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A B S T R A C T   

Pursuing the aim of improving the current waste plastics management strategy, we have investigated the co- 
hydrocracking of high-density polyethylene (HDPE) with vacuum gasoil (VGO) over a PtPd/HY catalyst for 
converting this blend into high-quality fuels. In particular, the work was focused on assessing the effects of the 
reaction time on the product yields and on the composition of the gas, naphtha and light cycle oil (LCO) frac
tions, which was determined by chromatographic means. The experimental runs were carried out in a 100 mL 
semi continuous stirred tank reactor varying the reaction time between 15 and 120 min and maintaining constant 
the rest of the variables at 420 ◦C (temperature reached using an electrical heating jacket and following a 5 ◦C 
min− 1 heating ramp), 80 bar and a catalyst to oil mass ratio of 0.075 gcat goil

− 1. The results shown that at 120 min a 
naphtha fraction rich in 1-ring aromatics and with a RON value of 92.5 was obtained, while the LCO fraction was 
mainly iso-paraffinic with a cetane index of 43.8. Hence, these fractions could be used in the corresponding 
blending stages of commercial gasoline and diesel. Furthermore, the coke deposited on the catalyst was analyzed 
by means of TPO, obtaining that it was mainly formed at short contact times (< 15 min) and that its nature 
evolved with contact time being less condensed at long contact times.   

1. Introduction 

Global plastic generation has increased restlessly in the last decades, 
reaching a value of 353 Mtons in 2020 [1]. However, the waste man
agement and recycling strategies continue to fall short. Indeed, the poor 
development of the recycling industries has caused that more than 90% 
of the waste plastics ever generated have ended landfilled, incinerated 
or dispersed in a natural environment once their life cycle has reached 
its end [2]. As a consequence of this mismanagement, the massive 
accumulation of plastic debris in terrestrial and aquatic environments 
has occurred, leading to its degradation and fragmentation into micro
plastics. In this way, the pollution caused by microplastics is of partic
ular concern given the long-lasting nature and the widespread presence 
of these particles [3]. Furthermore, the emergence of COVID-19 disease 
has brought a huge consumption of single-use plastic-made healthcare 
and personal protection equipment, the valorization of which requires 
the establishment of appropriate strategies [4]. The pandemic has also 
delayed the politics of the developed countries directed to cap global 

plastic production [5] and to replace the conventional plastic made from 
fossil fuels (99% of the current production) with other biodegradable 
materials [6]. Hence, the recycling of waste plastics is a huge challenge 
for modern humankind considering the severe environmental and health 
issues derived from their mismanagement. 

It should be highlighted that the plastic recycling technologies, in 
particular thermochemical processes (pyrolysis, gasification, catalytic 
cracking and hydrocracking), have acquired an important maturity level 
given their versatility and scaling-up capacity [7–9]. The aim has been 
mainly focused on the production of fuels or raw chemicals by means of 
selective processes that require the use of catalysts [10]. Palos et al. [11] 
analyzed the difficulties for the installation of new industries for the 
production of high-quality fuels (gasoline and diesel) and their subse
quent commercialization. Consequently, they proposed that the best 
strategy for solving in the short-term the severe problem of waste plastic 
stock is involving oil-refineries in the plastics recycling chain (Waste 
Refinery) within the Circular Economy framework. The alternative 
strategies that a Waste Refinery can offer are: (i) the direct co-feeding of 
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the waste plastics to already existing units; (ii) the co-feeding of plastic 
pyrolysis oil (PPO) with benchmark feedstock; and (iii) the installation 
of new ad hoc designed valorization units. Moreover, the fuels and 
secondary products obtained in a Waste Refinery could be entirely 
valorized and their composition would be adapted using the separation 
and reforming units available in refineries (usually already depreciated 
units), easing their subsequent commercialization. Among the units 
available in refineries for valorizing waste plastics, the most attractive 
ones for the co-feeding are the fluid catalytic cracking (FCC) [12,13] and 
the hydrocracking units [14]. 

Hydrocracking is a key process so that oil refineries can cover the 
increasing demand for fuels and petrochemicals from ever more heavy 
crude, with a large number of contaminants (S, N, metals, asphaltenes) 
and producing a higher yield of distillation residue [15]. Based on their 
high versatility, hydrocracking units are considered appropriate for the 
production of fuels from alternative feeds, such as bio-oil (liquid product 
obtained in the fast pyrolysis of biomass) and residua from the con
sumers society [16]. The valorization of waste plastics would allow to 
intensify the valorization of oil, taking into account that currently more 
than 9 wt% of oil is used in the production of plastics [17]. In addition to 
the environmental advantages of recycling waste plastics, with the use of 
hydrocracking units, the fuels produced would comply with the legal 
requirements for a limited environmental impact in their combustion. In 
this sense, the recovery in a refinery, which already has the appropriate 
and depreciated equipment, also facilitates the minimization of green
house gas emissions generated in the production of fuels. 

