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ABSTRACT. Bioplastics are produced in growing amounts due to their environmental benefits, but their disposal routes remain ambiguous. A hydrothermal treatment (HT) may be a sustainable process to improve the fate of waste bioplastics, but nearly no information is available on how they respond to it. In this work, HT of biodegradable bioplastics was performed and the resulting solid and liquid products were characterized by elemental analysis, analytical pyrolysis-based techniques, ion chromatography and gas chromatography coupled with mass spectrometry. We selected tableware based on polylactic acid (PLA), cellulose, and Mater-Bi®, and performed HT at 160-200 °C. Mater-Bi® was identified as a mixture of PLA and polybutylene succinate (PBS). Higher treatment temperatures enhanced the solubilization, which was very marked for PLA and Mater-Bi® and minor for cellulose. Characterization of the solid residues revealed that PLA and Mater-Bi® were quantitatively degraded at 180 °C and above, while cellulose could never be fully degraded. The analysis of the aqueous phases from the HT of PLA and Mater-Bi® revealed the presence of an array of oligomers of PLA and PBS at low temperatures, and of the corresponding monomers (lactic acid and succinic acid) at high temperatures: their recovery could represent a way to give new life to waste bioplastics.

1. INTRODUCTION
Plastic materials have catalyzed the development of our societies in the last century and are ubiquitous in our lives. The increasing awareness over their unsustainable origin and often impactful disposal has fostered attention towards greener alternatives, such as the so-called “bioplastics”. In the most common acceptation, the word “bioplastics” identifies polymeric materials with mechanical properties comparable to those of traditional plastics but obtained from renewable sources (“bio-based”) and biodegradable. Favored by their environmental benefits and sometimes by policies, bioplastics production has experienced a significant increase in recent years, expected to continue in the near future1, though not without controversies2. Bioplastics are especially employed for short-life applications such as food packaging and single-use items, although in the EU various categories of single-use plastic items have recently been banned, regardless of their biodegradability3.
As more bioplastics are produced, more bioplastic waste will have to be disposed of. Due to their biodegradability, policies usually advise collecting and disposing of bioplastic waste together with the organic fraction of municipal solid waste (OFMSW). The OFMSW treatment plants that employ the best available techniques (BAT) combine anaerobic digestion and composting, achieving energy and material valorization with high efficiency and relatively low residence times, down to a minimum of 1.5 months. The regulations on the biodegradability of bioplastics (such as ISO 14855), instead, are based on composting tests lasting 6 months. Consequently, bioplastics often do not degrade as rapidly as required in OFMSW treatment plants4–7, clogging operation units without becoming valuable products. Oftentimes, plant owners employ mechanical pre-treatments that separate plastics and bioplastics (essentially bags but also cutlery and crockery) and other coarse residues from the OFMSW, destining them to landfilling. This is a deprecated practice for biodegradable materials that damages the economic sustainability of the OFMSW plant8 and is also harmful to the management of landfills, which should receive only stable and inert materials. Technological solutions are thus urgently needed to make bioplastics suitable for these plants or facilitate their upcycling9. The literature features some studies that achieve the former goal through chemical pre-treatments6, but a hydrothermal treatment (HT) could more easily fulfil them both only employing plain water. In the literature, this has only been shown by Mu et al., who studied the hydrothermal degradation of a type of commercial bioplastic under various operating conditions10, pointing out the efficacy of this treatment for a subsequent anaerobic digestion. 
HTs11 include thermal hydrolysis (140-180 °C) and hydrothermal carbonization (180‑250 °C). Both are performed in liquid water under autogenous pressure, thus not requiring a prior feedstock drying phase. In these conditions, liquid water solvent capability and dissociation equilibrium constant increase, facilitating the degradation of complex biomass molecules (or even of traditional plastics12) and converting them into simpler compounds. HTs are nowadays recognized as valuable aids to anaerobic digestion: the Cambi process, based on thermal hydrolysis at 150-165 °C, is widespread in commercial wastewater treatment plants13 and is also possibly effective in mitigating the adverse effects of nanoplastics in sludge14. Notably, a prior hydrothermal carbonization of OFMSW can increase the biogas yield and production rate in anaerobic digestion15. Hydrothermal carbonization products are a carbonaceous solid, possibly suitable for further upgrading or energy recovery through thermochemical processes or even use as a soil improver, and an aqueous phase rich in chemicals of industrial interest, such as 5-hydroxymethylfurfural and levulinic acid. HTs also sterilize wastes, which may be indispensable for some applications16, and can allow nutrient recovery17.
As for other biopolymers, HT may be a valuable route to rapidly degrade bioplastics and facilitate their anaerobic digestion or synthesize added-value products. Nonetheless, to the best of our knowledge, the literature features only one study on the HT of bioplastics10 (in addition to a couple of recent studies focused on cellulose diacetate from the eyewear industry18,19) and before applying the treatment to real waste bioplastics (or even to a mixture comprising other types of organic waste), the fundamentals of the degradation behavior and the qualities of the obtained products must be ascertained. In this framework, the aim of this work is to investigate the effect of a HT on three biodegradable commercial tableware products, based on polylactic acid (PLA), Mater-Bi® (MB) and cellulose (CELL). Given the possible influence of additives on the degradation mechanisms, we also analyzed the behavior of pure PLA as a reference.
The three materials were selected as representative by virtue of their market penetration. PLA is nowadays the most technologically established and abundantly produced bioplastic: in 2022, it represented 20.7% of the global production of bio-based plastics, and 40.2% of biodegradable plastics1. Its production, applications and end-of-life have been summarized by various reviews20,21. Mater-Bi® is the commercial name of several biodegradable polymers mainly based on corn starch, produced by the Italian company Novamont. The exact formulation of MB is not disclosed and different blends are available22, with diverse applications: shopping and waste bags, disposable cutleries, food and mulching films, etc. Finally, cellulose is technically not a bioplastic; its mechanical properties and waterproofing are inferior to those of bioplastics, but its advantages include lower complexity in the production process and faster biological degradation. It is hence employed to produce disposable items. Contrary to PLA and MB, unprocessed cellulose behavior under hydrothermal conditions has been the subject of many studies. 
We subjected the samples to a HT under three different temperatures, separately and in mixture, assessing the yields of the products. The starting materials and the liquid and solid products were characterized by multiple analytical techniques, employed to understand the degradation behavior and identify possible valuable products, which can ultimately help identify the most suitable valorization pathway.

