature. However, the effect 
of temperature is the same for VGO and PET/VGO products, as the RON of 
samples at 420 °C and 300 min overpasses the one at 400 °C, even when lower 
reaction times provide lower RON values. The explanation of these trends lies in 
the contribution of each of the groups considered for the calculation of the RON 
value. For example, 9 carbons aromatics and 10 carbons isoparaffins (among other 
groups) and naphthenes have a remarkable contribution and have a greater 
presence in VGO products at both temperatures, thus improving the RON when 
compared to those from the blends. 

On the other hand, the CI also follows almost an identical trend for the blends 
hydrocracking products and a slightly different one for VGO hydrocracking 
products. That is so that this index depends strongly on both the composition of 
the LCO fraction and the heaviness of the samples (in terms of density). 
Therefore, the low conversion of VGO at 400 °C explains the particularly low 
range of CI of VGO products, while PMMA/VGO and PET/VGO products 
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present an LCO fraction with similar CI values, only differentiated at high 
reaction times due to their composition. 

 

Figure 4.7. Evolution of RON and CI of the products resulting from VGO  
(a, b), PMMA/VGO (c, d) and PET/VGO (e, f) hydrocracking. Reaction 
conditions: 400-420 °C, 30-300 min, 80 bar, C/F = 0.1. 
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Moreover, the effect of temperature is clear, as at 420 °C the CI of the VGO 
hydrocracking products is raised and those of the blend hydrocracking products 
are maintained over those obtained at 400 °C due to the shift towards a more 
aromatic composition reflected in both blends. It has been previously reported in 
the literature that ring-opening mechanisms are not a straightforward way to 
obtain products with better CI values, since for this, this mechanism should be 
very selective for the scission of substituted C-C bonds in naphthenic structures 
in order to minimize the branching degree of the formed products [306]. 

4.2.2.  Effect of pressure. 

The naphtha composition changes observed when varying the hydrogen pressure 
between 50 and 110 bar are collected in Figure 4.8 for each blend, as well as the 
RON of each sample. It can be noticed that the VGO products show the opposite 
trend on saturated/aromatic species to that observed for plastic blends. As all 
the hydrogen is consumed by the polyaromatics found on the VGO, it is 
reasonable to deduce that the continuous increment in hydrogen pressure leads 
to further hydrogenation of those compounds that end up being monoaromatics, 
as their hydrogenation is more unlikely than that of rings from polycondensed 
structures [261]. This way, the content of total aromatics in the naphtha of VGO 
products goes from 19.6 to 48.0 wt% when increasing from 50 to 110 bar, 
compared to the decrease of PMMA/VGO and PET/VGO products, and are 
converted from 46.8 and 54.6 wt% to 29.2 and 41.8 wt%, respectively. A higher 
amount of total aromatics in PET/VGO products is this way observed since the 
utilization of low hydrogen pressures, meaning that part of the hydrogen is being 
captured by the aromatic molecules that form the polymer structure. 

When comparing the products of the different blends, the presence of long chains 
of hydrocarbons that need to be firstly hydrogenated to be then converted into 
smaller molecules by cracking, appears to result in the assimilation of part of that 
extra hydrogen by the polymers, therefore impeding the further hydrogenation of 
those polyaromatics of VGO. Also, the increase up to 110 bar on PET/VGO 
products corroborates somehow that part of the hydrogen is being transferred 
into the plastics, as the content of monoaromatics is similar to that on 
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PMMA/VGO products at 80 bar (ca. 39 wt%) but then the hydrogenation of 
these aromatics only occurs on the latter. The formation of monoaromatics due 
to the saturation of the aromatics molecules from the PET could explain the 
prevalence of this concentration. Also, the preferential formation of isoparaffins 
from the aromatics ring opening can be appreciated, both at low hydrogen 
pressure on VGO products and high pressures on plastic blends products. The 
selective hydrocracking of both aromatics and n-paraffins (main components of 
the feed of these blends) has isoparaffins as the final product, favoured by an 
increase of the carbon atoms number of the initial molecules [307] and also by an 
increase in hydrogen pressure [308]. 

 

Figure 4.8. Effect of pressure on the naphtha composition of the VGO, 
PMMA/VGO and PET/VGO hydrocracking products. Reaction conditions:  
420 °C, 120 min, 80 bar, C/F = 0.1. 
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products is consistent with previous experiments [309], while the further increase 
up to 110 bar has a direct effect on the concentration of some of the highest 
contributing compounds, such as the alkylbenzenes. With respect to 
PMMA/VGO and PET/VGO hydrocracking products, their initial 
monoaromatics content produces the high RON values observed (noticing a direct 
relationship between these parameters) that then decrease along with that 
concentration. In PMMA/VGO hydrocracking products, the equilibrium between 
the isoparaffins and the monoaromatics on naphtha composition makes this value 
stable, while the similar concentration obtained with PET/VGO blend causes the 
same effect on RON. 

As has been done with naphtha, changes in LCO composition and CI values with 
increasing pressure have been collected in Figure 4.9. Note that the effect of 
pressure on normal paraffins production is barely appreciated, while isoparaffinic 
and aromatic species transformation are the main mechanisms affected.  

 

Figure 4.9. Effect of pressure on the LCO composition of the VGO, 
PMMA/VGO and PET/VGO hydrocracking products. Reaction conditions:  
420 °C, 120 min, 80 bar, C/F = 0.1. 
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The transient nature of LCO fraction and the multiple pathways of polyaromatics 
hydrogenation focus attention on the evolution of these mechanisms instead of 
those of paraffins formation and isomerization. Indeed, these reactions are subject 
to the formation of different aromatic species before paraffins start to form [310], 
along with the stronger influence of hydrogen pressure on hydrogenation function 
rather than on cracking mechanisms. 

The trend of aromatics hydrogenation is shared by VGO and PMMA/VGO 
products, observing a progressive increase in diaromatics concentration in their 
composition while PET/VGO products’ amount of diaromatics decreases. This 
different behaviour is related to both conversion and the behaviour anticipated 
on naphtha composition: as VGO and PMMA/VGO blends only deal with 
polyaromatics from HCO fraction, the sequential hydrogenation of those 
compounds gives increasing amounts of di- and then mono-aromatics [147]. An 
increase in hydrogen pressure leads to the logical increment of these species, this 
effect being more appreciated in VGO products due to the highest hydrogenation 
activity of the heaviest compounds already observed in Figure 4.8. Oppositely, 
PET/VGO products show an increasing production of monoaromatics that is less 
pronounced when increasing from 80 to 110 bar. Similarly to what is observed in 
naphtha composition, a further increase in the hydrogenation of PET molecules 
would explain this trend, and the cracking of these compounds into lighter 
monoaromatics leads to the monoaromatics behaviour observed in Figure 4.8. 

Concerning the composition differences between the products of each blend, there 
is a clear contrast between VGO hydrocracking products and the polymers’ 
blends hydrocracking products. While aromatics in LCO from VGO 
hydrocracking increase up to 69.4 wt%, aromatics in LCO from PMMA/VGO 
and PET/VGO hydrocracking are limited to 62.8 and 64.3 wt%, respectively, at 
110 bar. The change in this total concentration along with the increase in 
hydrogen pressure is only noticeable on VGO hydrocracking products, as a direct 
consequence of the continuous hydrogenation of polyaromatics and the formation, 
to a higher extent, of fuel-like streams (Figure 4.2b). The total aromatics in the 
LCO from PMMA/VGO hydrocracking seem to barely vary from 80 to 110 bar, 
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which also justifies the decrease in monoaromatics that belong to naphtha. 
Regarding LCO from PET/VGO hydrocracking, the total content of aromatics is 
not that much influenced by hydrogen pressure, although the change in their 
distribution can be related to the parallel and cascade hydrogenation of 
polyaromatic species that form both HCO and unreacted PET. 

CI behaviour follows the same trends regardless of the feed, unlike those observed 
in RON, the values of hydrocracking products of the polymers’ blends being 
higher than those of the VGO hydrocracking products. The CI of VGO products 
continuously increases when pressure is elevated, probably as a consequence of 
the noticeable formation of aromatics with alkyl chains through ring opening 
mechanisms, which present a favourable set of properties to ignite in a 
compression ignition setting [311]. 

Concerning the plastic blends, the higher content of monoaromatics of 
PMMA/VGO products seems to impoverish their CI at 50 bar due to their stable 
nature, which hinders their ignition. When pressure is increased, this relationship 
is confirmed, as a minor content of monoaromatics is observed in PMMA/VGO 
products and, consequently, a higher CI is obtained. The relationship between 
the stability of aromatics and their influence on the boiling point depending on 
the branching degree must be therefore carefully assessed, as also stated by other 
authors [264]. 
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4.3. COKE CHARACTERIZATION 

The role of the feeding blend, as well as that of the reaction temperature, on the 
amount of coke deposited is analysed using the data collected in Table 4.1, 
showing the coke concentration of the catalysts used in the hydrocracking of 
VGO, PMMA/VGO and PET/VGO blends for 300 min. As evidenced, the extent 
of the reactions is directly related to the coke formation in terms of the deposited 
amount. As the cracking reactions advance, the formation of dienes from the 
primary cracking of large hydrocarbons can turn into saturated species or 
oligomers that then will evolve into coke precursors [205]. Hence, at higher 
cracking levels is coherent to obtain higher coke amounts as a result of 
condensation mechanisms. Moreover, plastics can play a key role in coke 
formation and development, as the hydrogen acceptor nature of some of them 
can hamper the hydrogenation and cracking of coke precursors. This way, the 
addition of branched hydrocarbons [312] as in the case of PMMA/VGO and the 
higher conversions of these reactions lead to the highest coke deposits at both 
temperatures. 

Table 4.1. Coke concentration (wt%) of the spent catalysts used on the 
hydrocracking of VGO, PMMA/VGO and PET/VGO blends for 300 min. 

Temperature (°C) VGO PMMA/VGO PET/VGO 
400 10.5 15.8 12.6 
420 16.5 16.5 15.9 

 

To fully understand the formation of coke and, attending to its nature, TPO 
profiles of the spent catalysts of reactions carried out at 300 min, both 
temperatures and for the three blends are collected in Figure 4.10. The 
deconvolution of VGO and PMMA/VGO catalysts profiles is also included, while 
there is no evidence of this dual nature in the PET/VGO profile. A direct 
relationship between the location of the combustion peak and the conversion level 
achieved can be noticed, as the higher the conversion the higher the maximum 
temperature of combustion. In this matter, the effect of temperature is 
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particularly noticeable in VGO and PMMA/VGO profiles. As can be seen, the 
deconvolution gives a higher signal in the second peak in both cases at 420 °C 
(Figure 4.10b), which represents a major concentration of a more developed coke 
than the one less condensed. It is well-established that zeolites can lead to 
polyaromatic structures development that forms coke due to the hydrogen 
transfer reactions and the steric limitations for releasing the condensed structures 
once formed [313]. Apart from that, it can be deduced from the location of the 
peaks (which have similar temperatures for both feeds) that the coke structures 
formed must be similar, so the coke formation mechanism takes place in similar 
ways. 

 

Figure 4.10. TPO profiles of the spent catalysts recovered from VGO, 
PMMA/VGO and PET/VGO hydrocracking reactions at a) 400 °C and  
b) 420 °C. Reaction conditions: 80 bar, C/F = 0.1, 300 min. 

With respect to the PET/VGO profile, which is somehow different from the 
others, mainly because of the predominance of low combustion temperatures. This 
can find its explanation in the lower development of the hydrocracking 
mechanisms that also lead to the development of coking reactions and vice versa. 
The competitive adsorption on the active sites of VGO and PET molecules can 
lead to a lower conversion due to the lower PET hydrocracking capacity observed. 

100 250 400 550 100 250 400 550

D
T

G
 (

m
g 

m
in

-1
 m

g-1 ca
t)

Temperature (ºC)

 VGO   PMMA/VGO   PET/VGO

459 ºC
479 ºC

464 ºC
487 ºC

486 ºC

494 ºC
517 ºC

495 ºC
510 ºC

473 ºC
0.02 mg min-1 mg-1

cat 

a) 400 ºC b) 420 ºC

D
T

G
 (

m
g 

m
in

-1
 m

g-1 ca
t)

Temperature (ºC)



Coke characterization 

145 

Moreover, the occupation of those sites on the surface of the catalyst (in which 
the plastic would be deposited first) would modify the posterior activity of the 
catalyst [312, 313], thus explaining that even if the polymer is progressively 
converted the evolution of hydrocracking mechanisms is slower. At the same time, 
the introduction of heteroatom-containing and aromatic molecules, such as the 
ones provided by PET hydrocracking, can have a notorious impact on the 
development of coke formation reactions [314]. However, the development of a 
less condensed coke and the minor quantities reflected in Table 4.1 lead to 
conclude that the catalyst deactivation should be less severe in the PET/VGO 
system than that observed in PMMA/VGO reactions. 

In order to confirm some of the possible coking mechanisms above mentioned, the 
effect of pressure on coke formation through the measurement of their content 
and profiles are collected in Table 4.2 and Figure 4.11. First, it can be seen that 
the trends followed by the coke amounts on the spent catalysts (Table 4.2) are 
as would be expected because the enhanced hydrogenation due to the higher 
hydrogen pressure promotes the hydrogenation of both coke and its precursors 
[315].  

Table 4.2. Coke concentration (wt%) of the spent catalysts of VGO, 
PMMA/VGO and PET/VGO hydrocracking at 420 °C and 120 min. 

Pressure (bar) VGO PMMA/VGO PET/VGO 
50 20.8 22.0 19.2 
80 16.3 16.4 15.7 
110 12.7 12.0 12.6 

 

The effect of pressure on TPO profiles is collected in Figure 4.11. It can be seen 
that the general trend when increasing hydrogen pressure is that of reducing the 
temperature of combustion of the deposited species on the spent catalysts, so it 
is conclusively proved that the hydrogen favours not only the reduction of coke 
amount but also its hardness.  
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Figure 4.11. TPO profiles of spent catalysts used in a) VGO, b) PMMA/VGO 
and c) PET/VGO hydrocracking at studied pressures. Reaction conditions:  
420 °C, 120 min, C/F = 0.1. 
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at a lower value), therefore not affecting selectively the coke formation. Thus, 
because of the increasing hydrogen pressure, the mechanisms of coke formation 
are globally palliated through the hydrogenation of coke precursors that inhibits 
the development of condensed species that appear at lower pressures. Moreover, 
the utilization of higher hydrogen pressures is associated with higher residual 
activity of the catalyst, with regard to both the equilibrium between the coke 
formation and hydrocracking forces and the reduction of other deactivation 
mechanisms such as the sulphurization of the metallic phase [309]. 