Munir et al. [18] reviewed the recent advances in the study of hy
drocracking catalysts, focusing on the effects of the operating conditions 
(temperature, hydrogen pressure, reaction time) on the conversion, 
yield and composition of the fuels obtained in the hydrocracking of 
different plastics. The experimentation has been commonly performed 
in stirred batch reactors, with values of temperature and hydrogen 
pressure within the ranges of 300–450 ◦C and 2–15 MPa, respectively. 
Furthermore, hydrocracking shows important advantages for the pro
duction of fuels with respect to other polyolefins valorization alterna
tives. Among them, it should be highlighted that: (i) the overcracking, 
which is a usual phenomenon in riser FCC units, is inhibited. In this way, 
an excessive production of C1-C4 gaseous products is restricted [19]; and 
(ii) the bifunctional catalysts used in hydrocracking boost both the 
cracking and the isomerization reactions, producing high yields of 
iso-paraffinic gasoline [20,21]. The mechanism occurs through carbe
nium ions for highly acidic catalysts, but for weak acid sites, the free 
radical mechanism is the most predominant one. Vance et al. [22] 
explained the formation of iso-paraffins in the hydrocracking of LDPE 
over a Pt-WZr catalyst by the preferential adsorption of polymer chains 
and their partial isomerization prior to cracking. In this mechanism, the 
metal-to-acid site molar ratio of the catalyst has a relevant role in the 
distribution and isomerization degree of the products. Kots et al. [23] 
compared the conditions and selectivity of the products obtained in the 
hydrocracking and in the hydrolysis of polyolefins, highlighting the 
lower energy demand of the hydrocracking process. 

In this work, the hydrocracking of a blend of high density poly
ethylene (HDPE) and vacuum gas oil (VGO) over a PtPd/HY catalyst has 
been investigated. Paying special attention to the effects of the reaction 
time on the conversion of both feeds and on the distribution and 
composition of the products. The aim of the work is to progress towards 
the knowledge of the ideal operating conditions for the co-feeding of 
waste plastics with a refinery stream, which is a reference feedstock for 
hydrocracking units due to its high aromaticity. The hydrocracking of 
VGO has been extensively studied in the literature, using different 
bifunctional catalysts [24], but not the joint hydrocracking of poly
olefins and VGO. In a previous work [25] we assessed the effects of 
co-feeding HDPE (20 wt%) with VGO obtaining that the co-feeding 
increased the conversion of VGO and boosted the formation of 
naphtha. Furthermore, it was established that 420 ◦C was the appro
priate temperature for maximizing the HDPE conversion without 

obtaining an excessive overcracking of the naphtha fraction. In a sub
sequent work [26], we determined the importance of H2 pressure on the 
distribution and composition of the products. It was obtained that 
operating at 80 bar the composition of the fractions obtained was similar 
to that of refinery gasoline and diesel. This work is a continuation of the 
previous ones. This time, the evolution of the distribution and compo
sition of the products with the contact time of the catalyst has been 
established. In addition, the coke deposited on the catalyst has been 
studied, complementing the knowledge of this process and offering in
formation of interest to develop a strategy for co-feeding waste plastics 
into refinery hydrocracking units. 

2. Experimental 

2.1. Materials 

The vacuum gasoil (VGO) was provided by Petronor S.A. refinery 
(Muskiz, Spain). It consisted of a mixture of the heavy gasoils produced 
in the vacuum distillation, visbreaker and coker units available in the 
refinery. Besides, as the VGO is commonly used in the refinery as the 
benchmark feedstock of the fluid catalytic cracking (FCC) unit, it was 
hydrotreated within the refinery facilities to reduce its contents of sulfur 
and nitrogen. The main physicochemical properties of the VGO have 
been displayed in Table 1. An in-detail explanation of the techniques and 
procedures followed for its characterization can be found elsewhere 
[26]. In short, it was a heavy stream (boiling range of 314–519 ◦C) with 
low contents of heteroatoms (510 and 305 ppm of sulfur and nitrogen, 
respectively), which minimized the poisoning of the supported noble 
metals of the catalyst. Furthermore, it should be highlighted its high 
content of aromatic compounds (48.4 wt%), in which the contribution of 
poly-aromatics was quite remarkable (15.8 wt%). 

The high-density polyethylene (HDPE) was purchased from Dow 
Chemical (Tarragona, Spain). Its main properties, which have been 
provided by the supplier, have been also related in Table 1. Before being 
used, the pellets of HDPE were grinded at cryogenic conditions to reduce 
their size (< 100 µm). 

A PtPd/HY catalyst (particle size 125–350 µm) was used for the 
HDPE/VGO blend hydrocracking. The catalyst was synthesized in our 
facilities following the procedure shown in Fig. S1. In essence, the HY 
zeolite (CBV712, supplied by Zeolyst International) was calcined at 

Table 1 
Physical and chemical properties of the feeds.   

VGO HDPE 

Physical properties    
density at 25 ◦C (g mL− 1) 0.8912 0.9403  
viscosity at 37.8 ◦C (cSt) 34.2 –  
average molecular weight (g mol− 1) 377 46,200  
higher heating value (MJ kg− 1) 45 43 

Simulated distillation (◦C)    
IBP− FBP 314–519 –  
T50 − T95 415–491 – 

Distillation fractions (wt%)    
naphtha (< 216 ◦C) 0.17 –  
LCO (216–350 ◦C) 4.48 –  
HCO (> 350 ◦C) 95.4 – 

Elemental analysis (wt%)    
C 87.3 85.7  
H 12.5 14.3  
N 305a –  
O − –  
S (ppm) 510b – 

