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A B S T R A C T   

Valorization of waste polyolefins by a sequential combination of thermal pyrolysis and catalytic hydroconversion 
over a bifunctional metal/acid catalyst (e.g. zeolite) is an efficient route to produce transportation fuels. How
ever, the zeolite strong acidity typically causes extensive cracking and loss of liquid fuels. In this work, mild 
dealumination with oxalic acid of a hierarchical Beta zeolite was used to achieve Ni 7%/h-Beta catalysts with Si/ 
Al ratios within the 25 – 130 range. These catalysts were tested in the hydroconversion of a model mixture of 
LDPE thermal pyrolysis product (1-dodecene/n-dodecane, 50/50 w/w). The highest share of liquid fuels (~ 90%) 
was achieved over 7% Ni/h-Beta (SiAl = 130). Besides, due to its high accessibility and tailored acidity, the 
product contained a meaningful amount of isoparaffins (12%) and a negligible content of olefins (< 3.5%). Thus, 
this catalyst holds promise for plastic waste hydroconversion towards transportation fuels.   

1. Introduction 

The need for reducing landfilling rates [1] and the potential use of 
waste plastics as raw materials in different chemical processes has led to 
the development of several treatments for chemical transformation of 
plastics, especially polyolefins. Among them, fuels production seems to 
be especially relevant since liquid fuels are easy to store and to transport 
and have a high commercial value. Thus, high yields of gasoline and 
diesel fuels from low-density polyethylene (LDPE) [2,3], other poly
olefins and their mixtures [4] may be obtained by a two-step process 
comprising thermal cracking of the polymer followed by catalytic 
hydroconversion of the obtained oils. The second step involves a number 
of catalytic transformations of the hydrocarbons mixture occurring 
under hydrogen atmosphere, such as the cleavage of the C-C bonds to 
produce short-chain hydrocarbons (cracking), the hydrogenation of 
C––C bonds, skeletal isomerization to produce isoparaffins, cyclization 
and aromatization. As a result, the so obtained products were practically 
deprived of olefins, showing enhanced shares of isoparaffins and mod
erate of aromatics, which increases their quality as kerosene and diesel 
transportation fuels [5,6]. 

Hydroconversion of the polyolefin pyrolysis oil requires a bifunc
tional catalyst, generally a metal with hydro/dehydrogenation ability 

supported on an acid porous solid (e.g. a zeolite) able to produce the 
carbocations that can undergo β-scission or skeletal rearrangement. On 
the other hand, due to the bulky feature of many of the products from 
polyolefin thermal cracking, there is a need of zeolitic catalysts showing 
a high accessibility to gain a better access to both metal and acid sites. In 
this respect, hierarchical zeolites are especially suitable as they are 
characterized by the presence of a bimodal pore size distribution 
comprising both the typical zeolitic micropores and the additional 
mesopores [7,8]. However, an important drawback of zeolites is their 
strong acidity that causes the occurrence of severe cracking reactions 
leading to the production of gases and, therefore, reducing the oil yield. 
In this way, ordered mesoporous materials (like Al-SBA-15 or 
Al-MCM-41) are known to induce less cracking but at the expense of very 
low isomerization and aromatization activities [2]. Thus, a proper 
combination of acidity and accessibility is required in order to maximize 
the yield of liquid fuels. 

Ni is one of the most preferred hydrotreating metals due to its high 
hydro/dehydrogenation activity and low cost. The effect of the metal/ 
acid balance in the physicochemical properties and final performance of 
bifunctional catalysts used in the hydrotreatment of oil fractions or 
hydrocarbons [9–12], plastics [13–15] or oily biomass [16–18] has been 
earlier reported in literature. Regarding to hydrocarbons and plastics, 
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the main conclusions drawn were that a higher metal/acid ratio pro
motes olefins hydrogenation [10], increases hydroisomerization up to a 
certain level [14,19–22] and prevents secondary cracking by fast hy
drogenation of the intermediates [23]. The metal/acid balance can be 
easily tuned by varying the amount of metal incorporated, generally by 
impregnation or ion-exchange, on the acid support. Alternatively, the 
metal/acid ratio can be varied by adjusting the amount of acid sites in 
the support modifying the Si/Al atomic ratios. Several options to get 
different Si/Al ratios can be envisaged [24]: direct modification of the 
chemical composition of the synthesis medium, desilication to decrease 
the Si/Al ratio or dealumination to increase it. 

In the case of Beta zeolite, the aluminum content of the gel influences 
strongly the nucleation and growth kinetics, hence the final composition 
of the materials tends to be close to that which provides the maximum 
stability to the crystalline structure (Si/Al molar ratio = 10 – 30), 
especially in basic medium [25]. Dealumination with acid solutions is 
the classical alternative to increase the Si/Al ratio. It is generally com
bined with a previous steaming of the material which facilitates the 
extraction of framework Al, providing a better thermal stability and 
creating a secondary porosity [26]. Nevertheless, this extra porosity is 
usually made of isolated cavities and does not improve the diffusional 
properties of the material [27]. Numerous acid species have been 
employed to dealuminate Beta zeolites, such as HCl [28]; HNO3 [29]; 
tartaric acid [30]; or ethylenediaminetetraacetic acid [31]. Interest
ingly, oxalic acid has resulted in very intense Al extraction from several 
zeolite structures [32,33]. This is caused by the dual function of this 
molecule, which acts as an acid, hydrolyzing the Al-O bonds, and as a 
complexing agent, forming aluminum trioxalate (Al2(C2O4)3), which is 
highly soluble at low pH. Zeolites with large, three-dimensional pores, 
such as Beta, and those with more surface defects, such as nano
crystalline ones, are easier to dealuminate [30,31]. The more aggressive 
the treatment, the higher the Al extraction [28–30,34,35]. However, 
excessively high acid concentrations or temperature may drive to Si-O 
bonds hydrolysis and the partial or complete loss of the crystalline 
structure [29]. 

