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The growing production of biodegradable plastics and the frequent mismanagement of their end-of-life often lead
to mixed waste streams containing both bioplastics and conventional plastics, which create challenges for me-
chanical recycling. Hydrothermal carbonization (HTC) has been proposed as a pre-treatment enabling chemical
recycling or anaerobic digestion of bioplastics, but its application to bioplastic-plastic mixtures has not been
investigated. In this study, seven plastics—two compostable bioplastics items (based on PLA, PBAT, and starch)
and five conventional plastics (PET, HDPE, LDPE, PS, PP)—were subjected to HTC, individually and in mixtures.
Results show that PLA and starch hydrolyse readily at 180 °C, PBAT requires at least 200 °C, and PET hydrolyses
to monomers at 220 °C, while the three polyolefins and PS remain unaltered even at 250 °C. Processing mixtures
shows no major effects on yields and compositions, but presents a notable practical advantage: bioplastics
disintegrate and hydrolyse, dispersing or dissolving in the liquid phase, while conventional plastics coalesce into
a compact solid block atop the liquid. This enables effective qualitative separation of bioplastics and plastics,
allowing the former to be directed to anaerobic digestion or chemical valorisation and the latter to thermo-
chemical processes.

1. Introduction in this article as well), they are often referred to as “bioplastics”,

although the term is often employed also for biomass-based plastics that

The management of mixed plastic waste remains a significant chal-
lenge for modern treatment systems. In principle, most waste plastics
should be morphed into new products through mechanical recycling,
but in practice numerous obstacles persist [1], and only 8.9% of global
plastic production in 2022 originated from mechanically recycled
feedstock [2,3]. Mechanical recycling relies on a good separate collec-
tion of waste plastic items, followed by sorting at recycling facilities
according to polymer type. Several obstacles hinder this process: some
are related to citizens' behaviour, such as discarding non-plastic items
with plastics and vice versa; others concern the properties of the items
themselves, including the presence of additives, multilayer structures, or
small objects that are difficult to sort [4]. In recent years, the growing
presence of biodegradable plastics has also further complicated plastics
recycling.

Biodegradable plastics are a class of materials whose production is
indeed undergoing a strong and steady surge [5]. In common usage (and

are chemically identical to traditional fossil-based plastics. Commercial
bioplastic items are certified to be compostable, and hence they are often
advised to be sent to the plants that treat the organic fraction of
municipal solid waste (OFMSW). They may cause some problems even
within this treatment chain, often due to their long degradation times or
unsuitability for anaerobic digestion (often employed before compost-
ing) [6], but this aspect is outside the scope of this work. Oftentimes,
bioplastics may not even enter composting treatment chains, but end up
in different destinations:

e Reject fraction of OFMSW treatment plants. These plants typically
use size-based mechanical pre-treatments to remove large objects
that cannot degrade within suitable time frames [7,8]. These may
include branches, bones, plastic objects, inert materials, etc. Due to
their large size and stiffness, bioplastic items are often also caught by
this pre-treatment.
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e Unrecyclable mixed plastic waste. Consumers' confusion [9-12] may
lead to bioplastics being discarded with conventional plastics, even
when legislation prohibits this. As already described, mechanical
recycling facilities sort waste items based on their constituent poly-
mer. In principle, bioplastics are suitable for mechanical recycling,
and some researchers even argue that this should be the first choice
for them [13]. However, plants are often not equipped to deal with
them [14], usually because they only represent a small fraction of
processed waste. Consequently, they are collected alongside other
items that, for various reasons, are unsuitable for mechanical recy-
cling [15,16]. Bioplastics and plastics can also be found together in
mixed polymer items, such as multilayer films employed in agricul-
ture [17], which are unsuitable for mechanical recycling.

Other mixed waste streams. Where separate collection is absent,
inefficient, or guided by unclear regulations, bioplastics may end up
in residual waste.

The environment. Bioplastics may end up in the environment (fields,
oceans, etc.) for different unwanted reasons. In these conditions,
they tend to degrade faster than fossil-based plastics, but may still
remain unaltered for many years, posing threats to living organisms
[18,19]. Mixed debris can be intercepted by different technologies
and removed from the environment [20], and then appropriately
disposed of.