Composition (wt%)    
paraffins 14.0 –  
naphthenes 35.3 –  
olefins − –  
1− ring aromatics 20.3 –  
2− ring aromatics 12.4 –  
3+− ring aromatics 15.8 –  
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550 ◦C (heating rate of 5 ◦C min− 1) to obtain its acidic form. Next, the 
HY zeolite was suspended in distilled water at 80 ◦C and pH = 7 to 
enhance the electrostatic attraction. Then, noble metals were incorpo
rated from aqueous solutions of Pt(NH3)4(NO3)2 and Pd(NH3)4(NO3)2, 
both purchased from Sigma-Aldrich. Once adsorption equilibrium was 
reached (~24 h), the excess of water was removed in a rotary vacuum 
evaporator at 80 ◦C. After that, the catalyst was dried overnight at 
110 ◦C and, finally, it was calcined at 450 ◦C for 2 h (heating rate of 5 ◦C 
min− 1). Subsequently, the catalyst was characterized through several 
techniques and obtained results were related in Table S1 in Supple
mentary Material. A description of the procedures was already provided 
[25]. Briefly, it has a metal content of 1.19 wt% of Pt and 0.53 wt% of Pd 
measured by ICP-AES. The TEM image (Fig. S2) shows that PtPd metallic 
sites are well dispersed on the surface of the HY zeolite. From the N2 
adsorption-desorption isotherms it was obtained that the specific surface 
of the catalyst is of 620 m2 g− 1, with a remarkable contribution of the 
micropores (543 m2 g− 1). Regarding its acidic properties, the total 
acidity and average strength of the catalyst (1.69 mmol g− 1 and 135 kJ 
mol− 1, respectively) were obtained by means of a tert-butyl amine 
temperature programmed desorption, whereas the Brønsted to Lewis 
acidic sites ratio (1.53) was determined by pyridine FTIR analysis. The 
HY zeolite was chosen as the support because its good properties in 
terms of acidity and specific surface area ensure a good performance in 
the hydrocracking of the stream used in this work. 

2.2. Experimental unit and product analysis 

The blend used for the hydrocracking tests was composed of 20 wt% 
of HDPE and 80 wt% of VGO. The operation took place in a 100 mL 
stainless steel stirred tank semi-batch reactor system from PID Engi
neering & Tech. (schematic diagram available in Fig. S3). The reactor 
system was also equipped with other auxiliary items, such as two gas 
cylinders (N2 and H2) connected to a gas mass flow control system, a 
temperature controller that acted over an electrical heating jacket and a 
control pressure valve, among others [25]. The reactor vessel was 
loaded with both fresh catalyst (3 g) and feed (40 g of the HDPE/VGO 
blend) and, after performing a leak test to ensure that the reactor was 
airtight closed, it was heated up to 420 ◦C following a heating ramp of 
5 ◦C min− 1 and pressurized at 80 bar with pure H2. The pressure was 
kept constant at 80 bar by establishing a continuous hydrogen flow (200 
mL min− 1). The stirring was activated once the desired operating con
ditions were reached, establishing that very moment as zero time. 

Since the aim of the work was to assess the effects of the reaction 
time, this parameter was varied within the range of 15–120 min, 
whereas the rest of the parameters were maintained constant at the 
following values: 420 ◦C (measured with a K type thermocouple), 80 bar 
(regulated with a PID controller), catalyst to oil mass ratio of 0.075 gcat 
goil
− 1 and stirring rate of 1300 rpm. These values were established based 

on the results obtained in our previous works, since they ensured good 
yields of naphtha and LCO fractions with compositions similar to those 
of the industrial fractions [25–27]. 

Prior to the hydrocracking reactions, the PtPd/HY catalyst was 
reduced ex-situ in a fixed bed reactor at 400 ◦C for 4 h using a 80 mL 
min− 1 stream of H2 diluted in N2 (0.375 vol ratio) to ensure the total 
activation of the metallic sites. 

The gases leaving the reactor were cooled in a double pipe condenser 
and the lightest fraction (C1-C4) was collected in a gas sampling bag to 
be analyzed. The gas fraction was analyzed by chromatographic means 
in an Agilent 6890 GC equipped with an FID detector and a HP-PONA 
column (50 m × 0.2 mm × 0.5 µm). 

The liquid products were separated from the unconverted HDPE 
(which has been denoted as wax from this point on) and the spent 
catalyst by following a two-stage solvent fractionation method [25]. The 
methodology has been summarized in Fig. S4. In short, the first stage 
was performed at room temperature and using tetrahydrofuran as 
extracting agent to remove the hydrocarbons from the products. While 

in the second step, the wax was separated from the spent catalyst 
operating at 130 ◦C and using xylene as solvent. Finally, spent catalyst 
was dried in an oven at 150 ◦C for 24 h to ensure that xylene was totally 
removed. Afterwards, to fully characterize the composition of the liquid 
products, they were submitted to various analyses. Firstly, the boiling 
range distribution of the liquid products was analyzed following the 
procedure described in the ASTM D2887 Standard. It was used an Agi
lent 6890 GC chromatograph provided with an FID detector and a 
DB-2887 semi-capillary column (10 m × 0.53 mm × 3.00 µm). This 
analysis allowed to lump the liquid products in the following fractions: 
naphtha (C5-C12), light cycle oil (LCO, C13-C20) and heavy cycle oil 
(HCO, C21+). Secondly, the PIONA composition of the naphtha and LCO 
fractions was obtained by comprehensive chromatography in combi
nation with mass spectrometry (GC×GC/MS). The equipment and its 
configuration have been explained in previous works [14,25]. Thirdly, 
the research octane number (RON) of the naphtha fraction was calcu
lated from gas chromatographic data as described by Anderson et al. 
[28]. Fourthly, the cetane index of the LCO fraction was computed ac
cording to the ASTM D4737 Standard. 

