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Abstract: This work reports the study of the catalytic pyrolysis of rejected plastic fractions collected 
from municipal solid waste whose mechanical recovery is not plausible due to technical or poor 
conservation issues. The chemical recycling using catalytic pyrolysis was carried out over commer-
cial zeolites formulas, i.e., HY and HZSM-5, in which Ni or Co metals were deposited at two differ-
ent loadings (1 and 5%, wt.). The presence of these transition metals on the zeolitic supports im-
pacted the total production of compounds existing in the liquid oil. The samples were characterized 
in terms of structural, chemical, and morphologic properties, and the production of different fuel 
fractions (gasoline, light cycle oil, and heavy cycle oil) was correlated with a combined parameter 
defined as a ratio of Acidity/BET area. 
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1. Introduction 
Plastics made from hydrocarbons have been the most manufactured material due to 

the shift from durable to single-use plastics since the 1950s [1]. Recent estimations have 
shown that only one-third of the collected plastic waste (10.2 Mt) is recycled. Still, around 
6.9 Mt (23%) are sent to landfills [2], which generates another future problem like the 
plausible leaching of hazardous chemicals that could reach the soil and the water, along 
with microplastics generated in those that do not have adequate protection [3–5]. To solve 
this, a series of actions to reduce waste have been proposed, among which are expanding 
and improving separate collections, favoring the reuse and recycling of plastics in opposition 
to landfilling or incineration [6]. Although many classification processes have been optimized, 
the accumulation of large amounts of mixed dirty plastics is still high, and their separation, 
primarily via mechanical procedures, is not economically feasible [7]. 

Chemical recycling is a viable alternative for plastic waste processing because it al-
lows for the handling of a more comprehensive range of plastic waste, including those 
that are difficult to recycle mechanically [8,9]. Among all the types of chemical recycling 
methods, pyrolysis (thermal cracking) is the preferred method for many industries. How-
ever, thermal cracking is an uncontrolled breakdown pathway in plastic waste process 
treatment to obtain an adequate feedstock to produce chemicals [10], but the presence of 
catalytic materials solves certain limitations concerning temperature dependence by in-
cluding specific catalytic characteristics such as surface area, pore size distribution, and 
acidity [11]. Up to this point, several studies have researched the thermal degradation of 
different plastic waste over catalytic materials; some of them aimed at the production of 
aromatic hydrocarbons using commercial zeolites like HY and HZSM-5 [12–18], and oth-
ers intended to compare the effect of contact mode on product distribution either 
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operating under in situ or ex situ schemes [10,19,20], others focused on the production of 
hydrogen-rich syngas and carbon nanomaterials [13,21]. 

The generation of improved fuels and high-value chemicals in the liquid product 
from the pyrolysis of biomass and plastic waste can be improved using metallic catalysts. 
In the pyrolysis of different types of waste, including plastic waste, metals have been in-
tegrated into a diverse variety of catalytic support materials, mainly including activated 
carbons and zeolites [22–24]. For instance, non-noble metals such as Fe, Co, Zn, and Ni 
have been deposited onto the zeolite HZSM-5 to upgrade the liquid or oil product ob-
tained from the co-pyrolysis of wheat straw and polystyrene [20]. The presence of metals 
was reported to increase selectivity towards monoaromatic hydrocarbons when the met-
als were added, e.g., when the PVC-containing waste-derived vapor was processed [25], 
as well as considerably reducing coke production in the hydrocracking of residues [26], over 
Co_HZSM-5; or producing ethylene by ethane dehydrogenation in CO2 presence [27]. Cobalt 
(Co) and nickel (Ni) have also been used to modify the zeolite ZSM-5 and applied to the 
in situ pyrolysis of biomass [28], as over alumina to convert furfural to ethanol at high 
pressure in a hydrogen environment [29]. The incorporation of Co or Ni limited the zeo-
lite’s reactivity toward water production [23]. Finally, another example of in situ catalytic 
pyrolysis is upgrading pyrolysis oil from biomass using a modified HZSM-5 with P, Zn, 
and Ti. The addition of Zn to the zeolite aided in the formation of polyaromatic hydrocar-
bons, while Ti triggered the formation of monoaromatic and aliphatic hydrocarbons [30]. 

Since catalytic pyrolysis over real mixtures of post-consumer plastic waste destined 
for landfills has not been studied enough, this work aims to be one of the first approaches to 
the catalytic pyrolysis of mixed non-recyclable post-consumer plastic waste collected from 
municipal solid waste. Two commercial zeolites, HZSM and HY, were modified with two 
transition metals (Ni and Co). The presence of the metals was analyzed in terms of the effect 
produced by the product yields and, specifically, the composition of the liquid product. 

2. Results and Discussion 
2.1. Characterization of the Catalytic Materials 

Figure 1 illustrates the diffractograms of the thermally treated HY and HZSM-5 zeo-
lites before and after the incorporation of Ni and Co oxides onto their surfaces. HY refer-
ence shows representative peaks at 2θ equal to 6.39°, 23.71° and 15.76° [31], which are also 
detected in both Co- and Ni-modified samples. On the other hand, the HZSM-5-samples 
(references and metal-containing structures) exhibit the typical diffraction peaks of ZSM-
5 zeolite at 2θ equal to 7.9°, 8.8°, 23.1° and 23.8° [32]. Incorporating 5% of Ni or Co did not 
alter the diffraction pattern, which can be associated with the maintenance of the zeolitic 
structure after the incorporation of the metallic components. In the case of Ni addition, 
tiny peaks regarding the NiO refraction [33] were registered. Moreover, if the crystal size 
of the zeolites modified with Ni is analyzed, see values in Table 1, no change in the crystal 
size of the zeolites was achieved. Both evidence suggest Ni’s presence as bulk NiO depos-
ited on the zeolite’s structure. However, a very different behavior was registered for the 
modification with Co. No contributions associated with the presence of oxidized Co spe-
cies were detected. Considering the synthetic protocol used to prepare the metal-contain-
ing samples, it is expected that a significant number of Co-related species are forming Co2O3. 
However, despite the relatively low concentration of the minor metal oxide counterpart and 
its possible introduction in the porous structure of the support (HY and HZSM5) could be the 
main reason for the missing Co2O3 XRD contributions, the possibility that Co-entities may 
have been exchanged in certain positions of the zeolitic structure is not discarded [34,35]. Fur-
ther, the crystal size was raised in the case of Co addition, see Table 1, supporting the plausible 
metal incorporation in the zeolitic lattice as reported in the literature [36].  
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Figure 1. XRD patterns of the bare and metal-impregnated zeolites. 

