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ARTICLE INFO ABSTRACT

Keywords: The valorization of post-consumer waste plastic in a refinery is an attractive initiative to avoid environmental
Hydrocracking problems caused by the poor plastic waste management. The modification of a bifunctional PtPd/HY catalyst
Fuels

through desilication (using NaOH) of the ultrastable HY zeolite has been carried out to upgrade waste plastic
(high-density polyethylene (HDPE)) dissolved in a secondary refinery stream (vacuum gas oil (VGO)) through
hydrocracking. Three different catalysts have been studied: the parent (Cat-A), undergoing a desilication cycle
(Cat-B), and subjected to two cycles of desilication (Cat-C). The characterization techniques employed have been:
N3 adsorption-desorption, TEM, ICP-AES, tert-butylamine-TPD, pyridine FTIR, WDXRF, XRD and TPO. The hy-
drocracking tests have been carried out in a semi-batch reactor at: 440 °C; 80 bar; catalyst to feed ratio, 0.1 gcat
(gfeed)_l; HDPE to feed ratio, 0.2 guppg (gfeed)_l; and reaction time, 2 h. The products have been fractioned ac-
cording to their boiling point range in: gas, naphtha, light cycle oil, heavy cycle oil and coke. The composition of
each fraction has been determined in terms of concentration of paraffins, olefins, naphthenes and (mono-, di- and
poly-) aromatics. The results show that alkaline treated catalysts enhance the fuel production, with high HDPE
and HCO conversions. The Cat-C (the one submitted to two desilication cycles) has displayed the greatest per-
formance, reducing by half the gas yield and increasing the naphtha yield by 51 wt% respect to those obtained
with the parent catalyst (Cat-A). Moreover, it has decreased the coke deposition and the coke formed has been
less developed.
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1. Introduction technologies are gasification [8] and pyrolysis [9,10]. The latter has
acquired a remarkable level of technological development, with pilot
and demonstration plant-scale units aimed at fuels production [11].

However, given the inherent difficulties for developing and establishing

Plastic pollution is one of the most significant environmental threats
to the planet, since the rapidly increasing production of waste plastics

overwhelms the ability to manage them [1]. Geyer et al.[2] estimated
that more than 50 % of waste plastic discarded globally is not recycled
and, consequently, between 4 and 12 million tons of plastic enter into
the oceans every year [3]. It should be noted that society’s concern
about the management of waste plastics has increased with the knowl-
edge of the adverse health effects of microplastics on the natural
aqueous environment [4], soil environment [5] and in the atmosphere
[6]. Furthermore, the SARS-CoV-2 pandemic has significantly increased
society’s awareness of the need of a proper waste management strategy
on a massive scale [7].

For large-scale recycling of waste plastic, the most attractive
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new industries for this purpose (need for heavy investments in fixed
assets, obtaining fuel with an approved composition and its commer-
cialization), Palos et al. [12] have proposed to valorize waste plastics in
refinery units (Waste Refinery). Since plastics are produced with
monomers obtained in the oil industry, it would be appropriate to
involve oil refineries in their recovery and recycling, promoting the
circular economy. This proposal will bring a significant decrease in oil
consumption and will improve society’s perception of refineries. Com-
mercial units installed at refineries would be used for producing fuels,
the composition of which could be adapted to the legal requirements
using the existing separation and reforming units in the refineries. In
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addition, the fuels could be marketed and distributed by the conven-
tional means. The Waste Refinery is in line with other initiatives to
intensify oil production, such as the intensification of the valorization of
secondary refinery streams [13,14], biomass-derived streams [15-17] or
shale oil [18].

Among the catalytic processes available in refineries, hydrocracking
receives a great deal of attention for the valorization of waste plastic
based on its versatility. Nonetheless, any progress in this initiative re-
quires knowledge of the fundamental aspects of plastics hydrocracking
and in particular the selection of the right catalyst and conditions. In-
dustrial hydrocracking catalysts contain an acid support (such as zeo-
lites), which is in charge of the cracking reactions, and metals (either
transition or precious metals) that promote the hydrogenation activity.
Besides, to obtain a pure bifunctional behavior, these functions must be
well-balanced to provide an appropriate cracking/hydrogenation bal-
ance [19,20]. The composition of the catalysts has been tuned to
maximize the formation of fractions with commercial interest, such as
naphtha and diesel, from secondary refinery streams like VGO (vacuum
gasoil) [21,22]. However, for hydrocracking neat plastics or plastics
blended with secondary refinery streams it is necessary to develop new
catalysts specifically designed for this purpose. Indeed, conventional
hydrocracking catalysts produce excessive amounts of gas products,
together with high contents of coke and low conversion of plastic
[23-25]. Therefore, an aspect to be improved in these catalysts, espe-
cially in the zeolites used as supports, is that related to diffusion re-
strictions and their acidity, that causes an excessive overcracking and
condensation to coke [26,27].

Strategies to modify zeolite properties include a post-treatment by
desilication using an alkaline metal hydroxide or an organic hydroxide.
This treatment results in the creation of a hierarchical structure since the
formation of mesopores takes place. The presence of mesopores in the
zeolite crystals favors the diffusion of the reactants, reaction in-
termediates and products, increasing the achieved conversion and
attenuating deactivation by coke deposition [28]. Furthermore, the
desilication treatment also changes the acidity of the zeolite decreasing
the concentration of Brgnsted acid sites but increasing that of Lewis acid
sites [29]. In this way, the extent of undesirable reactions, such as ar-
omatics condensation and hydrogen-transfer reactions, which are cata-
lyzed by strong acid sites and, in turn, favored by the density of acid
sites, is restricted [30]. Moreover, the ability of the mesopores to
enhance the mass transfer property, reduces the confinement of coke
precursors and the blocking of the micropores of the zeolites that the
coke may cause [31].