Attending to the differences found on each blend, it must be pointed out that the 
combustion temperature of the peaks pivots around the 80 bar peak in a range 
similar to that observed in Figure 4.10. Yet a different distribution can be 
observed on VGO and PMMA/VGO catalysts profiles when compared to those 
of PET/VGO. This way, the bimodal distribution previously commented on is 
more noticeable in Figure 4.11a and Figure 4.11b, while the combustion peak of 
PET/VGO coke seems to be sharper. The latter can be attributed to a higher 
concentration of aromatic species (in coherence with the nature of the plastic and 
its influence on the general composition, as concluded in Section 4.2) even when 
they present lower combustion temperatures due to the minor development of the 
hydrocracking reactions. 
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4.4. CATALYST REGENERATION VIABILITY 

On account of a different reaction system has been used when feeding the 
oxygenated plastics along with the VGO, the regeneration method previously 
proved shown to be efficient in Section 3.5 (diluted air atmosphere at reaction 
temperature) has been tested using this reaction system to verify the applicability 
of the procedure selected. This way, Figure 4.12 collects the yield distribution of 
the products from the PMMA/VGO and PET/VGO hydrocracking when using 
the fresh catalyst compared to those obtained after that catalyst is regenerated 
in an oxidizing atmosphere. As occurs when feeding a PS/VGO blend, almost a 
full recovery of the catalytic activity can be observed due to the broadly similar 
distribution, with very slightly lower yields of the products of interest due to 
some less extent of hydrocracking reactions attributed to the irreversible 
deactivation mechanisms. 

 

Figure 4.12. Product yields distribution of PMMA/VGO and PET/VGO 
hydrocracking using fresh and regenerated catalysts. Reaction conditions: 420 °C, 
120 min, 80 bar, C/F = 0.1. 
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deactivation phenomena are equally overcome, as the coke, sulphide materials 
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and even some basic nitrogen-containing compounds can be removed through an 
oxidizing atmosphere [316] when regenerating hydroprocessing catalysts. On the 
contrary, the lesser reactions extent that can be appreciated in Figure 4.12 is a 
consequence of irreversible mechanisms such as metal deposition, as explained in 
Sections 3.4.2 and 3.5.1. The mere use of hydrogen and a hydrocracking catalyst 
already trigger the HDM mechanisms [198], regardless of the materials that are 
being fed, as virgin plastics are supposed to be poisoning metals free. This, along 
with the fact that those metals only come from the VGO in the systems that 
have been employed here, can induce to establish a similar behaviour of the HDM 
function on PMMA/VGO and PET/VGO reactions, therefore resulting in a 
similar activity decay. 

Catalyst regeneration has the same repercussion on naphtha composition as it 
has on yields distribution, as depicted in Figure 4.13.  

 

Figure 4.13. Naphtha composition of PMMA/VGO and PET/VGO products 
using fresh and regenerated catalysts. Operating conditions: 400 °C, 120 min,  
80 bar, C/F = 0.1. 
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metals to the metallic function has been already referred to [281], with a 
simultaneous probability of causing a pore blocking of the catalyst (and more 
specifically the support) that could lead to an inferior cracking activity. As the 
higher concentration of aromatics in the products is supposed to be a result of a 
minor hydrogenation activity and not from cyclization of the produced paraffins 
as there is a considerable recovered activity, the decreasing amounts of paraffins 
can be explained through the modification of the support by these metals [317]. 
In fact, the development of dehydrocyclization reactions is strongly influenced by 
the operating conditions (temperature, space-time) [318] and is given a secondary 
role with respect to hydrocracking reactions when only the properties of the 
catalysts are modified. Anyhow, the regenerating method can be considered as 
efficient as the metal storage capacity of the catalysts is limited and once this 
amount has been achieved through consecutive reaction-regeneration periods the 
composition of the naphtha obtained is expected to remain constant along these 
cycles. 

The effect of the regeneration of this catalyst on LCO fraction when 
PMMA/VGO and PET/VGO blends are hydrocracked has also been studied, as 
depicted in Figure 4.14. The same effect that the regeneration has on yield 
distribution and naphtha composition can be here noticed, with minor differences 
between the concentrations obtained (less than a 3 wt%). In this case, the 
hampering of aromatics hydrogenation cannot be definitively established as the 
origin of these variations, as it has already been commented that the 
hydrogenation of polyaromatics is much easier than that of monoaromatics. Note 
that the exact quantification of all the compounds present in these samples can 
admit some analysis error so the discrepancies between these contents do not 
allow to establish a real impoverishment of the quality of the LCO fraction 
produced, concluding that a good-quality LCO can be obtained through the 
controlled regeneration of the catalyst. 
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Figure 4.14. LCO composition of PMMA/VGO and PET/VGO products using 
fresh and regenerated catalyst. Reaction conditions: 400 °C, 120 min, 80 bar,  
C/F = 0.1. 
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Chapter 5 

 

5.  ANALYSIS OF HYDROCRACKING 
MECHANISMS 

 

 

 

 

 

 

 

This Chapter deepens the mechanisms involved in the reactions of the previous 
Chapter, those being the hydrocracking of VGO, PMMA/VGO and PET/VGO 
blends. The composition analysis is commonly performed in terms of the fractions 
of interest, paying attention to naphtha and LCO fractions’ composition. 
However, neat VGO and heavy products contain several heavy structures that 
are usually disregarded. Moreover, the importance of the heteroatomic molecules 
present in crude oil derivatives has been repeatedly reported throughout Chapters 
3 and 4. In addition, the co-feeding of heteroatom-containing plastics reinforces 
the weight of side hydroprocessing routes (such as HDO for PMMA and PET 
hydrocracking). Thus, NMR, PFPD and FT-ICR techniques have been used in 
this Chapter to establish more developed and comprehensive mechanisms.  
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5.1. ANALYTICAL TECHNIQUES 

Hydrocracking runs have been performed according to those conditions exposed 
in Chapter 4. Shortly, they are the following: 

• Feedstock: plastics (10 wt%) in VGO, only VGO 

• Temperature: 400-420 °C 

• Pressure: 80 bar 

• Reaction time: 300 min 

• Catalyst-to-feed ratio (mass basis): 0.1 

For this part of the study, pressure and time have been set to fixed values due to 
the amount of data to be processed considering all the available samples obtained 
in Chapter 4. 

Bearing that in mind, the basis for using additional characterization techniques 
must be pointed out. Figure 5.1 schematizes the range of a simulated distillation 
chromatogram that can be trustfully used for identifying species with each type 
of technique. NMR analyses are particularly useful when analysing mixtures with 
a large number of components with wide molecular weight distribution (MWD) 
[319], while FT-ICR extends the range of GCᵡGC/MS for an in-depth 
compositional characterization [320]. The interest in analysing the heaviest 
fractions lies in virgin VGO composition, which is almost fully represented by 
HCO, as well as the yield of this fraction in the hydrocracking products, which 
sometimes account for almost 50 wt%. 

FT-ICR improves the insights into crude oil composition providing information 
within a wide range of m/z values, although this range should be bounded for 
accurate structure elucidation [321]. Even considering that the information 
provided by this technique is considered qualitative, the mere presence of 
heteroatomic compounds can be confirmed by an initial approach. 
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Figure 5.1. Scheme of the range of analytical techniques on a sample simulated 
distillation chromatogram sample. 

Figure 5.2 depicts the FT-ICR chromatograms of virgin VGO for the main classes 
of compounds found in crude oil products, namely hydrocarbons, nitrogen, 
sulphur and oxygen compounds.  

 

Figure 5.2. Relative abundance of each class of compounds found in VGO. 
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Although the major quota of free-heteroatom compounds can be appreciated, the 
relative abundance distribution and maximum location confirm the presence of 
typical refractory compounds whose presence needs to be followed. This way, the 
extent of HDN, HDS and HDO functions and their relationship with the catalytic 
performance seen in Chapter 4 can be endorsed [322].  

Regarding the abundance distribution, the concentration of the main structures 
can be found between m/z = 300 and m/z = 500 for all the classes. This signal 
concentration range has been previously reported in other MWDs [323], mainly 
composed of four and five rings aromatics. Note that the utilization of APPI (+) 
FT-ICR has some limitations regarding the type of compounds that can be 
identified and some additional species can be found if different ionization sources 
are used [324]. Besides, the non-polar nature of long lineal paraffins locates them 
out of the detection range of this equipment. Anyways, the width of the signal of 
the HC class indicates that the heaviest compounds (highest m/z values) belong 
to this class, with final values approaching m/z = 700. On the other side, the 
lowest signal values correspond to both HC and N classes, while S and O classes 
are limited to a more constrained m/z window. This might be a consequence of 
the VGO primary treatment (prior to the supply), which can eliminate some 
light-reactive sulphur and oxygen species, while nitrogen compounds are known 
for being more refractory [175] and therefore have not been strongly affected. 

Due to the size of the data and the different mechanisms that affect each of the 
classes found in the VGO and its hydrocracking products, the families observed 
in Figure 5.2 are hereunder analysed separately. 

The species number of the distinct families is considered and its evolution at 
different temperatures for each blend is depicted in Figure 5.3. Non-heteroatomic 
compounds are the most prominent in both VGO and hydrocracking products 
regardless of the feed. The number of HC species in the original VGO and the 
products is shown in Figure 5.3. As depicted, the number of species has the 
opposite trend according to each combination of feed and temperature. This way, 
at 400 °C VGO and PET/VGO hydrocracking products present a larger number 
of HC species than those of original VGO. This could indicate an intermediate 
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character of those species since the amount of such species is reduced at  
420 °C. Moreover, the higher advance of the hydrocracking reactions observed for 
PMMA/VGO could lead to a higher number of light species not reflected here, 
therefore fulfilling this trend. The formation of more reactive species such as 
reaction intermediates has been already observed in hydrocracking [325], 
concluding that in absence of a very strong cracking function, other pathways 
such as isomerization take place. 

 

Figure 5.3. Distribution of the different species families of the feed and 
hydrocracking products at a) 400 and b) 420 °C. Reaction conditions: 300 min, 
80 bar, C/F = 0.1. 

The appearance of these species is conditioned both by the progress of the 
reactions and by the introduction of plastics, since it can be seen that at 400 °C 
there are more HC species in the products of the blends than in those of neat 
VGO hydrocracking. However, when the conversion of VGO is higher at 420 °C 
this number is equalized, indicating a more similar compositional space due to 
the higher severity of the reactions, which favour the conversion when feeding 
only VGO. Regarding the heteroatom species, the reduction of nitrogen species 
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seems to be directly related to the conversion of the original feed, favoured both 
by the introduction of plastics (due to the absence of nitrogen in them) and by 
the temperature. Regarding the other families, the reduction of nitrogen species 
seems to be directly related to the conversion of the original feed, which is 
favoured by temperature, especially when feeding only VGO. The increasing 
number of oxygenated compounds, which is noticeably more remarkable in 
PMMA/VGO and PET/VGO products, confirms the introduction of singular 
compounds coming from plastics. Indeed, the higher abundance of oxygenated 
compounds in PET/VGO products at both temperatures confirms the hypothesis 
stated when analysing the oxygen mass balance in Chapter 4. Finally, the 
reduction of sulphur species seems to be facilitated by the introduction of plastics, 
while the VGO products show values similar to those of neat VGO. This indicates 
that the sulphur species present in VGO are probably very refractory, 
corresponding to condensed aromatics typical of asphaltene-type structures that 
are subject to mass transfer limitations in HDS reactions [326]. 
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5.2. HYDROCARBON (HC) CLASS 

In order to resolve the composition of the liquid product at a molecular level, 
APPI (+) FT-ICR MS has been applied to the samples. HC class iso-abundance 
plots of double-bond equivalent (DBE) versus carbon number are collected in 
Figure 5.4 for untreated VGO and hydrocracking products at 400 °C and 420 °C, 
and 300 min. DBE is a method used to calculate the degree of molecular 
unsaturation with assigned formulas, indicative of the number of aromatic rings 
and double bonds present in those molecules. Dashed lines represent the planar 
limits, which are usually interpreted as the maximum DBE values for given 
carbon numbers [327]. These lines should not be crossed by natural compounds 
and, generally, they give an approach to the level of condensation of aromatic 
structures. Concerning the untreated VGO, its contour plot presents an island 
shape with a maximum centre of DBE values between 9 and 11 and carbon 
numbers of 25-28. This type of structure is representative of anthracene and 
pyrene species. The evolution of this plot observed in the hydrocracking products 
reinforces the evidence of the hydrocracking mechanisms taking place through 
some reaction intermediates. This way, the evolution of hydrocracking can be 
appreciated by attending to the samples of growing levels of conversion: at  
400 °C, first it can be appreciated in VGO products how the species are 
hydrogenated by the increase in lower DBE structures concentration. Then, in 
PET/VGO products, the general carbon number is reduced (through cracking 
mechanisms of those saturated species), obtaining as final products (whose 
concentration is more pronounced in PMMA/VGO products) species close to the 
planar limit, a DBE of ca. 12 and a carbon number around of 18-20, which 
corresponds to highly refractory species such as pyrene, that usually are 
considered as soluble coke or coke precursors [328]. 
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At 420 °C, the plots indicate a different shape in polymer blends products than 
that obtained for VGO hydrocracking products. The elongation of the 
compositional space corresponds to compounds with the highest DBE values. This 
is especially remarkable in PET/VGO products, with a higher concentration of 
condensed structures, concluding that the mechanism of PET hydrocracking 
might be involved in the formation of this type of structure. This observation is 
consistent with some previous studies that also inform about the plastics’ 
potential to form PAHs [329], particularly those containing aromatics in their 
structures (as in the case of PET). 