In the current work we report the effect of a mild dealumination 
treatment with oxalic acid upon the crystallinity, textural and acidic 
properties of a hierarchical Beta zeolite synthesized by a protozeolitic 
units silanization procedure. These dealuminated hierarchical Beta 
samples were subsequently employed as supports of Ni to obtain 
bifunctional catalyst that were tested in the hydroconversion of a model 
LDPE thermal cracking oil consisting of a 1-dodecene/n-dodecane 50/ 
50 w/w mixture. This approach has not been assessed before using as 
support high Si/Al hierarchichal Beta zeolite, which is a 3D large 
micropore zeolite with mesopores and medium-strong Brønsted acid 
sites and harnessing Ni as well, a less costly metal than the pricey noble 
metals Pt, Pd or Ru. On the other hand, other supports such as silica, 
alumina or amorphous silica-alumina were discarded because of their 
very low content of medium – strong Brønsted acid sites, that are 
required for hydroisomerization. Thus, the major goal of the study was 
to determine how the dealumination treatment affects the extent of the 
different reactions involved in the hydroconversion of the model 
mixture, affording the production of transportation fuels with upgraded 
composition. 

2. Experimental procedure 

2.1. Synthesis of the Ni/h-Beta catalysts 

The parent hierarchical Beta zeolite sample was prepared by a pro
tozeolitic units silanization method published elsewhere [36]. A solu
tion containing aluminum (aluminum flakes, Aldrich, 99.9%) and 
silicon (fumed silica, Degussa) precursors, tetraethylammonium hy
droxide (TEAOH, Alfa, 35% aqueous solution), as structure directing 
agent, and distilled water was aged at room temperature for 20 h. The 
molar composition of this gel was Al2O3: 60 SiO2: 15.5 TEAOH: 1000 

H2O. The gel was then precrystallized in a 500 mL Teflon-lined auto
clave reactor at 135 ºC for 3 days in order to obtain a suspension of the 
protozeolitic nanounits. Subsequently, 8 mol% (with regard to the sili
con content) of the silanization agent, phenyl
aminopropyltrimethoxysilane ((C6H5)NH(CH2)3Si(OCH3)3, Aldrich, >
97%) was added to the suspension and left reacting under reflux at 90 ºC 
for 6 h. The organosilane was anchored to the surface hydroxyls forming 
an organic moiety that partially prevents the nanounits aggregation, 
thus avoiding the formation of large crystals. The suspension was finally 
crystallized in the autoclave reactor at 135 ºC for 7 days. The obtained 
solid products were recovered by centrifugation, rinsed with distilled 
water, dried overnight at 110 ºC and calcined in stagnant air at 550 ºC 
for 5 h. The final material (h-Beta) presents a bimodal micro/
mesoporous structure generated by the removal of the structure 
directing and silanization agents upon calcination. 

The parent h-Beta sample was dealuminated by treatment with 
oxalic acid dihydrate solutions (H2C2O4⋅2 H2O, Scharlau, Reagent 
Grade) with varying concentrations (0.025, 0.05 and 0.5 M). For each 
experiment, 2 g of h-Beta were placed in a round-bottom flask and 100 
mL of the acid solution were added. The flask was then placed in a 
thermostatic bath to keep the temperature constant during the experi
ment. The treated samples were recovered by vacuum filtration, 
extensively washed with distilled water, dried at 110 ºC overnight and 
calcined in static air at 550 ºC for 5 h to remove any trace of oxalic acid. 

Nickel was incorporated as metallic phase on the zeolite samples by 
impregnation with a nickel nitrate hexahydrate (Aldrich, > 98.5%) 
aqueous solution using a solution volume to pore volume ratio of 2. The 
Ni(NO3)2 concentration was calculated to achieve 7 wt% metallic Ni in 
the final catalysts. This Ni content was chosen as the optimum one to 
maximize the yield of liquid fuels [14]. Impregnated samples were dried 
in a rotary evaporator at room temperature under vacuum for 6 h and 
then calcined at 550 ºC for 5 h with a heating rate of 20 ºC min− 1 to 
decompose the nitrate group and leave nickel in the oxide form (NiO). 
The oxide was then reduced under 30 NmL min− 1 hydrogen flow in a 
Micromeritics Microactivity Pro fixed bed reactor with a heating rate of 
2 ºC min− 1 up to 550 ºC. 