The desilication of zeolites with NaOH has been widely used to
establish a hierarchical porous structure. The most studied one has been
the zeolite HZSM-5, since it has been modified for the dehydroaroma-
tization of methane [32], the cracking of n-pentane [33] and the con-
version of methanol into hydrocarbons [34] and into olefins [35].
Zeolite Y has been also desilicated for being used in catalytic cracking
reactions [36], but also for the production of methyl methoxyacetate
[37] and for the conversion of coal pyrolysis vapors to light aromatics
[38]. Finally, the hydrocracking of a mixture of plastics has been also
investigated with zeolites subjected to desilication [39,40].

In the present work, the modification of a commercial HY ultrastable
zeolite by means of desilication has been studied with aim of minimizing
the overcracking reactions and the deactivation by coke of a PtPd/HY
catalyst used in the hydrocracking of HDPE blended with VGO. The
desilication has been performed using NaOH as the leaching agent. A
detailed analysis of the naphtha and LCO fractions obtained has been
carried out, pushing the knowledge beyond the yields and the conver-
sion achieved. Additionally, the nature and location of the carbonaceous
residue deposited on the catalysts has been analyzed, comparing the
results obtained by desilicated catalyst with those obtained for the
parent one. The results of co-feeding the plastic with a real refinery
stream expose the interest of the possible scaling up of the proposed
managing alternative (Waste Refinery).
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2. Experimental
2.1. Feeds

The VGO (Petronor Refinery, Muskiz, Spain) is mainly composed of
the gas oil produced in the vacuum distillation column and, in a lesser
extent, of the gas oil obtained in the visbreaker and coker units. A
subsequent hydrotreatment in a hydrodesulphurization unit has signif-
icantly decreased the contents of S and N. Thus, the VGO used has a
composition suitable for hydrocracking with noble metals catalysts. Its
main physicochemical properties have been summarized in Table S1 and
the techniques used for their determination are described in detail
elsewhere [24]. In short, the VGO is mainly aromatic, with remarkable
contents of di- and poly-aromatics (12.41 and 15.75 wt%, respectively)
and naphthenic compounds (35.27 wt%). The simulated distillation
analysis yielded contents of 4.5 wt% of light cycle oil (LCO)
(216-350 °C) and 95.4 wt% of heavy cycle oil (HCO) (>350 °C).

The high-density polyethylene (HDPE) has been purchased from
Dow Chemical (Tarragona, Spain) in the form of 4 mm pellets. Its main
properties, i.e. average molecular weight, dispersity, density and higher
heating value, have been displayed in Table S1. It is worth mentioning
that before being blended with the VGO, the HDPE has been grinded
under cryogenic conditions (size < 0.5 mm).

2.2. Catalysts preparation and characterization

Three PtPd catalysts supported on Y zeolite have been used. The
zeolite (ultrastable CBV712) has been supplied by Zeolyst International
in the ammonium form with a SiO,/Al,03 ratio of 12. The first catalyst
(Cat-A) has been prepared using the zeolite without being submitted to
any desilication treatment. The second one (Cat-B), has been prepared
after submitting the zeolite to a desilication treatment (detailed below),
whereas the third one (Cat-C) has been prepared after submitting twice
the zeolite to the desilication treatment.

The alkaline treatment method followed for zeolite desilication has
consisted on [31]: i) suspension of 10 g in 300 mL of 0.1 M aqueous
NaOH solution and stirring for 15 min at room temperature; ii)
neutralization of the suspension with an equivalent amount of 1.0 M HCI
solution to quench the desilication treatment. No longer contact times
are required since using an aqueous NaOH solution, most of the meso-
porosity is developed in the first 15 min [41,42]; iii) the desilicated
zeolite was filtered and washed with deionized water; iv) the zeolite was
subjected to two subsequent ion exchange cycles of 24 h with a 0.50 M
aqueous solution of NH4Cl at room temperature (zeolite/solution ratio
of 1 g/5 mL), in order to ensure that the Na introduced during the
leaching stage is totally removed. Lastly, v) the zeolite was filtered,
washed with deionized water, dried in an oven at 110 °C for 16 h, and
calcined in a muffle at 550 °C, using a heating ramp of 12 °C min"?, and
maintaining that temperature for 4 h. In all the cases, the incorporation
of the metals (1 wt% of Pt and 0.5 wt% of Pd) has been carried out
following the procedure described by Gutiérrez et al. [43]. The behavior
of PtPd as a metal function to activate hydrogenation reactions is well
established [44]. This bimetallic function offers advantages over each of
the individual metals in terms of stability and higher conversion, due to
its lower S retention. Moreover, the PtPd catalyst supported on HY
zeolite is very stable and has an outstanding capacity for obtaining
naphtha and medium distillates [43-45].