The quantification of the different C-containing linkages in the liquid 
hydroprocessing products has been conducted through NMR. The structural 
assignments have been based on those established by Poveda and Molina [241]. 
As an example, the 13C NMR spectrum of one of the samples (PMMA/VGO 
products at 400 °C) is shown in Figure 5.5. It shows the regions that have been 
integrated with their corresponding groups and two example molecules to 
illustrate the position of the type of carbons to which each refers. While analysing 
13C NMR spectra it should be taken into account that, when working with 
complex mixtures, the integration is conditioned by the correct separation of 
peaks with a sufficient signal-to-noise ratio [330], so those regions that presented 
peaks with sufficient resolution in all the samples were chosen. Spectra were 
symmetrised and baseline-corrected and then the curve of the peaks appearing in 
each of the selected regions was integrated. These regions can be classified 
according to the aliphatic or aromatic nature of the carbons. Of the first group, 
emphasis has been placed on paraffinic and naphthenic carbons of the CH2 type 
(21.5-50.0 ppm), in which the methine carbons are included but which, due to 
the strongly hydrogenating nature of the reactions, have been found to have no 
value; methyl carbons in alpha position to aromatic rings (18.5-21.5 ppm) and 
carbons of the CH3 type (3.0-18.5). Regarding the aromatic carbons, the regions 
of interest and with an acceptable signal for their integration are the non-
protonated aromatic carbons (137.0-160.0 ppm), from which the regions 
associated with bonds with oxygen atoms (154.0-157.0 ppm) and sulphur or 
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nitrogen (137.0-140.5 ppm), and protonated aromatic carbons (85.0-129.2 ppm) 
have been subtracted. 

 

Figure 5.5. 13C NMR spectrum of an exemplary sample and regions to be 
integrated. 

The results obtained from the integration of these regions are pictured in  
Figure 5.6. Overall, when adding a plastic to the VGO, the aromaticity of the 
liquid product mixtures is affected to a greater extent in comparison to the 
aliphaticity. In Figure 5.6a a reduction of aliphatic CH2 carbons is observed in 
the products of the blends at 400 °C due to the shortening of the side chains of 
aromatic compounds, which in turn leads to a global higher content of aliphatic 
CH3 groups. In addition, there is a slight parallel increase of CH3 groups which is 
limited in the products of the blends with plastics by the increased gas formation 
(Figure 4.2). This is in line with the shift of the signals in Figure 5.4 to compounds 
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with lower carbon number. In addition, the higher content of protonated aromatic 
carbons (Figure 5.6b) corresponds to ring-opening reactions intrinsic to 
hydroprocessing reactions, which are more advanced in the products of the 
mixtures at 400 °C [147].  

 

Figure 5.6. 13C NMR relative intensity of the selected regions of a) aliphatic 
and b) aromatic carbons of VGO, PMMA/VGO and PET/VGO hydrocracking 
products at 400 and 420 °C. Reaction conditions: 300 min, 80 bar, C/F = 0.1. 

The higher conversion of polyaromatics as well as the aromatic nature of PET 
explain the higher concentration of aromatic protonated carbon at 420 °C. The 
content of non-protonated carbons, associated with fused aromatic ring structures 
[331], is lower for the PMMA/VGO products compared to VGO and PET/VGO, 
as a consequence of the higher conversion of HCO (from which the polyaromatic 
structures originate) when co-feeding PMMA and due to the absence of aromatic 
structures in this polymer. Also, the higher conversion achieved at 420 °C 
promotes the production of less condensed aromatics, hence the growth of 
protonated aromatic carbons. Although the same growth is observed in the 
PET/VGO products (both by the formation of aromatics and by the contribution 
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of these groups when hydrocracking the polymer), in the blend products an 
increase of the non-protonated aromatic carbon is also observed, which can be 
related to the structures with higher DBE (near 30) shown in Figure 5.4 and, as 
stated previously, attributed to the aromatic nature of the PET molecule. The 
value obtained for PET/VGO products is not only related to a lower conversion 
(Figure 4.1) but also to the contribution of the PET molecule to benzene-type 
structures [332]. 

In addition to one-dimension analyses, the assignments of cross-signals in both 
Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple 
Bond Correlation (HMBC) spectra, collected in Figure 5.6, are a useful tool when 
elucidating structures and model compounds of complex mixtures. In this scheme, 
arrows are representative of the groups (indicated by capital letters) interactions 
through HSQC NMR, and the carbon-hydrogen cross points elucidated through 
HMBC (with apostrophes) are depicted by remarking those atoms with black and 
white spheres. 
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Figure 5.7. Scheme of 2D NMR cross points: HSQC relationships are indicated 
by arrows and HMBC correlated atoms are highlighted. 

The application of the selected regions exemplified in Figure 5.7 and the 
calculation of the percentage areas corresponding to each of them for the 
hydrocracking products of VGO, PMMA/VGO and PET/VGO samples lead to 
their comparison, collected in Figure 5.8. By analysing the interactions between 
different types of bonds and functional groups, the development of ring-opening 
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mechanisms and the effect of temperature on the cracking and condensation 
functions can be verified. 

 

Figure 5.8. Comparison of 2D NMR regions of the VGO, PMMA/VGO and 
PET/VGO products for a) HSQC and b) HMBC results at 400 and 420 °C. 
Reaction conditions: 300 min, 80 bar, C/F = 0.1. 

On the one hand, the hydrocracking mechanism favours the opening of 
polyaromatic rings to give rise to lighter aromatic compounds, which is reflected 
in the increase of the relative intensity of the D region in both HSQC and HMBC. 
The former is a consequence of the formation of monoaromatics in naphtha (as 
seen in Figure 4.5) and diaromatics in LCO (Figure 4.6), while the latter 
corresponds to the shortening of side chains resulting from the increased cracking 
function attributable to the temperature rise. In fact, this shortening (related to 
the decrease of region B and an increase of region C) and even the elimination of 
side branches linked to aromatics (increasing region A and reducing region E) is 
favoured with increasing temperature. This effect of temperature is consistent 
with what is observed in Figure 5.4 since the general shift of the compositional 
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space towards compounds with lower carbon number but partly maintaining the 
DBE indicates the reduction of the side chains for compounds that maintain their 
degree of aromaticity. 

Finally, the F region is related to the degree of isomerization of the paraffins 
produced. Thus, the promotion of side-chain cracking reactions, the formation of 
more aromatic products by dehydrogenation (Figure 4.5) and the formation of 
gases from the cleavage of small chains attached to other functional groups 
(especially in the case of PET/VGO products) explain the detriment of the peaks 
in this region for VGO and PET/VGO products. For their part, PMMA/VGO 
products exhibit a small increase in this region which may be due to the nature 
of the polymer (whose degradation would be enhanced at high temperatures). 



Chapter 5. Analysis of hydrocracking mechanisms 

168 

5.3. NITROGEN (N) CLASS 

A great variety of heteroatomic molecules have been detected in both VGO and 
hydrocracking samples (Figure 5.3). For knowing the effect of hydrocracking 
under the studied operating conditions, nitrogen Van Krevelen diagrams have 
been plotted and collected in Figure 5.9, relating the hydrogen/carbon and 
nitrogen/carbon ratio of the formulated species. In addition, lines depict the core 
molecules of each family of compounds, namely indole (In), carbazole (Cz), 
benzocarbazole (BCz) and dibenzocarbazole (DBCz). Note that APPI (+) source 
has been positively applied to detect basic compounds [333], with less sensitivity 
than other ionization sources towards neutral compounds such as pyrroles. It can 
be seen that, generally, there is a considerable hydrodenitrogenation (HDN) of 
the samples, as the abundance of the compositional space diminishes in all the 
samples. Moreover, the range that encompasses the indole species is completely 
removed. When the temperature is increased, two effects can be appreciated on 
the nitrogen-containing species removal. On one side, the cracking reactions 
enhance the reduction of aromatic branches. On the other side, the narrowing of 
the compositional space indicates the simultaneous elimination of light aromatic 
structures (such as carbazoles, with relatively high H/C ratio values) and the 
reduction of low H/C and N/C ratio species. The stability of carbazoles core 
molecules has been previously reported and explained through the steric 
hindrance that may inhibit the catalyst action on them [334]. Regarding the 
differences between the samples of each feed, it can be observed that the addition 
of plastic seems to slightly hinder the HDN function at 420 °C, as the 
compositional space contraction is less noticeable in those cases. As the polymers 
virtually contribute with no nitrogen, it could be assumed that the total amount 
of nitrogen species would be less when adding them to the initial blends at the 
expense of VGO. The observation of the contrary effect indicates that the 
development of this function is essentially related to the general conversion of the 
VGO, thus explaining the different evolutions observed at 400 °C (when the 
species window is wider for VGO products) and 420 °C. 
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For a better understanding of the HDN mechanism and its evolution in each of 
the systems, Figure 5.10 collects the distribution of the core molecules for each 
blend’s products at 400 and 420 °C. The relative abundance is calculated as the 
relative intensity of each compound with respect to the most abundant one, thus 
not representing the total intensity of the compounds of this class but the relative 
distribution of the compounds and their evolution during the hydrocracking 
process. This way, it can be seen that the more equal distribution corresponds to 
the PMMA/VGO products compounds, which is coherent with the fact that they 
present the highest advance in the reactions. Moreover, it can be appreciated that 
these products only show compounds with DBE = 12 and DBE = 15 remaining 
even at 400 °C. This removal of the light nitrogen-containing species is justified 
by the sequent mechanism of C-N bond cleavage. In presence of an acidic catalyst, 
the breaking of this bond to form nitrogen-free species requires the previous 
hydrogenation of polyaromatic structures [335]. These compounds have been 
proven to be more refractory [336] and the thermodynamical restrictions 
attributable to the hydrogenation equilibrium also interfere with their 
transformation.  

Here, temperature plays a key role in terms of nitrogen removal, as the increase 
to 420 °C exhibits a great narrowing of the compositional space, especially for 
VGO and PET/VGO products. This behaviour is owed to the shortening on both 
sides as follows: on one hand, the cleavage of C-C bonds affects side chains, this 
effect being promoted at high temperatures [337]. On the other hand, the 
preferential removal of high DBE and low carbon number compounds takes place 
under hydrotreating conditions [338]. Note that the remaining nitrogen acts as a 
hydrogenation and ring-opening inhibitor, thus strongly retarding the 
hydrocracking mechanisms development [147], as well as acting as a self-inhibitor 
for hydrodenitrogenation and hydrodesulfurization mechanisms [339]. 
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Bearing all this in mind, the hydrodenitrogenation mechanism that takes place 
under the studied conditions follows the following pattern: first, the light 
nitrogen-containing species are removed and the lateral chains are split from the 
heavy carbazole-derived molecules. Next, the more refractory species, 
corresponding mainly to DBE values of 12-15, disappear (due to the lower 
nitrogen content and relative abundance found in the products, as in Figure 5.3) 
at a similar ratio, therefore maintaining the distribution observed with increasing 
the temperature (especially in PMMA/VGO products). This equilibrium between 
the ratio of hydrogenation of heteroatom-containing polycyclic aromatic 
hydrocarbons and the direct cleavage of the C-N bonds of these molecules has 
been determined to be a function of both the catalyst and the operating conditions 
and has been previously observed in the hydrodenitrogenation of quinoline [340]. 
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5.4. SULPHUR (S) CLASS 

Increasingly stringent restrictions on the amount of sulphur in commercial fuels 
mean that there is particular interest in the evolution of these compounds during 
hydrocracking. Figure 5.11 exemplifies the FID and PFPD chromatograms of the 
original VGO and the products of the VGO hydrocracking at 400 °C and  
300 min. 

 

Figure 5.11. Sulphur analyses of untreated VGO and VGO hydrocracking 
products at 400 °C and 300 min. 

It must be pointed out that the results of the products are representative of all 
the samples that have been analysed in terms of the location of sulphur peaks 
over the analysis time. In Figure 5.11 it can be appreciated how the hydrocracking 
affects the hydrocarbon distribution, producing many lighter compounds than 
those found in the untreated VGO. However, the desulphurization pathway seems 
to produce the cleavage of C-S bonds with relative ease, as there are no peaks 
found in the light zones, which correspond to naphtha and LCO fractions by 
contrast with the VGO FID chromatogram. Moreover, from the products 
chromatogram, it can be deduced that the desulphurization is not complete, since 
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sulphur compounds remain after the hydrocracking with respect to those found 
in the VGO.  

A first approach to the effect of hydrocracking in the sulphur class compounds 
can be made by observing the intensity decay in the first peaks appearing in the 
VGO chromatogram. This way, it is logical to hypothesize that the compounds 
remaining in the products will be those with a higher number of aromatic rings, 
which have been confirmed to be the most refractory ones in other studies [153]. 

To deepen the compositional window of the sulphur class compounds in each 
blend after undergoing hydrocracking at 400 and 420 °C, the sulphur Van 
Krevelen diagrams of original VGO and VGO, PMMA/VGO and PET/VGO 
products are depicted in Figure 5.12. As with the nitrogen diagrams, the lines 
have been assigned to the species derived from the most representative sulphur 
compounds in petroleum-derived mixtures. This way, lines indicate the 
compounds derived from benzothiophene (BT), dibenzothiophene (DBT) and 
naphtobenzothiophene (NBT). 

The catalyst HDS capacity observed in general at 400 °C is limited, as the 
concentration of some compounds remains in the high relative abundance range. 
Moreover, the removal of benzothiophenes is not fully achieved for VGO and 
PET/VGO blends, even when they are not considered to be highly refractory 
species. The restricted capacity of the catalyst to remove sulphur compounds is 
usually attributed to the sensitivity of noble metal catalysts to the presence of 
sulphur [341]. However, the temperature increment to 420 °C improves HDS 
performance, since most of the light species are completely removed, as 
anticipated by PFPD analysis (Figure 5.11). Indeed, the relative abundance of 
the most abundant compounds is reduced to less than 50 % of the original 
concentration in the VGO. 
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On the contrary, most refractory compounds (with a low S/C ratio) are barely 
affected by the hydrocracking activity. Noble metals catalysts have been 
previously reported to provide low efficiency in removing refractory sulphur 
compounds, with an upper limit over the temperature in terms of HDS 
performance [342]. This has been associated with the poisonous character of 
sulphur towards these metals. Besides, the compounds with multiple aromatic 
rings present a steric hindrance, making it even more difficult for catalysts to 
remove them [343]. So much so that the compounds observed in Figure 5.12 are 
not limited to some usual model compounds used as refractory compounds (such 
as NBT) [344], but more aromatic species can be appreciated because of the lower 
S/C ratio. Apart from that, it has already been mentioned that the presence of 
other heteroatomic compounds (especially nitrogen) has also a significant 
influence on the development of HDS reactions [339]. 