2.2. Characterization of the zeolite Beta supports and catalysts 

The crystallinity, Al content and Si species distribution of the parent 
and dealuminated h-Beta materials were determined by X-Ray diffrac
tion (XRD), Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) and 27Al and 29Si magic angle spinning nuclear magnetic 
resonance (MAS NMR), respectively. Ni-containing catalysts were 
characterized by XRD, hydrogen temperature-programmed reduction 
(H2-TPR), transmission electron microscopy (TEM) and Ar adsorption- 
desorption isotherms at − 186.15 ºC. 

X-Ray diffraction patterns were collected within the 5 – 50 º range in 
a “Empyrean” PANalytical® diffractometer using Cu-Kα radiation with a 
step size of 0.0263 º and a counting time of 957 s. From them, the 
crystallinity of the dealuminated samples was checked. Additionally, the 
average size of the NiO crystals in the calcined Ni-containing samples 
was obtaining by means of the Scherrer equation. 

The Al and Ni contents were determined by ICP-AES on a VARIAN 
Vista AX Axial CCD Simultaneous spectrometer. The samples were 
digested in H2SO4 and HF prior to the analysis. Additionally, the con
centrations of Brønsted and Lewis acid sites of the zeolitic supports were 
determined by in situ FTIR spectroscopy of pyridine adsorption. Prior to 
the analyses, the samples were pressed into ca. 10 mg cm− 2 self- 
supporting wafers, degassed at 450 ◦C under high vacuum for 4 h and 
cooled down to room temperature. Pyridine adsorption (3.5 mbar) was 
performed at 150 ◦C for 20 min, and the desorption was controlled 
stepwise by evacuating the adsorption cell for 20 min at 150, 250, 350 
and 450 ◦C, under high vacuum. The corresponding spectra were 
recorded with a Nicolet iS50 spectrometer equipped with MCT detector, 
employing 150 scans with 4 cm− 1 resolution. The acid sites were 
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calculated according to the following bands (vibration mode of pyri
dine) and absorption coefficients: pyridinium PyH+ band at 1545 cm− 1 

(ε = 1.67 cm mol− 1) and pyridine PyL band at 1455 cm− 1 (ε = 2.2 cm 
mol− 1) [37]. 

The shares of tetrahedral and octahedral aluminum species were 
determined by the signals at − 54 and 0 ppm, respectively, in the 27Al 
MAS NMR spectra obtained in a Varian Infinity Plus 400 instrument 
operating at 104.16 MHz with spinning rates of 12 kHz. Chemical shifts 
were referenced to Al(H2O)6

3+ as external standard. The formation of 
silanol groups by dealumination was followed by the evolution of the 
peaks at − 106 ppm (Q3) and − 114 ppm (Q4) in the 29Si-MAS NMR 
spectra obtained at 79.4 MHz and using tetramethylsilane as standard. 

The textural properties were determined from the Ar adsorption- 
desorption isotherms at − 186.15 ºC obtained in a Micromeritics 3Flex 
equipment. Prior to the analyses, the samples were outgassed at 300 ºC 
for 5 h. The BET equation was applied to determine the surface areas 
using the relative pressure range of 0.05 – 0.17 in the adsorption branch 
[38]. Total pores volumes were calculated at a relative pressure of 0.99. 
The external surface areas and micropore volumes were obtained using 
the t-plot method with the De Boer and Lippens equation to calculate the 
thickness (t) of the adsorbed monolayer [39]. The pore sizes distribu
tions were determined by the non-local DFT method applied to the Ar 
adsorption-desorption isotherms at − 186.15 ºC considering a cylindri
cal pore configuration. 

The reducibility of NiO was assessed by hydrogen temperature pro
grammed reduction (H2-TPR) tests in an AutoChem 2910 system. The 
analyses were performed under a 35 NmL min− 1 flow of 10% H2 in Ar 
and heating up to 800 ºC with a heating rate of 5 ºC min− 1. The size and 
location of the Ni particles were inferred from TEM images collected in a 
Philips TECNAI 20 microscope with a LaB6 filament under an acceler
ating voltage of 200 kV. Previously the samples were dispersed in 
acetone in an ultrasonic bath and deposited on a carbon-coated copper 
grid. 

2.3. Thermal cracking tests of LDPE 

The thermal cracking reaction of pure LDPE (REPSOL) was per
formed in a stirred 100 mL stainless-steel autoclave reactor provided 
with gases inlet and outlet and heated by a ceramic oven. In the 
experiment, 30 g of the polyolefin was thermally cracked at 400ºC for 
90 min under 1.5 bar of nitrogen. The obtained oil from the cracking was 
separated by distillation into hydrocarbon mixtures within the gasoline 
(C5 – C12) and diesel (C13 – C40) fractions since no heavier products than 
C40 were detected. The analyses of both gasoline and gaseous fractions 
were done by gas chromatography in a Varian 3800 GC harnessing a 
100 m length x 0.25 mm i.d. Chrompack capillary column. The gasoline 
fraction (C5 – C12) was also analyzed by the PIONA method in order to 
determine the respective contents of paraffins, isoparaffins, olefins, 
naftenes and aromatics. The diesel fraction was analysed in a Varian 
3900 GC equipped with a 25 m length methyl silicone capillary column. 