The coke deposited on the catalyst was analyzed by means of tem
perature programmed oxidation (TPO) analysis in a TA Instruments 
TGA-Q 5000 thermobalance. The procedure followed for the analysis 
corresponds has been widely reported in the literature for characterizing 
the coke produced in the upgrading of hydrocarbon streams [29]. 

2.3. Reaction indices 

For evaluating the extent of the hydrocracking reactions, different 
reaction indices were defined. Since the feed used was a blend of HDPE 
and VGO, a conversion index was defined for describing the conversion 
of each one. The conversion of VGO, was evaluated in terms of the 
disappearance of its heaviest fraction, the HCO fraction, which repre
sents 95.4 wt% of its composition (Table 1): 

VGO conversion : XHCO =
(mHCO)initial − (mHCO)final

(mHCO)initial
⋅100 (1)  

where (mHCO)initial is the mass of HCO fed into the system and (mHCO)final 
is the mass of HCO obtained after the reaction time. 

The plastic conversion was defined as follows: 

HDPE conversion : XHDPE =
(mHDPE)initial − (mHDPE)final

(mHDPE)initial
⋅100 (2)  

where (mHDPE)initial is the mass of HDPE fed into the system and 
(mHDPE)final is the mass of HDPE (wax) obtained after the reaction time. 

In addition, the yield of each product fraction was defined as the 
mass of fraction i formed to the total amount of feed: 

Yi =
mi

(mVGO + mHDPE)initial
⋅100 (3)  

3. Results and discussion 

3.1. Hydrocracking yield and conversion 

Fig. 1 depicts the evolution with the reaction time of the distribution 
of product yields, together with the HCO and HDPE conversions (XHCO 
and XHDPE, respectively). Attending to the evolution of both types of 
conversion, it can be seen how different the reaction rates of the HCO 
and the HDPE were. In this way, the HDPE reacted very slowly, while the 
hydrocracking rate of the VGO was very fast. Focusing on the latter, 
within 15 min of reaction the yield of the HCO fraction decreased from 
76.2 to 33.6 wt% (XHCO = 55.9%) and continued decreasing gradually 
for 90 min (20.4 wt%). From this point on, a pseudo-stable state was 
reached and the same HCO conversion value was obtained at 90 and 
120 min (73.2%) value. It has to be mentioned that the cracking of the 
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HDPE chains produced C13+ molecules that were quantified within the 
LCO and HCO fractions, contributing to the global result of an almost 
constant HCO conversion above 90 min [30]. In contrast, the yield of 
naphtha increased continuously, going from 20.9 wt% at 15 min to 
36.9 wt% at 120 min. Similarly, the production of gases increased with 
the reaction time, reaching a final yield of 25 wt% at 120 min. The yield 
of coke also increased from 1.1 to 1.6 wt% at 15 and 120 min, respec
tively, which exposed that the deposition of coke was such a fast 
phenomenon. 

As aforementioned, the initial hydrocracking rate of the HDPE was 
negligible compared to that of the VGO. In this way, the HDPE con
version was almost null at 15 min and it remained in moderate values 
(9.2%) at 30 min. From this point on, XHDPE increased up to 28.2 % at 
60 min and reached a final value of 63.9% at 120 min. This evolution of 
the HDPE conversion with reaction time was in concordance with that 
previously obtained by Pan et al. [30] in the hydrocracking of HDPE at 
400 ◦C, 1 MPa of H2 and using a NiMo/Al2O3 catalyst. Equally, Ali et al. 
[31] reported an increase in the conversion from 30.6 % to 86.9% in the 
30–60 min range in the hydrocracking of a blend composed of LDPE and 
petroleum resid operating at 430 ◦C, 1220 psig of H2 and using a 
NiMo/γ-Al2O3 catalyst. Previously, Joo et al. [32] also obtained a 
qualitatively similar evolution for the plastic conversion in the hydro
cracking of a ternary blend composed of LDPE, coal and petroleum resid 
working at 430 ◦C, 8.3 MPa of H2 and using a NiMo/Al2O3 catalyst. 

The different hydrocracking rate of the HDPE and the VGO can be 
mainly attributed to the limitations that the HDPE molecules faced in the 
catalytic cracking, since they must undergo through thermal cracking to 
reduce the HDPE chains to smaller compounds capable of diffusing to 
the inner porous structure of the catalyst. To evaluate the role of the 
catalyst, Fig. S5 compares, under the same operating conditions, the 
results of hydrocracking VGO and HDPE/VGO blend without catalyst 
with those obtained in the hydrocracking of HDPE/VGO blend with 
catalyst. As it can be seen, the use of the catalyst is required to promote 
the conversion of HDPE and VGO into liquid fuels (naphtha and LCO) 
and gases. 

3.2. Gas products 

The evolution with the reaction time of the composition of the gas 
products obtained in the hydrocracking of the HDPE/VGO blend has 
been displayed in Fig. 2. A clear predominance of the C3 and the C4 
compounds was obtained for all the reaction times, which exposed that 
the predominant hydrocracking mechanism is that of carbenium ion 
reaction [33]. Note that light olefins were not detected at any reaction 
time given the high hydrogenation activity of the metals in the catalyst. 