To sum up, waste bioplastics frequently occur mixed with conven-
tional plastics. While other contaminants can often be removed via
magnetic or gravimetric separation, separating bioplastics and plastics is
more challenging, especially when they are fragmented or closely
intertwined. Mixed plastics-bioplastics can be processed together via
thermochemical routes such as pyrolysis or gasification or other more
advanced techniques [21], enabling chemical recycling. Although this is
feasible in principle and has been demonstrated at the lab scale for
plastics [22,23], industrial implementation is hindered by the prob-
lematic rheological behaviour of molten plastics, high energy demands,
and contamination with organic residues or inorganic elements (e.g.,
chlorine, bromine), often requiring pre-washing or drying. A method
capable of selectively separating bioplastics from plastics would there-
fore be valuable: it could reduce the fraction requiring thermochemical
treatment and, in the case of pyrolysis, improve product quality by
lowering feedstock oxygen content. Hydrothermal processes offer a
promising approach, as they are known to degrade bioplastics while
leaving conventional plastics largely intact.

Low-temperature hydrothermal processes (or also “hydrothermal
treatments™) comprise thermal hydrolysis (performed at 140-180 °C)
and hydrothermal carbonization (HTC, performed at 180-250 °C).
These processes take place in pressurised units, with high-temperature
liquid water acting as a catalyst that facilitates various degradation re-
actions. They are typically applied to wet biomass residues to make them
more suitable for anaerobic digestion [24] or to synthesise a sterilised
solid product (called hydrochar) with enhanced carbon concentration
and dewaterability [25,26]. In the last 5 years, various researchers have
proven that these processes can also be applied to bioplastics, achieving
complete hydrolysis at moderate temperatures [8]. The resulting liquid
product is often very rich in bioplastics monomers or other organic
acids, allowing a more productive anaerobic digestion or possibly
chemical recycling. Most research has focused on poly(lactic acid)
(PLA), often treated at <150 °C, sometimes with added bases to accel-
erate hydrolysis [27-31]. Without alkaline additives, 180 °C seems
instead the minimum treatment temperature that can guarantee the full
hydrolysis of PLA and other bioplastics [32], coinciding with the lower
HTC temperature limit. While PLA is the major biodegradable polymer
being produced at the moment and in the foreseeable future, starch
blends also play a major role [5], especially in selected countries where
they are employed to produce disposable shopping bags [33].

Hydrothermal treatment of conventional plastics has been less
explored. A very broad overview of the behaviour of plastics in thermal
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conditions was provided by Yang et al. [34], while other reviews were
more focused on hydrothermal processes [35]. Nonetheless, the overall
number of studies dealing with plastics in HTC is quite limited, espe-
cially with products tested separately. Most plastics are considered
chemically stable under HTC conditions, though they may become
denser and transfer inorganic contaminants to the liquid phase. For
example, Farru et al. [36] reported that HTC of polypropylene (PP) and
polyester surgical masks produced a compact solid with a 75% volume
reduction but unchanged composition. Iniguez et al. [37] applied HTC to
marine plastic debris, observing enhanced fuel properties, dechlorina-
tion and debromination. Lin et al. [38] employed various types of urban
waste, confirming that polyethylene (PE) and PP are not affected by the
process apart for their physical appearance, which becomes more
compact. Similarly, Zhao et al. [39] reported no chemical change for
high-impact polystyrene (PS), acrylonitrile butadiene styrene (ABS), and
PP at 250 °C, though polyamides and polycarbonates behaved differ-
ently. Mixed biomass-plastic HTC studies have shown synergies in fuel
properties [40-42], while a very interesting point of the work by Far-
ghali et al. [43] was the use of HTC to solubilise the food waste attached
to plastic bags prior to anaerobic digestion.

The two general-use polymers that seem more affected by the process
are poly(ethylene terephthalate) (PET) and poly(vinyl chloride) (PVC).
PET, as a polyester, can hydrolyse in HTC conditions, yielding its
constitutive monomers [44]. Complete hydrolysis typically occurs be-
tween 220 and 250 °C, depending on factors such as particle size, resi-
dence time, and reactor design, but is also feasible at lower temperatures
with longer residence times [45]. Notably, terephthalic acid formed
during PET hydrolysis acts as a self-catalyst, allowing even higher effi-
ciency by recycling the process water to the reactor [46]. For PVC, HTC
can transfer chlorine to the liquid phase, yielding a chlorine-free solid
appropriate for dioxins-free combustion. Poerschmann et al. [47] were
among the first to test PVC in HTC, indicating 235 °C as the minimum
temperature for complete dechlorination. PVC has also been tested in
combination with biomass, with reported benefits in terms of dechlori-
nation and energy densification [48-53].

