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ARTICLE INFO ABSTRACT

Keywords: A six lump-based kinetic model has been developed for the hydrocracking of high-density polyethylene (HDPE)
Kinetic moq"ﬁ"g blended with vacuum gas oil (VGO) over a PtPd/HY zeolite catalyst. The blend (20 wt% HDPE and 80 wt% VGO)
Hlydr_ocraCkmg has been hydrocracked in a semi-continuous stirred tank reactor under the following conditions: 400-440 °C; 80
Plastics Hj bar; catalyst to feed (G/F) weight ratio, 0.05-0.1 gear gfesd; reaction time, 15-120 min; and stirring rate, 1300
Heavy oil . P . . .

Fuel rpm. The kinetic model, which is an approach to tackle the complex reaction mechanism behind the hydro-

cracking of a HDPE/VGO blend, predicts the evolution over time of product distribution (gas, naphtha, light
cycle oil (LCO), heavy cycle oil (HCO), HDPE and coke). The kinetic model and its computed parameters have
been used for the simulation of the HDPE/VGO hydrocracking establishing that a C/F ratio of 0.075 gcat gf’eld and
temperature-time combinations of 430 °C-10 min and 440 °C-70 min are the optimal operating conditions.
Under these conditions, a proper balance between the HCO conversion (>80 %), HDPE conversion (>60 %) and
liquid fuel production index (>1.0) would be obtained. This kinetic model could serve as a basis for scaling-up in
the valorization of waste plastics by co-feeding them to industrial hydrocracking units, within a Waste-Refinery
strategy.

Catalyst deactivation

and Waste-Refineries, respectively. This strategy would use the reaction,
separation and reforming units already available in oil refineries, which
have a high technological development and are usually already depre-
ciated units. In this way, the integration of the waste valorization in oil
refineries would avoid the capital costs that the ad hoc units entail,
easing at the same time the commercialization of fuels with the
composition defined by legal regulations by using the common distri-
bution channels. Moreover, notable savings will be achieved in terms of
crude oil consumption, mainly in the recovery of waste plastic and end-
of-life tires.

Based on the high capacity of commercial refinery units [9], the co-
feeding of a moderate amount of waste plastics together with the
benchmark feeds would be enough for avoiding the current severe
environmental issues derived from their mismanagement [10].
Furthermore, waste plastics do not commonly content the impurities (S,
N and metals) that contribute to deactivate the hydrocracking catalysts
[11]. Palos et al. [8] discussed the difficulties to implement these ini-
tiatives of plastics valorization in a refinery and the integration of pe-
troleum industry into the circular economy.

Between the different alternative routes [12-14], the hydrocracking

1. Introduction

Hydrocracking is a well-established technology in the oil refining
industry for the valorization of heavy and refractory refinery streams, e.
g. vacuum resid (VR) and vacuum gas oil (VGO) [1]. The aim of this
technology is to convert these unwieldy streams into finished petroleum
products, especially motor fuels (gasoline and diesel) that meet estab-
lished regulations and the specifications for acceptable engine perfor-
mance [2]. Furthermore, the necessity for drastically reducing COy
emissions and the incentives for recycling policies (Circular Economy)
trigger an increasing interest for hydrocracking alternative streams to
petroleum-derived ones. Among them, do stand out vegetable oils [3],
biomass pyrolysis oils [4] and wastes from the consumers society, such
as waste plastics [5] and end-of-life tires [6].

Valle et al. [7] for the valorization of biomass and its pyrolysis liquid
product (bio-oil) and Palos et al. [8] for the valorization of waste plas-
tics, end-of-life tires and their pyrolysis oils, have stressed out the ad-
vantages of integrating the initiatives for upgrading these waste within
the structure of conventional oil refineries, converting them into Bio-
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Nomenclature kq catalyst deactivation kinetic parameter ™
m deactivation order
Abbreviations n number of lumps in the kinetic scheme
C/F catalyst to feed weight ratio ng number of experiments
CSTR continuous stirred tank reactor OF objective function
HCO heavy cycle oil R universal gas constant (8.314 J mol ! K1)
HDPE  high-density polyethylene t reaction time (h)
LCO light cycle oil T reaction temperature (°C) (K in the model)
LDPE light-density polyethylene T reference temperature (420 °C) (693.15 K in the model)
SARA saturates, aromatics, resins and asphaltenes WHCO mass of HCO lump (g)
TPO temperature-programmed oxidation wyppe ~ mass of HDPE (g)
VGO vacuum gas oil w total weight of feed (g)
VR vacuum resid X conversion (%)
Y mass fraction
Symbols
E apparent activation energy (kJ/mol) Greek symbols
i certain lump ] deactivation function
j certain reaction ® weight factor
k kinetic parameter (h™* g{alt)