2. MATERIALS AND METHODS
2.1. Samples. The products used in the present work were purchased online from the company Ekoe (www.ekoe.org). Three items were selected: spoons in crystallized polylactic acid (cPLA), forks in MB, and bowls in cellulose pulp. All the sampled products are labelled as compostable according to the Italian regulation UNI EN 13432/02. Additionally, the cellulose bowls are certified as compostable by TUV Austria. According to the official product data sheets, the cPLA spoons can tolerate temperatures up to 90 °C for an unspecified time, the MB forks can withstand 70 °C for 120 min, and the cellulose bowls can be kept at 120 °C for 30 min. Some analyses were also run on pure polylactic acid (pPLA, Sigma-Aldrich) as a reference material. The moisture content of the materials was assessed by leaving them in an oven at 105 °C overnight: pPLA, cPLA and MB showed virtually null moisture contents, whereas the moisture content of cellulose bowls was 7.4 ± 0.2 %.
The bioplastics were first characterized in terms of their ash content and elemental composition. The ash content was determined by placing a sample of the chosen bioplastic in a muffle at 550 °C for 6 hours. The mass fraction of carbon, hydrogen and nitrogen was determined via a LECO 628 Elemental Analyzer in accordance with ASTM D-5375; the oxygen content was determined by difference with the amounts of C, H, N and ash. Each analysis was performed at least in duplicate. The bioplastics were also characterized by evolved gas analysis-mass spectrometry (EGA-MS) and analytical pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) to obtain information on their thermal properties and molecular composition, and by X-ray fluorescence (XRF) to assess the presence of inorganics. Details on the experimental parameters for EGA-MS and Py-GC/MS are provided in sections 2.5 and 2.6, respectively, while info on XRF and data processing are reported in Supplementary Material.
Before the experiments, the bioplastics were cut into smaller pieces, with their largest dimension equal to 1-2 cm, to facilitate their placement into the HT reactor. However, contrary to the study of Mu et al.10, the materials were not crushed prior to the treatment, making the results more scalable to a realistic industrial scenario. Their original shape and the employed fragments are shown in Figure 1.
2.2. Hydrothermal treatment (HT). Experiments were performed in a non-stirred batch reactor with a total internal volume of 2 L (aside for the tests involving pPLA, which were instead run in an analogous reactor with a 50 mL volume). Detailed information about the reactor and the experimental procedure are available in a previous publication23. Each material and a 1:1:1 mixture of cPLA, MB and CELL (labeled MIX) were tested at 160, 180 and 200 °C, with each test performed at least twice. These temperatures may ensure a partial or total hydrolysis of the bioplastics without generating toxic compounds that would hinder a subsequent valorization through anaerobic digestion15 and are not too severe so as to favor a possible integration of the HT within the OFMSW treatment plant. The tests are labelled through abbreviations with the form MMTTT: MM is the material acronym, while TTT is the treatment temperature. The tests were performed employing 100 g of solids and 1 kg of tap water. The reactor was maintained at the chosen temperature for 1 h. At the end of the cooling phase, the produced gas was let flow in a transparent column, filled with liquid water and closed at the top, allowing measuring its volume. The reactor content was then collected and placed in a plastic bottle stored at 4 °C. 
[image: ]
Figure 1. cPLA spoons (left), MB forks (center), and cellulose bowls (right).
2.3. HT products yields. The mass yield of the gas phase (GY) was calculated from its volume through the ideal gas law, assuming that it was entirely composed of CO2, which is a reasonable approximation24 that allows easily closing the mass balance. 
The macroscopic solid products were separated from the liquid phase employing a qualitative filter paper. The separated solids were then dried at 105 °C overnight and weighted, to calculate the solid yield (SY). For some specific tests, we also filtered the HT slurry with a 0.45 µm filter paper under vacuum to verify whether the qualitative filter paper was letting any significant amount of solid pass through, without measuring any additional separated solid. Finally, the liquid yield (LY) was calculated as the complement to one of GY and SY.
2.4. HT products characterization. The mass fractions of C, H, O, N and ash in the filtered solid products were determined as for the raw untreated samples. The solid residues were also characterized by EGA-MS and Py-GC/MS to obtain information on their thermal stability and molecular composition, and by X-ray fluorescence (XRF) for inorganics. 
The HT liquor (i.e., the liquid product obtained after filtering away the solids) was characterized in terms of total organic carbon (TOC) via a FORMACS HT-iTOC analyzer (Skalar Analytical B.V., Netherlands). The total solids (TS) and non-volatile solids (NVS) in the liquor were determined by placing a sample of it at 105 °C overnight and at 550 °C for 6 h, respectively. Information on the solubilized fractions of the bioplastics were obtained by characterizing the liquid fractions by ion chromatography (IC) and gas chromatography/mass spectrometry (GC/MS). Details on the experimental parameters for IC and GC/MS are provided in section 2.7 and Supplementary Material, respectively.
2.5. Evolved gas analysis-mass spectrometry (EGA-MS). Analyses were performed with an EGA-PY/3030D microfurnace pyrolyzer (Frontier Laboratories, Japan) coupled to a 6890 gas chromatograph and a 5973 mass spectrometric detector (Agilent Technologies, USA). Approximately 100 µg of sample were inserted in the pyrolysis furnace, and the temperature was raised from 50 to 700 °C at 10 °C/min. The interface temperature was kept 100 °C above the furnace temperature, up to a maximum of 300 °C. Evolved gases were carried by a helium flow (1 mL/min) to the GC injector (280 °C, 20:1) and through a deactivated stainless steel capillary tube (UADTM-2.5N, 3 m x 0.32 mm, Frontier Laboratories) to the GC oven at 300 °C, reaching the MS detector (EI positive mode, m/z range 35-500, ion source 230 °C, quadrupole 150 °C).  
2.6. Analytical pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). Analyses were performed with the same pyrolyzer model used for EGA-MS analyses, coupled to an 8890 gas chromatograph and a 5977 mass spectrometric detector (Agilent Technologies, USA). Approximately 100 µg of sample were instantaneously pyrolyzed at 600 °C with interface temperature set at 280 °C. Pyrolysis products were carried by a helium flow (1 mL/min) to the GC injector (280 °C, split ratio 10:1). Separation of the pyrolysis products was achieved with an HP-5MS capillary column (30 m x 0.25 mm, film thickness 0.25 µm, Agilent Technologies, USA) The temperature program of the GC oven was as follows: 40 °C isotherm for 5 min; 20 °C/min up to 310 °C, then isotherm for 30 min. The mass spectrometer was operated with the same parameters used for EGA-MS, except the m/z range which was 35-600.
2.7. Ion chromatography (IC). Experiments were performed with a Dionex Aquion RFIC ion chromatograph (Thermo Scientific, USA) equipped with an electrolytic potassium hydroxide (KOH) generator for the mobile phase, an ion exchange suppressor, and a conductivity detector. Injection volume was 1 mL in all experiments. The mobile phase (bidistilled water, 18.2 MΩ/mL) flow rate was 1 mL/min. Chromatographic separation was achieved with an Ion Pac AS27 column (4 mm x 250 mm, Thermo Scientific) equipped with an Ion Pac AG27 precolumn (4 mm x 50 mm, Thermo Scientific). Analyses were performed with the following KOH concentration program: 10 mM for 10 min, then 2.5 mM/min up to 45 mM, then 45 mM for 1 min. Re-equilibration time was 5 min. The ion suppressor current was held at 120 mA. Lactic acid (> 90%, Sigma-Aldrich) and succinic acid (> 99%, Sigma-Aldrich) were used to build calibration curves for quantitative analysis.