Concerning the main differences observed between the products of each blend, 
the HDS behaviour can be somehow related to the hydrocracking activity, since 
the width of the compositional space becomes narrower as the samples show a 
higher level of conversion. However, a noticeable difference can be appreciated at 
420 °C: VGO hydrocracking products are concentrated on BT-derived species 
with higher S/C ratios, which are not seen in the products of PMMA/VGO and 
PET/VGO blends. This can confirm that the preferred HDS route when using 
this catalyst is the one undergoing the primary hydrogenation of polyaromatic 
structures, leaving as a result the simplest benzothiophene form, which is then 
converted into a sulphur-free hydrocarbon. This is also supported by the effect of 
temperature on the hydrogenation equilibrium, which can hinder the rapid 
transformation of aromatic species, as well as by the cracking reactions (promoted 
at high temperatures) that form aromatic rings with no ramifications (and 
therefore with low H/C ratios). 

Figure 5.13 illustrates the histograms of the distribution of the core molecules’ 
relative abundance versus the carbon number of the sulphur species. The HDS 
performance of the catalyst previously commented on is somehow more 
appreciable in terms of the DBE = 6 species still being present after the 
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hydrocracking at 400 °C, except for the products of PMMA/VGO hydrocracking. 
The major conversion of this blend due to the light nature of the polymer has 
already been remarked when analysing other parameters affected by the reaction 
extent, maintaining this way the coherence between the introduction of an easy-
conversion material and the advance of the hydrocracking mechanisms. 

Regarding the influence of the hydrocracking on the product distribution in the 
sulphur compounds, it can be appreciated (especially in the plastics blends’ 
products) that there is a displacement towards compounds with lower carbon 
numbers. This confirms the assumption made about the preferred route of HDS 
in the analysis of Figure 5.12. The proposed mechanism (ring-opening) involves 
the first opening of a ring, the resulting branch of which can be cleaved if the 
aromatic is very refractory. In this way, the cracking function of the catalyst 
favours the dealkylation of the branches formed during this mechanism or those 
of the original compounds [345]. Dealkylation reactions can relieve the steric 
hindrance of these compounds, so that once these compounds have been 
transformed, the sulphur compounds can be more easily converted, as may be the 
case with the results observed for PMMA/VGO products. 

When performing the hydrocracking at 420 °C, a narrowing of the compositional 
window is observed, as the reduction of the long carbon number is a logical 
consequence of the enhancement of cracking reactions [346]. In this case, the effect 
of ring-opening and cracking reactions is almost equally observed in both 
PMMA/VGO and PET/VGO products, with an evident displacement of the 
compounds towards lighter species. In fact, the major difference is seen at 420 °C 
when analysing the effect of the plastic addition.  
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VGO hydrocracking products present a more homogeneous distribution that is 
more highly remarkable for DBE = 9 compounds and a carbon number around 
25-30. This much alike distribution in the VGO products does not necessarily 
mean that sulphur compounds abundance is higher in that sample. Indeed, the 
major advance of hydrocracking reactions when compared to the one obtained for 
PMMA/VGO and PET/VGO samples leads to conclude that the higher peak of 
relative abundance observed for DBE = 9 and carbon number of ca. 15 in the 
latter are reaction intermediates in the HDS mechanism. Once they are also 
converted, the most refractory families remaining in the samples have a similar 
distribution that the untreated VGO (which was pre-treated in the refinery). It 
has been previously established that DBT species with alkyl-substitutes are 
hardly removed in HDS processes [347], thus observing the higher concentrations 
around a carbon number of 25-30 instead of 12-15, which is the number of the 
core molecule. 

All in all, the introduction of plastics seems to affect the dynamics of the HDS 
mechanisms. As a hypothesis, for very similar conversion levels, the lower removal 
of sulphur compounds in VGO/polymer blends could be due to their competitive 
reactivity with polymer-derived compounds. In this way, the compounds obtained 
by hydrocracking the plastics (free of heteroatoms) would have preferential access 
to the active sites of the catalyst, thus slowing down other functions within the 
hydrocracking. 
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5.5. OXYGEN (O) CLASS 

As a final point, the introduction of plastics with a composition not based 
exclusively on hydrogen and carbon highlights the need to track the evolution of 
compounds derived from the breaking of oxygen-containing bonds. It was 
discussed in Section 4.1 that the mass balance was not closed for oxygen when 
considering CO/CO2 as products, and therefore some of the oxygen was expected 
to be in the form of heavier hydrocarbons found in the liquid. In order to locate 
these compounds and to check the different behaviour of the HDO function of 
the catalyst on each of the feeding blends, the Van Krevelen diagrams for the 
oxygenated compounds are shown in Figure 5.13. In this case, the model 
compounds considered for depicting the indicative lines are dibenzofuran (DBF), 
benzonaphtofuran (BNF) and dinaphthofuran (DNF).  

Although they are not usually given much attention, oxygenated compounds are 
also present in VGO [348]. However, the first observable differences in Figure 5.14 
are obtained in the products at 400 °C, where a compositional range can be seen 
appearing exclusively when co-feeding plastics with VGO in the range between 
O/C ratios of 0.06-0.10 and H/C ratios of 0.6-1.25. From the molecular formula 
of the compounds corresponding to this compositional space, the H/C and O/C 
ratio values correspond to structures with two oxygen atoms. The appearance of 
these compounds in the hydrocracking products of PMMA/VGO and PET/VGO 
suggests that they are structures derived from the cracking of these polymers. 

The use of a higher temperature causes greater changes in the distribution of 
oxygenated compounds, as the amplitude of the compositional space is reduced 
in areas with a high H/C ratio and a low O/C ratio. This narrowing indicates a 
preferential removal of the lighter oxygenated compounds. At the same time, it 
can be observed that the additional compositional space appearing in the products 
of the PMMA/VGO and PET/VGO blends is maintained at 420 °C, although 
the species in this zone located further to the left disappear as the temperature 
increases due to the cracking of the branches attached to the aromatic structures.  
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Finally, a thickening can be seen in the PMMA/VGO and PET/VGO products 
in the low H/C and O/C range, perhaps attributable to the building blocks of 
the polymers. Their production may come from the higher cracking function 
which gives smaller units than those obtained at 400 °C, hence they appear only 
at 420 °C. Catalyst design has been established as a fundamental parameter in 
the development of HDO reactions. The choice of one or two metals, their 
dispersion on the surface, their strength for the hydrogenation function or the 
equilibrium with a high acidic strength favouring fast cracking of the C-O bonds 
have to be taken into account to conclude which is the preferred route [349]. In 
the case of bifunctional Pt and Pd catalysts, it has been reported that the 
hydrogenation route before (and thus ring-opening) oxygen scission is facilitated 
by the high hydrogenation activity of these metals. 

For a better understanding of the evolution of the oxygenated compounds, 
histograms of the relative abundance distribution of the core compounds versus 
carbon number are illustrated in Figure 5.15. It is evident that both the 
development of HDO and the effect of temperature on it are strongly feed-
dependent, with quite different behaviours and product distributions observed. 
On the one hand, the core molecules of VGO hydrocracking products at 400 °C 
hardly show any variation in their distribution concerning that of the untreated 
VGO. However, at 420 °C the promotion of the cracking function is evident by 
the general shift of the histograms towards a lower carbon number, the most 
refractory compounds being those with a carbon size in the range of 28-30. On 
the other hand, the high conversion in the hydrocracking of the PMMA/VGO 
blend results in a higher disappearance of heteroatomic compounds. This is 
reflected firstly in the complete elimination of the benzofuranic compounds and 
the simultaneous concentration of the other compounds in a lower carbon range 
(between 20 and 30 compared to 40 in the untreated VGO). Interestingly, the 
accumulation of compounds with a carbon number between 20 and 25 corresponds 
to the structures assignable to the points observed in Figure 5.14 only in the 
hydrocracking products of PMMA/VGO and PET/VGO blends. The formation 
of those compounds whose formation may derive from the hydrocracking of 
PMMA and PET could be explained by two different routes.  
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On the one hand, the direct cracking of the polymer chain, which can occur 
through the oxygenated groups or randomly while maintaining a certain oxygen 
content [350], and which, if not completely degraded to hydrocarbons, could be 
assigned to structures with the DBEs observed here. On the other hand, in the 
pyrolysis degradation of this polymer, the cyclisation of some segments produced 
by the breakage of its long chains has already been observed [351]. This, along 
with the hydrogen transfer phenomena that take place at the metal sites of the 
bifunctional catalysts, can give rise to aromatic structures [318] (which would be 
promoted if the conditions did not favour hydrogenation) that still contain some 
oxygen content and are therefore included among the species shown in  
Figure 5.14. Here, the effect of temperature is reflected, albeit less noticeably, in 
the reduction of hydrocarbon size due to the enhancement of the cracking 
reactions. 

Last, the higher concentration of compounds in the left region of the histogram, 
as stated in the case of PMMA/VGO products, is even more noticeable here. On 
one hand, the development of the reactions observed in this system may give rise 
to intermediate compounds which are visible in this region. On the other hand, 
it has been stated both in Chapter 4 and in this Chapter that the mass balance 
of the oxygen introduced by each of the plastics showed a greater deficiency in 
the gaseous products of the PET/VGO blend. The appearance of different 
compounds, with a DBE = 9, to those observed in the PMMA/VGO products 
and which are found with a lower or null concentration in the VGO products 
leads to the conclusion that the PET hydrocracking involves their formation. As 
discussed above, these compounds do not necessarily correspond exclusively to 
furan derivatives but maybe to aromatic compounds with oxygen functional 
bonds, which is consistent with the polymeric form of PET. 

In other studies, it has already been shown that the thermal degradation 
mechanism of PET results in aromatic chains with a functional group at the end 
of the chain [352], which could be transformed relatively easily in the presence of 
high hydrogen pressures. Furthermore, in other processes such as the gasification 
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of this polymer, it has been proposed that the reaction mechanism of PET gives 
as a final product, among others, compounds with 2 or 3 aromatic rings [353]. 

After identifying the compounds of the light and heavy oxygen-containing 
fractions and observing the differences between the compounds produced by each 
of the feeds, Figure 5.16 shows the proposed hydrocracking mechanisms for each 
of the co-fed polymers. On the one hand, the PET hydrocracking route takes 3 
paths that change depending on whether oxygen removal takes place first (direct 
HDO), giving rise to aromatic compounds that can then be hydrogenated, or 
partially, producing aromatics with oxygen that is later removed by the formation 
of CO2. On the other hand, the indirect route involves the cleavage of the polymer 
molecules into smaller fragments (up to dimers) that become reactive oxygenated 
branched species that can either give rise to the compounds produced by the 
other routes or react with the heavier VGO compounds to form oxygenated 
polyaromatic species corresponding to the structures observed in Figure 5.14. 

On the other hand, PMMA, due to its branched structure, takes two different 
routes that do not depend on the hydrogenation activity of aromatics as in the 
case of PET. Thus, on the one hand, total scission of the side chain gives rise to 
radicals that can form long hydrocarbon chains after hydrogenation, or 
oxygenated particles that form light gases (hence their greater formation when 
PMMA/VGO is fed) or that are responsible for forming the heavier compounds 
with up to two oxygen atoms in this case. As for partial side-chain cleavage, the 
result is polymer segments that can be more easily hydrogenated and have 
isoparaffins as final product. The cracking of the CH3-O group resulting from this 
cleavage can be associated with the formation of light gases after a subsequent 
secondary cracking, which would partially explain the higher amount of DG and 
CO/CO2 observed when co-feeding this blend. For neither of the two polymers 
can it be established that there is a preferred hydrocracking route since all 
possible compounds proposed as end products have been detected by the different 
techniques employed, as well as the formation of CO/CO2 can occur from multiple 
deoxygenation reactions. 
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Chapter 6 

 

6.  KINETIC MODELLING OF VGO  
AND POLYMERS BLENDS 
HYDROCRACKING 

 

 

 

 

 

 

The kinetic modelling of the experiments exposed during Chapters 3 and 4 has 
been performed. The complexity and the high number of possible reaction 
pathways necessitate the use of lumps, which is the most common approach to 
model hydrocracking processes. Moreover, the discrimination between reaction 
networks and kinetic models has been fulfilled through statistical methods, paying 
special attention to the hypothetical formation of coke from polymeric materials 
and the different deactivation phenomena that have been discussed during 
previous Chapters. The development and selection of best kinetic modelling have 
been done based on PS/VGO hydrocracking results, and then applied to the other 
systems to check the validity of the model and compare the results when co-
feeding different plastics. Part of the results collected in this Chapter is published 
in Chem. Eng. J., 2023, 451, 138709.  
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6.1. GENERAL ASPECTS 

The kinetic modelling of catalytic processes such as the hydrocracking of complex 
hydrocarbon blends (with intricate reaction networks) presents additional 
difficulties in fully understanding and representing the deactivation phenomena 
and their evolution over reaction time. The establishment of an accurate kinetic 
model allows for: (i) predicting the effect of the operating conditions on the 
product distribution, (ii) optimizing the operating framework, and (iii) defining 
the possible revamping requirements of refinery units. With that purpose, lump-
based models have been previously used when working with heavy blends that 
would require a huge experimental base and a very complex calculation 
methodology [354] if individual components were attended. Moreover, the 
quantification of the different lumps can be properly done through the usual 
analysis techniques used in hydrocracking experimental works. To complete the 
objectives established above, the kinetic model must be supported by the accurate 
establishment of the lumps involved, the correct assumption of the feasible 
reaction networks and the introduction of equations that truly describe not only 
the reaction development of each lump but also the multiple deactivation 
phenomena that take place in these processes, experimentally measurable. 

The reactions that have been submitted to the kinetic models developed here 
have been shown in the previous Chapters and have been performed under the 
following operating conditions: 

• Feedstock: plastics (10 wt%) in VGO 

• Temperature: 380-420 °C for PS and PMMA blends, 400-440 °C for 
PET/VGO blend 

• Pressure: 50- 110 bar 

• Reaction time: 30-300 min 

• Catalyst-to-feed ratio (mass basis): 0.1 

• Stirring speed: 1300 rpm 
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6.1.1.  Reaction network discrimination 

The scarce literature about the joint hydrocracking of polymers and heavy 
streams has led to taking as a basis for the development of the reaction networks 
some models proposed for the hydrocracking of heavy oil only [355]. The different 
nature and molecular weight of the heaviest lumps here considered, which match 
with the main feeds (HCO and plastic), results in the proposal of a parallel-series 
reactions system based on the reaction network proposed by Martínez and 
Ancheyta [355], which has been expanded through the introduction of plastic, as 
collected in Figure 6.1a.  

As an initial consideration, for the reaction network called Model A, the formation 
of coke is only expected from the condensation of the compounds within the HCO 
lump, although the reversible character of this pathway has been already 
introduced due to the possible hydrogenation/dehydrogenation of coke 
compounds. 