of polyolefin waste plastics on a bifunctional catalyst is considered as an
ideal route for the production of fuels [15,16]. This fact is based on the
high versatility and low energy demand of the hydrocracking technol-
ogy. Moreover, the prospect of having Hy produced from renewable
sources (green hydrogen) increases the potential of the hydrocracking
route [17]. Nevertheless, for making the industrial hydrocracking of
waste plastics come true, the production of solid results at laboratory-
and bench-scale is compulsory to establish the appropriate catalysts and
optimal operating conditions. Thus, Karagoz et al. [18] studied the hy-
drocracking of light-density polyethylene (LDPE) together with VGO
using activated carbon-supported Co, Ni and Mo catalysts. They ob-
tained a liquid product with a lower content of aromatics and higher of
isoparaffins than that obtained in a cracking stage using an HZSM-5
catalyst. In a previous work [19], we found that the use of a PtPd/HY
catalyst in the hydrocracking of a blend of high density polyethylene
(HDPE) and VGO (20/80 in mass) increased the conversion of the VGO
and the yield and quality of the produced naphtha fraction. In particular,
operating at 400 °C under a Hj pressure of 80 bar, the yield of naphtha
obtained was of 31.8 wt%, which was more aromatic than that obtained
with the VGO under the same conditions.

Given the effect that the operating conditions have on the product
distribution in the hydrocracking processes, it is imperative to have ki-
netic models for the design and simulation of the hydrocracking re-
actors. These models could be used for optimizing the operating
conditions of the already available units, for the revamping of the
outdated industrial units and for the design of ad hoc hydrocracking
facilities for treating the aforementioned alternative streams. The ki-
netic modeling of the hydrocracking of heavy refinery streams has
evolved using results commonly obtained with slurry-phase catalysts
and using batch reactors [20]. The kinetic models proposed in the
literature for these feeds are usually lump-based models [21-26], the
handling of which for reactor design purposes is by far simpler than
those models that consider the reactions of the individual components
[27,28]. The lumps are generally established according to the boiling
temperature of the components, in order to quantify the yield of gases
(dry gas and liquefied petroleum gases), of the liquid products (heavy
cycle oil, light cycle oil and naphtha) and of coke (carbonaceous mate-
rial deposited on the catalyst). Ancheyta et al. [29,30] established lump-
based kinetic models considering SARA components (saturates, aro-
matics, resins and asphaltenes) for the hydrocracking of heavy oil, hence
accounting for the composition of the products. These authors also
combined a model based on distillation curves with another one based
on the SARA components, gas and coke composition [31]. Recently, they

have discussed the different kinetic models reported in the literature for
the hydrocracking of heavy oil [32]. Furthermore, given the importance
of catalyst deactivation in hydrocracking processes, the deactivation
kinetics is of special interest. This kinetics is established by means of
empirical expressions that quantify the deposition of coke or the
simultaneous deposition of coke and metals [33].

As a precedent in the literature about the kinetic modeling of the
hydrocracking of plastics, Bin Jumah et al. [34] proposed for the hy-
drocracking of LDPE over a Pt/Hbeta catalyst a simple 4-lump reaction
scheme (LDPE, heavy liquid, naphtha, and gases). They highlighted that
the rate-limiting stage, i.e. that with the highest apparent activation
energy, was the conversion of the LDPE into heavy liquid based on the
diffusion restrictions suffered by the plastic macromolecules. In the
current work, the kinetic modeling of the joint hydrocracking of HDPE
and VGO using a PtPd/HY catalyst has been studied. The main aim of the
work has been to establish an original kinetic model useful for simu-
lating the hydrocracking of the HDPE/VGO blend at a larger scale. With
this purpose, they have been quantified in the proposed kinetic model
the following lumps: gases, naphtha, light cycle oil (LCO), heavy cycle
oil (HCO), HDPE and coke. This distribution is in line with that
commonly used in oil refineries for grouping the hydrocarbons produced
in the catalytic cracking and hydrocracking processes. In addition,
catalyst deactivation by coke deposition has been also considered and
quantified in the model, based on its relevance in the results and in the
strategy for operating at a larger scale. The kinetic model has been used
to predict the effect of the operating conditions, determining the tem-
perature and reaction time values appropriate for achieving great con-
versions and high yields of fuel.