The catalysts have been extensively characterized in order to corre-
late their physicochemical properties with their catalytic behavior. In
this way, the textural properties have been determined from the Ny
adsorption—desorption isotherms. The crystalline structure of the sup-
ports has been analyzed by X-ray diffraction. The acidic properties have
been measured by temperature-programmed desorption/cracking of
tert-butylamine and by pyridine FTIR analysis. The composition of the
catalysts and the metal content have been measured by wavelength
dispersion X-ray fluorescence spectrometry and inductively coupled
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plasma with atomic emission spectroscopy, respectively. In addition,
some TEM images have been acquired for characterizing in a higher
extent the structure of the catalyst and for observing the metal disper-
sion. Finally, the coke deposited on the catalysts has been measured by
temperature-programmed oxidation. The equipment used for each
analysis, as well as the procedures followed are available in the Sup-
plementary Material.

2.3. Experimental set-up and conditions

The experimental set-up used for the hydrocracking tests has been a
100 mL semi-batch stirred tank reactor (Parker Autoclave Engineers)
(Fig. S1). A detailed explanation about the setup and the reaction pro-
cedure is available in our previous works [24,25]. The reactor has been
charged with 40 g of feed, (HDPE, 20 wt%; VGO, 80 wt%), and the
corresponding mass of catalyst. Catalyst to feed mass ratio (C/F) has
been established at 0.1 gcut gc_hlarge, which has ensured total plastic
conversion [24]. Reactions have been carried out at 80 bar of Hj pres-
sure, and at 440 °C. Under these conditions, the HDPE is completely
dissolved in the VGO. Vigorous and homogenous stinging (1300 rpm)
has been used to keep reactant particles in motion, which, together with
the high flow rate of gas (100 mL min 1) ensure the absence of external
mass transfer limitations [46]. After 120 min of reaction, the reactor was
cooled down following a cooling rate of 20 °C min™! using an open water
system. The gases have been collected in a sampling bag and analyzed by
GC, whereas liquid products have been separated following the solvent
fractionation method previously described [24] (Fig. S2). These liquid
products have been analyzed as indicated in the following section
(Section 2.4).

2.4. Analysis of the products

Reaction products have been fractioned according to their boiling
point range into: (i) gas (<35 °C); (ii) naphtha (35-216 °C); (iii) light
cycle oil (LCO, 216-350 °C); (iv) heavy cycle oil (HCO, > 350 °C); (v)
wax (which can be defined as unconverted HDPE); and (vi) coke
(carbonaceous deposit on the catalyst). One should note that both LCO
and HCO fractions were already present in the feedstock (Table S1).

The gas products have been analyzed by gas chromatography in an
Agilent Technologies 6890 GC gas chromatograph. Liquid products have
been submitted to different analysis. Firstly, fraction distribution has
been determined by simulated distillation analysis according to ASTM
D2887. Secondly, bi-dimensional gas chromatography (Agilent 7890A
Series GC Systems coupled to an Agilent 5975C Series GC/MSD mass
spectrometer) has been used for analyzing the composition of the
naphtha and LCO fractions. It has been grouped in: (i) n-paraffins (n-P);
(ii) isoparaffins (i-P); (iii) naphthenes (N); (iv) 1-ring aromatics (A1); (v)
2-ring aromatics (A), and; (vi) 3*-ring aromatics (As,). Note that the
configuration of all the analysis equipment used can be found elsewhere
[47].

2.5. Reaction indices

The extent of the hydrocracking reactions has been assessed by
considering on one hand, the conversion of the compounds within the
HCO fraction into lighter ones and condensed to coke, and; on the other
hand, the hydrocracking of the HDPE into liquid hydrocarbons. Thus,
the following conversion indices have been defined:

HCO conversion

(mHCO)initial - (mHCO)ﬁnal

Xuco = 100 (€H)
(Mbco)iniia
HDPE conversion
(mHDPE>im' iat = (MHDPE) g
Xyppe = tial el 100 2

(MHDPE) iitiat
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where (myco)initial and (Mpco)final are the initial and final masses of the
HCO fraction, respectively. On the other hand, (mpppg)initiai and
(myppE)final are the amount of HDPE fed and the wax obtained as by-
product, respectively.

The yield of each fraction (Y;) has been defined as the mass of frac-
tion i (m;) formed in relation to initial mass of reactants:

m:
Y= 100 ©)
(mvGo + MuprE) i

The selectivity to fuel (Sp) has been determined from the dimen-
sionless catalytic performance parameter proposed by Al-Attas et al.
[48]:

Ynaphina + Yico )

Sy =
" Yous + Yuco + Ywar + Yeoke

3. Results and discussion
3.1. Catalyst properties

Table 1 shows the main physical properties of the support zeolite and
the three catalysts. Small differences can be observed between support
zeolite and Cat-A, which exposes that metal deposition has barely
affected the zeolite properties. Some differences between N2 adsorption-
desorption isotherms isotherms as a result of the desilication treatment
can be found in Fig. S3. It can be seen a reduction of the adsorbed vol-
ume at low relative pressures, which is correlated with a reduction of the
microporous surface [49]. Therefore, the micropore area is strongly
affected by the zeolite crystal destruction caused by the desilication
treatment. In this way, the micropore area follows the trend: Cat-A >
Cat-B > Cat-C. The same conclusion can be obtained for the surface area
(Sger) when alkaline treatment is applied. Thus, Cat-A is mainly
microporous (543 of 620 m2/g) but the catalysts that have been sub-
mitted to basic leaching with the NaOH solution show less microporous
area, especially Cat-C (377 of 478 m?/g). Consequently, the micropore
volume of Cat-B and Cat-C has been also reduced reaching values of 0.20
and 0.17 cm® g, respectively, that are below of 0.24 cm® g 7! of Cat-A.
The volume of the mesopore follows an opposite trend, increasing with
the severity of desilication from 0.17 cm® g~! for Cat-A to 0.20 cm® g~!
for Cat-B and to 0.25 cm® g~! for Cat-C. Furthermore, since the average
pore diameter (dp) is strongly related to the mesopore area, an increase
of the latter entails an increase of the former. Therefore, the average
mesopore diameter has increased from 8.4 nm (Cat-A) to 10.2 nm (Cat-
C). These changes in physical properties with desilication treatment,
with an increase in mesopore volume and a decrease in micropore vol-
ume, are in line with those previously reported by other authors for
different zeolites [31,36,50].