2.4. Catalytic hydroconversion tests 

The catalysts were tested in the hydroconversion of a 50/50 wt% 1- 
dodecene (Aldrich, 95%) and n-dodecane (Aldrich, ≥ 99%) mixture. 
This is a model mixture representative of the composition of the LDPE 
thermal cracking oils, typically made up of similar amounts of n-paraf
fins and 1-olefins with a wide distribution of carbon atom numbers. In 
every reaction, 10 g of each compound were placed into the vessel of a 
stainless-steal autoclave reactor together with 0.4 g of the corresponding 
catalysts (catalyst to feed mass ratio = 1/50). The reactor is provided 
with gases inlet and outlet, ceramic oven, stirrer, and electronic 
controller. After sealing the reactor, inert atmosphere was ensured by 
passing nitrogen at 2 bar for 15 min and then hydrogen was cold- 
charged up to 20 bar. The temperature was set at 350 ºC with a heat
ing rate of 10 ºC min− 1 and the stirring speed was set to 500 rpm. After 

45 min of reaction, the reactor was left cooling down to room temper
ature and then the gases were vented through an ice-cooled trap and 
collected in a gases bag. Liquid products were separated from the 
catalyst by vacuum filtration. 

Gaseous and liquid products were analyzed by gas chromatography 
in a Varian GC-3800 apparatus equipped with a CP-7530 fused silica 
capillary column and a flame ionization detector (FID). The obtained 
chromatograms were evaluated with the Varian Star Detailed Hydro
carbon Analysis 5.0 software to determine the carbon atom number 
distributions and the PIONA (Paraffins, Iso-paraffins, Olefins, Naph
thenes and Aromatics) composition of the products. 

3. Results and discussion 

3.1. Properties of the parent h-Beta and dealuminated samples 

Aluminum was extracted from the h-Beta materials by leaching in an 
oxalic acid solution. Different samples were prepared by modifying the 
concentration of oxalic acid and they were named as h-Beta (X), wherein 
X stands for the actual Si/Al atomic ratio determined by ICP-AES ana
lyses. The extraction of Al atoms from the zeolite framework may pro
duce different effects: the modification of the acid properties of the 
material, the formation of an additional porosity, and the partial loss of 
the zeolite structure if the treatment is strong enough. 

The first issue of interest is the dealumination level achieved with 
each treatment. Fig. 1 shows the correlation between the oxalic acid 
concentration and the final Si/Al ratio measured by ICP-AES. By 
increasing the concentration of oxalic acid, the initial Si/Al ratio of the 
h-Beta material (25) can be raised up to a maximum of 130 for the 
sample treated with 0.5 M oxalic acid, but the complete removal of 
aluminum atoms from the zeolite framework seems not to be possible 
under the tested conditions since the curve reaches an asymptotic value 
of 125 ± 6. Based on these results, four samples were further considered 
(the original h-Beta (25) and the dealuminated h-Beta (68), h-Beta (90) 
and h-Beta (130)), as representative of materials with different Al 
content. 

The extraction of aluminum has direct effects on the acidic properties 
of the zeolitic materials. The concentration of Brønsted (BAS) and Lewis 
(LAS) acid sites, calculated from pyridine adsorption FTIR measure
ments, is shown in Table 1 and Fig. S1. For the dealuminated hierar
chical Beta supports, both BAS and LAS diminished steadily with the 
extent of the Al removal by the oxalic acid treatment. Thus, the con
centration of Brønsted acid sites determined at 150 ºC dropped from 
0.148 in the pristine zeolite h-Beta (25) to 0.026 mmol g− 1 for the most 

Fig. 1. Correlation between the oxalic acid concentration and the Si/Al atomic 
ratio of h-Beta samples. 

L. Briones et al.                                                                                                                                                                                                                                 



Applied Catalysis B: Environmental 341 (2024) 123359

4

dealuminated h-Beta (130), while the respective amount of Lewis acid 
sites followed a variation from 0.193 to 0.077 mmol g− 1, respectively 
(Table 1). It is noteworthy that the concentrations of Lewis acid sites at 
150 ºC was higher than those of the Brønsted acid sites for every zeolite 
sample but this trend change at higher temperatures for the deal
uminated zeolitic supports. This is likely suggesting the occurrence of 
some extraframework aluminum species that have not been removed by 
the oxalic acid treatment and which are responsible of some residual 
weak Lewis acidity. Hence, the Brønsted acid sites did not fully disap
pear with the dealumination, being present even in the most deal
uminated hierarchical Beta sample (SiAl = 130). This fact has certainly 
important catalytic implications since medium – strong Brønsted acid 
sites play a major role in both cracking and hydroisomerization re
actions [40–42]. Moreover, the ratio between BAS and LAS tends to 
decrease with the intensity of the dealumination treatment, this effect 
being specially pronounced for the sample with the highest Si/Al ratio. 