The enlargement of Model A towards Model B (Figure 6.1b) consists of two main 
changes that add 6 new kinetic constants (totalling 17): (i) the split of gas lump 
into LPG and DG separately, as common when exposing hydrocracking results 
in lumps terms, which provides 5 new kinetic constants related to the formation 
of this lump from all the heavier ones (except for coke); (ii) the formation of coke 
from plastic, as the polymerization of large compounds can end up in coke-alike 
structures, even when the reversible reaction is not considered, since the 
hydrocracking of coke structures can be encompassed within the HCO lump, 
regardless the formation mechanism.  
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Figure 6.1. Schemes of proposed a) 6-lump (Model A) and b) 7-lump (Model B) 
reaction networks. 
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6.1.2.  Kinetic modelling development 

The kinetic model has been solved based on the resolution of the mass 
conservation equations. For that purpose, the methodology is supported by the 
stages and recommendations found in the literature [356] for solving kinetic 
systems that consider catalyst deactivation.  

To define the mass conservation equations for the lumps considered, the following 
assumptions have been done: (i) external diffusivity is negligible due to the high 
stirring speed [217]; (ii) gas and liquid phase concentrations are uniform inside 
the reactor; (iii) a high heat transmission is achieved due to the reactor design, 
avoiding the formation of temperature gradients in its interior thus considering it 
as an isothermal system [357]; (iv) the pressure changes along the reaction are 
negligible due to the excess of hydrogen available since it is continuously fed into 
the reactor; (v) the catalyst deactivation may occur to different phenomena (as 
explained in Chapter 3), namely plastic fouling, coke deposition and poisoning by 
metals, that can be related to individual equations. The foundations of the latter 
and the significance of its introduction in the model will be explored in this 
Chapter.  

Bearing all this in mind, the evolution over time of the general yield of each lump 
i (Yi) is defined by the following conservation equation: 

 ∑ αφ=
j

1
ij

i i)(Yk
dt

dY     (6.1) 

where ϕ is the deactivation function, kj is the kinetic parameter of each reaction 
and ni is the reaction order. Note that the deactivation function is common for 
all the lumps conservation equations, as it has been defined as non-selective. 
Moreover, the reaction order is directly related to the lump involved, in 
concordance with the literature [358], considering order one (nj = 1) for all 
reactions except for those of HCO acting as reactant, which are of second order 
(nj = 2). 
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To establish the temperature dependence of the kinetic parameter, each of them 
has been defined following the reparametrized Arrhenius equation [359]: 






















−−=

ref

j
Tj,j T

1
T
1

R
E

expkk
ref

   (6.2) 

where kj,Tref is the kinetic parameter of reaction j at the reference temperature, Ej 
is the activation energy of the reaction j, R is the universal gas constant, T is the 
temperature of reaction and Tref is the reference temperature (673 K). 

Taking all of this into account, the individual mass balances for each lump are 
defined as described in Eqs. (6.3-6.9) for the 7-lump model. Keep in mind that 
the equations for the 6-lump model are very similar, with the suppression of 
reactions #12 to #17 and the combination of DG and LPG into a gas lump. 

[ ] WFYkkkkk
dt

dY
plastic54321

plastic ++++φ−=    (6.3) 

( )[ ]WFYkYkkkkk
dt

dY
coke17

2
HCO109876

HCO −++++φ−=   (6.4) 

( )[ ]WFYkkkYkYk
dt

dY
LCO131211

2
HCO7plastic2

LCO ++−+φ=    (6.5) 

( )[ ]WFYkkYkYkYk
dt

dY
naphtha1514LCO11

2
HCO8plastic3

naphtha +−++φ=   (6.6) 

[ ]WFYkYkYkYkYk
dt

dY
LPG16naphtha14LCO12

2
HCO9plastic4

LPG −+++φ=  (6.7) 

[ ]WFYkYkYkYkYk
dt

dY
LPG16naphtha15LCO13

2
HCO10plastic5

DG ++++φ=  (6.8) 

[ ]WFYkYkYk
dt

dY
coke17

2
HCO6plastic1

coke −+φ=     (6.9) 

where W is the catalyst-to-feed mass ratio and F is the loading mass. 



General aspects 

193 

The global deactivation function is one of the main challenges when developing a 
hydrocracking kinetic model. The quantification of all the phenomena that can 
affect the catalyst activity and their interrelationship is hard to measure and it 
is usually identified as one general formula based on the main deactivation cause, 
that is, coke deposition. However, the catalyst covering by carbonaceous material 
is accompanied by the presence of heavy metals in heavy oils that can also 
deteriorate not only the catalyst metals but the support structure by blockage 
[197]. In addition to this, the deposition of unconverted plastic over the catalyst 
surface has been discussed in Section 3.4.2, proving it is an activity inhibitor at 
low temperatures to the extent that it blocks the catalyst’s active sites. The 
increase in temperature produces a drastic decrease in this deactivation 
phenomenon effect but rises the importance of the presence of carbonaceous 
material (coke) in the channels of the zeolite [360] at the same time that promotes 
the HDM function, bringing with it a higher poisoning metals content on the 
spent catalyst. Because of all of this, three causes of the catalyst deactivation can 
be well differentiated: (i) fouling caused by the external deposition of unconverted 
plastic (at low temperature); (ii) formation and condensation of coke; and (iii) 
metals poisoning. Hence, three kinetic deactivation equations have been adapted 
to quantify the individual impact of these phenomena at each temperature of 
reaction and their expressions have been combined for determining the global 
deactivation function, ϕ. 

The mathematical description of fouling caused by the sedimentation of the 
partially degraded PS chains (φp) has been carried out by the adaptation of a 
kinetic deactivation model proposed by Elizalde and Ancheyta [361]. Such a 
model represented sequentially the coverage of the sites and pores blockage by 
heavy compounds in the feed that could not be converted and that then can be 
analogously applied to plastic fouling. The corresponding equation has two terms 
that are applied before (Eq. (6.10)) and after (Eq. (6.11)) the blockage of the 
pores (tb) has occurred. 
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For t < tb: 

( ) tk
ssp,1

pd,e1 −ϕ−+ϕ=ϕ    (6.10) 

For t > tb: 

( ) ( )bpd, ttk
ssp,1 e1 −−ϕ−+ϕ=ϕ    (6.11) 

being kd,p the deactivation kinetic parameter associated with plastic deposition 
and φs the steady-state catalyst activity value, according to the consideration 
made by Monzón et al. [362]: assuming that catalyst deactivation is rarely 
complete and the catalyst achieves a pseudo-stable state with constant remaining 
activity. The plastic fouling expression, φp, is thus defined as φp,1 when time is 
lower than the time of pores blockage and as the product of φp,1 and φp,2 once 
this time has been achieved. 

It has been already commented that coke deposition is the main cause of 
deactivation in hydroprocessing. The selection of one or another equation to 
represent it has multiple choices and it is usually made to maintain coherence 
with the reference material used for the development of the kinetic model. 
Consequently, in this case, a hyperbolic function (Eq. (6.12)) has been selected 
according to the methodology proposed by Rodríguez et al. [197] and derived from 
the Langmuir-Hinshelwood concept. Thus, it introduces a constant α that 
represents the proportional ratio between the deposited coke on the catalyst (Cc) 
and the poisoned active sites. Note that this amount, measured through TPO, 
corresponds to the coke yields shown in Figure 3.4 and are introduced in  
Eq. (6.12) in form of gcoke g-1catalyst. Those TPO results demonstrate the particular 
increase in the coke amount deposited on the catalyst when plastic fouling is no 
longer the main cause of deactivation (400 and 420 °C for PS/VGO system). 

( ) cm
c

c αC1
1

+
=ϕ     (6.12) 
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where α is the coke deposition constant, Cc is the fractional content of carbon in 
the catalyst and mc is a fitting parameter that represents the order of deactivation 
of coke deposition. 

The activity decay attributed to heavy metals deposition has been described 
according to an empirical term introduced for describing the kinetic behaviour of 
hydrocracking in slurry reactors [355]. This formula (Eq. (6.13)) is a function of 
the concentration of metals in the catalyst (M), calculated through ICP-AES as 
explained in Section 2.2.4, concerning the theoretically maximum loading capacity 
of the catalyst (M0), which is considered as a fitting parameter (with the 
maximum experimental loading as the lower limit). 

mm

0
md,m M

Mk1 







−=ϕ     (6.13) 

where kd,m is the kinetic parameter of deactivation due to metal deposition, M is 
the metal loading at t time, M0 is the maximum loading capacity of the catalyst 
and mm is the order of this deactivation (fitting parameter). 

As a result of combining the explained equations, a global activity function is 
introduced as in Eq. (6.1), and that takes into account all the possible 
contributions at different temperatures of the deactivation phenomena with 
experimental observations foundations [363]. Gayubo et al. [364] considered the 
synergy between reversible (coke deposition) and irreversible (dealumination) 
deactivation phenomena as the product of the individual functions in methanol 
conversion to hydrocarbons, as described in Eq. (6.14): 

∑ϕ=φ
n

1
k     (6.14) 

being n the number of deactivation causes and φk the term that describes each of 
those causes. 

After having analysed each of the deactivation terms, in order to apply Eq. (6.14), 
the catalyst deactivation has been considered needs to be described at 380 °C 
with the three deactivation functions, while at 400 and 420 °C the value of steady-
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state activity due to plastic fouling is close (or equal) to the unity and therefore 
only coke and metals deposition are considered for PS/VGO system. It has been 
checked that, under the operating conditions explored for the reactions involving 
oxygenated plastics, no plastic fouling has been observed, so the corresponding 
term is disregarded. 

The optimization of all the described fitting parameters (kinetic parameters of 
reactions, activation energies and deactivation parameters, constants and orders) 
has been accomplished by adjusting the predicted yields over reaction time at 
different temperatures to those obtained experimentally. With that purpose, a 
MATLAB code has been developed, establishing as objective function the sum of 
squares of the errors between the predicted and experimental data (Eq. (6.15)), 
introducing a weight factor (Eq. (6.16)) that helps offset the different order of 
magnitude of the yields, thus providing a higher weight factor to the minority 
lumps [365]. 

( )∑∑ −=
l dn

1

n

1

2calc
i

exp
ii YYωSSE     (6.15) 

being nl the number of lumps considered, nd the number of experimental data, 
Yiexp the experimentally obtained yield and Yicalc the one predicted by the model. 

∑
=

dn

1 ji,

i
Y

1ω      (6.16) 

where ωi is the weight factor of each lump i. 

The procedure for solving the system of differential equations is summarized in 
the scheme shown in Figure 6.2. Essentially, the main program reads the 
experimental data, and, with the initial values provided by the user, initiates the 
iterative process. The main routine solves the differential equation by means of 
the function ode45 and then a subroutine calculates the value of the objective 
function and minimizes it through two MATLAB functions that have been used 
successively: fmincon, which allows establishing boundaries for the fitting 
parameters (such as the maximum activity at steady-state or the lower 
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boundaries for kinetic parameters), and fminsearch, which uses the Levenberg-
Marquardt algorithm, establishing as search direction a cross between the Gauss-
Newton direction and the steepest descent direction. The latter has been used in 
the last optimization steps because it is well-established for solving non-linear 
least squares minimization problems [366]. Apart from that, one should notice 
that the lack of literature on the kinetic model of blends of plastics and heavy 
oils hinders the correct proposal of initial values for this type of program, so 
several approaches have been made by using the genetic algorithm of MATLAB 
and the selection of the initial ones for the calculations with the above-mentioned 
algorithms has been made to provide certain coherence with the data available in 
the kinetic modelling of similar processes [162, 367, 368]. 

 

Figure 6.2. Block diagram for the resolution of the lump-based model.  

Additionally, the usage of lsqnonlin MATLAB function has allowed calculating 
the residual values for each parameter, the Jacobian matrix and the correlation 
coefficient matrix, according to the methodology explained by Amin et al. [369]. 
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As the mentioned function requires a user-defined function, another sub-routine 
has been created in such a way that targets likewise the function defined in  
Eq. (6.15). 

Once the different proposals of reaction networks (Figure 6.1) and models have 
been optimized, not only the SSE values have been compared to select the best 
option but also a statistical significance test has been performed based on Fisher’s 
method. This technique is based on the fulfilment of the following criterion: 

( )BBAα1

B

BA

B

BA

BA υ,υυF

υ
υυ

SSE
SSESSE

F −>
−

−

= −−   (6.17) 

where υ are the degrees of freedom of each kinetic model, α is the significance 
level and it is equal to 0.05 (which represents a confidence level of 95 %), and  
F1-α is the critical value for Fisher’s distribution, calculated by the finv function 
of MATLAB. If the criterion shown above is fulfilled, the improvement that 
model B provides with respect to model A is considered significant. Note that for 
the correct application of this method the two models must have different degrees 
of freedom, which are calculated as follows:  

pel nnnυ −=      (6.18) 

being nl the number of lumps, ne the number of experiments and np the number 
of parameters. 
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6.2. PS/VGO HYDROCRACKING MODELLING 

6.2.1.  Model discrimination 

To establish and use the most accurate and appropriate model, four different 
systems have been tested and compared. This comparison has been carried out 
when modelling the hydrocracking of the PS/VGO blend, as it has been seen that 
it represents the most complex blend due to the catalytic deactivation related to 
plastic fouling, so it is assumed that for less complex systems (PMMA/VGO and 
PET/VGO) the application of the most appropriate model here found will be 
valid as well. The first two models considered correspond to the different reaction 
networks that have been introduced in Section 6.1 (Figure 6.1), and then two 
more have been developed based on model B. Model B-2 is a modification of 
model B that takes into consideration the multiple deactivation phenomena that 
have been exposed, therefore using Eq. 6.14 instead of considering only coke 
deposition (Eq. 6.12). Moreover, a further modification of model B has been made 
resulting in what has been called model B-3, which is the significance of thermal 
routes during the hydrocracking and takes as a basis some other works that have 
studied this contribution and its magnitude when modelling the kinetic behaviour 
of hydrocracking systems [370, 371]. The mentioned modifications result in models 
with a different number of parameters and results after performing the fitting, so 
the statistical values of each model’s parameters have been collected in Table 6.1. 

Table 6.1. Statistical comparison between the proposed kinetic models. 