A complete analysis of the chemical environment of the developed structures has 
been carried out using means of X-ray photoelectron spectroscopy. Figure 2A–G shows 
the Ni2p, Co2p, Si2p, Al2p, and O1s regions of both pure zeolites support (HY and 
HZSM5) and Co- and Ni-containing catalysts, respectively. Figure 2A shows typical spec-
tra of well-studied NiO materials, with the Ni2p3/2 and Ni2p1/2 contributions (~854 eV 
and ~872 eV) and its satellites (862 eV and 879 eV) [37,38]. Although the electronic struc-
ture is complex (similar situation for Co-oxide) and a strict fit must include a multitude of 
contributions (i.e., form 3d8 multiplet structure), a minimum of four contributions for 
each 2p (3/2 and 1/2) should be used to reproduce the experimental spectrum (Figure 2F). 
Although the structure is analyzed in terms of simplified modeling, the analysis of Figure 2F 
allows the identification of the existence of NiO with a reference peak at ~854 eV (ascribed 
to local screening from lattice oxygen). The Co2p data of the catalytic samples describes 
spectra with profiles that have been previously associated with the presence of Co3O4 (Figure 
2B). Although the variation in the position of the main contributions for the CoO and 
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Co2O3 species is small, which makes it difficult to make a strict characterization of the 
structure, the existence of the regions associated with satellites (e.g., ~788 eV) with rela-
tively lower intensity (as detected in the materials studied) is commonly related to the 
dominant existence of the Co2O3 structure [39,40], which is in addition favored by the syn-
thesis conditions. On the other hand, although the O1s region is clearly dominated by the 
majority aluminium–silicate structure (~532.4 eV), in the samples with the highest con-
centration of metal oxides (5%Ni-samples and 5%Co-samples), a pronounced shoulder at 
lower binding energies (~530 eV) is detected, which are related with metal-O bonds [39]. 
The regions presented in Figure 2D,E, Si2p, and Al2p identify the zeolitic supports used 
[41].  

 
Figure 2. XPS spectra of references and metal-containing catalytic samples. (A) Ni2p region, (B) Co2p 
region, (C) O1s, (D) Si2p, (E) Al2p, (F) curve-resolved XPS Ni2p region, and (G) Co2p regions for 
5%-metal and HY zeolite support. 

Table 1 shows the characterization of the bare and metal-impregnated zeolites ana-
lyzed using N2 adsorption–desorption isotherms. Figure 2 depicts the isotherms obtained 
and the mesopore size distribution. Regarding the IUPAC classification of physisorption 
isotherms, the prepared materials could be classified as type IV with capillary condensa-
tion hysteresis loops of type H4 [42]. The micropore ratio, understood as micropore vol-
ume concerning the total volume (VMP/VT), was very similar in both zeolites before metal 
incorporation. Although incorporating metallic particles decreased the surface area, the 
VMP/VT was kept without significant alteration, ranging in values within 61–63%. Adding 
5% of metal to HZSM-5 supposes an exception as a certain decrease in the microporosity 
was observed, i.e., VMP/VT~57%. Further, certain differences in pore distribution were ob-
served concerning the base materials, as depicted in Figure 3B,D, probably due to a dealu-
mination effect promoted by the thermal treatment after the impregnation step [43]. 
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Figure 3. N2 adsorption–desorption isotherms of impregnated HY (A) and HZSM5 (C) catalysts and 
the pore width distribution of metal-impregnated zeolites HY (B) and HZSM5 (D). 

Table 1. Textural characteristics of the native and metal-impregnated zeolite catalysts. 

Catalyst L (nm) SBET 
(m2/g) 

SMP (m2/g) VT (cm3/g) VMP (cm3/g) VMP/VT 
(%) 

Dave 
(Å) 

Total acidity 
(μmol/g) 

HY 51.91 1384 1274 0.705 0.432 61.3 50.5 576 
1%Co-HY - 1044 961 0.521 0.326 62.6 55.5 709 
5%Co-HY 59.38 959 884 0.476 0.300 63.0 54.9 728 
1%Ni-HY - 1022 943 0.511 0.320 62.6 56.6 768 
5%Ni-HY 51.91 974 893 0.494 0.304 61.5 54.0 836 
HZSM5 47.03 488 440 0.241 0.149 61.8 31.4 1045 

1%Co-HZSM5 - 472 423 0.230 0.143 62.2 40.2 1300 
5%Co-HZSM5 52.90 432 388 0.230 0.131 56.9 41.0 1302 
1%Ni-HZSM5 - 469 422 0.230 0.142 61.7 32.7 1383 
5%Ni-HZSM5 47.02 413 368 0.215 0.124 57.7 36.4 1509 

L: crystal size obtained from the highest XRD peak with Scherrer equation; SBET: total specific surface 
area using BET method; SMP: micropore surface area using t-plot method; VT: total pore volume from 
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N2 uptake at p/p~0.99; VMP: volume of micropores from t-plot method; Dave average mesopore width 
using BJH method. 