The shares of octahedral (o-Al) and tetrahedral (t-Al) aluminum 
species of the hierarchical Beta supports were calculated from 27Al MAS 
NMR spectra [43], which can be found in Fig. S2. No other Al species, 
such as pentacoordinated aluminum, with signal around 30 ppm, were 
detected for any sample. The treatment with oxalic acid easily leaches 
extra-framework aluminum, lowering the share of o-Al from 16% cor
responding to h-Beta (25) to 9% of h-Beta (68). Additionally, it is also 
able to remove framework Al, forming new o-Al species, so that the 
actual Si/Al ratios are reached. Therefore, both framework aluminum 
extraction and o-Al wash out occur simultaneously. This is in agreement 
with the dual function of the oxalic acid: hydrolyzing and chelating [32]. 
In overall, the share of o-Al species decreases initially with the intensity 
of the oxalic acid treatment but is enhanced again for the most deal
uminated sample, which can be connected with the decrease in the 
BAS/LAS ratio observed for this sample. On the other hand, the treat
ment with oxalic acid has also a significant effect on the distribution of Si 
species, provoking the generation of new structural defects in the form 
of silanol groups. This fact is clearly observed by the increase of the 
Q3/(Q3 +Q4) ratio, determined from the 29Si MAS NMR spectra, in all 
the dealuminated samples regarding h-Beta sample, as it can be appre
ciated in Table 1. Thus, this ratio varies from 0.14 in the parent h-Beta 
sample to 0.30 for the material treated with the highest oxalic acid 
concentration. 

Dealumination may also disturb the crystalline structure of the 
treated zeolites. The crystallinity of the Beta structure was checked by 
XRD (Fig. 2). All the materials present the typical diffraction patterns of 
the BEA structure corresponding to its both polymorphs A and B [44]. 
Notwithstanding, a certain loss in the intensity of the reflections can be 
observed for all the samples compared to the original h-Beta. This fact 
can be linked to the generation of structural defects upon 

dealumination. Minimal effects on the crystalline structure of several 
zeolites have also been described by previous authors after severe 
treatments [45]. On the other hand, a slight shift of the most intense 
reflection towards higher angles is detected for h-Beta (130), from 2θ 
= 22.4–22.6 º. This contraction of the lattice of Beta zeolites deal
uminated with oxalic acid has been reported previously, being consid
ered as a proof of the removal of t-Al atoms and formation of silanols 
[32]. 

3.2. Characterization of the Ni/h-Beta catalysts 

The parent h-Beta and the selected dealuminated samples (h-Beta 
(68), h-Beta(90) and h-Beta (130)) were used to prepare bifunctional 
catalysts by Ni incorporation. The final Ni contents were similar for all 
the catalysts and close to the intended 7 wt%, ranging within 6.5 – 7.2%. 
The size and location of the metallic particles in the Ni-containing cat
alysts were determined by several techniques. Calcined materials – 
nickel as NiO – were subjected to XRD and H2-TPR. After H2 reduction – 
nickel as Ni0 – the catalysts were characterized by TEM and Ar phys
isorption measurements at − 186.15 ºC. 

Fig. 3 shows a selection of TEM micrographs of the Ni/h-Beta cata
lysts. The original h-Beta zeolite is made of small zeolitic nanounits 
around 5 – 10 nm size aggregated into particles of 200 – 400 nm. Despite 
dealumination, the general morphology of the supports does not change 
significantly: no amorphous material, disaggregation or pores formation 
were detected. For all the catalysts, a great part of the Ni particles are 
located on the external surface of the zeolite support, with some trend 
also to form aggregates.In this regard, Fig. S3 illustrates the Ni particle 
size distributions and the mean sizes obtained by direct measuring of 
more than 100 individual particles for each catalyst in a selection of 
TEM images. In every catalyst most of the Ni particles are within the 10 – 
60 nm size, with slight differences between them. Ni/h-Beta (25) and 
Ni/h-Beta (130) present the largest particles – 37 nm average size –. On 
the other hand, the average Ni particle size obtained through the 
Scherrer equation applied to XRD patterns was rather similar, ranging 
within 26 – 36 nm. 

The calcined catalysts were subjected to H2-TPR (see Fig. S4). The 
obtained profiles were relatively similar for the dealuminated catalysts. 
NiO was always reduced in two stages centered at about 350 ºC and 430 
ºC and reduction was complete at 550 ºC. The first stage (350 ºC) was 
ascribed to the reduction of large particles of bulk NiO while the second 
one (430 ºC) was associated to the occurrence of smaller nickel oxide 
particles interacting strongly with the support [46]. In contrast, 
NiO/h-Beta (25) presented a slightly different profile with only one 
major reduction stage centered at 430 ºC and a shoulder at 300 ºC, 
indicating that its higher Al content leads to a stronger metal-support 

Table 1 
Physico-chemical properties of parent and dealuminated h-Beta samples.  

Sample Si/ 
Ala 

BAS 
(mmol 
g¡1)b 

LAS 
(mmol 
g¡1)b 

BAS/ 
LAS 

t-Al 
(%)c 

o-Al 
(%)c 

Q3
Q3 + Q4

d  

h- 
Beta 
(25)  

25  0.148  0.193  0.77  83.9  16.1  0.14  

h- 
Beta 
(68)  

68  0.065  0.105  0.62  90.7  9.3  0.21  

h- 
Beta 
(90)  

90  0.047  0.074  0.64  90.3  9.7  0.27  

h- 
Beta 
(130)  

130  0.026  0.077  0.34  87.5  12.5  0.30  

a Measured by ICP-AES; 
b Obtained by Pyr-FTIR at 150 ºC; 
c Obtained from 27Al MAS NMR spectra; 
d Obtained from 29Si MAS NMR spectra. 