2. Materials and methods
2.1. Feeds

A high-density polyethylene (HDPE) with an average particle size of
400 um purchased from Dow Chemical (Tarragona, Spain) was used in
this work. Prior to the hydrocracking tests, the HDPE was milled to dust
at cryogenic temperatures to avoid the formation of large plastic ag-
gregates. The supplier provided the main physicochemical properties of
the HDPE, which were a density of 0.94 g cm™ and a molecular weight
of 46.2 kg mol .

The vacuum gas oil (VGO) was supplied by Petronor refinery
(Muskiz, Biscay, Spain). It consisted on the product stream of a hydro-
desulfurization unit which justifies its low contents of S and N-
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containing compounds (Table S1). The other properties of the VGO are
also summarized in Table S1 in the Supplementary Material. A detailed
explanation of the methods and procedures followed for characterizing
the VGO can be found elsewhere [35]. Shortly, it is a refinery stream
with a density of 0.89 g cm ™2 and a boiling point range of 314-519 °C.

2.2. Catalyst

A PtPd catalyst supported on a HY zeolite with a nominal content for
each metal of 1 and 0.5 wt%, respectively, was synthesized via ion-
exchange using an already described procedure [36]. The catalyst was
intensively characterized by several techniques as it was explained in a
previous work [19]. The main physicochemical properties of the catalyst
are summarized in Table S2. In brief, the used catalyst has a high specific
surface area (620 m? g~'), with a micropore area of 543 m? g7,
measured by nitrogen adsorption-desorption experiments. The total
acidity was measured by temperature-programmed desorption of tert-
butylamine. The obtained TPD profile is shown in Fig. S1 and the esti-
mated total acidity value was 1.69 mmol,.gs g . Based on the pyridine
adsorption/IR experiments, the estimated Brgnsted/Lewis acid sites
ratio was 0.70, suggesting an important concentration of Lewis acid
sites.

2.3. Experimental setup

The experimental setup employed for the hydrocracking reactions
was a 100 mL semi continuous stirred tank reactor. A more extended
description of the setup is available in our previous work [37]. The
operating conditions were varied within the following ranges:
400-440 °C; 80 Hy bar; catalyst to feed weight ratio (C/F),
0.05-0.075-0.1 gcat gf_e}:d; and reaction time, 15-120 min. Prior to a
reaction, the catalyst was activated ex situ in a fixed bed rector at 400 °C
for 4 h using a stream of Hy (30 mL min 1) diluted in N5 (50 mL min ).
The blend used in the hydrocracking runs consisted of a physical mixture
at room temperature of the HDPE and VGO using a fixed weight ratio of
1:4 for all the experiments. After adding the feedstock, the desired
amount of catalyst was loaded into the reactor at room temperature.
Then, once a leak test was performed, the reactor was pressurized to the
desired reaction pressure with hydrogen and heated using a heating
jacket up to reaction temperature. Once the desired reaction time was
reached, the reactor was cooled down with water using an open water
system. To ensure the reproducibility of the data, three replicates were
performed for each experiment and the values reported correspond to
the averages.

2.4. Product analysis

Gaseous, liquid and solid products (coke and degraded HDPE) were
obtained in the hydrocracking runs. The gas stream was quantified by
weight difference of the reactor between the beginning and the end of
the test. The amounts of liquid product and degraded HDPE were ob-
tained through a two-step solvent extraction procedure described in
detail in our previous work [19]. Shortly, in the first extraction THF was
used as solvent extracting the liquid products from the mixture (i.e.
those corresponding to naphtha, LCO and HCO fractions), whereas in the
second one degraded HDPE was extracted using xylene as solvent. The
corresponding mass was determined as the difference between the solid
products obtained after the first extraction and the remaining solid after
the second one (which is the spent catalyst).

The liquid product was subjected to a simulated distillation analysis
(ASTM D2887 Standard) to divide the liquid product into three different
lumps according to their boiling points: naphtha (35-216 °C), light cycle
oil (LCO, 216-350 °C) and heavy cycle oil (HCO, > 350 °C). The
equipment used was an Agilent Technologies 6890 GC system equipped
with a HP-PONA capillary column (length, 10 m; internal diameter, 0.2
mm) and a FID detector.
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Finally, temperature-programmed oxidation (TPO) was used to
quantify the amount of coke deposited on the spent catalyst in a TA
Instruments (TGA Q500) thermobalance.