Figure 4 provides the NH3-TPD of the prepared material that was carried out to as-
sess the total acidity and acid strength distribution of the bare and metal-impregnated 
zeolites. The metallic surface area and dispersion for those impregnated with metals are 
also shown. Compared to the native zeolites, the impregnation of the commercial zeolites 
had a low effect on the porosity properties of the materials. However, the incorporation 
of the metals implied some important modifications in the strength distribution of the 
acidity by adding a third peak. According to their TPD profiles, peaks among 434–481 °C 
and 535–600 °C would be considered strong acid centers accounting also for metal/zeolite 
interaction, while the lowest-temperature peaks (around 183–222 °C and 336–377 °C) can 
be labeled as weak and medium acidic sites [44,45]. 

 
Figure 4. Thermal Programmed Desorption (TPD) of metal impregnated onto zeolites HY (A) and 
HZSM5 (B). 

2.2. Catalytic Performance of the Metal-Impregnated Zeolites 
2.2.1. Effect on Product Yields and the Functional Groups of the Liquid Products 

As can be seen in Table 2, the HY and HZSM5 provide a gas, liquid, and char fraction 
(%wt.) of 58.1 ± 2.2, 35.0 ± 2.2 and 6.9 ± 0.6, and 58.3 ± 2.7, 34.3 ± 2.7 and 7.5 ± 0.6, respec-
tively. Compared to the native zeolites, the metal-impregnated zeolites showed a small 
decrease in gas production (~50%wt.) and increased liquid yield (42%wt.). This observa-
tion was especially evident for tests with metal-impregnated zeolite HY materials, which 
presented an average enhancement factor for the liquid fraction of 1.22. On the other hand, 
the gas fraction for metal-modified HY materials was 1.1. These factors were less pro-
nounced for the samples that contain the HZMS5 support as the majority component, in 
which values of 1.1 (enhancement factor for the liquid fraction) and 1.05 (reduction factor 
for the gas fraction) were obtained. The char fraction showed negligible differences for 
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zeolite references (HY and HZSM5) and metal-modified materials, with values ranging 
between 6.6 and 7.2 5%wt. The final Coke/Catalyst ratio, expressed also in %wt., was usu-
ally below 6.5% and 3% for HY- and HZSM5-related samples. Other researchers, such as 
Razzaq et al. (2019), previously informed us of their investigation of using metal-impreg-
nated HZSM-5 in the co-pyrolysis of polystyrene and wheat straw [46]. Regarding the 
carbon deposition, expressed as the mass of coke relative to the total mass of the recovered 
catalyst after pyrolysis, no valuable influence was monitored. In most of the experiments, an 
increase was detected; in other cases, a small reduction was observed. Certain reactions be-
tween compounds of pyrolytic vapors, such as dehydrogenation or polymerization, can cause 
the deposition of coke, which causes the deactivation of catalysts [47,48]. 

Table 2. Product distribution expressed as %wt. and carbon deposition (coke development) on the 
catalytic pyrolysis of a real mixture of post-consumer plastic waste. 

Catalyst Coke/Catalyst 
(%wt.) 

Gas 
(%wt.) 

Liquid 
(%wt.) 

Char 
(%wt.) 

HY 4.4 ± 0.4 58.1 ± 1.8 35.0 ± 2.2 6.9 ± 0.6 
1%Co-HY 6.2 ± 0.6 50.9 ± 2.6 41.0 ± 2.6 6.6 ± 0.5 
5%Co-HY 4.1 ± 0.5 50.2 ± 2.5 43.1 ± 2.5 6.6 ± 0.6 
1%Ni-HY 4.2 ± 0.4 51.9 ± 2.0 41.3 ± 2.0 6.8 ± 0.5 
5%Ni-HY 4.1 ± 0.4 49.6 ± 2.4 43.2 ± 2.4 7.2 ± 0.7 
HZSM5 1.3 ± 0.3 58.3 ± 2.7 34.3 ± 2.0 7.5 ± 0.6 

1%Co-HZSM5 2.0 ± 0.4 53.6 ± 2.0 39.3 ± 2.0 7.2 ± 0.7 
5%Co-HZSM5 2.0 ± 0.4 57.1 ± 2.6 38.5 ± 2.6 6.9 ± 0.5 
1%Ni-HZSM5 2.2 ± 0.5 57.2 ± 1.8 38.3 ± 1.8 6.7 ± 0.5 
5%Ni-HZSM5 1.5 ± 0.2 53.2 ± 2.6 39.8 ± 2.6 7.0 ± 0.7 

By obtaining high liquid product yields in pyrolysis, a reduction in the dependency 
on fossil fuels can be achieved since the process can provide an alternative source of en-
ergy by converting plastic waste into valuable fuels obtained from pyrolysis oil, which can 
be used as a substitute for conventional fossil fuels. On the other hand, low liquid product 
yields may result in a less economically viable solution. 

Other authors like Akubo et al. [49] or Razzaq et al. [46] reported similar results in 
their investigations about the catalytic pyrolysis of different types of plastics over metal-
impregnated zeolite catalysts. For example, Akubo et al. [49] investigated the catalytic 
cracking of the vapors produced by the high-density polyethylene (HDPE) pyrolysis over 
Y zeolite impregnated with Ni at 600 °C for 30 min in a two stages reactor. The authors 
only reported small differences in oil and gas yields compared to the native Y zeolite. 
However, these researchers obtained a significant increase in carbon deposition on the 
metal-Y-zeolite catalyst. Additionally, Razzaq et al. [46] indicated increased liquid prod-
uct yield when wheat straw and polystyrene (PS) were co-pyrolyzed in a fixed bed reactor 
using metal-impregnated HZSM5 zeolite.  