3. RESULTS AND DISCUSSION
3.1. Samples characterization. Table 1 presents the elemental composition of the four tested samples and the solid products from their HT. The compositions of pPLA and cellulose bowls are in agreement with their theoretical chemical formulas ((C3H4O2)n and (C6H10O5)n, respectively), while those of cPLA and MB are very similar to each other and to that of pPLA if considered on an ash-free basis. Both cPLA spoons and MB forks present significant amounts of ash, most likely additives to enhance the product mechanical properties and appearance. Comments on the trends of the HT solid products composition are provided in Section 3.3. 
[bookmark: _Ref133940364]Table 1. Elemental characterization of the tested materials and the solids obtained from their HT. The mass percentages are on a dry basis. Each analysis was performed at least twice. Standard deviation ≤ 0.1% except where noted explicitly. The oxygen mass fraction is calculated by difference with the other ones, thus its standard deviation is the sum of the others. The mass fraction of nitrogen (not shown) was ≤ 0.1% in all cases.
	Material
	HT treatment temperature (°C)
	C (%)
	H (%)
	O (%)
	Ash (%)

	pPLA
	Raw
	49.3
	6.1
	44.6
	0.0

	cPLA
	Raw
	41.2
	5.2
	34.1
	19.5

	
	160
	27.8
	3.9 ± 0.2
	10.8
	57.4 ± 3.2

	
	180
	4.8
	1.4
	8.5
	85.3 ± 4.3

	
	200
	4.5
	1.3
	1.3
	92.9 ± 0.9

	MB
	Raw
	40.4 ± 0.2
	5.4
	32.2
	22.0

	
	160
	24.7
	7.1
	38.3
	29.9

	
	180
	3.4
	1.2
	8.8
	86.5 ± 0.8

	
	200
	1.6
	1.0
	0.0
	97.2 ± 0.3

	CELL
	Raw
	39.8
	6.8
	52.9
	0.4 ± 0.2

	
	160
	40.0 ± 0.3
	6.7
	52.5
	0.8

	
	180
	40.2
	6.6
	52.3
	0.8

	
	200
	41.2
	6.6
	51.5
	0.7

	MIX
	Rawa
	40.5
	5.8
	39.7
	14.0

	
	160
	30.2 ± 0.2
	4.7
	29.5
	35.6 ± 2.8

	
	180
	34.6 ± 1.1
	5.6
	44.3
	15.4 ± 1.1

	
	200
	27.3 ± 6.2
	4.5 ± 0.9
	40.3
	27.7 ± 5.1


a weighted average, not directly measured
Characterization of the samples before HT was performed with EGA-MS, Py-GC/MS, and XRF. Results of EGA-MS analyses are presented in Figure 2. The pyrolysis products identified in Py-GC/MS chromatograms of all samples are listed in Table 2, and representative Py-GC/MS profiles are shown in Figure 3.
The EGA-MS profile of untreated cPLA spoon shows a main degradation peak at 370 °C, with a shoulder peak at lower temperatures. Both peaks provided the same mass spectra with a series of signals separated by 72 mass units (m/z 56, 128, 200, 272, 344), corresponding to the lactic acid monomer. The signal at m/z 56 is known to be a characteristic mass fragmentation of lactide, the cyclic dimer of lactic acid25. Based on this, we attributed the other m/z signals to higher cyclic oligomers of lactic acid, as shown in the Supplementary Material (Figure S1). 
The peaks in the Py-GC/MS profile of untreated cPLA were ascribed to acetaldehyde, propenoic acid, and the achiral/chiral isomers of lactide (Figure 3 and Table 2). The formation of higher cyclic compounds discussed for the EGA-MS profiles was not observed here, likely due to the instantaneous heating of the sample at 600 °C. The pyrogram of pPLA is available in Supplementary Material (Figure S2).
The MB sample shows two thermal degradation regions. The first one, with a peak at approximately 300 °C, shows the same m/z signals observed in the mass spectrum of cPLA. The second peak, with maximum at 400 °C, shows signals at m/z 55, 71, 101, and 173, which can be ascribed to pyrolysis products of polybutylene succinate (PBS)26. We can conclude that MB forks are composed of a mixture of PLA and PBS. This was also confirmed by the Py-GC/MS profile, which shows the same peaks observed for cPLA, and an additional set of peaks that were ascribed to pyrolysis products of PBS. The main pyrolysis products of PBS were tetrahydrofuran and succinic anhydride, which are obtained by intramolecular cyclization of the two monomers, and a series of small oligomers with modified terminal groups. A peak of a common plasticizer, octadecenenitrile27, was also detected. Surprisingly, no signals were found in either EGA-MS or Py-GC-MS profiles that could be ascribed to cellulose or starch-based components. However, the compositional variability of commercial items labelled as Mater-Bi® has been addressed in the literature28.
EGA-MS of the untreated cellulose sample shows a single degradation peak at 350 °C, in agreement with the literature29. The mass spectrum shows main signals at m/z 60 and 73, which can be ascribed to fragments of levoglucosan25,26. Levoglucosan (#16, Table 2) was in fact also the main pyrolysis product of cellulose detected in the Py-GC/MS profile. The other identified pyrolysis products are obtained from levoglucosan through secondary pyrolysis reactions, such as dehydration to give hydroxycyclopentenone (#7), hydroxycyclohexanone (#8), and dianhydroglucopyranose (#13). The peaks of meso- and DL-lactide were also detected by extraction of the ion profile at m/z 56, as shown in Supplementary Material (Figure S3). This indicates the presence of a PLA coating on the bowls.
The EGA-MS profile of the untreated mixture was a combination of the profiles of the three isolated samples, with three main degradation peaks at 300, 350, and 400 °C corresponding to PLA, cellulose, and PBS, respectively (the cPLA peak at 370 °C is partially covered by the other ones). The Py-GC/MS profile also shows the same compounds observed in the pyrograms of the three isolated materials, with minimal differences, indicating that the substrates do not interact significantly with each other upon thermal degradation.

[image: ]
[bookmark: _Ref134183160]Figure 2. (Left) EGA-MS profiles of all samples before and after HT at all investigated temperatures. (Right) Average mass spectra for the untreated samples and structures for the main m/z signals. 