Fig. 2. XRD patterns of the original and dealuminated h-Beta zeolites.  
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interaction. 
The textural properties of the Ni-containing catalysts have been 

assessed by Argon physisorption at − 186.15 ºC. Thus, BET surface 
areas, total pore volumes at P/P0 = 0.99, micropores volumes and 
external surface area values are summarized in Table 2. The shape of the 
isotherms in the dealuminated samples (Fig. S5) are close to that of the 
parent h-Beta (25), which may be regarded as a combination of type I 
and type IV isotherms according to IUPAC classification [47]. Thus, they 
exhibit an important Ar adsorption at low relative pressures (p/p0 <

0.001) due to the filling of the micropores and a second important 
contribution in the 0.1 – 0.5 relative pressures interval corresponding to 
the capillary condensation into the hierarchical mesopores. Finally, a 
steeper slope is observed at higher relative pressures (p/p0 > 0.9) that 
can be linked to condensation into inter-aggregates voids or macropores. 
In the particular case of the sample dealuminated with the highest oxalic 
acid concentration (Ni/h-Beta (130)), it presents an isotherm clearly 
below than that of h-Beta in the whole range of relative pressures. Fig. 4 
depicts the cumulative pore volumes and the pore size distributions, 
determined by the NLDFT model. All the catalysts display a well-defined 
bimodal pore size distribution consisting of the typical zeolite micro
pores (around 0.6 nm) and the intraparticles mesopores (around 2 – 
5 nm) generated by the protozeolitic seed silanization procedure [7]. 

Table 2 summarizes the textural properties of the Ni/h-Beta samples, 
showing some variations as a function of the dealumination treatment. 
An enhancement of both the BET surface area and the total pore volume 

is observed when using relatively small oxalic acid concentrations, 
which can be linked with the generation of structural defects with the 
dealumination process. However, this is not the case for the Ni/h-Beta 
(130) sample that exhibits distinctly lower values of the textural prop
erties, suggesting that at high oxalic acid concentration some amor
phous material could be formed due an excessive damage of the zeolite 
structure, being in agreement with the other changes above observed for 
this sample in terms of lower intensity of the XRD peaks and enhanced 
share of Lewis acid sites. 

3.3. Hydroconversion catalytic tests 

The Ni/h-Beta samples prepared in this work are aimed to be used as 
catalysts in the hydroconversion of the pyrolysis oils derived from waste 
polyolefins pyrolysis for their upgrading towards transportation. In this 
way, Fig. 5.a illustrates the broad product distribution, in terms of atom 
carbon number, obtained in the low density polyethylene (LDPE) 
cracking at 400 ºC for 90 min under N2 atmosphere. This product in
cludes hydrocarbons within the C2 – C30 range, with a majority of 
components corresponding to the gasoline and diesel fractions. More
over, for each carbon atom number, the hydrocarbon mixture is made up 
mostly of similar amounts of the corresponding n-paraffin and 1-olefin. 
Likewise, Fig. 5.b shows the PIONA analysis of this LDPE pyrolysis oil 
that consists mainly of olefins (41 wt%) and n-paraffins (35%), and with 
distinctly lower amounts of isoparaffins (13%), naphthenes (5%) and 
aromatics (6%) as well. Accordingly, in this work, a model mixture of 
LDPE thermal cracking oil formed by n-dodecane / 1 – dodecene (50/50 
w/w) has been chosen to assess the performance of the catalysts, based 
on the carbon atom number of Fig. 5, that is roughly centered around 
C12, as well as the previously shown PIONA analysis. 

The four Ni-containing catalysts, selected and characterized in the 
previous section, have been tested in the hydroconversion of the n- 
dodecane / 1 – dodecene (50/50 w/w) mixture at 350 ºC for 45 min 
under 20 bar H2 (initial pressure) with a mass catalyst to feed ratio of 
1:50. Likewise, a blank test, without any catalyst, has also been per
formed in order to determine the extent of the bottom thermal reactions. 

The classical theory of hydroisomerization over bifunctional cata
lysts indicates that the n-paraffin is hydrogenated/dehydrogenated over 

Fig. 3. TEM images of the different Ni-containing catalysts. (a) Ni/h-Beta (25); (b) Ni/h-Beta (68); (c) Ni/h-Beta (90); (d) Ni/h-Beta (130).  

Table 2 
Textural properties of the Ni/h-Beta catalysts.  