Analyzing the XRD patterns (Fig. 1) it can be observed that the
alkaline attack reduces the crystallinity of the zeolite, as reflected by the
decrease in the intensity of peaks, at the same time that increases the
amorphousness, which is reflected in the background elevation between
20 and 30°. The loss of the crystallinity is associated with the selective
removal of Si from the zeolite framework [36]. However, as it will be
discussed latter (Table 2), the bulk content of Si remains essentially
constant, suggesting that the Si species would end up as an amorphous
extraframework phase. This behavior in XRD patterns has been also

Table 1
Textural properties of the catalysts.
Zeolite Cat-A Cat-B Cat-C

Sger (m? g™ 1) 799 620 535 478
Smicro (m* g™") 685 543 448 377
Smeso (m” g7 114 77 87 101
Vinierolem® g 1) 0.27 0.24 0.20 0.17
Viesolem® g 1) 0.17 0.17 0.20 0.25
d, (nm) 8.7 8.4 9.6 10.2
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Fig. 1. XRD patterns of the catalysts.

Table 2
Chemical composition of the catalysts.
Cat-A Cat-B Cat-C
SiO, (wt%) @ 87.15 87.35 86.91
Al,03 (Wt%) ? 12.06 11.13 10.90
Si/Al® 11.44 10.83 10.24
Pt (wt%) € 1.19 1.13 1.11
Pd(wt%) © 0.53 0.49 0.47

Measured by means of: * WDXRF; ® XRD; © ICP-AES.

observed by Gackowski et al. [36].

Thus, the desilication treatment barely changes the total content of Si
as it has been obtained in the WDXRF analyses (Table 2). However, the
content of Al,Oj3 slightly decreased when the number of desilication
cycles increased. Nevertheless, as mentioned by Qin et al. [51], XRF does
not only measure the amount of SiO; and Al;O3 in the zeolite frame-
work, but also in the amorphous phase. Therefore to identify the Si and
Al that correspond to the crystalline phase an additional technique
would be required, such as X-ray diffraction (XRD) [36,51] or nuclear
magnetic resonance (NMR) [52].

Consequently, the XRD results depicted in Fig. 1 have been used for
determining the Si/Al ratio of the zeolite, which are shown in Table 2.
For this purpose, the Breck-Flanigen correlation has been used. The
procedure has been explained in detail in the Supplementary Material.
According to these results, it can be seen that the Si/Al ratio decreases
from 11.44 in Cat-A to 10.83 and 8.01 in Cat-B and Cat-C, respectively.
These results expose the effective Si removal from the zeolite crystals.

Regarding the metal content of the catalysts (Table 2), it can be seen
that the values obtained by means of ICP-AES analysis are close to the
nominal ones (1 and 0.5 wt%, respectively), which reveals that metal
incorporation has been carried out successfully. However, attending to
the values it can be seen that the lower the crystallinity of the support,
the lower the contents of Pt and Pd.

In Fig. S4 it can be seen the profile of released butane obtained in the
TPD of tert-butylamine (¢t-BA) for all the catalysts. The quantitative re-
sults collected in Table 3 display a reduction in the total acidity after

Table 3
Acidic properties of the catalysts.
Cat-A Cat-B Cat-C
Total Acidity (mmol,gs g~ 1.7 1.2 0.9
Acid strength (kJ mol;iza) 135 147 150
Brgnsted/Lewis ratio 1.53 1.93 2.40
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successive desilication treatments from 1.7 to 0.9 mmol;.ga g’1 in Cat-A
and Cat-C, respectively. The same behavior was observed by Gayubo
et al. [53] since they obtained a reduction of the total acidity for the
desilicated HZSM-5 zeolites. Furthermore, Fig. S4 shows that TPD sig-
nals are attenuated from Cat-A to Cat-B and, in a higher extent, to Cat-C.
Thus, the two desilication steps the Cat-C has been submitted to, have
notably reduced the acidity of the catalyst. Small differences in butane
release temperature are observed for Cat-A, Cat-B and Cat-C, with peaks
at 238, 236 and 235 °C, respectively. However, the effect of desilication
over the acid strength is evident in the value of the heat of adsorption of
this base, which increases from 135 kJ mol;};4 for Cat-A to 147 and to
150 kJ mol;’a for Cat-B and Cat-C, respectively. It exposes a slight in-
crease of the acid strength of the residuary acid sites after the desilica-
tion treatment. These results are in line with those obtained by Li et al.
[49], who compared the acidic properties (measured by of NH3-TPD) of
a parent HZSM-5 zeolite and an alkali treated one.