[bookmark: _Ref137032283]Table 2. Identified compounds in the Py-GC/MS profiles of the untreated samples. The table shows the main m/z signals in the mass spectrum, the originating polymer (PLA – polylactic acid, PBS – polybutylene succinate, CEL – cellulose), and the presence or absence in each pyrogram.
	#
	Compound
	m/z
	Orig.
	cPLA
	MB
	CEL

	1
	Carbon dioxide
	44
	-
	x
	x
	x

	2
	Acetaldehyde
	44, 43, 42
	-
	x
	x
	

	3
	Methyl glyoxal
	72, 43
	CEL
	
	
	x

	4
	Tetrahydrofuran
	72, 71, 42, 41
	PBS
	
	x
	

	5
	Propenoic acid
	72, 55, 45
	PLA
	x
	x
	

	6
	Furfural
	96, 95, 39
	CEL
	
	
	x

	7
	Hydroxycyclopentenone
	98, 69, 55, 42
	CEL
	
	
	x

	8
	Hydroxycyclohexanone
	114, 86, 55, 43
	CEL
	
	
	x

	9
	Hydroxymethyldihydropyrane
	114, 58
	CEL
	
	
	x

	10
	Succinic anhydride
	100, 56, 44
	PBS
	
	x
	

	11
	meso-Lactide
	56, 45, 43
	PLA
	x
	x
	

	12
	DL-Lactide
	56, 45, 43
	PLA
	x
	x
	

	13
	1:4,3:6-Dianhydroglucopyranose
	142, 116, 96, 85, 70, 57, 43
	CEL
	
	
	x

	14
	Levoglucosenone
	144, 97, 87, 69, 57, 43
	CEL
	
	
	x

	15
	Di(but-3-en-1-yl) succinate
	155, 101, 55
	PBS
	
	x
	

	16
	1,6-Anhydro-β-D-glucopyranose (levoglucosan)
	98, 73, 60, 57
	CEL
	
	
	x

	17
	But-3-en-1-yl (4-hydroxybutyl) succinate
	173, 155, 101, 73, 55
	PBS
	
	x
	

	18
	But-3-en-1-yl (4-(propionyloxy)butyl) succinate
	173, 155, 129, 101, 73, 55
	PBS
	
	x
	

	19
	Octadecenenitrile
	262, 122, 83, 69, 55
	-
	
	x
	

	20
	4-Hydroxybutyl (4-oxobutyl) succinate
	173, 101, 73, 71, 55 
	PBS
	
	x
	

	21
	But-3-en-1-yloxy succinyl butyl succinic acid
	227, 173, 155, 101, 55
	PBS
	
	x
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[bookmark: _Ref136941721]Figure 3. Py-GC/MS profiles of all untreated samples and the corresponding solid residues obtained after HT at 200 °C. Peaks of identified compounds are numbered according to Table 2.
3.2. HT process yields. Table 3 reports the yields of the products from the HT. For all feedstocks, the SY decreases as the treatment temperature increases, while the LY and GY increase; this is a common consequence of HTs, as higher temperatures favor depolymerization and solubilization of biomass (in the present case, bioplastic) molecules. Nonetheless, each material behaves in a peculiar way. The HT of pure PLA produces a sticky solid residue at 160 °C, whereas at higher temperatures no solid material is recovered by filtration. Conversely, cPLA spoons always produce a white solid residue that tends to be easily suspended, and the slurry looks quite clear with a white or light-yellow shade. This difference may be caused by the presence of additives (inorganics, plasticizers…) and by the different crystallization degree in cPLA spoons. Nonetheless, also considering the presence of inorganics, the SY of cPLA at 160 °C is markedly lower than that of pPLA. This may imply that additives facilitate the thermal degradation of the product, i.e. the spoon, under the studied experimental conditions. For example, Luo et al.30 reported that the addition of TiO2 nanocomposites facilitates the hydrolysis of PLA, as they act as nucleation sites. 


[bookmark: _Ref133940796]Table 3. HT products yields for the various feedstocks and treatment temperatures, calculated as per Section 2.3. Each experiment was performed at least twice.
	Material
	HT temperature (°C)
	SY (%)
	LY (%)
	GY (%)

