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Chemical recycling of plastic marine litter using both commercial and coal ash zeolitic catalysts
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1.Introduction
According to the principles of the Circular Economy, it is necessary to reduce the consumption of raw materials and increase the percentage of waste recycling. To this end, several decrees have been issued that encourage recycling, with strong focus on plastic waste [1]. In fact, the 350 Mt of plastics produced worldwide every year, with an ever increasing trend, are often disposed of inappropriately, causing serious environmental problems [2]. In particular, from 5 to 13 Mt of plastic end up in the sea, making up 40-80% of the so-called Marine Litter [3]. Marine plastic waste is a very heterogeneous mixture that is difficult to separate and mechanically recycle, but the European Union, in its "Action Plan for the Circular Economy", discourages landfills and incinerators [4]. Another particularly problematic waste is the Coal Fly Ash (CFA). About 6 Gt/y of coal is consumed and 1 Gt/y of CFA is generated from it [5]. This abundant industrial waste is considered by current legislation as a non-hazardous special waste, which is then stockpiled in open landfills, potentially causing water and soil pollution. This represents a material loss since CFA are rich in minerals, in particular metal oxides (such as SiO2 and Al2O3) which make them suitable for many applications, such as the production of concrete and bricks and in the ceramic industry. Catalysts obtained from CFA constitute a higher value-added product, but there are still no applications on the industrial scale. This is the background to the present work, which proposes a chemical recycling process, pyrolysis, of plastic marine waste combined with the synthesis of a low-cost zeolitic catalyst from CFA. Pyrolysis is a thermochemical decomposition process of organic materials, achieved by providing heat in an inert environment. In order to reduce the energy consumption and improve the quantity and quality of the liquid product compared to conventional thermal pyrolysis, various commercial and CFA-produced zeolitic catalysts are used. In particular, an attempt was made to understand how the acidity of the zeolites affects the pyrolysis products. This study is a development of previous works that tried to optimize the synthesis process of zeolites from CFA [6] and to apply these zeolites in the pyrolysis of homogeneous plastic waste [7]. The present work, therefore, aims to evaluate a possible recovery of material through chemical recycling from a heterogeneous plastic waste of marine origin, partly aged, thus avoiding an expensive selection (which would be indispensable in the case of mechanical recycling) and examining the effect of the acidity of the zeolitic catalyst used in the process. This work was carried out on a laboratory-scale at the ENEA Casaccia Research Center.
2. Methods
[bookmark: _Hlk107316931]The five macro-phases, shown in Figure 1, outline the logical/temporal development of the present work: 

[bookmark: _Ref107317092]Figura 1. Logical/temporal development of the present work. 
3. Results and discussion
The product analysis of the marine waste sample showed that it is composed by almost 50% w/w of polypropylene (PP) and more than 50% w/w of polyethylene (PE). Subsequent characterization analysis showed that the sample is an ideal feed for the pyrolysis process. In fact, the proximate analysis obtained about 99% of volatile matter and low ash and humidity contents, which means that almost the entire mass can be converted into an oil or a gas. The ultimate analysis showed a high C and H content and a low content of heteroatoms, which makes the sample suitable for producing an interesting fuel, confirmed by the LHV of about 42 MJ/kg, which is comparable to that of conventional liquid fuels. Thermal analysis determined a sample decomposition temperature of 472°C and a total degradation heat required for the pyrolysis process of almost 2 MJ/kg which corresponds to 4.8% of the PCI of the feedstock. Thermal analysis also revealed the presence of both LDPE and HDPE within the sample, this distinction was not detected by infrared spectroscopy analysis. The use of catalysts has resulted in a more or less significant decrease in the degradation temperatures and thus in the required degradation heat. This was more significant for acidic zeolites, especially those with large pore structures such as HY and HX.
Once the optimal chemical-physical properties of the sample were ascertained, thermal (at 450 and 600°C) and catalytic (at 450°C) pyrolysis tests were carried out. It is found that the use of catalysts generally prevents the production of heavy oils/tar, in favor of lighter fractions. In particular, the use of acid catalysts, such as HX, HY and HZ, compared to the basic ones, such as CFA as it is and NaX, also prevent the production of wax which is an annoying by-product that can lead to problems of clogging in plants and in pipes. The yields of the various pyrolysis products were then compared and a particular focus was made on the composition of the oils, as it is the product of greatest interest.
It is important to emphasize the effectiveness of HX synthesized by CFA, which gave excellent results both in terms of yield (almost 90%) and light oil composition, on a par with the widely used but expensive commercial HY. HZ on the other hand, compared to thermal pyrolysis, did not improve the aliphatic composition, but results in the production of moderate amounts of monoaromatic compounds, such as benzene, toluene, xylene and cumene.
4. Conclusions
This study represents a first step for the exploitation of mixed plastic marine litter into valuable fuels and chemicals.
In fact, the physico-chemical characterization of the sample shows optimal properties, such as a high LHV, a high content of volatile substances and a very low concentration of heteroatoms, making the sample an ideal feed for the pyrolysis process. It was calculated that the process would require a total degradation heat of almost 2 MJ/kg, which corresponds to 4.8% of the exploitable energy of the input material.
These results are confirmed by pyrolysis tests carried out in a laboratory-scale set-up. In thermal pyrolysis, a greater amount of light oil (which is the most valuable product) is produced at the operating temperature of 450°C in comparison to the tests conducted at 600°C. Consequently, all the catalytic tests were carried out at 450°C. All catalysts inhibited heavy oil production, but the use of acid catalysts also prevented wax production, showing the best results. In particular, HX/CFA, the catalyst synthesized from CFA in the ENEA Laboratory, produced a light oil with a yield of about 90% by weight and with a high content of short-chain aliphatic hydrocarbons, obtaining results very similar to those obtained with commercial HY, which is renowned as being effective, but expensive, in cracking processes. The HZ, on the other hand, converted about half of the plastic sample into a gaseous mixture and the related oils are also rich in aromatic hydrocarbons. There were some problems with the gas analysis due to a partial loss of gases during several tests, resulting in not comparable replicates although yields and compositions of the oils always are.
A possible future outcome of this work is a technical-economic analysis for a pilot and industrial-scale implementation, including assessments of the regeneration of the zeolitic catalyst.
The application of the model to study the acidity of zeolites requires further tests on zeolites with different acidities.
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