The spectra obtained in the FTIR of pyridine have been used to
identify the nature of the acidic sites (Fig. S5). The results in Table 3
show that the calculated B/L ratio is 1.53 for Cat-A and that the desili-
cation treatment leads to an increase in the B/L ratio for Cat-B (1.93),
which would be consistent with the decrease in the Si/Al ratio in
Table 2. These results are in line with those reported by Gil et al. [52] in
the desilication of a HZSM-5 zeolite, who obtained a higher reduction in
Lewis sites. Finally, the double desilication steps to which Cat-C has
been submitted lead to a further reduction in the numbers of both
Brgnsted and Lewis sites. Nonetheless, the latter are further reduced
again to a greater extent obtaining the highest B/L ratio, 2.40 (Table 3).
Gackowski et al.[36] emphasized the need to limit the severity of NaOH
desilication to control the removal of strong acid sites from the HY
zeolite, proposing a mixture of NaOH and TBAOH (tetrabutylammo-
nium hydroxide) for desilication. The randomly removal of Si and of Al
under severe desilication conditions with NaOH has been reported in the
literature [33,54,55]. From the results in Table 3 of the increase of the
Brgnsted/Lewis acidic sites ratio with desilication it can be deduced that
this desilication is moderate, and the zeolite maintains a remarkable
level of acid strength, which is required for cracking purposes.

Fig. 2 shows the TEM images of parent (Cat-A) and desilicated (Cat-B
and Cat-C) catalysts. Cat-A (Fig. 2a and b) shows a smooth surface with
an excellent dispersion of Pt and Pd particles (small dark dots). This
moderate dispersion of the metallic crystallites is suitable for their sta-
bility, since high dispersion favors sintering. The mesopores emerge
with different diameter when desilication is carried out and these can be
clearly observed in Fig. 2c that corresponds to Cat-B. It displays a clear
degradation of the surface due to the alkali-treatment, exposing that that
most of the mesopores formed are presumably located on the outermost
surface of the particle [56]. However, the alkaline treatment is not
observed to have changed the dispersion of the metallic phase dispersion
(Fig. 2d). Fig. 2e shows the superficial state of the catalyst after two
desilication cycles (Cat-C). As reported in the literature [32], the more
severe the desilication conditions, the more extended the degradation of
the catalyst (in terms of modifications of acidity and porosity). In this
case, a harder degradation can be observed, which has formed larger
mesopores (Fig. 2e), but has not affected the dispersion of the metal
particles (Fig. 2f). So, the metal function properties (such as dispersion)
are found to be barely affected by alkaline treatment of the zeolite.

3.2. Conversion and yields

The catalysts have been tested under quite harsh operating condi-
tions, especially the temperature of 440 °C, as shown by the formation of
gas and condensation to coke. The yields of the different products, as
well as the conversion obtained with each catalyst have been collected
in Fig. 3. As it can be seen, both textural and acidic properties affect both
conversions and product distribution. With Cat-A, which is the most
acidic one and has the highest amount of Brgnsted acid sites, total HDPE
conversion (100 %) and the highest HCO conversion (91.1 %) have been
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Fig. 2. TEM images obtained for Cat-A (a and b), Cat-B (c and d) and Cat-C (e and f).

achieved, as well as proper naphtha and LCO yields (31.3 and 9.3 wt%,
respectively). However, the aforementioned acidic properties, together
with the larger micropore volume resulted in an excessive gas formation
(49.6 wt%) and a high coke formation (3.1 wt%).

The decrease in total acidity and the amount of Brgnsted sites caused
by the desilication treatment, resulted in a decrease in the conversion
levels obtained with Cat-B. In this way, values of 86 and 81.5 % have
been obtained for Xyppr and Xpco, respectively. The changes in the
properties of the catalyst have also affected the yield of naphtha and,
especially, that of gases. In this way, a reduction of the overcracking
reactions has reduced the yield of gases to 28.2 wt%, whereas that of
naphtha has increased to 42.9 wt%. This is because the weaker catalyst

properties hinder the hydrocracking mechanism of hydrocarbon com-
pounds of VGO [57,58]. In this mechanism, alkanes in the naphtha
fraction dehydrogenate to alkenes at the metal sites, and this is where
the hydrogenation/dehydrogenation power of the metallic phase is
extremely relevant. Desorption of the formed alkenes from the metal site
and subsequent migration to the Brgnsted acid sites occurs, where they
are protonated to secondary alkylcarbenium ions. It is rare that p-scis-
sion of the secondary alkyl carbene ions occurs to form a smaller alkyl
carbenium ion and an alkene so that the reaction by-product is ener-
getically disadvantaged, although the rate of this reaction increases as
the branching of the secondary alkyl carbene ions increases. Therefore,
skeletal rearrangement to monobranched alkylcarbenium ions is more
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Fig. 3. Yields and conversions for each catalyst.

likely to occur, where they desorb from the acid sites and diffuse to the
metal sites, hydrogenating to the corresponding isoparaffins. As the
conversion proceeds, the monobranched paraffins are converted to di-
branched paraffins and so on.