Model Lumps 
Deactivation 

functions υ FA-B F1-α SSE 

A 6 1 63 1.22 2.36 19.35 

B 7 1 68 - - 21.22 

B-2 7 3 62 16.67 2.25 8.12 

B-3 7 3 44 - 1.84 14.76 
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Firstly, the split of gas lumps into two different lumps and the introduction of 
another pathway for coke formation from plastic are evaluated by comparing 
models A and B. The input of a moderate number of new experimental points is 
not compensated with the establishment of the corresponding new reaction 
pathways, thus providing higher degrees of freedom when applying Model B. 
Therefore, model B has been taken as a benchmark to execute the statistical 
comparison and the test is based on the verification that the reduction of degrees 
of freedom of model A is significant. Attending to the results, although a lesser 
error is achieved with model A (21.22 vs 19.35) the criterion of Fisher’s test is 
not fulfilled (Eq. 6.17), thus being Model B a better option. 

If the introduction of multiple deactivation equations is examined (Model B vs 
Model B-2), it can be seen that it considerably reduces the total error of the 
objective function (21.22 vs 8.12). This is attributed to the accurate description 
of the phenomenon of plastic fouling, which is hardly described by the hyperbolic 
function established for coke deposition, as they are two different events, one of 
them completely stopping the reactions while the other only hinders it partially. 
This is reflected when analysing the F values, as the value of FA-B is significantly 
better than F1-α (16.67 vs 2.25). For these reasons, the introduction of multiple 
deactivation equations, i.e. kinetic model B-2, significantly improves the 
performance of the reaction network established for model B. 

As already introduced, the last proposal is a kinetic model that includes the 
thermal reaction pathways of the best model selected from the previous ones, that 
is model B-2. The selection of the kinetic equations representative of those routes 
has been done according to the literature, thus using a potential expression, and 
maintaining the coherence with reaction order: first-order reactions have been 
used for all the reaction pathways except for those involving HCO lump as a 
reactant, in which order 2 equations have been used. In this case, the utilization 
of such a high number of parameters does not improve the fitting obtained with 
model B-2, and as it has fewer degrees of freedom and a higher error function 
value no statistical comparison can be made. Hence, the inclusion of thermal 
routes cannot be considered, which is in agreement with some results obtained by 
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other authors that concluded that catalytic pathways have a preferential 
character and higher orders than those of thermal routes [372]. 

Bearing all the above in mind, the combination of reaction network B and the 
kinetic model that includes multiple deactivation equations but only catalytic 
pathways is considered the best option to represent the results obtained within 
the hydrocracking of plastics and VGO blends. The subsequent sections explore 
the fitting of this model for the different blends studied in this Thesis, analysing 
the predicted values’ accuracy, the evolution of the activity function and the 
performance of simulations to establish the optimal operating conditions. 

6.2.2.  Fitting and analysis of kinetic parameters 

The optimized kinetic parameters of model B-2 used to describe the 
hydrocracking of the PS/VGO blend, collected in Table 6.2, have been used for 
describing the evolution of the yields of each lump over time at different 
temperatures. The comparison between the predicted values and the ones 
obtained experimentally is shown in a parity plot displayed in Figure 6.3, 
obtaining an overall good fit. The comparison of the kinetic parameters obtained 
after the fitting can point out the most relevant steps in the reaction network. 
This way, the kinetic parameters of steps #7 and #8 reveal the weight that the 
HCO lump has on the formation of the desired products, i.e. LCO and naphtha. 
A clear difference can be observed if these two are compared, as the higher value 
of constant #7 confirms the sequential mechanism established in the literature 
for the hydrocracking of heavy oils [368]. Thus, the hydrocracking of HCO results 
in the formation of middle distillates that are later converted into naphtha and 
light gases. In fact, the constants values of steps #11, #12 and #13 expose that, 
even if all the paths must be considered, there is a preferential formation of 
naphtha from LCO, in accordance with this cascade system, which will suffer 
overcracking towards gaseous species if the conditions promote the cracking 
forces. 
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Table 6.2. Apparent kinetic parameters (P) at the reference temperature and 
corresponding apparent activation energies calculated with model B-2. 

Reaction P kj,Tref Units Ej (kJ mol-1) 

PS → Coke k1 (2.47 ± 0.2) 10-2 gcat-1 h-1 121.6 ± 10.8 

PS → LCO k2 (3.19 ± 0.3) 10-1 gcat-1 h-1 48.8 ± 3.5 

PS → Naphtha k3 (1.01 ± 0.1) 100 gcat-1 h-1 223.6 ± 14.8 

PS → LPG k4 (4.27 ± 0.1) 10-2 gcat-1 h-1 355.4 ± 29.8 

PS → DG k5 (5.17 ± 0.4) 10-3 gcat-1 h-1 413.1 ± 4.5 

HCO → Coke k6 (4.74 ± 1.0) 10-5 gcat-1 gHCO-1 h-1 0.50 ± 0.01 

HCO → LCO k7 (1.82 ± 0.2) 10-2 gcat-1 gHCO-1 h-1 280.9 ± 21.2 

HCO → Naphtha k8 (1.82 ± 0.1) 10-4 gcat-1 gHCO-1 h-1 298.0 ± 30.1 

HCO → LPG k9 (5.19 ± 0.8) 10-5 gcat-1 gHCO-1 h-1 337.2 ± 4.4 

HCO → DG k10 (2.72 ± 0.1) 10-5 gcat-1 gHCO-1 h-1 480.1 ± 47.2 

LCO → Naphtha k11 (6.92 ± 0.2) 10-1 gcat-1 h-1 114.0 ± 11.3 

LCO → LPG k12 (1.45 ± 0.3) 10-1 gcat-1 h-1 120.7 ± 10.2 

LCO → DG k13 (2.19 ± 0.1) 10-2 gcat-1 h-1 206.8 ± 3.7 

Naphtha → LPG k14 (9.09 ± 0.5) 10-2 gcat-1 h-1 42.8 ± 1.9 

Naphtha → DG k15 (8.03 ± 0.3) 10-4 gcat-1 h-1 65.2 ± 2.8 

LPG → DG k16 (2.34 ± 0.3) 10-2 gcat-1 h-1 12.1 ± 0.7 

Coke → HCO k17 (6.73 ± 0.5) 10-3 gcat-1 h-1 0.42 ± 0.03 

Plastic fouling kd,p (4.29 ± 0.3) 10-2 h-1 - 

Coke deposition αd,c (4.69 ± 0.5) 101 - - 

Metals poisoning kd,m (3.66 ± 0.1) 10-1 - 188.0 ± 18.6 

Regarding the preferential destination of PS, if the apparent kinetic constants of 
steps #2 and #3 are attended it can be concluded that naphtha formation from 
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PS is more likely by the molecules produced in the hydrocracking of this plastic. 
This is coherent with a previous work [373] in which compounds with a boiling 
point range within that of the naphtha were obtained in the hydrocracking of 
neat PS. Indeed, the formation of not only monoaromatics (from the direct 
hydrogenation of PS monomers) but also the increment of saturated cyclic 
compounds was observed. 

  

Figure 6.3. Parity plot of experimental vs predicted yields with kinetic model 
B-2 of PS/VGO hydrocracking. 

Another point of interest is the proposed formation of coke from PS hydrocracking 
in model B-2, as this reaction pathway has been previously reported in the 
literature [368]. Focusing on the respective constants of coke formation from PS 
and HCO (steps #1 and #6), it can be deduced that the suggestion is correct, as 
both of them are of a similar order of magnitude that others involving them as 
reactants. Although a direct comparison between them is not possible due to the 
different order of PS and HCO reactions, the favoured nature of step #6 is well-
founded on the content of polyaromatics in HCO, which are more likely to form 
these carbonaceous species. Moreover, and related to this reaction (steps #6 and 
#17), its reverse character cannot be undervalued, as even if the value is residual 
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compared to other constants of first-order reactions it has a certain incidence at 
420 °C when coke yield goes through a maximum at 120 min. 

The apparent activation energies also give information about the feasibility of 
some of the proposed pathways. For instance, the order of activation energies of 
the DG formation routes is remarkable: E10 > E5 > E13 >E15 >E16. The effect of 
temperature on DG formation, which is undesirable, is directly observable in that 
trend, as the conversion of the reactants (PS and HCO) towards this lump is 
more unlikely but it results from the hydrocracking of their primary (LCO, 
naphtha) and secondary (LPG) products. 

All this leads to the prediction of the PS/VGO blend hydrocracking product 
distribution over time and temperature, as depicted in Figure 6.4, showing the 
experimental points as scatter and the tendencies calculated by the model being 
represented by continuous lines. Dashed lines indicate a margin of ± 5%. Apart 
from the good fit observed on the graphs, two main considerations can be 
extracted from them. The deviations observed on the parity plot are mainly 
attributed to experimental errors in the measure of the yield of PS at 380 °C, 
producing a final blend of heavy liquid (due to the low conversion of HCO) and 
degraded polymer that is hard to separate and quantify. That way, the 
experimental error at this temperature is noteworthy when attending to HCO 
and naphtha yields. On the other hand, the fitting obtained at 420 °C shows a 
lower conversion of the heaviest fraction predicted by the model than the one 
obtained. The extra gas formation can be attributed to thermal cracking, which 
has not been considered in the model and is promoted to a greater extent at high 
temperatures. 
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Figure 6.4. Fitting of the predicted values (lines) with respect to the 
experimental yields (scatter) in the hydrocracking of PS/VGO at a) 380, b) 400 
and c) 420 °C. 
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The correlation matrix, shown in Figure 6.5, allows for establishing the linear 
relationship between the kinetic parameters and differentiating between the 
intrinsic correlation between reaction routes because of the process mechanisms 
and a bad design of experiments that cause an interdependence between 
parameters that are not legitimately connected [374]. The values of these 
coefficients are comprehended between -1.0 and 1.0 and the further away the 
correlation coefficient is from 0, the stronger the linear association between the 
two parameters involved. Note that the matrix is symmetrical when separated by 
the diagonal, which is equal to the unity in all cases as they represent the 
relationship between each parameter with itself. 

 

Figure 6.5. Coefficient correlation matrix of the kinetic parameters of model  
B-2. 

From the matrix depicted in Figure 6.5, there are some coefficients close to an 
absolute value of 1, which means that some of the parameters are strongly 
interrelated. The individual analysis would allow concluding whether this 
relationship is inherent to the process or if the system is over-parameterized and 
some of the proposed routes (and therefore parameters) can be simplified [375]. 
This way, the most noteworthy coefficients are those involving k4-k12, k9-k12 and 
k12-k14, all related to the formation of LPG lump. The main reason for this high 
interconnection is found in the cascade mechanism that directly relates the 
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with the product, that is LPG. In fact, the formation of naphtha from LCO is 
one of the most rapid and clear pathways, so the influence of this reaction on 
LPG formation from both LCO and naphtha is evident. In a similar way, the 
relationship between those routes and the formation of LPG from PS is 
conditioned by the prior formation of those intermediate species that, as seen in 
Table 6.2, is quite faster than the direct formation of gases. Nevertheless, in this 
case, the suppression of any of the mentioned pathways seems inappropriate as 
the formation of LPG from any of those reactants has been proven in literature 
[252]. 

6.2.3.  Activity function 

The importance of the introduction of a global activity function that encompasses 
multiple deactivation causes has been already remarked on. Accordingly, the 
individual contribution of each of the multiple deactivation functions has been 
analysed in Figure 6.6.  

 

Figure 6.6. Evolution of the catalyst activity functions with reaction time and 
separate contribution of deactivation by coke deposition and metals poisoning. 
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Continuous lines represent the global activity function at each temperature (ψ), 
while dashed lines describe the deactivation functions related to coke (φc) and 
metal deposition (φm) as defined in Eqs. (6.12) and (6.13). It must be noted that 
the individual function related to PS fouling has been not added to Figure 6.6 as 
its contribution is almost equal to the global activity function at 380 °C when it 
is the main deactivation, and the value of this function at 400 and 420 °C is very 
close to the unity. 

From the activity profiles, two main conclusions can be extracted. On one side, 
the activity at 380 °C is confirmed to be ruled by the plastic fouling mechanism, 
observing a fast activity decay during the first 30 min (halving the catalyst 
activity to that time) followed by a drastic drop that makes it marginal from 120 
min and onwards. The optimization gives as a result a time of pore blockage (as 
it is defined in Eq. (6.11)) of 28 min, which matches with the experimental 
observation. As previously stated, the effect of coke and metals deposition on the 
catalyst has been used for the modelling of the hydrocracking activity at 380 °C 
but their effect is eclipsed by the one provided by PS fouling and thereby they 
are not shown in Figure 6.6. 

On the other side, the breakdown of the activity functions evolution obtained at 
400 and 420 °C confirms the importance and performance of the other two 
deactivation mechanisms. Even if they are quite different from the very beginning 
of the reactions, one could notice that coke deposition is confirmed to be the 
leading deactivation cause. As for metal deposition, the activity decay that it 
produces doubles its effect when the temperature is increased from 400 to 420 °C, 
confirming its strong temperature dependence. Moreover, the HDM reactions 
seem to be hampered at 400 °C, while they seem to have a continuous 
development at the highest reaction temperature here studied. 

Regarding coke deposition, a pseudo-stable remaining activity is observed for both 
of them despite the temperature increase. This is a consequence of the well-
established hydroprocessing mechanisms, which compensate for the rate of 
condensation of coke precursors with the presence of high-pressure hydrogen that 
favours the hydrocracking of those precursors. These circumstances have already 
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been stated in the hydrodeoxygenation of bio-oil [271] and have been considered 
for the kinetic model of HDO reactions over an acid-activated carbon-based 
bifunctional catalyst [376]. 

6.2.4.  Simulations 

The kinetic model has been used for performing reactor simulations to make an 
overall portrait of the effect of the operating conditions (time, temperature) on 
the yield distribution of the most relevant lumps. The simulations have been 
carried out above 400 °C in order to avoid the critical activity decay related to 
PS fouling, and time has been extended up to 480 min. This way, Figure 6.7 
shows the evolution with temperature and reaction time of the yields of PS, 
naphtha, LPG and DG. 

 

Figure 6.7. Kinetic model prediction of the effect of temperature and reaction 
time on the yields (wt%) of a) PS, b) naphtha, c) LPG and d) DG. 
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The selection of the lumps depicted in the operation maps is founded on selecting 
the ones with the highest interest to be optimized. Thus, plastic yield is 
represented according to the necessity of maintaining a maximum conversion of 
the plastic to prioritize the elimination of the wastes and, at the same time, avoid 
solid deposits that would result in operation stops [105]. Apart from that, naphtha 
is one of the main targets of this study as the production of high-quality gasoline-
like streams from alternative or new materials is gaining attention due to the oil 
depletion context that the energy scenario is facing over these years [377]. 
Furthermore, the formation of gas lumps, and more specifically of dry gas as a 
representative lump of the feed overcracking, must be followed to maximize the 
selectivity towards fuel-like streams [378]. 