Regarding the functional group analysis of the liquid products, Figure 5 shows the 
results of FTIR spectra of all liquid products. It is expected that the liquid fraction will be 
a heterogeneous mixture with a multitude of components, which makes its identification 
relatively complicated. In fact, the spectra obtained using FTIR showed no appreciable 
differences between samples. In general, it is possible to identify functional groups at 2850 
and 3000 cm−1 which corresponds to C-H stretch of diverse saturated and unsaturated 
aliphatic and aromatic compounds; contribution around at 1650 cm−1, C=C stretch of al-
kenes; at 1495 cm−1, C=C stretch in the ring of aromatic compounds; at 1375 cm−1, C-H 
asymmetric of alkanes; at 1075, 1067 and 1056 cm−1. C-O bond stretch associated with the 
existence of carboxylic groups or esters and C-H in-plane of aromatics; at 885 and 775 cm−1, 
CH2 out-of-plane of alkenes and C-H out-of-plane of alkenes; and at 695 cm−1, C-H out-of-
plane of aromatics were detected as well [50]. Differences between samples are discussed 
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in terms of fuel fractions of interest (e.g., gasoline, LCO, etc.), where various component 
compounds are grouped using simulated distillation as described below. This chromato-
graphic approach allows for effective identification with better applicability, considering 
that it identifies fuel fractions that dominate the current energy sector. 

 
Figure 5. FTIR spectra of the liquid products obtained from catalytic pyrolysis of the mixture of 
post-consumer plastic waste using metal-impregnated HY (A) and HZSM5 (B) catalysts. 

2.2.2. Effect on Simulated Distillation Boiling Points of the Liquid Products 
The simulated distillation curves of the liquid product obtained from the thermal and 

catalytic pyrolysis of the mixture of post-consumer plastic waste are shown in Figure 6. 
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Figure 6. Simulated distillation curves of the liquid fraction obtained from the catalytic pyrolysis of 
a mixture of plastic waste with metal-impregnated onto zeolites HY (A) and HZSM5 (B). 

Although the differences between the curves are minimal, the detailed examination 
of Figure 6A suggests that impregnation with metals of HY zeolite generally reduced the 
boiling temperatures of the components of the liquid product compared to the catalytic 
pyrolysis over native zeolite. Conversely, no significant changes are observed in the boil-
ing point distributions of liquids derived from native HZSM5 and metal-impregnated 
HZSM5 materials (Figure 6B). 

Tables 3 and 4 report the weight percentage of common fractions in pyrolysis oil ob-
tained from catalytic pyrolysis over native and metal-impregnated zeolites. The predom-
inant product of all liquids was the gasoline-range product, with total mass percentages 
between 44.28% and 50.29%. Additionally, most of the gasoline was mid-naphtha, with 
percentage values ranging from 30.75% to 36.36%. In our previous work [51], the oil liquid 
from the thermal pyrolysis (without any catalytic material) of the same mixture of plastic 
waste had a distribution of 47.7% gasoline, 22.1% LCO, and 30.2% HCO. In general, it is a 
more liquid product richer in heavy compounds, at least in HCO-range products. 

The presence of cobalt in the HY catalyst seems to slightly increase the amount of 
light and mid-naphtha. On the contrary, impregnation with cobalt decreases the yield of 
products in the HCO range. The presence of Ni in the HY catalysts has a similar, but even 
less measurable, effect. 

In the case of the HZSM5 catalyst, the presence of metals has practically no effect on 
the percentage of the fractions. The results of the simulation distillation curves obtained 
with the zeolite impregnated with metals are very similar to those found with the catalyst 
without metal, and variations can be attributed to the accuracy of determining such values.  

However, although the composition of the liquid fraction obtained from the catalytic 
pyrolysis of the mixture of plastic waste did not show remarkable differences in the func-
tion of the zeolite used (native or metal-impregnated), the total production of liquid com-
pounds changed due to the differences in liquid product yields obtained. 
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Table 3. Weight percentage of common fractions in pyrolysis oil obtained from catalytic pyrolysis 
over native and metal-impregnated HY zeolite. 

Products Fraction HY 1%Co-HY 5%Co-HY 1%Ni-HY 5%Ni-HY 

Gasoline 

Light Naphtha 1.7 ± 0.4 3.4 ± 0.2 3.1 ± 0.3 2.5 ± 0.2 1.7 ± 0 4 
Mid Naphtha 30.8 ± 2.5 36.4 ± 2.0 34.5 ± 2.3 33.1 ± 2.5 32.3 ± 2.0 

Heavy Naphtha 11.8 ± 0.9 10.6 ± 1.0 10.6 ± 0.8 11.1 ± 1.1 11.2 ± 1.0 
Total 44.3 ± 2.5 50.3 ± 2.0 48.3 ± 2.3 46.7 ± 2.5 45.2 ± 2.0 

LCO 

Light Gas Oil 9.8 ± 0.7 9.6 ± 0.6 9.8 ± 0.5 9.9 ± 0.9 9.8 ± 0.8 
Mid Gas Oil 9.2 ± 0.4 9.2 ± 0.7 9.9 ± 0.5 9.9 ± 0.7 9.6 ± 0.7 

Heavy Gas Oil 10.3 ± 0.8 9.5 ± 0.6 11.2 ± 1.1 11.3 ± 1.4 11.2 ± 0.9 
Total 29.3 ± 0.8 28.2 ± 0.7 30.9 ± 1.1 31.1 ± 1.4 30.6 ± 0.9 

HCO 

Light Vacuum Gas Oil 12.0 ± 0.9 9.3 ± 0.5 10.1 ± 0.8 10.8 ± 0.8 11.9 ± 1.0 
Mid Vacuum Gas Oil 7.2 ± 0.5 5.7 ± 0.6 5.2 ± 0.3 5.5 ± 0.5 6.1 ± 0.5 

Heavy Vacuum Gas Oil 7.2 ± 0.3 6.5 ± 0.4 5.6 ± 0.4 5.9 ± 0.5 6.2 ± 0.3 
Total 26.4 ± 0.9 21.5 ± 0.6 20.8 ± 0.8 22.2 ± 0.8 24.2 ± 1.0 

Table 4. Weight percentage of common fractions in pyrolysis oil obtained from catalytic pyrolysis 
over native and metal-impregnated HZSM5 zeolite. 