2.5. Reaction indexes

Different reaction indexes were defined for measuring the conversion
of the HCO (the main and heaviest fraction in the VGO that is converted
into the lumps of commercial interest) and HDPE, based on their con-
centration in the reaction medium. Those indices are:

HCO conversion:

(Whco)iniiar — (Wheo)

(WHCO )initia

XHCO — final 100 (1)

where (Whco)initial and (Whco)final are the mass of HCO in the feed and in
the liquid product stream, respectively.
HDPE conversion:

(WHDPE )iniiat — (WHDPE)inat 100 @
(WHDPE)inilial

XHDPE -

being (WuppE)initial and (WyppE)final the mass of HDPE in the feed and that
obtained through the two-step solvent extraction procedure [19],
respectively.

In addition, the dimensionless liquid fuel production index has been
also defined to assess the formation of the desired product lumps, i.e.
naphtha and LCO [38]:

Ynaphtna + Yico

3
Yas + Yuco + Yupee + Ycoke

Liquid fuel production index =

3. Kinetic modeling

To the best of our knowledge, no specific reaction scheme is available
in the literature for the hydrocracking of HDPE/VGO blends. Therefore,
we have focused on the models available for the hydrocracking of each
feed separately. In this way, the kinetic modeling of the VGO has been
extensively studied, either by discrete [39-41] or continuous lump
models [42,43]; whereas few references about the hydrocracking of
plastics are available in the literature [34,44]. Hence, the kinetic models
for the hydrocracking of neat VGO [45,46] have been considered as a
starting point for modeling the HDPE/VGO blend, since it is mainly
composed of VGO (see Section 2.1).

3.1. Reaction scheme

A 6-lump kinetic model and a reaction network of 11 individual
steps is proposed to describe the hydrocracking of the HDPE/VGO blend
(Fig. 1). Please note that VGO is mainly formed by HCO lump as it was
described above (Table S1). The reaction scheme consists of a ser-
ies—parallel reaction network where all the lumps are hydrocracked in
cascade from the heaviest to the lightest lump. In this way, both the HCO
and the HDPE lumps can be directly converted into LCO, naphtha and
gas; the LCO can produce naphtha and gas; and naphtha can be, in turn,
hydrocracked producing gas. Furthermore, the probability of producing
coke from molecules within the LCO, naphtha and gas lumps is negli-
gible according to the literature [21,41,46]. Moreover, given the high
content of polyaromatic components in the feed (Table S1), the forma-
tion of coke was assumed to only come from the HCO lump. This has
been considered as a reversible reaction since some poorly developed
coke structures can be hydrocracked and converted again into liquid
hydrocarbons [39].

3.2. Model equations and methodology

The methodology used for the analysis of the kinetic data was based
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Fig. 1. Proposed reaction network for describing the hydrocracking of the
HDPE/VGO blend.

on the recommendations available in the literature for catalytic pro-
cesses with complex reactions networks in which catalyst deactivation is
considered [47-49]. In addition, the following assumptions were made
for establishing the equations that define the system: (i) based on the
high stirring rate used (1300 rpm) the external diffusion resistance is
negligible [29]; (ii) as there will be some intra-particle diffusion resis-
tance, apparent kinetic parameters will be computed; (iii) the concen-
tration of the gas and liquid phases is uniform throughout the reactor
(CSTR model) [50]; (iv) there are no temperature gradients [51]; and (v)
the pressure is constant in the reaction medium over time, which is
caused by the continuous feeding of Hj that creates an excess of this
reactant (semi-continuous model).

Thus, the conservation equations that described the evolution with
time of the different pseudo-components proposed in the 6-lump reac-
tion scheme (Fig. 1) are displayed below:

CIY:% = =¥ [(ki +ks +ks) Yrpes ]-C/F-W @
00 0 k- 10 ¥eune — (ki -+ s+ ks + ki) Yieo | C/FW ®
dil% =¥ [k Yupee + ks Yiico — (k7 +ks) Yico |-C/F-W ®)
de& =W [k Yeoee + ks Yieo + k7 Yico — Ko Ynaphina|“C/F-W @)
% =W [ksYuppe + Ko Yiico + ks Yico + Ko Ynaphina] -C/F-W (8)
de% =¥ [kiYico — K -10 Yeoe] C/FW ©

where Y; is the yield of each lump i, k; is the apparent kinetic constant for
reaction j, C/F is the catalyst to feed weight ratio, W is the total weight of
feed (initial feed loading in the batch reactor) and vy is the deactivation
function.