Despite these advances, important gaps remain: several common
plastics have never been individually tested in HTC conditions, and the
co-processing of bioplastics and plastics under HTC has not been pre-
viously reported. This work addresses both gaps through a systematic
investigation of the HTC of bioplastics and conventional plastics, alone
and in mixtures, confirming that the process can hydrolyse bioplastics
while compacting plastics, enabling their physical separation. This
separation, never addressed before in the literature, is very promising
for the application of this process to the various aforementioned mix-
tures of bioplastics and plastics, potentially allowing the two product
classes to be valorised through ad hoc pathways. The study examines
real commercial items—two bioplastics (disposable PLA spoons and
Mater-Bi® shopping bags) and five conventional plastics (PET, HDPE,
LDPE, PS, and PP)—subjected to four treatment temperatures across the
HTC range.

2. Materials and methods
2.1. Tested samples

The experiments focused on two bioplastic items and five conven-
tional plastic items. All of them were commercial products purchased at
local shops.

The two bioplastic families, certified as compostable according to
UNI EN 13432/02, were:

e BPBAGS: Two compostable Mater-Bi® bioplastic bags used in Italian
supermarkets (shopping bags and produce bags). While the producer
company does not disclose the composition of Mater-Bi® blends and
several blends exist, Mater-Bi® is generally marketed as a mixture of
starch, polyesters, and plasticisers.
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e cPLA: Compostable spoons in crystallised poly(lactic acid), already
tested at lower temperatures [32].

These two bioplastic families were specifically targeted since they
account for approximately 62% of the total 2024 production of biode-
gradable plastics [54]. The five conventional petroleum-based plastics
studied were:

e PET: Transparent blue sparkling water bottles in poly(ethylene
terephthalate).

HDPE: Caps of the above bottles, in high-density polyethylene.
LDPE: Transparent bags in low-density polyethylene.

PS: Transparent single-use forks in polystyrene.

PP: Caps of yogurt jars in polypropylene.

We selected these materials due to their high market penetration for
everyday objects. Conversely, we decided not to employ poly(vinyl
chloride) (PVC): despite its large-scale production, it is mainly used for
specialty applications such as tubes and cables, so it is less likely to
amass in the mixtures described in the introduction. Moreover, as we
have explained, its behaviour in HTC conditions is already well studied.

The reported materials were subjected to ash determination,
elemental analysis, and Fourier-transform infrared spectroscopy (FTIR).
Details on these techniques are provided in Section 2.3.

We also used corn starch (practical grade, Sigma-Aldrich) as a
reference material.

2.2. HTC experiments

We performed the HTC experiments in a 50 mL unstirred lab-scale
HTC reactor, already described in detail in previous publications [55].
We did not subject the bioplastics and plastics to any pre-treatment
before feeding them to the reactor, apart from cutting them into
roughly 2-cm pieces to facilitate their introduction into the reactor. The
experiments were performed for each material singularly and for a
mixture (noted as MIX). The mass composition of the MIX was the
following:

e 25% each of BPBAGS and cPLA
e 10% each of PET, HDPE, LDPE, PS, and PP

All experiments were conducted at least in duplicate. We first filled
the reactor with roughly 2.5 g of the tested sample and the amount of tap
water needed to ensure a 0.10 mass ratio between the substrate and
water (usually denoted as B/W, “biomass to water”). The only exception
was LDPE, which was tested at a ratio of 0.05 because its low density
made it difficult to fill the reactor with the necessary amount. The tested
temperatures were 180, 200, 220, and 250 °C, and the residence time
was always 1 h (calculated at the reaching of the set temperature).
HDPE, LDPE, PS, and PP alone were only tested at 250 °C after verifying
their lack of degradation in this condition. Temperatures lower than
180 °C were not tested because they cannot ensure bioplastics degra-
dation [32], while temperatures higher than 250 °C would fall in the
range of hydrothermal liquefaction, which is already known to be
effective in degrading plastics, although requiring substantially more
energy [56].