Products Fraction HZSM5 1%Co-HZSM5 5%Co-HZSM5 1%Ni-HZSM5 5%Ni-HZSM5 

Gasoline 

Light Naphtha 2.0 ± 0.4 2.5 ± 0.3 2.9 ± 0.3 1.7 ± 0.2 1.7 ± 0.3 
Mid Naphtha 31.9 ± 2.3 34.0 ± 2.7 34.7 ± 2.6 34.8 ± 2.4 34.9 ± 2.2 

Heavy Naphtha 10.8 ± 0.9 10.0 ± 1.0 10.6 ± 1.1 10.6 ± 0.8 10.6 ± 0.7 
Total 44.7 ± 2.3 46.5 ± 2.7 48.2 ± 2.6 47.1 ± 2.4 47.2 ± 2.2 

LCO 

Light Gas Oil 9.5 ± 0.7 9.0 ± 0.7 9.0 ± 0.9 9.3 ± 0.7 9.6 ± 0.9 
Mid Gas Oil 9.6 ± 0.8 8.9 ± 0.6 9.0 ± 0.8 8.7 ± 0.6 9.5 ± 0.7 

Heavy Gas Oil 12.2 ± 1.1 10.8 ± 0.9 10.3 ± 0.8 9.4 ± 0.9 10.8 ± 0.8 
Total 31.3 ± 1.1 28.7 ± 0.9 28.3 ± 0.9 27.4 ± 0.9 29.9 ± 0.9 

HCO 

Light Vacuum Gas Oil 12.8 ± 1.2 12.2 ± 1.1 11.7 ± 0.9 10.9 ± 1.1 10.9 ± 0.6 
Mid Vacuum Gas Oil 5.6 ± 0.4 6.4 ± 0.5 5.8 ± 0.6 7.1 ± 0.4 5.8 ± 0.6 

Heavy Vacuum Gas Oil 5.6 ± 0.3 6.2 ± 0.4 6.0 ± 0.5 7.5 ± 0.8 6.1 ± 0.7 
Total 24.0 ± 1.2 24.8 ± 1.1 23.5 ± 0.9 25.5 ± 1.1 22.9 ± 0.7 

Table 5 reports the yields of the different types of products obtained from the catalytic 
pyrolysis over the different catalytic materials studied in this work, evaluated as g by kg 
of plastic waste. The major yield was observed for the gasoline-range product in oils from 
catalytic pyrolysis over metal-impregnated zeolites, with values ranging between 179.4 
and 208.3 g by kg of plastic waste. Lower gasoline production, 155.1 and 153.2 g by kg of 
plastic, was observed in liquid oil from the catalytic pyrolysis over native zeolite HY and 
HZSM-5, respectively. If the results of Table 5 are compared to those of thermal pyrolysis 
(240.4 g by kg of plastic for gasoline, 111.4 g by kg of plastic for LCO-range product, and 
152.2 g by kg of plastic for HCO-range product), a lower production of gasoline and HCO 
products was observed [51]. 

Table 5. Gasoline, LCO, and HCO product yields (data in g by kg of plastics waste) obtained from 
catalytic pyrolysis over native and metal-impregnated zeolites. 

Catalyst Gasoline LCO HCO 
HY 155.1 ± 8.8 102.7 ± 5.3 92.5 ± 4.8 

1%Co-HY 203.4 ± 13.0 120.0 ± 7.6 86.9 ± 5.5 
5%Co-HY 208.2 ± 12.0 133.3 ± 7.7 89.8 ± 5.2 
1%Ni-HY 192.8 ± 10.0 128.6 ± 6.2 91.6 ± 4.4 
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5%Ni-HY 202.5 ± 11.0 132.1 ± 7.3 97.8 ± 5.4 
HZSM5 153.2 ± 8.9 107.2 ± 6.3 82.3 ± 4.8 

1%Co-HZSM5 182.7 ± 11.0 112.9 ± 5.7 97.3 ± 5.0 
5%Co-HZSM5 185.4 ± 13.0 109.0 ± 7.4 90.6 ± 6.1 
1%Ni-HZSM5 180.0 ± 9.2 111.5 ± 5.2 92.0 ± 4.3 
5%Ni-HZSM5 188.0 ± 12.0 119.3 ± 7.8 91.0 ± 6.0 

Figure 7 shows the relationship between gasoline, LCO, and HCO product yields 
(data in g by kg of plastics waste) and absolute acidity (Acidity/SBET, µmol NH3/m2) ob-
tained from catalytic pyrolysis over native and metal-impregnated zeolites.  

According to the obtained data, there is no clear relation between SBET and the ob-
tained fraction (data not analyzed). However, the acidity properties seem to be relevant 
to producing liquid fractions, which can be grouped as fractions with LCO and/or gaso-
line properties. Further, such correlation is expressed as acidity normalized by the super-
ficial area, providing the data presented in Figure 7, which considers that the interaction 
occurs on the active catalytic surface by interaction with the metal-support active sites. 
The observable (acidity/SBET) ratio allows for the analysis of both morphologic and acidity 
(two of the main properties of aluminum-silicate materials) as a combined factor and its 
influence on the catalytic response of the catalyst. With this approach, it is possible to 
identify the influence of the acidity normalized by the surface area (observable acid-
ity/SBET), which is related to the availability of active sites for selective production of inter-
est fractions like gasoline. Concerning the acidity/SBET ratio, the rise of metal concentration 
increased for HY and HZSM-5 zeolites; HY with Ni augmented from 80% up to 106% and 
with Co from 63% to 82% while HZSM5 with Ni rushed from 38% to 71% and 27% up to 
41% with Co. An increase in gasoline production was observed when metal was intro-
duced into the zeolites. The higher the amount of metal in the zeolite, the higher the ab-
solute acidity and the higher the gasoline production. This result is less pronounced in the 
production of the LCO fraction, which increases to a lesser extent with the introduction of 
the metal and the increase in absolute acidity for the HY catalyst. In contrast, for the HZM-
5 catalyst, there is practically no variation. Additionally, the data in Figure 7 suggests that 
no influence of impregnation with cobalt or nickel was detected in the production of HCO. 
In any case, and although understanding the behavior of catalysts under reaction condi-
tions during the production of a specific fraction is complex, the data presented in Figure 
7 suggest that the improvement in the lightest fractions (mainly gasoline) is associated 
with the increase in the value of the combined parameter here defined as Acidity/SBET.  
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Figure 7. Relationship between gasoline, LCO, and HCO products yields (data in g by kg of plastics 
waste) and Acidity/SBET (µmol/m2) obtained from catalytic pyrolysis over native and metal-impreg-
nated zeolites. (A) HY- and (B) HZS5-related samples. Inside the figures, data B to F make references 
to metal-containing samples; B: 1%Co-HY or 1Co-HZSM5, C: 1%Ni-HY or 1%Ni-HZSM5, D: 5%Co-
HY or 5%Co-HZSM5 and F: 5%Ni-HY or 5%Ni-HZSM5.  