Sample SBET (m2 

g¡1) 
VT (cm3 

g¡1) 
Vmic (t-plot) 
(cm3 g¡1) 

Sext (t-plot) 
(m2 g¡1)  

Ni/h-Beta 
(25)  

510  0.386  0.189  115  

Ni/h-Beta 
(68)  

547  0.405  0.196  128  

Ni/h-Beta 
(90)  

523  0.434  0.201  109  

Ni/h-Beta 
(130)  

412  0.345  0.153  113 

*Obtained from Ar adsorption-desorption isotherms at − 186.15 ºC. 
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the metal site while over the Brønsted acid sites, the olefin is protonated 
originating a carbenium cation, that can undergo subsequently either 
skeletal isomerization or catalytic cracking mostly by β-scission 
[48–50]. In this respect, as one of the main goals of dealumination was 
to moderate the extent of cracking reactions leading to gases, the first 
point of interest is to check the evolution of cracking as the Si/Al atomic 
ratio is increased. Fig. 6.a presents the shares of gases C1 – C4 and other 
< C12 hydrocarbons corresponding to the blank and catalytic tests. 
Although the gases fraction has been named as C1 – C4, no methane was 
detected for any reaction, ruling out the occurrence of hydrogenolysis. 
The blank test gives 8% of C1 - C11 products, which are essentially C1 – 
C4, mainly ethylene and propylene. In contrast, hydroconversion over 
the parent Ni/h-Beta (25) leads to a very high yield of cracking products, 
almost 38%, being 21% of them gases, mainly C4 (16.5%). It is note
worthy that the makeup of the < C12 hydrocarbons shows an steady hike 
in the n-paraffins content on increasing the Si/Al atomic ratio of the 
catalyst, which is accompanied by a parallel abatement in the olefins 
amount (see Fig. 6.b). Thus, olefins contents dropped dramatically over 
any catalysts, below 12%. As hydrogenation of 1-dodecene was 
completed during the heating of the reaction medium, the final olefins 
were meant to be cracking and isomerization products, mainly 2-meth
yl-1-butene, 4-methyl-1-pentene and several C7 olefins. On the other 
hand, as the Si/Al ratio of the zeolite rises by dealumination with oxalic 
acid, the number of Brønsted acids sites decreases and cracking drops, so 
for Ni/h-Beta (130) the share of < C12 hydrocarbons abates to 22.6% 
(12% being gases). In this regard, the decrease in the amount of acid 
sites by augmenting the Si/Al atomic ratio is an effective way to 
diminish the extent of the cracking reactions. Thereby, the activity of the 
zeolites relies on the acid properties [51,52], and this explains the steady 
drop in the extent of the cracking reactions for the samples deal
uminated at growing oxalic acid concentrations. However, despite the 
high Si/Al atomic ratio (130) of Ni/h-Beta (130) catalyst, its cracking 
activity is not negligible at all due to the presence of a significant BAS 

concentration still in this material. Regarding the distribution by atom 
carbon number of the cracking products (Fig. 6.c), it can be appreciated 
that C4 compounds are the main components over all the catalysts, 
followed by C5 hydrocarbons. Both components can be considered the 
primary products of end-chain cracking reactions. The yields of both C4 
and C5 components decreases progressively with the intensity of the 
dealumination treatment, which is also an indication of the lower 
contribution of severe cracking reactions as the Al content of the h-Beta 
samples is lowered. On the other hand, a quite flat distribution is 
observed in the C6 – C11 range, suggesting that these species are pro
duced by random cracking reactions. 

A second goal of hydrotreating is to hydrogenate the olefinic double 
bonds to prevent the appearance of unwanted products (i.e., gums for
mation in the injection systems of the automobiles). In this way, Fig. 7 
shows the share of n-dodecane, 1-dodecene and other C12 compounds in 
the final products after reaction over each catalyst. A chromatographic 
analysis of the feed mixture indicated that its actual composition was 
51% n-dodecane, 41% 1-dodecene and 8% impurities – mainly n-C11 
and n-C13 –, which is close to the specifications of the providers. The 
blank reaction produced some gases formation, as stated above, and 
some oligomerization of light olefins into heavier hydrocarbons (4.8%) 
but no hydrogenation, since the final shares of n-dodecane and 1-dode
cene were 47% and 40%, respectively. In contrast, in the catalytic re
actions, all the tested catalysts were able to convert more than 98% of 
the starting 1-dodecene. This transformation is meant to happen in two 
stages: firstly, hydrogenation by the Ni particles to produce n-dodecane, 
since hydrogenation is the kinetically favored reaction that starts at 
lower temperatures (90 – 150 ºC). Secondly, at higher temperatures, the 
n-C12 is dehydrogenated over the Ni site and the resulting olefin un
dergoes cracking, isomerization, and cyclization chiefly at the Brønsted 
acid site according to the classical mechanism of paraffins conversion 
over bifunctional catalysts [14,48–50]. Thus, the less acidic catalysts 
lead to higher yields of n-dodecane. This agrees with the obtained results 

Fig. 4. Pores size distributions for the Ni/h-Beta catalysts obtained from the NL-DFT model applied to the adsorption branch of the Ar isotherms at − 186.15 ºC.  
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for the series of catalysts dealuminated with increasing oxalic acid 
concentrations: the yield of n-C12 increases from 50.6% for Ni/h-Beta 
(25) to 66.7% for Ni/h-Beta (130). Finally, all the catalysts provided a 
certain amount of products heavier than C12, with yields ranging from 
3.4% to 6.7%, due to oligomerization of light olefins. However, given 
that the blank test produced 4.8% > C12 compounds, it seems that 
oligomerization is a mere effect of temperature. 