Indeed, pressures above 20 bar are enough to completely hydrogenate 
the light olefins [26]. At 15 min, gases were mainly formed by propane 
(73.6 wt%), small amounts of C4 paraffins (13.7 wt%) and ethane (9 wt 
%) and methane in such a low concentration (3.7 wt%). Attending to the 
trend followed by the different compounds, it can be seen that methane, 
ethane and iso-butane followed remarkably increasing trends, while 
propane decreased with reaction time. Therefore, at 120 min the con
centration of methane and ethane in the gases increased up to 12.4 and 
16.5 wt%, respectively. Both the concentration of n- and iso-butane also 
increased (14.2 and 24.4 wt%, respectively), being the growth of the 
latter by far more remarkable. However, propane remained as the most 
abundant compound (32.6 wt%), in spite of the increasing trends of the 
rest of compounds. 

It should be remarked that for 60 min onwards the concentration of 
the iso-butane underwent a notably increase, which coincided with the 
boosting experienced by the HDPE conversion (Fig. 1). Thus, it can be 
concluded that the dissolved HDPE macromolecules have suffered not 
only β–scission reactions, but also isomerization reactions in the acidic 
sites of the catalyst. In addition, catalyst deactivation will have a marked 
impact on these results, since the loss of activity will promote the for
mation of gas products by means of thermal cracking. 

3.3. Naphtha fraction 

The naphtha fraction obtained at each reaction time was character
ized according to PIONA (paraffins, iso-paraffins, olefins, naphthenes 
and aromatics) analysis (Fig. 3). Note that olefinic compounds were 
detected in the naphtha fraction, since they were primary products ob
tained in the cracking of the HDPE chains, the hydrogenation of which is 
harder than that of C2-C4 olefins. Nonetheless, the concentration of 
olefins detected was below 1.5 wt% for all the reaction times, exposing 
once again the high hydrogenation activity of the catalyst. 

For a reaction time of 15 min, an aliphatic naphtha fraction was 
obtained, in which the concentration of n-paraffins, iso-paraffins and 
naphthenes accounted for 7.2, 33.9 and 20.9 wt%, respectively. Thus, 
the concentration of aromatics was of 36.7 wt%, being the mono- 
aromatics the predominant ones (33.6 wt%). At longer reaction times, 
it can be seen that the concentration of aliphatics was reduced, whereas 
that of total aromatics increased (note that the reduction of the con
centration of A2 aromatics has been absorbed by the increase in the A1 
aromatics). In this way, for a reaction time of 120 min the naphtha 
fraction was mainly aromatic (48.1 wt%), being clearly dominated by 
mono-aromatics (46.3 wt%) and with a small concentration of di- 

Fig. 1. Evolution with the reaction time of the product yields and conversions.  

Fig. 2. Evolution with the reaction time of the gas composition.  
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aromatics (1.8 wt%). Furthermore, the concentration of paraffins (n- 
and iso-paraffins), naphthenes and olefins at 120 min was of 37.3, 13.9 
and 0.6 wt%, respectively. Nonetheless, in spite of the decreasing trend 
followed by the concentration of total paraffins, the concentration of 
linear paraffins increased from 7.2 to 9.7 wt% when increasing the re
action time from 15–120 min. Consequently, the concentration of 
ramified paraffins was reduced from 33.7 to 27.6 wt%, respectively. 
Similar trends were previously observed by Pan et al. [30] in the 
composition of the liquid product obtained in the hydrocracking of neat 
HDPE at 400 ◦C, 1 MPa and using a Ni/Al2O3 catalyst. 

The aforementioned increase of the concentration of A1 aromatics 
can be attributed to the hydrodearomatization (HDA) activity of the 
catalyst. In this way, the 2-ring aromatics within the naphtha fraction 
were partially hydrogenated, leading to the formation of 1-ring aro
matics. Likewise, the polyaromatic compounds within the LCO fraction 
were also converted into A1 compounds through HDA reactions, since 
benzene, toluene and xylenes are the main products obtained in HDA 
reactions [34]. Furthermore, the Brønsted acid sites of the catalyst 
(Table S1) played a key role in the mechanism of the HDA reactions, 
since the polarity of these acid-type sites promoted the adsorption of 
highly polar A2 and A3+ compounds [35]. 

The evolution with the reaction time followed by the RON has been 
also displayed in Fig. 3. The results show that quite high RON values 
were obtained for the whole range of reaction time studied. In this way, 
at 15 min the RON was of 89.9 and it increased up to 92.5 after 120 min. 
The increasing trend followed by the RON layed on the increasing 
concentration of aromatics and of iso-paraffins, since these types of 
compounds have a positive impact over RON. Moreover, as reaction 
time went by, the length of the HDPE chains decreased at the same time 
that the branching number increased, boosting both high RON values 
[36]. Vasile et al. [37] investigated the hydrocracking of the oil obtained 
in the pyrolysis of electric appliances obtaining a RON of 90.9 operating 
at 350 ◦C, 6.5 MPa and using a DHC-8 commercial catalyst. The lower 
RON values obtained by them can be attributed to the low concentration 
of iso-paraffins they had in their naphtha fraction, which undoubtedly 
played to the detriment of the RON. 