	pPLA
	160
	61.9 ± 0.7
	37.6 ± 0.9
	0.5 ± 0.3

	
	180
	0.0
	99.4 ± 0.2
	0.6 ± 0.2

	
	200
	0.0
	98.9 ± 0.1
	1.1 ± 0.1

	cPLA
	160
	45.9 ± 8.5
	53.4 ± 8.5
	0.9 ± 0.3

	
	180
	30.6 ± 2.2
	68.7 ± 2.2
	0.8 ± 0.2

	
	200
	29.2 ± 2.0
	70.0 ± 1.8
	1.2 ± 0.8

	MB
	160
	78.8 ± 4.5
	20.0 ± 5.1
	1.1 ± 0.4

	
	180
	27.9 ± 0.9
	71.5 ± 1.1
	0.7 ± 0.1

	
	200
	21.4 ± 0.6
	77.7 ± 0.5
	0.9 ± 0.1

	CELL
	160
	92.3 ± 0.9
	6.9 ± 0.9
	0.8 ± 0.1

	
	180
	86.3 ± 0.5
	12.9 ± 0.4
	0.8 ± 0.1

	
	200
	74.9 ± 0.6
	23.4 ± 0.5
	1.7± 0.1

	MIX
	160
	69.3 ± 2.3
	29.8 ± 1.9
	0.9 ± 0.4

	
	180
	39.9 ± 9.7
	59.0 ± 9.8
	1.2 ± 0.1

	
	200
	37.7 ± 4.1
	60.9 ± 3.9
	1.4 ± 0.1



The MB forks appear largely unaltered after HT at 160 °C, while at 180 and 200 °C their behavior is quite similar to that of cPLA, with the production of an easily-suspended solid, though with a lower yield (despite a very similar amount of inorganics). Neither cPLA nor MB seems to produce a carbonaceous solid, which is instead typical when processing biomasses or sugars. The pieces of cellulose bowls appear instead to undergo a very moderate carbonization: the treated pieces remain virtually identical in shape, but they become slightly darker, and some carbonaceous particles remain on the paper filter, especially at 200 °C. These observations well agree with previous results obtained with pure cellulose31,32, in which significant degradation was only observed at 220 °C or more. Actually, the bowl degradation observed here, even if limited, is slightly higher than the pure cellulose degradation assessed by Volpe et al.31 and Ischia et al.32. In the first work31, the residence time (30 min) was lower than that used here (60 min), while in the second32 microcrystalline cellulose was used. The more extensive degradation could be due to the hydrolysis of the PLA coating, and/or to a lower recalcitrance of the cellulose fibers, possibly linked to a lower crystallinity index. Both the cellulose pieces and the liquid tend to become yellow or light brown as the treatment temperature increases. Finally, in the tests done with the mixes of the three materials, the cellulose pieces seem not to degrade as well, and the solid residues originated from the degradation of cPLA and MB tend to deposit on their surface. At 180 and 200 °C, the experimental SYs are lower than the theoretical SY values calculated as the mean of the yields obtained with the three feedstocks separately, apparently implying that the three materials interfere with each other while undergoing HT.
3.3. Characterization of the solid residues. Table 1 (already introduced in Section 3.1) reports elemental analysis data of the solid residues from the HT tests. The solids obtained from the HT of cPLA and MB are very rich in ash, especially at 180 and 200 °C. This confirms that HT causes the hydrolysis of their constituent polymers and their dissolution into the liquid phase. As a result, the relative abundance of the inorganic fraction in the remaining solid increases. Conversely, the composition of cellulose bowls remains almost identical, showing that HT is unable to significantly degrade them in the studied operative conditions. Regarding the bioplastics mix, the composition of the solid residue appears virtually unaffected by the treated temperature, most likely due to the fact that the non-degraded pieces of cellulose bowls comprise most of it. The trend of its ash content appears more dubious. More generally, this residue is extremely inhomogeneous, being comprised of macroscopic cellulose bowl pieces and the powder-like ash resulting from cPLA and MB. For this reason, it is very difficult to select a representative sample to perform these analyses on: it is quite likely that the CHN analyses and the ash determination were performed on materials with different properties, leading to these results.