However, the LCO yield is not affected by desilication, being almost
the same as that obtained with Cat-A (8.9 wt%). Similarly, Munir et al.
[39] reported that there is no significant change in the yield of LCO
using desilicated beta zeolite based catalysts in the hydrocracking of
waste plastic. The behavior of LCO fraction owes to two opposite effects
that are promoted with desilication. On one hand, the desilication pro-
motes the diffusion of the bulky molecules within the HCO fraction into
the newly created mesopores that increases their conversion into LCO
molecules. The creation of these mesopores has been quantified in
Table 1. In contrast, the lower acidity of the desilicated catalysts dis-
courages the cracking of the LCO molecules into molecules within the
naphtha fraction. The lower HCO conversion with Cat-B (Fig. 3) high-
lights the greater importance of acidity decrease in catalyst perfor-
mance. The aromatics present in the HCO fraction will also be
hydrogenated at the metal sites to their corresponding naphthenes (or
polynaphthenes in the case of PAHs). The ring opening of naphthenes to
form olefins is thermodynamically favored. These olefins, in turn, will
hydrogenate at the metal sites to form paraffins. There is therefore a
synergistic effect between the two stages, the first hydrogenation stage
and the subsequent cracking stage, with the second stage shifting the
thermodynamic equilibrium of the hydrogenation reactions. Thus,
considering the feed composition, the co-feeding of HDPE together with
VGO will lead to the rapid formation of secondary alkylcarbenium ions
by protonation of the free radicals formed from the HPDE chains [59],
triggering the mechanism mentioned for the hydrocracking of the VGO
components (alkanes and aromatics).

The yield of coke is also slightly reduced because of the widening of
the porous structure and a value of 3 wt% has been obtained for Cat-B.

Concerning the results obtained with Cat-C, small differences have
been obtained in terms of conversion when comparing with Cat-B.
However, Cat-C has offered higher yields of naphtha and LCO at the
same time that those of gas and coke have been reduced. These facts lay
on the following parameters. Firstly, a slight decrease of the total acidity
of Cat-C with respect to that of Cat-B (0.9 and 1.2 mmol;ga g’l,
respectively), which resulted in a decrease of the overcracking activity
that tends to convert the molecules within the naphtha fraction into
gases. Secondly, the higher mesoporosity in Cat-C (0.25 cm® g™!)
together with the higher average pore diameter that favour the acces-
sibility of the bulky molecules within the LCO and HCO fractions to the
inner acidic sites. This fact counteracts the lower density of acid sites of
Cat-C, offering similar conversion levels than Cat-B. Thirdly, the
decreased observed in the conversion of plastic exposes that the
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attenuation of the acidity has a greater impact than the improved
accessibility of the macromolecular chains of the plastic. Fourthly, the
decrease in acidity and the increased presence of mesopores and the
reduction of the micropores contribute to attenuate the coke deposition,
which decreases down to 2.9 wt% for Cat-C. Similar results were
observed in different reactions by other authors who increased the
severity of the zeolite desilication treatment, thus reducing the yield of
coke [50,60-62].

To assess the effect of zeolite desilication on the catalyst ability to
generate liquid fuels in the hydrocracking process, in Fig. 4 has been
depicted the selectivity to fuel parameter. It can be seen that the alkaline
leaching has a positive effect on this parameter, which is 0.7 for Cat-A
and increases up to 1.1 and 1.4 for Cat-B and Cat-C, respectively.
Thus, the formation of naphtha has been maximized, since that of LCO
remains steady.

3.3. Composition of the gas fraction

The composition of the gas fraction obtained with each of the cata-
lysts has been depicted in Fig. 5, which can be used for assessing the
effect of the desilication of the zeolite. As it was expectable, the gas
fraction is just composed by paraffins. On one hand, CH4 and CyHg that
are known as dry gas, and the other hand, C3Hg, i-C4H;0 and n-C4H;o,
which are commonly grouped into liquefied petroleum gases (LPG).
Attending to the composition obtained with Cat-A, the main components
are C3 and C4 compounds with concentrations of 46.5 and 17.2 wt%,
respectively, whereas the dry gas accounts for 36.6 wt% being ethane
the main compound (25.5 wt%).

For Cat-B, the concentration of CH4 and CoHg increases to 19.1 and
28.2 wt%, respectively. The higher concentration of dry gas in gas
products, in relation to LPG, with the modified catalysts, is explained by
the fact that the attenuation of total acidity caused by the desilication
process has reduced the overcracking activity of the catalyst that con-
verts naphtha molecules into LPG. However, that attenuation exposes in
a higher extent the remaining thermal cracking activity, which tends to
produce low molecular weight gas products (C; and C3) by means of free
radical mechanisms. This trend of increasing relative relevance of
thermal cracking when the extent of catalytic cracking diminishes is
described in the literature [63-65]. At the same time, the desilication
reduced the yield of the LPG fraction. Attending to its composition, the
proportions of CsHg and n—C4H;jo in LPG have been reduced whereas
that of i-C4Hjo has increased (34.7, 6.6 and 11.2 wt%, respectively).
However, it is important to notice that the yield of i-C4H;¢, observed
with desilicated catalysts (3.2 wt% with Cat-B and 2.7 wt% with Cat-C),
were noticeably lower than that observed with the parent catalyst (4.95
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1.1+ ] .
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0.5
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Fig. 4. Values obtained with the three catalysts for the selectivity to
fuel parameter.
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Fig. 5. Effect of zeolite desilication on gas composition.

wt% with Cat-A). This is an expected behavior, given that the yield of i-
C4Hjg is a good indicator of catalytic cracking [66]. Consequently, the
decrease in total acidity in the desilicated zeolites reduced their cracking
activity as compared with unmodified catalyst.