To sum up, regarding the composition and the RON values of the 
naphtha fraction obtained, it can be concluded that this fraction is 
appropriate for being used in the blending of commercial gasoline in 
refineries. Thus, by properly blending this naphtha with other naphthas 
produced in conventional refinery units, a commercial gasoline that will 
comply with the European environmental policies can be produced. 

3.4. LCO composition and cetane index 

The evolution with reaction time of the PIONA composition of the 
LCO faction has been collected in Fig. 4. Note that: (i) the concentration 
of naphthenes was below 0.1 wt% in all the cases; and (ii) no olefins 
were detected, so these families of compounds were not included in this 
figure. It should be highlighted that the evolution with the reaction time 
followed by the concentration of the families of compounds within the 
LCO fraction followed opposite trends to those within the naphtha 
fraction (Fig. 3). At short reaction times (15 and 30 min) the composi
tion obtained was quite similar, being the aromatic compounds the 
predominant ones. The average concentration of 1-, 2- and 3+-ring ar
omatics was of 8.0, 43.2 and 7.1 wt%, respectively. Within the aliphatic 
compounds, iso-paraffins predominated over n-paraffins (33.8 vs. 7.9 wt 
%, respectively). 

According to the aforementioned effect of reaction time on product 
yields (Fig. 1), the HDPE conversion was significantly boosted at 60 min. 
Thus, this boost in the conversion of the HDPE chains was reflected in 
the composition of the LCO fraction (Fig. 4). In this way, at 60 min the 
LCO fraction became more paraffinic (46.7 wt%) and less aromatic 
(53.3 wt%) than before, even though its nature was still aromatic. This 
change in the composition was by far more evident at 120 min, where 
the paraffins accounted for 56.6 wt% and the aromatics for 43.4 wt%. 
Two main factors contributed to obtain these results. Firstly, the con
version of the HDPE chains to lighter compounds, which were mostly 
long linear paraffins within the boiling range of the LCO fraction [38]. 
Indeed, it occurs in two consecutive steps as described by Pan et al. [39]. 
Initially, the polyethylene chains are depolymerized by random scis
sions, producing long alkenes as products. These shorter chains can 
diffuse into the micropores of the zeolite and access the acid and metallic 
active sites available on its surface. Afterward, these alkenes are con
verted to paraffins through a carbocationic mechanism given the high 
H2 pressure available in the system [16]. In addition, the long and linear 
paraffinic chains produced in the hydrocracking of the HDPE were then 
isomerized through skeletal rearrangement and subsequently hydro
cracked in the Brønsted acid sites of the catalyst [33]. 

Secondly, the HDA activity of the catalyst saturated the aromatics 
within the LCO fraction and promoted their subsequent cracking and 
ring opening to lighter molecules within the naphtha fraction [40]. The 
HDA mechanism implied a complex reaction system that depends on the 
properties of the catalyst, composition of the reaction medium, and re
action conditions. Karakhanov et al. [34] simplified the mechanism into 
the following reactions: (i) hydrogenation reactions (reversible), also 

Fig. 3. Evolution with the reaction time of the naphtha composition and of the 
RON index. Key: n-P, n-paraffins; i-P, iso-paraffins; N, naphthenes; O, olefins; 
A1, 1-ring aromatics; A2, 2-ring aromatics. 

Fig. 4. Evolution with the reaction time of the LCO composition and of the 
cetane index. Key: n-P, n-paraffins; i-P, iso-paraffins; A1, 1-ring aromatics; A2, 2- 
ring aromatics; A3+, 3+-ring aromatics. 
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called saturation reactions; (ii) isomerization reactions (reversible), also 
called skeletal rearrangements; (iii) hydrocracking reactions, which are 
the C–C bond break reactions for the formation of new C–H bonds (ring 
opening reactions of the naphthenic rings are also considered); and (iv) 
dealkylation reactions, which are the C–C bond break reactions between 
benzene rings and substituent alkyl chains that result in the removal of 
the alkyl substituents. Thus, the aromatics within the LCO fraction, such 
as methylnaphthalene, acenaphthylene and pyrenes, were first con
verted into simpler aromatics by partially saturating them. It should be 
considered that some of the aromatics obtained as product in this first 
step of the HDA mechanism could be small enough to be part of the 
naphtha fraction. Then, these aromatics can undergo either isomeriza
tion, hydrocracking or dealkylation reactions, producing simple 
aliphatic compounds (especially paraffins and naphthenes) [41]. 
Furthermore, the monoaromatics and non-aromatic compounds can also 
interact with polyaromatics to produce well-structured coke [42]. 

Therefore, attending to the HDA mechanism of the VGO and 
considering that the HDPE chains went into depolymerization and hy
drogenation reactions, long reaction times will promote the production 
of paraffinic LCO fractions. In addition, when the extent of HDPE hy
drocracking in the HDPE/VGO blend progressed, the incidence in the 
product distribution was more important due to the competition of the 
alkenes coming from the HDPE against the VGO components to be 
adsorbed in the active sites of the catalyst. 