In Figure 6.7a, the achievement of a plastic conversion up to 90 % (represented 
by PS yields below a 1 wt%) can be observed for temperatures above 400 °C and 
times higher than 60 min. The last discernible line (0.1 wt%) corresponds to a 
conversion of 99 %, demonstrating that even with the lowest simulated 
temperature an almost full conversion can be achieved within 120 min of reaction. 
Besides, at 400 °C and for times comprehended between 120 and 180 min, 
naphtha yield (Figure 6.7b) is maximized up to a 34 wt%. Hence, by increasing 
either the temperature or the reaction time, a commitment between the naphtha 
and gas production must be encountered, based on the operating conditions that 
provide an acceptable conversion of PS. The effect of both temperature and time 
on gas production is well-established and can be noticed in Figures 6.7c and 6.7d, 
which evidence the promotion of the lightest species, principally when the 
temperature is raised. Considering the evolution of gases observed at 400 °C, 
which are enlarged by almost a 40 wt% in one hour, and that naphtha maximum 
is achieved around the 180 min of reaction, at which time a full conversion of PS 
is achieved, the optimum operating conditions for the hydrocracking of PS/VGO 
blend are established at 400 °C and 180 min. 
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6.3. APPLICATION TO OTHER BLENDS: PMMA AND PET 
SYSTEMS 

The kinetic modelling methodology developed along Sections 6.1 and 6.2 is now 
applied to the hydrocracking of oxygenated plastics and VGO blends. The 
introduction of oxygenated compounds, as seen in Chapter 4, may lead to the 
formation of new products that require different treatment because of their 
different nature with respect to that of the considered lumps, so a modification 
of the reaction network B is necessary, as collected in Figure 6.8.  

 

Figure 6.8. Reaction network B adapted to the formation of CO/CO2. 

The absence of CO and CO2 in the VGO hydrocracking products leads to 
establishing their production only from PMMA and PET so that only one reaction 
pathway (reflected in a new kinetic constant and corresponding activation energy) 
needs to be added. 
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6.3.1.  Fitting and analysis of kinetic parameters 

The application of the kinetic model developed along the above sections of this 
Chapter has been successful in oxygenated plastics and VGO blends 
hydrocracking, as shown in the parity plot of Figure 6.9.  

 

Figure 6.9. Parity plots of experimental vs predicted hydrocracking yields of a) 
PMMA/VGO and b) PET/VGO. 

In fact, the absence of the plastic fouling phenomenon observed on these systems 
eases the fitting of the predicted points to those obtained experimentally in such 
a way that the quality of the fitting obtained for both of them can be considered 
even better than that obtained for PS/VGO hydrocracking. Apart from that, 
when comparing the fitting for PMMA/VGO hydrocracking (Figure 6.9a) with 
that for PET/VGO (Figure 6.9b), it can be seen that the former is more accurate 
than the latter. This may be attributed to the very fast conversion of PMMA; 
the initial conversion of this lump into others can be easily established, therefore 
quantifying the final destinations of the polymer and simplifying somehow the 
resolution of the mass balances of a complex reaction network as depicted in 
Figure 6.8. 
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The direct relationship between PMMA and its final products (as CO/CO2 lump 
and other gases) reduces by two the number of lumps involved for reaction 
conditions that provide plastic conversion above 90 %, which are quickly achieved 
even at 380 °C. The differences between the most relevant reaction pathways of 
each system can be obtained from the comparison between the kinetic constants 
once the optimization of each of the systems has been performed. However, as 
the original blends have a 90 wt% of the same feed and the reaction system is the 
same in PMMA/VGO and PET/VGO hydrocracking reactions, it is logical to 
assume that the main changes on the kinetic parameters will be found on the 
constants related to the polymers. 

To confirm this hypothesis, first, the kinetic constants for all the reactions except 
for those that take plastics as reactants have been collected in Table 6.3. As 
exposed, almost all the parameters have similar values for both systems, with 
slight differences that can be attributed either to the error inherent to the 
different optimization results or the specific development of the reactions in 
presence of different plastics, since the evolution of the conversion of the heavier 
fraction shows indeed differences. Nevertheless, there are no changes between 
them that contradict what was exposed in Section 6.2, such as the cascade 
reaction scheme through higher values of the main reactions (#7 and #11). 

On the other side, the constants related to the plastics are collected in Table 6.4. 
These results show the preferred reaction pathways for each plastic, as the order 
of magnitude of the same reaction is different for each blend. This way, the 
preferential formation of gaseous products from PMMA, observed in Chapter 2, 
is here reflected, as the higher apparent kinetic constant of PMMA/VGO is that 
of step #18. Similarly, PET/VGO blend hydrocracking also results in the gain of 
CO/CO2, although the pathway towards other gases (step #4) is considerably 
lesser than that of PMMA/VGO. The higher formation of oxygenated gases from 
PMMA is therefore reflected in a higher apparent kinetic constant than the one 
associated with PET, which has been proven to be only partially transformed 
into CO/CO2.  
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Table 6.3. Apparent kinetic parameters at the reference temperature and 
corresponding apparent activation energies calculated for PMMA/VGO and 
PET/VGO hydrocracking reactions (R), plastics reactions excluded. 

 PMMA/VGO PET/VGO 

R kj,Tref Ej (kJ mol-1) kj,Tref Ej (kJ mol-1) 

6 (3.37 ± 0.9) 10-4 0.4 ± 0.02 (4.57 ± 0.1) 10-4 0.6 ± 0.04 

7 (1.99 ± 0.1) 10-2 34.4 ± 1.2 (2.33 ± 0.5) 10-2 12.9 ± 0.1 

8 (8.89 ± 0.3) 10-3 154.4 ± 13.1 (8.58 ± 0.8) 10-3 209.7 ± 2.1 

9 (1.59 ± 0.8) 10-4 229.6 ± 16.7 (7.21 ± 0.4) 10-4 415.7 ± 20.8 

10 (2.59 ± 0.5) 10-5 491.6 ± 33.1 (1.04 ± 0.1) 10-5 436.0 ± 40.9 

11 (2.47 ± 0.5) 10-1 0.2 ± 0.02 (3.65 ± 0.3) 10-1 0.1 ± 0.01 

12 (1.86 ± 0.9) 10-1 97.6 ± 7.9 (1.66 ± 0.3) 10-1 61.4 ± 1.9 

13 (1.41 ± 0.7) 10-2 128.8 ± 14.5 (1.84 ± 0.6) 10-2 69.9 ± 0.8 

14 (1.04 ± 0.1) 10-2 23.2 ± 2.2 (1.31 ± 0.3) 10-2 37.6 ± 1.8 

15 (7.26 ± 0.8) 10-4 30.2 ± 0.8 (7.48 ± 0.5) 10-4 40.0 ± 0.5 

16 (8.58 ± 0.1) 10-2 0.3 ± 0.02 (1.31 ± 0.5) 10-2 0.2 ± 0.01 

17 (1.80 ± 0.1) 10-4 191.2 ± 10.5 (2.05 ± 0.4) 10-4 197.0 ± 5.9 

k6-10: gcat-1 gHCO-1 h-1 

k11-17: gcat-1 h-1 

 

Apart from that, the other main destination of these plastics seems to be naphtha, 
since the next higher kinetic constant corresponds to step #3 (plastic → 
naphtha). This is consistent with the rise of monoaromatics concentration on 
these lumps, as particularly observed experimentally in PET/VGO 
hydrocracking, due to the hydrocracking mechanism of this plastic. 
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Table 6.4. Apparent kinetic parameters at the reference temperature and 
corresponding apparent activation energies of plastics reactions calculated for 
PMMA/VGO and PET/VGO hydrocracking reactions (R). 

 PMMA/VGO PET/VGO 

R kj,Tref Ej (kJ mol-1) kj,Tref Ej (kJ mol-1) 

1 (8.29 ± 0.1) 10-5 8.5 ± 1.0 (9.47 ± 0.9) 10-4 6.2 ± 0.3 

2 (1.52 ± 0.1) 10-2 58.4 ± 4.0 (1.27 ± 0.1) 10-2 53.9 ± 10.7 

3 (4.02 ± 0.3) 10-1 162.5 ± 12.4 (2.78 ± 0.3) 10-1 130.8 ± 23.4 

4 (1.80 ± 0.2) 10-1 194.0 ± 12.6 (1.45 ± 0.8) 10-2 330.4 ± 44.2 

5 (2.79 ± 0.5) 10-3 218.3 ± 39.6 (3.23 ± 0.5) 10-3 333.1 ± 13.6 

18 (1.13 ± 0.5) 100 2.5 ± 0.1 (6.76 ± 0.5) 10-1 1.3 ± 0.1 

k1-5,18: gcat-1 h-1 

 

Last, all the routes except for those of coke formation present activation energies 
over 120 kJ mol-1, thus corresponding to the range of the reaction-limited regime 
[162]. The fact that the energies related to coke formation from the plastics are 
that low can be attributed to the thermal nature of these reactions and therefore 
they are more unlikely to be strongly influenced by temperature. 

The good fitting provided by the optimization of the model and the application 
of the parameters above collected is displayed in Figure 6.10 for the different 
operating conditions employed for each system, as indicated in Section 6.1. As 
can be seen, the mere absence of the plastic fouling phenomenon within the 
operating framework selected provides smoother tendencies on the experimental 
data, thus facilitating a higher accuracy on the kinetic modelling of PMMA/VGO 
and PET/VGO hydrocracking, with an associated error (SSE) of 4.79 and 3.47, 
respectively. 
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Figure 6.10. Fitting of the predicted values (lines) with respect to the 
experimental yields (scatter) for PMMA/VGO hydrocracking runs at a) 380,  
c) 400 and e) 420 °C and for PET/VGO runs at b) 400, d) 420 and f) 440 °C. 
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6.3.2.  Activity function 

To fully assess the evolution of the activity function for the two studied systems, 
the coke content development (shown in Figure 6.10) as well as the metals 
deposition evolution must be considered. For that reason, the latter is depicted 
in Figure 6.11 for each feeding blend. Note that the systems have been explored 
at different temperatures due to the refractory nature of PET, which is harder 
than PMMA and therefore a higher temperature has been considered as the low 
boundary.  

 

Figure 6.11. Evolution of deposited metals amount over time at the studied 
temperatures of the spent catalysts of PMMA/VGO and PET/VGO 
hydrocracking. 

A similar HDM performance can be appreciated when comparing the same 
temperatures of reaction, as this mechanism is mainly driven by temperature, 
hydrogen pressure and space time [166]. Taking into account that the metals 
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curves is so similar, as the temperature increases the intraparticle effective 
diffusivity of the porphyrins through the pores of the catalyst. The escalation of 
the metal concentration observed at 440 °C for the PET/VGO spent catalyst 
confirms this effect and the influence of this driving force on the ring-opening 
mechanism of metal-containing structures in a high-pressure hydrogen medium. 

Once the main causes of the catalyst deactivation have been exposed, the 
progression of the activity function for both systems has been obtained and 
displayed in Figure 6.12. 

 

Figure 6.12. Evolution of the catalyst activity functions with reaction time and 
separate contribution of deactivation by coke deposition and metals poisoning for 
a) PMMA/VGO and b) PET/VGO hydrocracking. 

It can be appreciated that metals deposition-related function is strictly 
temperature dependent. As discussed before, the mechanism of poisoning metal 
removal is conditioned by the properties of the catalyst and the reaction 
temperature, so the fact that, when comparing the same temperatures, the 
activity functions related to this phenomenon are almost the same is consistent 
with that fact, which is further supported by obtaining similar parameters in both 
systems. Moreover, the non-linear gain of the metals deposited on the spent 
catalyst at 440 °C is here exposed by a greater decrease of the activity function 
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380 to 400 °C or from 400 to 420 °C. Regarding the coke deposition, its activity 
decay function shows the dependence on its yield, as it reaches lower values for 
PMMA/VGO runs, which present higher coke yields (as exhibited in Section 4.3), 
that the ones provided by PET/VGO reactions at the analogous temperatures. 
Moreover, the effect of temperature on coke deposition is reflected in the increase 
of this activity decay when working at the highest temperature with PET/VGO. 
However, one should notice that coke deposition does not depend only on 
temperature, as different mechanisms are involved above certain temperatures 
[267]. The wider product distribution of PMMA/VGO compounds, which present 
higher concentrations of light hydrocarbons, is representative of the higher 
advance of secondary cracking reactions [379], which are also related to a greater 
advance of condensation and polymerization reactions that end up in the 
formation of coke structures. 

Bearing all of that in mind, and considering the definition of the global activity 
function described in Eq. 6.14, Figure 6.12 shows the slightly greater decrease in 
the activity function observed for PMMA/VGO (Figure 6.12a) runs at 400 and 
420 °C, as the activity decay related to coke is higher and metals deposition 
function value is similar, while the more remarkable activity drop is observed 
when increasing temperature to 440 °C for PET/VGO runs (Figure 6.12b), 
because of the parallel evolution of coke and metals deposition mechanisms. 

6.3.3.  Simulations 

The minimization of the error function and the consequent adjustment of the 
kinetic parameters employed for the kinetic model allow performing simulations 
of the evolution of the yield of each lump with time and temperature to locate 
the best operating framework for each blend and to see if they differ according to 
the plastic that has been co-fed. According to the importance of some specific 
lumps exposed in Section 6.2.4, PMMA/VGO simulations of plastic, naphtha, 
LPG and DG yields are displayed in Figure 6.13. 
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Figure 6.13. Kinetic model prediction of the effect of temperature and reaction 
time on the yields (wt%) of a) PMMA, b) naphtha, c) LPG and d) DG within 
PMMA/VGO hydrocracking. 

Apart from that, the main effect of temperature on the product distribution is 
revealed to be that of increasing in greater extents the obtaining of secondary 
cracking products (LPG and DG), as anticipated before, than that of providing 
a higher plastic conversion for naphtha production. That being considered, the 
recommendations for light plastics such as PMMA blended with VGO when being 
fed in a hydrocracking reactor are to maintain moderate temperatures (~ 400 °C) 
and short-medium reaction times (≤ 120 min) to avoid the overcracking of 
primary products, which indeed are of higher interest. 