The composition of the gasoline-like fractions of liquid products is summarized in 
Table 6. The gasoline fraction contained paraffins, naphthenics, and aromatic hydrocar-
bons. There were no considerable differences in the composition of the gasoline fraction 
obtained over several metal-impregnated zeolites. Only a slight increase in naphthenic 
content and a slight decrease in aromatics were noticed when metal-impregnated HZSM-
5 zeolites were used as catalysts. Therefore, incorporating metal (cobalt or nickel) gener-
ated insignificant changes in the performance of commercial HY and HZSM-5 zeolites 
concerning gasoline liquid composition. Other authors studying the pyrolysis of plastics 
and biomass over different catalysts found similar results regarding the addition of pro-
moter cobalt and nickel as promoter metals onto zeolite catalysts [49,52,53]. However, 
other researchers reported that loading a certain amount of metal onto the zeolites and 
activated carbons gave more aromatics content than metal-free catalysts [11,20,22,28]. 

Table 6. Composition of the gasoline product obtained from catalytic pyrolysis over native and 
metal-impregnated zeolites. 

Catalyst Paraffins, % 
Naphthenics, % Aromatics, % 

Monocyclopar-
affins 

Dicyclopar-
affins Total Alkylbenzenes 

Indan or 
Tetralins Naphthalenes Total 

HY 19.2 ± 1.2 19.9 ± 1.2 29.1 ± 2.4 49.3 ± 2.4 22.1 ± 1.6 7.8 ± 1.4 1.6 ± 0.5 31.5 ± 1.6 
1%Co-HY 18.1 ± 2.0 19.7 ± 1.7 30.0 ± 1.9 49.7 ± 1.9 22.3 ± 2.2 8.1 ± 1.0 1.8 ± 1.0 32.2 ± 2.2 
5%Co-HY 19.8 ± 1.9 18.8 ± 1.4 25.8 ± 1.9 44.6 ± 1.9 24.0 ± 2.0 10.2 ± 0.8 1.4 ± 0.4 35.6 ± 2.0 
1%Ni-HY 19.2 ± 1.2 20.1 ± 0.9 30.0 ± 2.1 50.1 ± 2.1 20.7 ± 1.5 8.2 ± 1.2 1.8 ± 0.6 30.7 ± 1.5 
5%Ni-HY 19.4 ± 2.4 20.5 ± 2.0 27.5 ± 1.4 48.0 ± 2.0 23.2 ± 1.6 8.01 ± 0.6 1.4 ± 0.5 32.6 ± 1.6 
HZSM5 19.4 ± 2.1 20.4 ± 2.2 25.3 ± 2.3 45.6 ± 2.3 26.3 ± 1.0 8.2 ± 1.1 0.5 ± 0.2 35.0 ± 1.1 
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1%Co-
HZSM5 20.5 ± 1.5 19.8 ± 3.1 27.0 ± 1.9 46.8 ± 3.1 22.5 ± 3.4 8.8 ± 0.6 1.3 ± 0.5 32.7 ± 3.4 

5%Co-
HZSM5 20.3 ± 2.5 21.1 ± 1.8 30.0 ± 3.4 51.2 ± 3.4 20.3 ± 1.9 7.2 ± 0.7 1.1 ± 0.4 28.6 ± 1.9 

1%Ni-
HZSM5 

19.2 ± 3.0 20.9 ± 2.9 29.6 ± 4.4 50.5 ± 4.4 20.9 ± 2.3 7.8 ± 0.8 1.7 ± 0.6 30.3 ± 2.3 

5%Ni-
HZSM5 18.7 ± 1.9 20.8 ± 1.0 29.1 ± 1.6 49.9 ± 1.6 22.1 ± 3.1 8.1 ± 1.2 1.3 ± 0.3 31.4 ± 3.1 

3. Materials and Methods 
3.1. Raw Material 

The mixture of plastic waste used in this study came from the rejected plastic fraction 
obtained from the solid urban waste treatment plant in Granada (Spain). The average 
composition of the plastic mixture was as follows: 56.10% of polypropylene (PP), 10.05% 
of expanded polystyrene (EPS), 8.55% of high impact polystyrene (HIPS), 12.65% of poly-
propylene film (PP film), and 12.65% of films of different polymer materials (non-PP film). 
Detailed information about the raw material and its characterization can be found in our 
previous work [51]. 

3.2. Preparation and Characterization of the Catalysts 
The commercial zeolites used in this work were HZSM-5 ammonium zeolite 

(SiO2/Al2O3 molar ratio, 30) and hydrogen Y-zeolite (SiO2/Al2O3 molar ratio, 5.2) provided 
using Alfa Aesar © (Ward Hill, MA, USA). 