The solid residues were characterized by EGA-MS, Py-GC/MS, and XRF. EGA-MS profiles are shown in Figure 2, while Py-GC/MS profiles are shown in Figure 3 and in the Supplementary Material (Figure S4). As expected, the profiles of cPLA after HT at any temperature did not provide significant signals for the same sample mass, confirming that the material underwent extensive degradation. Since the solid residues of cPLA are largely made up of ash, we can also conclude that they are mostly composed of inorganic fillers. After HT at 160 °C, the EGA-MS profile of MB still shows the two thermal degradation peaks characterizing the untreated MB forks, but with significantly lower intensities. The peak of PLA is shifted to lower temperatures, indicating a loss in thermal stability of this fraction. After HT at 180 and 200 °C, no significant signal was observed in either the EGA-MS or the Py-GC/MS profiles, indicating that, as for the cPLA spoons, the solid residue at these two temperatures was mostly composed of the inorganic fillers, in complete agreement with the ash content of these samples (Table 1).
None of the three HT temperatures led to a quantitative degradation of cellulose. All macroscopic residues obtained after HT provided similar decrease in signal intensity compared to the untreated sample. This decrease could be due to a partial degradation of the amorphous fraction of cellulose, which is more easily hydrolyzed, while the crystalline fraction remained unaltered even at 200 °C. This is also confirmed by the Py-GC/MS analysis of the solid residue after HT at 200 °C, in which levoglucosan was almost the only pyrolysis product. Celluloses with higher crystallinity indices are in fact known to give higher pyrolytic yields of anhydrosugars33. The peak of cellulose was the only one remaining in the EGA-MS profiles after HT at 180 and 200 °C, and the chromatographic peak of levoglucosan was the only one in the corresponding Py-GC/MS profiles. 
Characterization of the inorganic fillers in the solid residues of all samples was performed with XRF. XRF spectra are available in the Supplementary Material (Figure S5). The main signals in all cases were ascribed to titanium and iron. The presence of titanium is most likely due to TiO2, commonly used as white pigment. Traces of iron could derive from the stainless-steel reactor used to perform the HT.
In summary, the characterization of the substrates and their solid residues indicates that HT at 180 and 200 °C is capable of quantitatively degrading both PLA and PBS, but not cellulose. The solid residues of HT at 180 and 200 °C provided no signals that could be ascribed to PLA and PBS, as they were mostly composed of the inorganic fillers. This suggests that the most likely degradation mechanism during HT was the hydrolysis of the ester bonds of both polymers, generating small, water-soluble species. Characterization of the water-soluble products of HT was therefore performed to obtain information on the chemical features of these species.
3.4. Characterization of the liquid fractions. Table 4 shows the concentrations of TOC, TS and NVS in the liquors obtained from the various HT tests. The trends of the TOC and TS confirm the enhancement of hydrolysis reactions as the treatment temperature increases. TS values are particularly high for cPLA and MB, and higher than for pPLA despite the similar TOC values. Thus, although they have similar elemental compositions and comparable HT liquid yields to pPLA (without considering the inorganics), their degradation mechanisms appear different, producing a markedly higher amount of colloidal solids (most likely, oligomers of lactic acid). In this framework, the presence of plasticizers and other additives may affect the reaction mechanism and lead to a different product distribution. The trends for cellulose are instead more standard. Notably, for the MIX, at all temperatures, the TOC values are higher than the average of the three separate components, which again could mean that the feedstocks in the mixture interfere with each other and favor hydrolysis reactions. Finally, the amount of NVS slightly increases with HT temperature in all cases, probably because more severe conditions enhance the solubilization of some inorganic components.
[bookmark: _Ref152063660]Table 4. TOC, TS and NVS in the HT liquor obtained in the tests. The TOC analyses were performed at least five times, while the TS and NVS measurements were performed in triplicates. Where not indicated explicitly, the standard deviation is ≤ 0.1%. 
	Material
	HT temperature (°C)
	TOC (g/L)
	TS (g/L)
	NVS (g/L)