One should note that the hydrocracking of the different lumps has
been described by means of first-order irreversible reactions with the
exception to those reactions in which the HCO lump has acted as a
reactant, which have been assumed as second-order irreversible
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reactions. This strategy is commonly used in the literature [52-54]
because it describes more accurately the different reactivity of the wide
variety of heavy compounds comprehended within the HCO lump. In
addition, all the kinetic equations are independent of both Hy partial
pressure and stoichiometry coefficients due to the great Hy excess in the
reaction medium [55,56].

The main catalyst deactivation cause would predictably be the
deposition of coke, which has been quantified as a product in the kinetic
model (Fig. 1). The low concentration of S and N in the VGO (Table S1)
and the activity recovery of the catalyst after being submitted to an air
combustion process at 550 °C, allow for minimizing the relevance of the
poisoning and metal sintering as catalyst deactivation causes. Conse-
quently, the catalyst deactivation function has been defined by means of
the following hyperbolic function [57]. The selection of a hyperbolic
deactivation function is based on the works of kinetic modeling of hy-
drocracking systems in batch reactors developed by Martinez and
Ancheyta [54], thus maintaining the coherence of the model with their
methodology.

1

T 10

where kg is the catalyst deactivation kinetic constant and m the deac-
tivation order. Note that it has been considered that all the reactions
described in the reaction network are non-selectively affected by cata-
lyst deactivation.

The kinetic constants are defined as temperature-dependent by
means of the reparameterized Arrhenius equation:

kj:k;exp{f%<%f%)} an

being T* the reference temperature (420 °C, central point of our
experimental runs), k;* the apparent kinetic constant at the reference
temperature for each j reaction, E; the apparent activation energy of the j
reaction and R the universal gas constant. The same expression in Eq.
(11) was used to define the dependency of the deactivation kinetic
constant (kq) with temperature.

3.3. Calculation methodology

The parameters of the proposed kinetic model were determined by
fitting the values predicted by the model to the experimental data ob-
tained at different reaction times for the ranges of temperatures and C/F
ratios studied. In this way, the optimal values of the parameters will be
those that minimize the following objective function:

n o
OF = zl: Z]: ; (Yicxl" _ Yicalc)2 (12)

where n; is the total number of experiments (including the repetitions),
n is the number of lumps and ; is the weighting factor for each lump i.
Furthermore, the superscripts “exp” and “calc” denote the average value
experimentally determined and calculated yields, respectively.

The weight factors are calculated with Eq. (13) for each lump
[58,59]. Thus, the minority lumps in the reaction medium have a higher
weight factor.

1

T )

3

For this purpose, an in-house developed MATLAB algorithm has been
used. It consists essentially on three iteratively repeated steps: (i) an
initial set of kinetic parameters is supplied to solve the system of ordi-
nary differential equations; (ii) the sum of the squared errors is calcu-
lated; and (iii) this error is minimized to obtain the optimal values of the
kinetic constants.

In order to ease the resolution, the sequential method proposed by
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Ancheyta-Juarez and Sotelo-Bovas [60] was applied to estimate rate
constants. In this way, the optimization was carried out in successive
stages. The used kinetic networks for the sequential method are the same
proposed by these authors [60] and are detailed in Fig. S2, with reaction
networks progressively more complex and using the optimal parameters
of each model as initial guess values of the estimates of the next model
constants. This process was repeated until ending in the model corre-
sponding to the reaction network described in Fig. 1.

4. Results and discussion
4.1. Fitting and validation of the kinetic model

The values of the apparent kinetic parameters at the reference tem-
perature (420 °C) and of the apparent activation energies for the kinetic
model corresponding to reaction network in Fig. 1 are displayed in
Table 1. Furthermore, these parameters were used to reproduce the
evolution of the product yields with the extent of the reaction time for
the tested values of C/F (0.05, 0.075 and 0.1 g¢at gf’eid) and temperature
(400, 420 and 440 °C). The results obtained have been depicted in
Figs. 2-4. The slight deviation observed at long reaction times and high
temperature between the experimental and the model predicted values
for the lumps of gas and naphtha could be attributed to experimental
errors. Another cause of the deviation for long reaction times can be the
limitations of the deactivation kinetics equation (Eq. (10)). The used
deactivation model does not consider that the catalyst activity tends to a
constant remaining activity value. This suggests the interest in equations
that consider this circumstance [61]. In addition, at high temperatures,
deviations can be explained by the contribution of thermal cracking.
Anyway, overall an acceptable good fitting of the model was obtained as
it can be seen in the parity plot of Fig. 5, where the experimental values
are represented versus the data predicted by the model.