For mechanical properties stabilization, the generation of the active phase, and the 
definition of a pore distribution size [54], the purchased zeolites were first calcined for 3.5 h at 
550 °C using a tubular furnace of Nabertherm (L 3/11/B180 Model, Nabertherm, Lilienthal, 
Alemania) under an air atmosphere. Then, the zeolites were impregnated using the incip-
ient wetness method, which involves adding a liquid solution to the solid sample until the 
first signs of wetting are observed. We used aqueous solutions of Ni(NO3)2 and 
Co(NO3)2·6H2O salts to get a loading of 1% and 5% (wt.), typical concentration values of 
the minor components (metallic-related species) in the final catalyst. This method was 
chosen to achieve uniform distribution of the active component. Finally, to promote the 
formation of crystalline metal oxides, after the impregnation step, the catalytic materials 
were dried for 24 h at 80 °C and activated by calcination for 3.5 h at 550 °C under an air 
atmosphere [54]. 

The crystalline structure of the metal-impregnated zeolites was assessed using X-ray 
diffraction (XRD) technique in a Bruker D8 Discover device (Bruker, Massachusetts, Esta-
dos Unidos) equipped with a Pilatus3R 100K-A detector working with radiation of Cu Kα 
(λ = 1.5406 Å). The diffractograms were recorded in 2θ within 3 and 80° (0.02° per step, 30 
s per step). The software QualX2.0® was used to process the diffractograms, and the esti-
mation of the peak properties for the quantification of the crystal size was realized using 
the Scherrer equation [55]. The Crystal Open Database (COD) was used for the crystal 
phase identification of the zeolites. 

X-ray Photoelectron Spectroscopy (XPS) was applied for the study of the surface of 
the materials in a Kratos AXIS UltraDLD device (Kratos Analytical, Manchester, UK) 
working with an X-ray source from Al Kα. CASAXPS (version 2.3.15) software was used 
for the analysis. The spectra were referenced to the C1s peak (284.6 eV). 

The textural properties were analyzed using N2 physisorption. The N2 adsorption–
desorption isotherms at −196 °C were conducted in an ASAP® 2429 instrument from Mi-
cromeritics® (Micromeritics Instrument Corporation, Norcross, GA, USA). Samples were pre-
viously outgassed at 150 °C under vacuum overnight. The total surface area (SBET) was deter-
mined using the standardized Brunauer-Emmett-Teller (BET) method. The total pore volume 
(VT) was calculated from the N2 adsorption uptake at p/p0~0.99. The t-plot method was used 
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to quantify the contribution of micropores on the surface (SMP) and volume (VMP). The Barrett, 
Joyner, and Halenda (BJH) method was applied to obtain the pore width (Dp) distribution and 
the average 4V/A value (Dave) of mesopores. 

The surface acidity was analyzed using chemisorption by ammonia Temperature 
Programmed Desorption (TPD) in an AutoChem II 2920 analyzer from Micromeritics®, 
equipped with Thermal Conductivity Detector (TCD). Before chemisorption, the samples 
were pretreated at 450 °C under He atmosphere for 1 h and cooled to room temperature. 
The NH3-TPD analysis was carried out using 50 mL min−1 of 10% of NH3 in He mixture 
from room temperature up to 800 °C with a rate of 30 °C min−1. 

3.3. Pyrolysis Reactor and Pyrolysis Conditions 
The pyrolysis experiments were carried out on a tubular horizontal reactor made of 

stainless steel 316 (internal diameter: 4 cm and length: 43.25 cm) inserted in a Nabertherm 
R 50/250/12 model furnace. A flowmeter and a chiller were integrated to regulate the nitrogen 
flow and condense the final vapors. Figure 8 provides a scheme of the experimental setup. 

 
Figure 8. Graphical representation of the experimental equipment used for the catalytic pyrolysis tests. 

About 20 g of sample was placed in a closed tubular vessel (internal diameter: 27.25 mm 
and length: 30.6 cm) made of stainless steel and approximately 1 g of catalytic material 
into a basket at the radiant zone end of the reactor, then heated to up to 500 °C at a rate of 
10 °C/min, optimum conditions for maximizing the liquid yield, according to previous 
work [56]. Finally, the temperature was maintained for 60 min with a constant flow of 0.8 
L/min N2. After that, the furnace was cooled to room temperature under a permanent N2 
purge of 0.2 L/min. The condensate product was collected in a glass vessel submerged in 
a cooling bath at −7 °C. The tubular vessel, basket, and condenser were weighed before 
and after each pyrolysis experiment. 

The solid, liquid, and gas product yields were calculated according to the following 
equations: η = mm . 100 (1)

η = mm . 100 (2)

η = 100 − η + η  (3)

where the weights are represented by mm, m , and m  correspond to the mass of the total 
plastic sample, liquid, and solid products, respectively, and the yields of liquid, solid, and 
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gas are indicated by η , η  and η , respectively. All experiments were carried out in trip-
licate, and a relative standard deviation was provided. 

The determination of deposited carbon onto the catalysts, namely coke, was carried 
out from the recovered catalyst after the pyrolysis tests. A two-stage thermal decomposi-
tion was programmed over 20 mg of spent catalyst in a PerkinElmer TGA (Waltham, MA, 
USA) thermobalance (model STA6000). The first stage (stripping) was carried out under 
an N2 atmosphere with a constant flow of 20 mL/min, raising the temperature from 30 °C 
to 500 °C under a heating rate of 15 °C/min. The end temperature was maintained for 30 
min, and then, in the second stage, the gas changed from N2 to O2, promoting fast combustion 
from 500 to 550 °C. The loss weight enabled the determination of the volatile fraction (first 
stage) while the non-volatile fraction, named carbon deposition or coke (second stage), was 
calculated as follows: η = w − ww . 100 (4)

the carbon deposition yield is represented by η , while the sample weights at the start 
and end of the combustion stage are depicted by w  and w . 

3.4. Liquid Product Analysis 
The nature of the oils was qualitatively analyzed using Fourier Transform InfraRed 

spectroscopy (FTIR) by identifying functional groups. A Perkin Elmer Spectrum 65 FTIR 
device was used to record the spectra between the frequency range of 4000 and 400 cm−1 
under a resolution of 1 cm−1. 