	pPLA
	160
	24.9 ± 0.7
	15.6 ± 2.3
	0.7

	
	180
	43.0 ± 0.7
	19.4 ± 3.5
	0.6

	
	200
	44.7 ± 0.4
	19.3 ± 4.4
	1.1 ± 0.3

	cPLA
	160
	24.0
	51.4
	0.8

	
	180
	27.0
	63.5 ± 0.9
	0.9

	
	200
	28.6 ± 0.3
	59.1 ± 4.2
	1.1

	MB
	160
	12.7 ± 0.2
	21.9 ± 5.8
	0.7

	
	180
	34.6 ± 0.6
	73.8 ± 0.3
	1.0

	
	200
	34.7 ± 0.2
	72.6 ± 1.6
	1.2

	CELL
	160
	0.9
	3.1
	0.6

	
	180
	4.1
	9.2 ± 0.3
	0.8

	
	200
	7.6 ± 0.6
	10.5 ± 0.7
	0.9

	MIX
	160
	15.1
	28.2 ± 0.5
	0.8

	
	180
	23.4 ± 0.2
	48.1 ± 0.7
	1.0

	
	200
	26.5
	46.4 ± 2.5
	1.1



[bookmark: _Hlk158391683]Characterization of the aqueous phases by both ion chromatography and gas chromatography revealed that hydrolysis of the ester bonds in PLA and PBS was the main degradation mechanism taking place during the HT, and the monomers were by far the most abundant products. The possibility of recovering PLA and PBS monomers is a promising feature of HT which could further improve the life cycle of compostable plastics. For these reasons, ion chromatography was used to quantify lactic acid and succinic acid.  Data for the calibration curves and representative ion chromatograms are available in Supplementary Material (Figure S6 and S7). Quantitative data for the samples are expressed as g of lactic acid or succinic acid per g of substrate, and the results are summarized in Figure 4. In agreement with the results obtained for the solid residues, HT at 160 °C led to only a partial degradation of PLA, and to minimal degradation of PBS in MB. The yields did not change significantly between 180 and 200 °C, indicating a quantitative conversion of both PLA and PBS in all investigated samples. A simple mass balance considering only the organic fractions of cPLA and MB shows that HT at 200 °C almost completely dissolves them (86.9 and 99.6% for cPLA and MB, respectively), with combined mass yields of LA and SA of 119% and 116% (coherently with the fact that hydrolytic reactions incorporate water molecules). MB provided almost equal yields of lactic acid and succinic acid, suggesting that these two polymers are present in equal amounts in the original material. The small amount of lactic acid in the liquid fractions of cellulose can derive from both the PLA coating and the cellulose itself32. In this framework, HTs could also be seen as a way to separate PLA and cellulose and facilitate the recycling of both materials, an approach that has already been described as advantageous for other multilayer plastic-based materials34. 
[image: ]
[bookmark: _Ref152062718]Figure 4. Yields of lactic acid and succinic acid in the liquid fractions of all samples, as measured by ion chromatography (with each analysis performed at least four times). Yields expressed as grams of lactic acid or succinic acid per gram of substrate.
[bookmark: _Hlk160793121]GC/MS analyses were performed on hexane/diethyl ether extracts of the liquid phases. The experimental procedure and resulting chromatograms are available in Supplementary Material (Figure S8). The low-polarity solvents were used to highlight the presence of PLA and PBS oligomers, as they are less polar than the corresponding monomers. All fractions obtained at 160 °C showed in fact oligomers of PLA, and those of MB and MIX also showed oligomers of PBS. Only the monomers were detected at 180 and 200 °C, once again confirming that the higher temperatures led to a quantitative hydrolysis of the polymers.
3.5. Final remarks. In the previous sections, the suitability of a HT for rapidly degrading some common types of disposable bioplastic items has been confirmed. Mild HT is very effective in promoting the hydrolytic depolymerization of cPLA and MB, nearly completely hydrolyzing their organic fraction and resulting in very high yields of lactic acid and succinic acid, along with several other compounds in much lower concentrations. The subsequent use of the obtained products should be carefully assessed, likely depending on the composition of the initial mixture fed to HT.
Both lactic and succinic acids are important platform chemicals, mainly employed to produce polymers but also for more advanced applications. Their principal synthesis route is bacterial, entailing limited concentrations and yields. In a biorefinery framework, HT could act as a chemical recycling route, bringing the bioplastics back to their monomeric constituents that can then be used to synthesize new bioplastics. The extraction of lactic acid from liquid mixtures, despite not perfect, is well established, and more efficient alternatives have also been proposed35. The feasibility of such an approach will however likely depend on the concentration of lactic acid in the final liquid product, which in turn will depend on the concentration of PLA in the treated mixture. Given the high market share of PLA, it could indeed be high, but the presence of other organic wastes and traditional plastics may decrease it. For a more heterogeneous mixture, an alternative pathway for a material valorization of the HT slurry could be the bacterial synthesis of other types of bioplastics, such as polyhydroxyalkanoates36. Although the final optimal solution will be case-dependent, there is undoubtedly a need for more studies dealing with the HT of realistic mixtures mechanically separated at the entrance of OFMSW plants.