The evolution of the cetane index of the LCO fraction with the re
action time has been also collected in Fig. 4. The cetane index is related 
to the composition of the LCO fraction sot that it is favored by the 
content of paraffins and inversely proportional to aromatics concen
tration [43]. By increasing reaction time, two simultaneous effects that 
tend to produce paraffinic compounds were promoted. On one hand, the 
HDA of the VGO compounds and, on the other hand, the depolymer
ization and cracking of the HDPE molecules. Thus, the cetane index 
showed a clear increasing trend that goes from 33.3 to 43.8 when 
increasing the reaction time from 15 m to 120 min. Moreover, at 60 min 
the cetane index increased abruptly (38.0) as a consequence of the 
aforementioned remarkable increase of the HDPE conversion (Fig. 1). 
The cetane index obtained was notably higher than that reported by 
Dagonikou et al. [44] in the hydrocracking of LCO, since they achieved a 
value of 32.0 operating at 380 ◦C, 1200 psig of H2 and using a NiMo/
γ-Al2O3 catalyst. 

According to the current European legislation (EN 590 Standard), 
commercial diesel must have a minimum cetane index of 46.0, which is a 
value slightly higher than those obtained for reaction times of 90 and 
120 min (42.5 and 43.8, respectively). Therefore, the LCO fraction ob
tained in the hydrocracking of the HDPE/VGO blend cannot be directly 
used for feeding internal combustion engines, but it can be used in the 
blending stage of the commercial diesel pool in refineries. 

Apart from the yield and composition of the naphtha and LCO frac
tions, the amount of the gas fraction formed at each reaction time must 
be also considered. Indeed, it could be a critical parameter since the gas 
fraction is totally composed of paraffins that lack of commercial interest, 
as they cannot be used as raw materials in the manufacture of chemical 
and polymer products. Therefore, this fact must be taken into account 
when selecting the optimal weight hourly space velocity to operate in a 
continuous hydrocracking reactor, which will be set according to the 
commercial interest of every single oil refinery. 

3.5. Coke deposition 

Fig. 5 shows the TPO profiles of the catalysts used in the hydro
cracking of the HDPE/VGO blend for reaction times of 15, 60 and 
120 min. In view of their shape, the TPO profiles were deconvoluted into 
two Gaussian peaks, allowing us to distinguish two types of coke: coke 
type I and coke type II. The former burnt at low temperature 
(375–400 ◦C), whereas the latter required higher temperatures 
(440–475 ◦C). The relation of combustion temperature with coke 

location and nature was established according to previous works about 
the catalytic cracking of a blend of HDPE and VGO under FCC conditions 
[29], the hydrocracking of pyrenes on a NiW/Al catalyst [42] and the 
cracking of waste polyolefins [45]. 

The results obtained from the deconvolution of the TPO profiles have 
been summarized in Table 2, where the total content of coke, the 
maximum burning temperature (TMax) and the content of each type of 
coke have been displayed. The evolution with reaction time of the total 
content of coke exposed that almost all the coke was formed in the first 
30 min of reaction, since the growing rate of the coke for longer reaction 
times was by far smaller. 

Analyzing the results obtained at 15 min (Fig. 5), coke type I had its 
maximum of combustion at 415 ◦C while coke type II at 453 ◦C. In 
addition, the area under the curve of coke type I was lower than that of 
coke type II, meaning that the content of the latter was higher (Table 2). 
Coke type I was presumably composed of depolymerized chains of HDPE 
(degraded macromolecules obtained in the initial cracking of the HDPE) 
and heavy molecules within the VGO that were retained on the surface 
of the catalyst. Considering that the conversion of HDPE into product 
fractions was negligible at 15 min (Fig. 1), it can be assumed that the 
contribution of long HDPE chains that cannot access the porous struc
ture of the catalyst was quite relevant. However, it should be also taken 
into account that the metallic sites of the catalyst (PtPd) could catalyze 
the combustion of the coke and thus would contribute to lower the 

Fig. 5. TPO profiles of coke deposited in the catalyst for different reac
tion times. 

Table 2 
Deconvolution results of Gaussian peaks from the TPO profiles of the coke 
deposited in the used catalyst for different reaction times.  

Reaction time (min) 15 60 120 

Coke content (wt%) 14.9 18.8 21.2 
Coke I     

TMax (◦C) 415 435 423  
Content (wt%) 33.9 47.3 31.8 

Coke II     
TMax (◦C) 453 470 460  
Content (wt%) 66.1 52.7 68.2  
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combustion temperature [46]. The higher combustion temperature of 
coke type II was associated with the combustion of a coke with a lower 
H/C ratio and that was, presumably, placed inside of the porous struc
ture of the catalyst [47]. In spite of being its combustion temperature 
higher than that of coke type I, it was indeed quite moderate (TMax <

480 ◦C). This result exposed that, based on the classification established 
by Bauer and Karge [48], it was an amorphous and poorly structured 
coke. This fact can be attributed to the activity of the catalyst for the 
hydrocracking of the coke precursors that limited the condensation of 
these intermediate molecules and, especially, their development to
wards graphitic structures [49]. 

Comparing the results obtained at 60 min with those at 15 min, the 
TPO profiles were displaced towards higher temperatures (coke types I 
and II bunt at 435 and 470 ◦C, respectively). This result could be related 
to more condensed structures (lower H/C ratio) that were located more 
internally in the structure of the catalyst [50]. At this reaction time, coke 
type II continue to be the main one (52.7 wt% in Table 2). Furthermore, 
similarly to the coke formed at 15 min, the burning temperatures of the 
coke deposited at 60 min exposed that it was a low-developed coke [48]. 