The identification of the gasoline chemical composition present in the oil samples 
was performed using gas chromatography coupled with Mass Spectrometry (GC-MS/MS) 
according to the ASTM D2789 method summing of characteristic mass fragments [57]. The 
separation of the analytes was performed in an 8860 Agilent GC system (Agilent Technol-
ogies, California, United States) equipped with a Phenomenex column of a nonpolar 
phase, i.e., ZB-5 ms (30 m long, 0.25 mm internal diameter, and 0.25 µm of fill thickness), 
and the mass of the ionized analytes was determined in a triple-quadrupole mass spec-
trometer detector (5977 model from Agilent, with ionization energy by the electronic im-
pact of 70 eV and a scan speed of ≤20,000 Da/s. The oven was programmed with the same 
injection temperature (240 °C). The starting temperatures were 40 °C for 5 min, while the 
ending temperatures reached 240 °C by 6 min at 15 °C/min heating rates. The oil samples 
were diluted in 1 mL of chloroform and injected in split mode (5:1) with a constant flow 
of 1 mL/min of He. 

A mixture of hydrocarbons encompassing the boiling range specified by the ATSM 
D 2887 [58] was used as a reference to identify gasoline’s retention times and the boiling 
temperature. Referential hydrocarbons were also confirmed using the NIST 08 mass spec-
trum library database from the National Institute of Standards and Technology (NIST). 

The boiling points of each compound in the sample were calculated based on the 
retention times and boiling points of the standards according to the following linear in-
terpolation: BP = BP − BPRT − RT RT − RT + BP  (5)

where the boiling points and retention times of the standards are represented by BP , BP  
and RT , RT , while the retention times and boiling points of the sample compounds are 
represented by RT  and BP . 

The simulated distillation (SD) at high temperature by gas chromatography (GC) was 
used to characterize the boiling temperature distribution of the oils, setting the contribu-
tion of the light, medium, and heavy fractions. Determination of the distribution of the 
boiling range of the compounds identified in the chromatograms was performed accord-
ing to the ASTM D2887 standard [58] using a PerkinElmer Clarus 590 Gas Chromatograph 
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with a dimethylpolysiloxane ELITE 2887 capillary column of 10 m length and 0.53 of inner 
diameter and 2.65 μm of film. Viscous samples were diluted with carbon disulfide. 

The distribution of products was quantified in weight percent according to their boil-
ing points. Compounds with boiling points between 35 °C and 205 °C were classified as 
gasoline-range products. Those with values ranging from 205 °C to 370 °C were labeled 
light cycle oil (LCO). Finally, those whose boiling temperature was over 370 °C were ac-
counted for the heavy cycle oil (HCO) fraction. Table 7 summarizes the main products, 
the common fractions, and their nominal boiling points. 

Table 7. Common fractions in pyrolysis oil and their nominal boiling points. 

Products Fraction Boiling Point (°C) 

Gasoline 
Light Naphtha 36–90 
Mid Naphtha 90–160 

Heavy Naphtha 160–205 

LCO 
Light Gas Oil 205–260 
Mid Gas Oil 260–315 

Heavy Gas Oil 315–370 

HCO 
Light Vacuum Gas Oil 370–430 
Mid Vacuum Gas Oil 430–480 

Heavy Vacuum Gas Oil 480–565 

4. Conclusions 
The contribution describes the development of new composite materials with poten-

tial applications as catalysts during the pyrolysis of real non-recyclable mixtures of post-
consumer plastic waste. Two zeolitic materials, HY and HZSM-5, were modified, and a 
simple method was employed to deposit Ni and Co on their surfaces to improve the cata-
lytic response toward obtaining fuel fractions of interest. 

The catalytic materials, both references (HY and HZSM-5) and materials containing 
the precursor metals (Ni and Co modified samples) were characterized in terms of their 
structural, morphological, and chemical properties. The results show limited structural 
modifications according to XRD spectra results, where the most relevant results are asso-
ciated with a lack of Co oxides, which could indicate that the Co minor phase may have 
been exchanged in certain positions of the zeolitic structure. More important were the de-
tected modifications of acidity properties. A new third peak was recorded (compared to 
zeolites not modified with metals) in all samples containing the metallic-related element, 
which generated a clear increase in the total acidity of the sample. In addition, the modi-
fication of morphological properties by including metallic components on the surface of 
the active zeolitic supports was detected. The BET area and pore volume reduction de-
tected can be associated with the accumulation of metallic components blocking certain 
pore channels of the zeolite. 

In terms of activity, differences in the product amount of char, gas, and liquid are not 
relevant between samples modified with metals and the active supports HY and HZSM; 
however, a noticeable relationship has been detected between the quantity produced of a 
certain liquid fuel fraction (grouped as gasoline, light cycle oil, and heavy cycle oil) and a 
parameter defined in this work as Acidity/SBET, expressed in µmol NH3 per m2 of catalytic 
surface. In all cases, it was detected that the increase in the amount of gasoline fraction 
that can be extracted from the plastic waste is associated with this parameter, which re-
lates to the morphological and chemical properties of the samples. Furthermore, consid-
ering the experimental error, it can also be concluded that for the HY-based materials, this 
combined parameter is also relevant to producing the light cycle oil fraction. 

In an energy context still dominated by traditional fractions (gasoline, kerosene, etc.) 
obtained from oil refining processes, this work presents a relevant waste recovery 
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alternative since it provides advances in producing fuels from plastic waste that could be 
used directly or with small treatments. 

The analysis has demonstrated the potential value-added fuels that can be derived 
from the liquid oil product. However, it is crucial to investigate the environmental and 
economic feasibility of using pyrolysis oils as a renewable energy source on a larger scale 
and explore the potential of integrating pyrolysis technologies with existing industries. 
Additionally, a deep investigation of the potential of pyrolysis byproducts, such as char, 
in adsorption applications or carbon sequestration initiatives is needed. Therefore, further 
research and development in this field are of utmost importance to fully exploit the po-
tential of the liquid oil product and minimize its environmental impacts. 
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