Regarding the values obtained for the apparent kinetic parameters
(Table 1), the importance of the reactions in series is evident from the
LCO lump detailed in Fig. 1 (LCO — naphtha — gas). In this way, the
apparent kinetic constant for the conversion of LCO to naphtha (ky) is
three orders of magnitude higher than the constant for its direct con-
version to gas (kg). This result reinforces the idea, widely reported in the
literature [62], that the conversion of heavy fractions occurs through a
cascade mechanism composed of series reactions. Indeed, the HDPE is
predicted to be mainly converted following similar reactions in series.
The plastic macromolecules are preferably converted into LCO (k; > ko
> ks), that is sequentially converted into naphtha and gas. In fact, the
apparent kinetic constant values for the formation of naphtha and gas
are significantly lower (one and two orders of magnitude) than that of
LCO formation. Therefore, the formation rate of other products rather
than LCO from the plastic can be assumed almost negligible. Otherwise,
HCO, which is the main and heaviest fraction in the VGO (Table S1), is
predicted to be converted into LCO and naphtha with similar apparent
kinetic constants (k4 = ks). This result is in line with those reported by
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Sanchez et al. [45], as they also observed that heavy oil fractions are
preferentially and indifferently converted into LCO and naphtha.

The apparent kinetic parameters of the reactions that produced
molecules within the LCO lump, from either the HDPE or the HCO lumps
(ky and ky, respectively), are lower than the parameters of the reactions
in which the LCO is converted to naphtha or gas (k; and kg, respec-
tively). However, the common trend reported in the literature is usually
the opposite one, in which the formation of the heavy molecules is
preferential [63]. This fact lies on the catalyst used in this work (PtPd/
HY), with a high hydrocracking activity that promotes in a large extent
the formation of both naphtha and gas (Figs. 4-6). Thus, the lower yields
of LCO experimentally observed may be explained by the predicted
faster hydrocracking of LCO, formed from the HDPE and HCO lumps,
into naphtha. Indeed, the conversion of LCO into naphtha is one of the
reactions with the highest apparent kinetic constant from all of those
proposed in this model (Table 1).

In concordance with the literature [16,34], the most important re-
actions in the hydrocracking of neat polyolefins are those that generate
LCO and naphtha and, in a lesser extent, the production of gases. This
fact is also reflected in our results (Table 1), since the HDPE is predicted
to mainly form LCO, which is subsequently converted to lighter frac-
tions. In contrast, the model estimates a slower direct formation of
naphtha from the HDPE and a practically negligible production of gases
from the HDPE.

Additionally, the character of the LCO as an intermediate in the re-
action network has been clearly exposed. Indeed, its conversion to
naphtha is by far faster than its production from the HDPE and the HCO
lumps (ky > kj ~ kg4, respectively). That is why its yield goes through a
maximum for all the operating conditions assessed (Figs. 2-4), as it has
been widely reported in the literature [44,64]. On the other hand, the
gas fraction seems to be more given to be formed from the naphtha lump
(ko) instead that directly from the HDPE (ks), HCO (kg) or LCO (kg)
lumps. In addition, the yield of the gas products increases continuously
with the reaction time, especially at the highest C/F ratio (Fig. 4), due to
the high hydrocracking activity of the catalyst [65,66].

Catalyst deactivation strongly depends on the reactivity of the soft
coke [39]. Indeed, coke lump molecules could condense to heavier
polyaromatic structures or, on the contrary, could be hydrogenated
again into liquid hydrocarbons. The equilibrium between the afore-
mentioned reactions explains the trend followed by the yield of coke
with the extent of reaction time, in which it increases rapidly for short
reaction times (15 min) and remains constant from that point on. Thus,
at short contact times the adsorption of polyaromatics hydrocarbons on
the acid sites of the catalyst is promoted forming a fraction of hard coke
that is very stable given its low H/C ratio.

Analyzing the values of the apparent activation energies reported in
Table 1, the highest activation energy is found by the formation of the
LCO from the HDPE (233 kJ mol!). All apparent activation energy
values are in the range of reaction-limited regime (>63 kJ mol™) but
the lowest one, corresponding to the formation of gas from the naphtha