Finally, the composition of the gas fraction obtained with Cat-C is
quite similar to that obtained with Cat-B, given that both catalysts have a
significantly lower acidity than Cat-A. Continuing with previously
observed trend, the LPG concentration slightly diminishes with Cat-C,
representing almost half of the gas. Within LPG fraction, C4 grows
stepwise (both i-C4H;¢ and n-C4H;¢ are slightly higher than those ob-
tained with Cat-B) meanwhile CsHg decreases, being these concentra-
tions 19.3 and 31.3 wt%, respectively.

3.4. Composition of the naphtha fraction

Apart from attenuating the overcracking of the naphtha fraction,
desilication treatment has a noticeable effect on its composition as
shown in Fig. 6. It is remarkable the progressive reduction of the content
of aromatics with the desilication cycles. In this way, the naphtha
fraction obtained with Cat-A has the highest total content of aromatics
(55.5 wt%) that has been reduced down to 33.3 wt% for Cat-C. The
concentration of naphthenes has followed the same trend as that of ar-
omatics and it has passed from 16.6 wt% for Cat-A to 8 wt% for Cat-C.
Consequently, the concentration of saturated compounds, i.e. normal
and ramified paraffins, has increased to reach a maximum concentration
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Fig. 6. Effect of zeolite desilication on the composition of the naphtha fraction
and RON obtained for the three catalysts.
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of 58.5 wt% for Cat-C. Garcia et al. [31] reported similar trends for the
concentration of the aliphatic and aromatic compounds in the naphtha
fraction obtained in the catalytic cracking of bio-oil using desilicated
zeolite-based catalysts.

Considering that desilication decreases the level of HCO conversion
reached and that the yield of LCO remains practically constant (Fig. 3), it
can be assumed that both the acidity attenuation (Table 3) and the
presence of mesopores (Table 1) in the desilicated catalysts have
contributed to modify the composition of the naphtha fraction. Indeed,
these properties have affected the overcracking reactions and the
interconversion reactions within the naphtha fraction. The results can be
explained through the decreased acidity in the desilicated samples that
attenuates both the cracking activity that converts the paraffins into
lighter gas products and the cyclization reactions that end with the
formation of aromatics. In addition, the lower acidity of the catalyst will
presumably lead to an attenuation of the conversion of mono- and di-
aromatics from the LCO.

In order to fully characterize the naphtha fraction obtained, the
research octane number (RON) of this fraction has been also determined
according to the procedure explained by Anderson et al. [67]. In this
way, it can be seen that the RON follows a decreasing trend with the
increase in the desilication degree. This decrease is a direct consequence
of the reduction of the concentration of aromatics in the naphtha frac-
tion. Anyway, the values of the RON obtained with all the catalysts were
quite high, since with Cat-A a value of 91.6 has been obtained that was
subsequently reduced to 89.6 and 88.5 with Cat-B and Cat-C,
respectively.

3.5. Composition of the LCO fraction

Fig. 7 shows the composition of the LCO fraction obtained with the
three catalysts. The desilication of the zeolite has resulted in an
increasing concentration of aromatics in the LCO fraction. It has gone
from 32.9 wt% for Cat-A to 56.9 wt% for Cat-C. This higher aromatic
concentration after desilication was also observed by Tarach et al. [56]
in the hydrocracking of VGO. The concentration of paraffins (n-P and i-
P), in turn, has decreased going from 67.1 wt% for Cat-A to 41.5 wt% for
Cat-C. Finally, the concentration of naphthenes in the LCO fraction is
trivial. However, it has increased from 0.1 wt% for Cat-A to 1.6 wt% for
Cat-C.

The increase in the concentration of aromatics can be mainly
attributed to the lower total acidity of desilicated catalysts that are
incapable of converting the aromatics into lighter ones within the
naphtha fraction. So, presumably, the effect of the decrease in acidity is
more important than the presence and increase of mesopores (Table 1).
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Fig. 7. Effect of zeolite desilication on the composition of the LCO fraction and
CI obtained for the three catalysts.
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Thus, although the access to the acid sites of the catalyst of the poly-
aromatics in the HCO will be favored, the capacity of the catalyst for
further cracking them has been reduced. That is, the acidity of Cat-B
and, especially, Cat-C is insufficient for the cracking of the in-
termediates derived from the partial hydrogenation of the aromatic
compounds, which is a key step in order to shift the system to a more
favorable condition, given that these reactions are limited by the ther-
modynamic equilibrium [64]. In addition, high temperatures (such as
440 °C) and the reduction of acidic sites promote the dehydrogenation
reactions that form aromatics on the metal sites of the catalyst, as well as
the condensation reactions of light aromatics within the naphtha frac-
tion to heavier aromatics within the LCO fraction. Therefore, these re-
sults reinforce the arguments aforementioned about the reduction of
aromatics in the naphtha fraction using desilicated catalysts. The
composition of the naphtha and LCO fractions are closely interrelated to
the fact that aromatics in the naphtha fraction are coming from the LCO
fraction, according to the hydrodearomatization mechanism established
by Karakhanov et al. [65].