The saturation of the olefins is necessary to increase the stability of 
the fuel and to prevent further oligomerization and gum formation. 
However, a too high content in normal paraffins is not desirable as it 
greatly lowers the RON of the gasolines and increases the pour point of 
diesel fuels. The distribution between normal and branched paraffins is 
the most relevant difference between products and is the key factor to 
determine the quality of the final fuels. The blank tests gave an iso
paraffins yield of 3.4% and the catalytic products raised this value up to 
10 – 20%. This indicates that the ability of Ni/h-Beta to perform skeletal 
isomerization is preserved even for high Si/Al ratios. An increase in the 
oxalic acid concentration in the dealumination treatment led to a lesser 
isoparaffins formation, with yields ranging from 17.6% for Ni/h-Beta 
(25) to 11.7% for Ni/h-Beta (130). 

Fig. 8 illustrates the weight ratio isoparaffins / n-paraffins versus the 
overall liquid fractions yield for the different Ni/h-Beta catalysts, 
showing that a trade-off is established between both parameters as the 
dealumination degree of the h-Beta is enhanced. In overall, lower acid 
sites concentration leads to higher yields of the liquid products but at the 
expense of less hydroisomerization activity. Thus, the iso-/n-paraffin 
ratio diminished from 0.26 (Ni/h-Beta (25)) to 0.15 (Ni/h-Beta (130)). 

As Ni/h-Beta (68) and Ni/h-Beta (90) present acid sites of similar nature 
(strength and tetra-/octahedral aluminum shares), seemingly the 
observed decrease in the number of Brønsted acid sites would explain 
the drop in isoparaffins / n-paraffins ratio for both samples. However, 
both Ni/h-Beta (90) and Ni/h-Beta (130) resulted in the same iso
paraffins / n-paraffins ratio. In this case, although the amount of 
Brønsted acid sites is lower over Ni/h-Beta (130), its higher Si/Al atomic 
ratio is likely to lead towards a greater separation between the metal and 
acid sites, which has been reported to increase the selectivity towards 
hydroisomerization over zeolites [53]. The balance between these two 
factors would account for the result over Ni/h-Beta (130). The occur
rence of isoparaffins in the liquids is particularly important considering 
that they improve the cold flow properties of the fuels, such as pour 
point and freezing point, by decreasing their respective temperature 
values so they can be properly harnessed under cold weather seasons for 
transportation [54]. 

4. Conclusions 

Treatment of a hierarchical Beta zeolite (SiAl = 25) with oxalic acid 
solutions of different concentrations has proved to be an effective 
dealumination treatment. However, complete removal of Al was not 
possible, and the maximum ratio achieved was 130 for the highest oxalic 
acid concentration (0.5 M). Framework Al extraction and subsequent 
wash out of the formed octahedral species occur simultaneously due to 
the dual hydrolyzing/chelating function of oxalic acid, keeping the 
tetrahedral/octahedral ratios approximately constant for all the deal
uminated materials. Only at the highest oxalic acid concentration the 
crystalline structure of the zeolite seems to be somewhat affected. The 
content of BAS and LAS diminished steadily after the dealumination 
treatment but interestingly, the Brønsted acid sites did not disappear in 
any support, even in the most dealuminated sample, unveiling the 
occurrence of strong BAS as well. Characterization of the Ni-containing 
catalysts indicated that Ni particles were located in a great part on the 
external surface of the zeolite particles and their size was quite similar 
for all the catalysts. Additionally, the textural properties of the Ni/h- 
Beta catalysts were rather similar, except for Ni/h-Beta (130) catalyst, 
that showed lower values due to its inferior crystallinity. However, all 
the catalysts displayed the typical bimodal micropore/mesopore size 
distribution of hierarchical zeolites. 

Hydroconversion activity of the zeolite samples was investigated 
using a model n-dodecane/1-dodecene mixture, which can be consid
ered representative of the hydrocarbon types present in the thermal 
cracking oil of polyethylene. The catalytic hydroconversion results 
demonstrated that the dealumination degree achieved for the h-Beta 
zeolites affected significantly to both the activity and the product dis
tribution. Initially, the decrease in the number of acid sites diminishes 
the extent of the cracking reactions, increasing the yields of useful liquid 
products. This abatement in the content of acid sites is accompanied by a 
reduction in the hydroisomerization ability, although the catalyst with 
the highest Si/Al atomic ratio (130) still holds a meaningful iso- 
parafffins production. Thus, the catalyst with the highest Si/Al atomic 
ratio (Ni/h-Beta (130), SiAl = 130) exhibited a remarkable perfor
mance, showing the lowest gases formation, moderate iso-paraffins 
production and the lowest olefins content. These results prove that the 
usage of Ni/dealuminated hierarchical Beta zeolite for the hydro
conversion of the product of the thermal pyrolysis of polyolefin wastes 
holds promise to achieve higher yields of upgraded liquid fuels useful for 
transportation. 
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Fig. 7. Hydroconversion of the model LDPE thermal cracking oil over h-Beta 
catalysts: yields of the different C12 products. 

Fig. 8. Hydroconversion of the model LDPE thermal cracking oil over h-Beta 
catalysts: relationship between the Iso-/n-paraffins ratio and the overall yield of 
liquid products. 
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