Table 1

Order, apparent kinetic parameters at the reference temperature and activation energies for the reactions involved in the hydrocracking of the HDPE/VGO blend.
Reaction, kinetic parameter Order* kj (420 °C) Units Ej (kJ mol™1)
HDPE — LCO, k; 1 (3.80 £ 0.04) 1072 h!gat 233 + 31
HDPE — Naphtha, ky 1 (1.03 £ 0.16) 1072 h! geat 109 + 51
HDPE — Gas, ks 1 (1.08 +0.03) 10~ h!ga 143 + 44
HCO — LCO, k4 2 (3.72 + 0.48) 1072 h!gat 70 + 10
HCO — Naphtha, ks 2 (3.38 + 0.40) 1072 h!ge 182 + 20
HCO — Gas, ke 2 (1.20 £ 0.22) 1073 h™! geat 141 + 31
LCO — Naphtha, k; 1 (1.89 + 0.23) 107! h!gat 63+6
LCO — Gas, kg 1 (2.58 £ 0.03) 107 h!gat 190 + 10
Naphtha — Gas, ko 1 (5.65 + 0.51) 10! h! geat 3+0.8
HCO — Coke, ki 2 (2.94 +0.39) 103 h!ga 213 + 13
Coke — HCO, k.19 1 (2.59 £ 0.01) 107! h!gat 97 +5
Deactivation, kq 0.55 28.1 +2.3 h! 48 + 10

* Only deactivation order was fitted as reaction orders were already defined in Egs. 4-9
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Fig. 5. Parity diagram of lump yield for the proposed hydrocracking ki-
netic model.

(3 kJ mol™1). This reaction is predicted to be barely affected by tem-
perature at the studied range, which may be due to the high reactivity of
hydrocarbons in the naphtha lump to form gas through a thermal route
within the 400-440 °C range. In that hypothetical case, this reaction
would not be affected by catalyst deactivation (y function), which could
also explain the highest deviations calculated for ko. In the literature
[52,54], similar apparent activation energy values have been reported
for the production of LCO, naphtha and gas from the HCO. Among them
(k4-ke), the lowest apparent activation energy is computed for the for-
mation of LCO (70 kJ mol™1). In contrast, one of the most elevated
apparent activation energy is found for the condensation of HCO to-
wards coke (213 kJ mol™), slightly higher than that reported by Al-
Attas et al. [41] in the hydrocracking of neat VGO. This result exposes
the marked effect of the temperature on promoting the condensation of
the coke precursors while the hydrogenation of these precursors is dis-
favored. Moreover, coke was assumed to be formed only from HCO,
whereas HDPE only forms LCO, naphtha and gas (Fig. 1). These hy-
pothesis, which provided the best experimental data fitting, agrees with
the aromatic/polyaromatics species present in each lump. VGO contains
a significant concentration of condensed species [67] that easily form
coke that remains retained in the zeolite channels. Otherwise, the dis-
solved HDPE forms lineal oligomeric chains which quickly become
compounds within the LCO lump. Those compounds, most of the time
saturated, are not retained in the crystalline channels of the zeolite, and
require a much higher temperature than 440 °C to condense and form

Fuel 333 (2023) 126211

polyaromatic structures. It should be highlighted that these results for
the activation energies are in line with the general trend discussed by
Félix et al. [32] in the hydrocracking of different heavy streams. They
reported that the activation energy of the conversion stages of heavy
fractions are notably minor than those of middle fractions. In this way, it
is remarkable the activation energy of the conversion of HDPE molecules
into LCO (233 kJ mol ™). A contribution of thermal cracking can also
explain these results, with a higher contribution of this route at the
highest tested temperature (440 °C).

4.2. Simulation and optimal operating conditions

Using the kinetic model proposed in Section 3.1 and the corre-
sponding calculated kinetic parameters (Table 1), the hydrocracking of
the HDPE/VGO blend has been simulated within the proposed ranges of
temperature (400-440 °C) and reaction time (0-120 min) for the three
C/F ratios (0.05-0.1 gcat gf’eéd). The main aim of these simulations is to
determine the operating conditions that maximize the conversion of
HCO and HDPE and the liquid fuel production index.

Fig. 6 shows that both the reaction time and temperature favor the
conversion of the HCO lump. This effect is more pronounced for the
highest C/F ratio (Fig. 6¢), achieving higher conversions for the same
ranges of operating conditions. In this way, the maximum HCO con-
version obtained for a C/F ratio of 0.05 gcat gf_e}:d is ca. 80 % at a tem-
perature of 440 °C and a reaction time of 120 min (Fig. 6a). However, an
increase in the C/F ratio to 0.075 gcat gf’eéd (Fig. 6b) allows to reach
conversion levels above 80 % at shorter reaction times (60 min) when
operating at 440 °C. Furthermore, this conversion extent can be also
obtained at 420 °C but requiring 120 min. Finally, at the highest C/F
ratio (0.1 gcat gf;éd) even less severe operating conditions are required to
achieve conversion values above 80 % (Fig. 6¢). At temperatures of 420
and 440 °C, 90 and 30 min reaction times are respectively needed to
reach this target conversion. Furthermore, the maximum conversion
level (88 %) that can be obtained corresponds to the harshest operating
conditions (440 °C and 120 min).