To fully characterize the LCO fraction obtained, the cetane index (CI)
of this fraction has been calculated according to a modified ASTM
D4737 Standard. It must be considered that the CI is inversely correlated
with the concentrations of aromatic compounds and branched hydro-
carbons [44]. The values of CI obtained (55.7, 43.1 and 37.9, for Cat-A,
Cat-B and Cat-C, respectively) are higher than those previously reported
by Gutierrez et al. [45] in the hydrocracking of LCO (ca. 30), but lower
(ca. 70) than those obtained by Escola et al. [68] in the hydrocracking of
neat plastic.

3.6. Coke deposition

The effect of zeolite desilication on coke deposition has been studied
by temperature-programmed oxidation (TPO) analysis, the methodol-
ogy of which has been described in the Supplementary Material. This
technique provides information on the quantity, nature and location of
the coke [69]. The TPO profiles for the three catalysts are plotted in
Fig. 8. Clearly, these profiles can be deconvoluted into two peaks. It is
well established in the literature [69-71] that the first peak, at a range of
low temperatures (375-475 °C) can be associated with a fraction of the
coke deposited on the external surface of the zeolite crystals (which will
be named coke I) and the combustion of which is not limited by diffu-
sional limitations. This coke usually has a poorly developed structure,
with a moderate H/C ratio. In contrast, the second peak obtained at
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higher temperature (475-550 °C) corresponds to the fraction of coke
located inside the crystalline channels of the zeolite (named coke II),
whose combustion is hindered by diffusional limitations. This diffu-
sional restrictions increase the residence time of the molecules within
the inner channels of the zeolite increasing their tendency to condensate
ending in polyaromatic structures [71]. Consequently, even though
under high H; pressure the reactions leading to polyaromatic structures
are more inhibited than in the absence of Hj as it has been checked by
Palos et al. [72], coke II is more developed (lower H/C ratio) than coke L.

Table 4 displays the results obtained in the deconvolution of the TPO
profiles plotted in Fig. 8. The total amount of coke obtained for Cat-A is
28.7 wt% and the amount of both types of coke is similar (proportions
close to 50 wt%). However, desilication has caused a decrease of the
total content of coke to 27.2 and 24.7 wt% for Cat-B and Cat-C,
respectively. Furthermore, the fraction of coke I has increased for Cat-
B up to 74.8 wt% and, even higher, for Cat-C reaching a value of 77.4
wt%. The differences that desilication has brought can be related to the
changes caused in the in the properties of the catalysts that have
modified the concentration of the possible precursors of both types of
coke. Thus, the lower total acidity and lower density of strong acidic
sites of desilicated catalysts attenuate the extent of the condensation
reactions of the aromatic coke precursors inside the crystalline channels
of the zeolite, decreasing the formation of coke II.

In addition, the higher free volume in the porous structure formed by
the desilication treatment, with a higher presence of mesopores
(Table 1), facilitates the circulation of coke precursors out of the chan-
nels of the zeolite leading to the formation of coke I. Indeed, the
reduction of the temperature of the maximum burning rate of coke I
observed for Cat-B and Cat-C with respect to that of Cat-A (Fig. 8) in-
dicates that the diffusional restrictions during the combustion process
have been reduced and that coke I in desilicated catalysts is formed by
less developed structures. The higher absolute content of more
condensed coke (coke II, Table 4) obtained with the parent catalyst (Cat-
A) is in concordance with the higher conversions of HDPE and HCO, as
compared with those observed with modified catalysts (Cat-B and Cat-C,
Fig. 3). The temperature that corresponds to the maximum combustion
rate of coke II is the same for all the catalysts (500 °C). This fact lays on
the location of the coke in the channels of the zeolite and the combustion
of which will be conditioned by the diffusion limitations of the air.

4. Conclusions

Zeolite desilication is an effective treatment to improve the perfor-
mance of the PtPd/HY catalyst for the hydrocracking of a mixture of
HDPE (20 wt%) and VGO, since it decreases the total acidity at the same
time that promotes the creation of mesopores in the zeolite. These
modifications result in a significant increase of the yield of naphtha, due
to the attenuation of the overcracking of this fraction to gas products.
For example, the yield of naphtha observed with unmodified catalyst
(31.3 wt%, Cat-A) was increased to 42.9 wt% and 48.0 wt% with Cat-B
and Cat-C, respectively. In addition, the naphtha fraction obtained has a
lower content of aromatics and a higher content of paraffins, which will
facilitate its subsequent reforming in the refinery for its incorporation
into the pool of commercial gasoline. It is also noteworthy that less coke
is deposited on the modified catalysts, and that in the catalysts subjected
to desilication this deposition occurs preferentially on the outside of the
crystalline channels of the zeolite.

The desilication of the zeolite has as a counterpoint a slightly lower

Table 4
Deconvolution results of TPO profiles.
Cat-A Cat-B Cat-C
Coke content (wt%) 28.7 27.2 24.7
Fraction of Coke I (wt%) 48.3 74.8 77.4
Fraction of Coke II (wt%) 51.7 25.2 22.6
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conversion of HDPE (which remains above 80 wt%) and of the heavy
components (fraction of HCO) in the VGO fed. The LCO fraction yield is
barely affected, although the concentration of aromatics is higher and
the concentration of paraffins is lower than with the parent catalyst (Cat-
A).

These results are of interest for progressing towards the large-scale
valorization of polyolefins (just as the HDPE) by co-feeding them with
VGO. In this way, two goals could be achieved concurrently: (i) the
rational management of waste plastics, and (ii) the intensification of oil
valorization.
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