A more technologically established option could be sending all the obtained HT products to anerobic digestion, which is an approach that has already been proven as advantageous when dealing with the OFMSW or other organic wastes. This procedure is likely to be also suitable for this case: lactic acid is one of the intermediates of the anaerobic digestion process and is easily degraded by bacteria37. The possible low concentration of the liquid products is also less problematic in this case. However, the final verdict will again depend on the properties of the initial mixture. The possible presence of traditional plastics may indeed be problematic if their degradation results in the release of chemicals inhibiting bacterial activity. The previous limited studies on the HT of traditional plastics have however shown that their degradation only happens at higher temperatures than those of this study38. In this framework, a mild HT may represent a valid way to separate bioplastics from traditional plastics, which is something that is hardly achievable through other tools, and which is certainly not implemented in OFMSW plants39,40. Limiting the treatment temperatures may also avoid the formation of compounds that are known to hinder anaerobic digestion15, with higher treatment temperatures not appearing advantageous for recovering the monomers as well. More severe processes (hydrothermal liquefaction, supercritical water gasification, pyrolysis, etc.) may also be adequate to valorize such a waste stream, but their harsher operating conditions may complicate their fruitful integration within OFMSW treatment plants.

4. CONCLUSIONS
Three different types of commercial bioplastic tableware, based on cPLA, MB and cellulose, underwent HTs at 160, 180 and 200 °C. The combination of multiple analytical techniques allowed us to characterize the bioplastics, and to monitor their degradation during HTs. Analysis by EGA-MS and Py-GC/MS revealed that MB was a mixture of PLA and PBS, with minimal carbohydrate content, while XRF analysis showed that both cPLA and MB items contained 20% in mass of inorganic additives. 
MB and cPLA well responded to HTs, with their organic fraction virtually totally solubilized after 1 h at 180 °C, producing very high yields of lactic acid and, in the case of MB, also succinic acid. GC/MS analysis showed the presence of small amounts of PLA and PBS oligomers due to partial hydrolysis during HT at 160 °C; such oligomers were rapidly converted in the corresponding monomers at higher temperatures. Conversely, and in line with previous studies, the investigated temperatures were unable to cause a significant degradation of the cellulose items, which also visually remained nearly unaltered. The treatment could however be effective in removing PLA films that are often added to enhance cellulose impermeability. Finally, treating the three materials together enhanced the overall solubilization, even if only to a very small extent. 
In summary, a HT appears as a valid choice to rapidly attain a hydrolytic depolymerization of bioplastic items into their monomeric or oligomeric constituents, also favoring their mechanical handling that often causes problems in OFMSW plants. The choice of the subsequent steps is non-trivial and will depend on several factors. A recovery of platform chemicals could be interesting, but only feasible if these are present in significant concentrations, which may not be the case if the treated mixture also contains significant amounts of other materials, such as food waste and traditional plastics. More simply, a HT could represent a pre-treatment of anaerobic digestion, significantly speeding up the hydrolysis phase and providing bacteria with molecules that they can easily digest, such as lactic acid. Both scenarios must be carefully addressed in future works.
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Synopsis. Hydrothermal treatment of biodegradable bioplastics and characterization of their outputs to assess suitability for improving bioplastic life cycle.
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