As reflected in the experimental data, the fast conversion of the polymer and its 
light nature facilitate the formation of light species even at low temperatures and 
reaction times, achieving yields of the solid polymer below a 0.1 wt% (which 
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represents the 99 % conversion) at 400 °C and less than 120 min. Moreover, the 
advance of reactions at that temperature over time only produces an increase in 
naphtha of ca. 5 wt% at 240 min, while gas production is enlarged to more than 
double from 7.6 to 19.6 wt% in less than two hours.  

Correspondingly, the kinetic parameters obtained have been used for tracking the 
evolution over time and temperature of those lumps when feeding PET/VGO 
blends, as shown in Figure 6.14. 

 

Figure 6.14. Kinetic model prediction of the effect of temperature and reaction 
time on the yields (wt%) of a) PET, b) naphtha, c) LPG and d) DG within 
PET/VGO hydrocracking. 
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similar influence on the development of the simulations, as the vertical contour 
lines of Figure 6.14a and Figure 6.14b indicate that the increase in temperature 
does not improve for the same reaction time the conversion of the plastic or the 
production of naphtha, while the inclination of LPG and DG lines (Figure 6.14c 
and 6.15d, respectively) confirms the overcracking being favoured. For that 
reason, in this case, an increase in temperature is also discouraged above 400 °C 
because no improvement is achieved, while longer reaction times of up to 180 or 
even 240 min are advised due to the lesser formation of gas products and 
maximum plastic conversion and naphtha production are achieved, as the global 
reaction system is slower than that of PMMA/VGO blend.  
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Chapter 7 

 

7.  CONCLUSIONS 

 

On the upgrading of polystyrene blended with vacuum gasoil through 
hydrocracking under the activity of a PtPd/Y catalyst 

• The production of high-quality products from the PS/VGO hydrocracking 
has been proven by using an in-lab synthesized catalyst. Naphtha fraction 
shows high RON values, especially at 400 °C (> 92) due to its low content 
of monoaromatics (less than 25 wt% from 120 min onwards) and high content 
of isoparaffins (over 25 wt% after 120 min). The LCO fraction also is 
considered as suitable for its addition to the commercial diesel pool, 
exhibiting a clear isoparaffinic nature (almost a 60 wt% at 420 °C and 300 
min). 

• The effect of the main operating conditions within the hydrocracking scheme 
have been explored. The temperature can be appropriately established at  
400 °C in order to avoid operational issues derived from the introduction of 
PS, producing high yields of naphtha and LCO (> 40 wt% over 180 min) 
and maintaining a modest level of deactivation. Time has a remarkable effect 
on the yields and composition of the naphtha and LCO fractions, diminishing 
the RON but increasing the CI of the products. However, time reactions 
above 180 min promote the conversion of PS (Xplastic > 90 %). Pressure has 
a minor effect on the product yield distribution as it does not affect to the 
cracking reactions and hence its major effect is appreciated in the 
composition of the liquids, enhancing the hydrodearomatization mechanisms. 

• The catalyst deactivation is affected by the presence of a plastic since at  
380 °C the unconverted PS chains derive in the deposition of carbonaceous 
material on the surface of the catalyst. On the other side, internal coke is the 
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main type observed at 400 °C and almost unique at 420 °C and causes a 
constrained deactivation, allowing for long time reactions. This coke is mainly 
formed as a consequence of the condensation of polyaromatic structures, 
especially at 420 °C. 

• Catalyst regeneration has been found to be efficient when using an oxygen 
stream diluted in nitrogen at reaction temperature for the combustion of the 
deposited coke. The existence of other causes of deactivation with less impact 
(metal deposition, attrition) results in a lower magnitude of deactivation 
which can also be considered limited and thus the use of the catalyst in this 
process in continuous systems is encouraged. 

On the hydrocracking of oxygenated plastics blends. 

• The plastics and VGO blends hydrocracking feasibility is confirmed when 
aimed at the production of naphtha and LCO. The addition of plastics to 
the VGO results in a synergy that favours the conversion of both the polymer 
and the HCO fraction, this effect being more noticeable at a moderate 
temperature of 400 °C. Moreover, the nature of the polymer fed conditions 
the process in terms of higher yields of light fractions (> 35 % of gas 
selectivity in PMMA/VGO products). Even so, the catalyst maintains a 
selectivity of the fractions of interest above 50 % in all cases, confirming the 
feasibility of hydrocracking of any of the feeds tested. 

• The operating conditions (time, temperature and pressure) have been 
analysed when feeding neat VGO as well as when co-feeding PMMA and 
PET with VGO. Temperature has the effect of improving conversion most 
notably when feeding neat VGO, since it leads to overcracking of the 
PMMA/VGO and PET/VGO blends at 420 °C. With respect to time, longer 
reaction times favour the production of the fractions of interest at 400 °C for 
polymer blends and at 420 °C when VGO is fed. Regarding pressure, although 
its effect is to promote hydrogenation reactions, its action on the conversion 
of the heavier fraction is conditioned by the constraints of equilibrium and 
by the rapid hydrogenation of intermediate species. 



Conclusions 

225 

• The effect of PMMA and PET co-feeding on coke deposition is also directly 
related to the nature of the polymers. While the PMMA/VGO blend and 
neat VGO presumably develop similar structures (related to the 
polyaromatics found in the VGO), the addition of an aromatic structure such 
as that of PET leads to the competitive adsorption at the catalyst centres, 
explaining both the slightly lower activity and deactivation observed in 
PET/VGO hydrocracking. 

• Catalyst regeneration has also been proven to be efficient in systems with 
different co-fed plastics. The results indicate a decrease in the yields of the 
naphtha and LCO fractions as well as in the compositions of these fractions 
of less than 5 %. This verifies controlled combustion as a suitable method for 
catalyst regeneration irrespective of whether materials of polymeric nature 
are fed to common hydroprocessing units. 

On the deep analysis of the liquid products of VGO and plastics/VGO 
blends hydrocracking. 

• The application of advanced analytical techniques to the hydrocracking 
products of VGO and PMMA/VGO and PET/VGO blends allows an in-
depth study of the mechanisms involved. In the case of heteroatom-free 
hydrocarbons, the combination of NMR and FT-ICR allows to confirm the 
development of ring-opening reactions independently of the presence of 
polymers. Nonetheless, the formation of compounds exclusively derived from 
these materials that are associated with structures with a higher degree of 
unsaturation is confirmed. 

• The synergic effect of the polymers co-feeding promotes the conversion of the 
nitrogenated compounds, especially carbazole-type structures, which result 
to be more reactive. Moreover, the high refractory species are determined to 
be 4 rings aromatics that contain a nitrogen atom, as they are the most 
concentrated ones even using a highest temperature. 

• Naphtha and LCO fractions resulting from the hydrocracking of both VGO 
and PMMA/VGO and PET/VGO blends are sulphur-free, as confirmed 
through PFPD analyses. Besides, the HDS route is confirmed regardless the 
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feed to undergo the primary hydrogenation of aromatic sulphur-containing 
species and its posterior hydrogenolysis. 

• Concerning the oxygen, the observation of certain compounds strictly in the 
blends products and the assignation of their molecular formulas to 
compounds present in the decomposition of these plastics allow to establish 
their hydrocracking mechanisms. 

On the kinetic modelling of the hydrocracking of plastics and VGO 
blends. 

• A model discrimination has been performed within the PS/VGO 
hydrocracking, obtaining a 7-lumps model that provides an accurate 
prediction of the evolution of each lump usually considered in hydrocracking. 
For that purpose, different deactivation causes (plastic deposition, coke 
formation and metals poisoning) have been contemplated and 
mathematically represented. 

• Optimisation of the system using the developed model predicts maximum PS 
conversion and naphtha and middle distillate yields (ca. 50 wt%), which 
suffer from minimum overcracking, with operating conditions set at 120 min 
and 400 °C. Moreover, for this reaction time the activity function reaches a 
pseudo-stable value which represents the arrest of the activity drop. 

• This model has been extended to an 8-lump model in order to adapt the 
existence of oxygenated gases in the hydrocracking of PMMA/VGO and 
PET/VGO blends, obtaining accurate fittings that allow establishing the 
optimal operating conditions of these systems at 400 °C and times between 
120 (for PMMA/VGO blend) and up to 240 min (for PET/VGO blend). 

• The applicability of these models does not only focus on naphtha production 
but also on targeting different products to be maximized (such as LCO) or 
minimized (such as gases or coke) while considering the individual 
deactivation functions of each phenomenon considered as well as the global 
activity of the catalyst. 
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Chapter 8 

 

8.  NOMENCLATURE 

 

Capital and lowercase letters 

A  area of spectrum peaks  

C  carbon content in elemental composition, wt% 

Cc  carbon content deposited on the catalyst, gcoke gcatalyst-1 

Cpyridine  pyiridine concentration, μmol g-1 

D  metal dispersion, % 

dp  particle diameter, mm 

Dpore  pore diameter, nm 

Ej  activation energy of the reaction j, kJ mol-1 

F  loading mass, g 

F1-α  Fisher’s distribution critical value 

FA-B  Fisher’s test value 

H  hydrogen content in elemental composition, wt% 

HV  heating value, kJ kg-1 

K  capillarity constant 

kd,c  catalyst deactivation rate constant related to coke deposition 

kd,m  catalyst deactivation rate constant related to metals poisoning 
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kj  reaction rate constant of reaction j  

kj,Tref  reaction rate constant of reaction j at temperature of reference 

M  metal loading of the catalyst, kg of metal (kg of catalyst)-1 

M0  maximum metal loading of the catalyst, kg of metal (kg of 
catalyst)-1 

mc  coke deactivation rate order 

mi  mass of a certain i lump   

mm  metals poisoning rate order 

N  nitrogen content in elemental composition, wt% 

nd  number of experimental data 

ne  number of experiments 

nl  number of lumps 

np  number of experimental data 

Ns  number of metal atoms over the catalyst surface 

Nt  number of total metal atoms in the catalyst 

O  oxygen content in elemental composition, wt%   

R  universal gas constant, kJ mol-1 

S  sulphur content in elemental composition, wt% 

SBET  specific surface area, m2 g-1 

Sd  surface of sample disk, cm2 

Si  selectivity towards certain i lump  

Smicropores micropores surface, m2 g-1 
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SSE  sum of square errors 

T  temperature, °C 

t  time, min 

tb  catalyst pores blockage time, min 

Tref  reference temperature, K 

Vmicropores micropores volume, cm3 g-1  

W  catalyst-to-feed mass, gcat gfeed-1 

Ws  weight of a sample, g 

XHC  hydrocracking conversion, % 

Xplastic  plastic conversion, % 

Yi  yield of i lump, wt% 

 

Greek letters 

α  deactivation constant of coke deposition 

ε  molar extinction coefficients, cm μmol-1 

ψ  global activity 

φ  activity function  

λ  viscosity factor 

ν  viscosity, cSt 

ρ  density, kg m-3 

υ  degrees of freedom 

ω  weight factor 
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Superscripts 

n  number of deactivation types 

αj  order of reaction j 

 

Subscripts 

0  at time = 0 

A, B  compared models 

c  coke deactivation 

i  certain lump 

i  certain lump 

j  certain reaction 

k  certain type of deactivation 

m  deactivation by metals poisoning 

p  deactivation by plastic deposition 

s  steady state 

t  at certain t time 

 

Abbreviations and acronyms 

A1  1-ring aromatics 

A2  2-ring aromatics 

A3+  3+-ring aromatics 

ABC  Asphaltenic Bottom Cracking 
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API  American Petroleum Institute 

APPI  Atmospheric Pressure Photoionization 

ASTM  American Society for Testing and Materials 

BCz  Benzocarbazole 

BET  Brunauer-Emmett-Teller 

BJH  Barret-Joyner-Halenda 

BNF  Benzonaphtofuran 

BT  Benzothiophene 

BTX  Benzene, toluene and xylenes 

CDCl3  Deuterated chloroform 

CI  Cetane index  

CSi  Silicon carbide 

Cz  Carbazole 

DBCz  Dibenzocarbazole 

DBE  Double bound equivalent 

DBF  Dibenzofuran 

DBT  Dibenzothiophene 

DDS  Direct desulphurization 

DG  Dry gas 

DMBP  Dimethylbiphenyl 

DMDBT Dimethyldibenzothiophene 

DNF  Dinaphtofuran 

EDX  Energy Dispersive X-Ray Analysis 

EOL  End of life 
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FAME  Fatty acid methyl ester 

FBP  Final boiling point 

FCC  Fluid catalytic cracking 

FID  Flame ionization detector 

FT-ICR Fourier-transform ion cyclotron resonance 

FTIR  Fourier-transform infrared spectroscopy 

GC  Gas chromatography 

GHV  Gross Heating Value 

GWP  Global Warming Potential 

HCO  Heavy cycle oil 

HDA  Hydeodearomatization 

HDM  Hydeodesmetallisation 

HDN  Hydrodenitrogenation 

HDO  Hydrodeoxygenation 

HDPE  High-density polyethylene 

HDS  Hydrodesulphurization  

HMBC  Heteronuclear Multiple Bond Correlation 

HPLC  High performance liquid chromatography 

HSQC  Heteronuclear Single Quantum Coherence 

HYD  Hydrogenation 

IBP  Initial boiling point 

ICP-AES Inductively coupled plasma with atomic emission spectroscopy 

In  Indole 

iP  Isoparaffins 
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LCO  Light cycle oil 

LDPE  Low-density polyethylene 

LLDPE Linear low-density polyethylene 

LPG  Liquefied petroleum gases 

Max.  Maximum 

MCHT  Methyl cyclohexyltoluene 

Min.  Minimum 

MS  Mass spectrometry 

MSW  Municipal solid waste 

MW  Molecular weight 

NBT  Naphtobenzothiophene 

NMR  Nuclear magnetic resonance 

nP  Normal paraffins 

OECD  Organization for Economic Cooperation and Development 

PA  Polyamide 

PAHs  Polycyclic aromatic hydrocarbons 

PET  Polyethylene terephthalate 

PFA  Polytetrafluoroethylene 

PFPD  Pulsed flame photometric detector 

PP  Polypropylene 

PS  Polystyrene 

PVC  Polyvinyl chloride 

RHC  Residue hydrocracking 

RON  Research octane number 
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SAR  Saturate, aromatic and resin content analysis 

SEM  Scanning electron microscopy 

TCD  Thermal conductivity detector 

TEU  Total Energy Use 

THF  Tetrahydrofuran 

TPD  Temperature programmed desorption 

TPO  Temperature programmed oxidation 

VGO  Vacuum gasoil 

XRD  X-Ray diffraction  
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