With regard to HDPE conversion (Fig. 7), the maximum simulated
conversion value calculated at the lowest C/F ratio (0.05 gcat gf’eéd) is of
57.8 % (120 min and 440 °C) as displayed in Fig. 7a. Since this
maximum value is relatively poor, an increase in the C/F ratio to 0.075
Seat gf’eld (Fig. 7b) allows for obtaining HDPE conversions above 60 % at
440 °C and reaction times above 60 min, with a maximum HDPE con-
version of 73 % (440 C, 120 min). A further increase in the C/F ratio up
to 0.1 geat gf;éd (Fig. 7c¢) increases the conversion level up to 70 % for
reaction times higher of 60 min and 440 °C, with the maximum HDPE
conversion being of 82.5 %. It should be highlighted how temperature-
dependent the HDPE conversion is, predicting values below 50 % for any
of the C/F ratios or the reaction times when the simulated temperature is
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Fig. 6. Contour plot of temperature versus reaction time showing the HCO conversion for a C/F ratio of 0.05 (a), 0.075 (b) and 0.1 g, gf;éd (o).
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below 420 °C.

The liquid fuel production index shows different behaviors with
temperature and reaction time when the C/F ratio is increased (Fig. 8).
Therefore, for a C/F ratio of 0.05 gcat gf’e},d (Fig. 8a), the liquid fuel
production index increases with both temperature ad reaction time,
obtaining the maximum value of 1.1 at 440 °C and 120 min. However,
for C/F ratios of 0.075 and 0.1 gca¢ gf;éd (Fig. 8b and 8c, respectively) the
liquid fuel production index increases linearly with temperature but not
with reaction time. Thus, the highest value obtained (1.1) is predicted
for a C/F ratio of 0.075 gcat gf;éd at 440 °C and a reaction time of 60 min,
which is displaced towards shorter contact times (30 min) for a C/F ratio
of 0.1 8cat gf;éd-

Based on these results, it can be concluded that the optimal operating
conditions for hydrocracking the HDPE/VGO blend within the range of
conditions studied are a C/F ratio of 0.075 gcat gf;}fd and temper-
ature-time combinations of 430 °C-120 min and 440 °C-70 min. These
operating conditions would allow to achieve a commitment between the
HCO conversion (above 80 %), the HDPE conversion (>60 %) and a
liquid fuel production index above 1.

Note that the application of the proposed kinetic model is optimal in
the range of conditions and with the feed and catalysts studied. The
validation of the model with new catalysts and a wider operating con-
ditions framework would allow to use it under different conditions such
as different plastics and catalysts with properties that promote the
production of naphtha and attenuate deactivation.

5. Conclusions

A six-lump kinetic model has been established for describing the

hydrocracking of a blend of HDPE (20 wt%) and VGO (80 wt%) over a
PtPd/HY catalyst. The kinetic model has been developed with the mass
conservation equations of the different lumps (gas, naphtha, LCO, HCO,
HDPE and coke) and considering a catalyst deactivation kinetics. The
model is based on a reaction network of 11 reactions that integrates the
conversion of the HDPE with the cascade reactions of the VGO
hydrocracking.

The model has fitted the experimental results in a wide range of
experimental conditions (catalyst to feed weight ratio, temperature and
reaction time) and the kinetic parameters (apparent kinetic constants
and apparent activation energies) have been explained according to the
different reactivity of the lumps and in concordance with the literature.
The high catalyst activity is appropriate for the selective production of
naphtha, the formation of which from the LCO lump (main product
obtained from the hydrocracking of the HDPE) is one of the stages with
the highest apparent kinetic constant and lowest apparent activation
energy.

From the experimental results and the kinetic model predictions, the
optimal operating conditions are a C/F ratio of 0.075 gcat gf’eid and
temperature-time combinations of 430 °C-120 min or 440 °C-70 min.
These operating conditions allow for achieving a good commitment
between the HCO and the HDPE conversions (above 80 and 60 %,
respectively) and a liquid fuel production index above than 1.

However, it could be a useful tool for studying the hydrocracking of
other HDPE contents and other combinations of waste plastics and VGO
(or other secondary refinery streams). Thereby, it would help the
growing evolution and scale-up of the Waste-Refinery strategy,
involving oil refineries within the recycling chain of waste from the
consumers society.
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