At 120 min, the amount of coke deposited was bigger than that 
deposited in the previous reaction times. However, comparing the TPO 
profile with that obtained at 60 min, the maximum combustion tem
peratures were displaced to lower values for both types of coke (423 and 
460 ◦C for coke types I and II, respectively). Thus, from 60 min onward, 
the coke did not continued condensing, but it was partially hydroge
nated. This fact could be due to the hydrogen donor character of the 
HDPE molecules [51], which could contribute to reduce the aromaticity 
and to increase the H/C ratio of the coke. Furthermore, sharper profiles 
were obtained, which meant that the coke obtained at 120 min was less 
heterogeneous. Hence, it was a time long enough for the coke precursors 
and for the carbonaceous structures to evolve. In addition, the coke 
could be correlated with low-structured compounds based on the com
bustion temperatures of both types of coke [48]. 

To explain the commented effect of the reaction time on the content 
and characteristics of the coke, the change in the composition of the 
reaction medium must be also taken into account. According to the 
evolution with reaction time followed by the product yield and con
versions (Fig. 1), the coke formed during the first 15 min of reaction 
would come from the hydrocracking of the VGO, since the HDPE con
version was very low (XHDPE < 2 %). Besides, considering the aromatic 
nature of the VGO (Table 1) its hydrocracking would produce more 
developed structures [42], resulting in a displacement of its combustion 
temperature towards higher values at 60 min. For longer reaction times 
(120 min), the conversion of the HDPE was notably promoted and the 
composition of the coke will be modified and it will be burnt at lower 
temperatures (Table 2). This phenomenon lied in the modification of the 
composition of the reaction medium that would produce a coke fraction 
with a greater H/C ratio [49], also influenced by the hydrogen donor 
character of the degraded HDPE molecules [51]. Furthermore, for low 
values of HDPE conversion (reaction times below 60 min), the fraction 
of coke type I increased with reaction time, whereas that of coke type II 
decreased. Indeed, the amount of both types of coke were almost equal 
at 60 min (47.3 and 52.7 wt% for coke type I and type II, respectively). 
Nonetheless, extending the reaction time up to 120 min entailed an in
crease of the coke type II (up to 68.2 wt%), presumably because the 
alkenes formed in the decomposition of the HDPE were submitted to 
oligomerization and condensation reactions leading to the formation of 
polyaromatic structures. Those reactions were surely catalyzed by the 
acid sites of the zeolite and took place in parallel with the production of 
fuel-like molecules. 

Furthermore, the stability of the catalyst was studied, using it in 
three successive reaction-regeneration cycles. The regeneration protocol 
consisted on two successive stages: i) sweeping with N2 for 2 h at 400 ◦C; 
and, ii) coke combustion with air diluted in nitrogen for 19 h at 400 ◦C. 
The catalyst fully recovered its properties after regeneration and the 
results were reproduced in the successive reactions. 

4. Conclusions 

In the hydrocracking of the HDPE/VGO blend under the studied 
conditions (420 ◦C, 80 bar and using a PtPd/HY catalyst), the reactivity 
of the VGO and the HDPE is very different. Indeed, the reactivity of the 
HCO is quite fast since the very beginning, whereas that of the HDPE is 
not relevant until 60 min. Furthermore, the kinetics of both feeds is also 
different since the conversion of the VGO tends to a constant value 
(73.2 wt%) for times over 90 min, while that of HDPE increases expo
nentially with reaction time (65 wt% at 120 min). It should be high
lighted the increase of the yield of naphtha with the reaction time 
(36.9 wt% at 120 min) but also an undesired increase of gas (25 wt%). 

The effect of the reaction time over the composition of the gas, 
naphtha and LCO fractions is overall relevant. In the gas fraction, the 
concentration of propane decreases with reaction time and that of 
methane, ethane, n- and iso-butane increases. Furthermore, an increase 
in the reaction time promotes the formation of 1-ring aromatics in the 
naphtha fraction (46.3 wt% at 120 min), at the same time that the 
concentration of iso-paraffins and naphthenes decreases (13.9 and 
27.6 wt%, respectively). Consequently, the RON value increases until 
reaching its maximum value of 92.5. 

The LCO fraction is mainly composed of 2-ring aromatics and iso- 
paraffins, the concentration of which follows opposite trends. Thus, 
the concentration of the di-aromatics decreases with reaction time, but 
that of ramified paraffins increases, reaching final values of 43.4 and 
33.8 wt%, respectively. As a consequence of the changes in composition, 
the cetane index increases, reaching its maximum value (43.7) at 
120 min 

The catalyst used shows an important content of coke (about 20 wt 
%), which is mainly deposited in the first 15 min of reaction. The TPO 
analysis exposes the existence of two fractions of coke (coke types I and 
II), which are deposited respectively on the external surface of the 
catalyst particles and inside of the micropores of the zeolite used as the 
support. Coke type I, which burns at a lower temperature, has been 
related to heavy components within the VGO and HDPE macromolecules 
retained in the catalyst. Coke type II is the main one and its content 
increases in parallel with the conversion of HDPE. This fact exposes the 
role of the hydrocarbons derived from the hydrocracking of HDPE in the 
formation of catalytic coke, which is catalyzed by the acid sites of the 
zeolite. 

The results will serve to establish a solid basis to continue pro
gressing to the co-feeding of waste plastics together with the benchmark 
feeds of the hydrocracking units. It will contribute to reach the goals of 
valorizing secondary refinery streams at the same time that the chal
lenge of managing waste plastics rationally and at a large scale is solved. 
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