After filling the reactor with the samples and water, we closed it and
flushed it three times with pressurised nitrogen to create an inert at-
mosphere and verify the lack of leakages. Then, we turned on the
heating system, which relies on an electrical resistance and a thermo-
couple to create and maintain the desired thermal conditions. The
reactor required roughly 15-25 min to reach the target temperature,
depending on its value. The clocking of the 1 h process time was started
once the thermocouple first recorded the set temperature, which
remained stable for the entire time with only a maximum 5 °C overshot
at the beginning. During the process, the pressure inside the reactor
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remained slightly above the saturation pressure of water at the corre-
sponding temperature, confirming the absence of leakages. After 1 h at
the set temperature had passed, we quickly cooled the reactor down by
dipping it in cold water. Once its internal temperature was lower than
50 °C, we allowed the produced gas to flow into a transparent plastic
column, filled with water and closed at the top, measuring its volume.
The reactor was finally opened and its content vacuum filtered using a
0.45 pm quantitative filter membrane (in some cases, more than one
membrane was necessary). In the cases in which a solid block of plastics
was found at the top of the reactor, it was manually detached from the
thermocouple and placed in the reactor for the drying phase. The reactor
and the filter, both containing the separated solids, were dried overnight
at 105 °C and then weighted together to assess the total quantity of solid
resulting from the process. The solid was then stored at ambient tem-
perature, while the liquid was stored in a fridge at 4 °C.

Solid yield (SY) was calculated as the percentage ratio between the
dried solid mass and the initial mass of (bio)plastics. Gas yield (GY) was
determined from the measured gas volume using the ideal gas law,
assuming it consisted entirely of CO-. This assumption is consistent with
the HTC literature: the researchers that analyse the gas phase always
report CO, to comprise at least 95% of it [57]. Since COg has the highest
molecular mass among common gas-phase compounds, this approach
provides an upper boundary for the GY. Liquid yield (LY) was calculated
as the 100's complement of SY and GY.

The solid products were subjected to the same analytical techniques
as the starting products: ash determination, elemental analysis, and
FTIR. The liquid product was instead checked for its pH, concentration
of total organic carbon (TOC), and composition via 1H nuclear magnetic
resonance (NMR). More details are provided in the next sub-section.

2.3. Analytical techniques

The ash content of the initial bioplastics and plastics and of the solid
HTC products was determined by placing a small amount of them in a
muffle at 550 °C for 6 h, checking the weight before and after. Their
elemental composition was assessed through a LECO 628 Elemental
Analyser following ASTM D-5375, which yields the mass percentages of
carbon (C), hydrogen (H), and nitrogen (N). The oxygen (O) mass per-
centage was determined as the 100's complement of C, H, N, and ash.
The solids were also subjected to FTIR, employing an Agilent Cary 630
FTIR spectrometer. As the HTC of HDPE, LDPE, PS and PP and the MIX
produced compact solid blocks of plastics, to perform the previous an-
alyses they were crushed through an analytical mill (IKA® A11).

The pH values of the liquid products were measured through a
ProfLine pH 3310 (WTW). The TOC concentration was obtained via a
FORMACS HT-iTOC analyser (Skalar Analytical B.V., Netherlands) ac-
cording to the ASTM D7573 standard.

NMR spectra " NMR, 3¢ NMR, and HSQC) were recorded on a
Bruker Avance 400 MHz NMR spectrometer by using a 5 mm BBI probe
with a 90° proton pulse length of 8 pis at a transmission power of 0 db. 'H
NMR quantifications were performed following a previously optimised
procedure [58]. Samples were prepared by diluting 0.2 mL of HTC liquid
with 0.4 mL of D20, which contained 0.05% w/w of 3-(trimethylsilyl)
propionic-2,2,3,3-ds acid sodium salt (TSP). TSP served as both a
reference standard (6H = 0.00 ppm) and a calibration standard (C(TSP)
= 3.2 mM). The mass yields of compounds dissolved in the liquid phase
were determined from NMR concentrations (Cj jiq), also considering the
mass increase of the liquid phase due to the liquid yield. These values
were then expressed as yields, i.e., ratios between the mass of each
compound in the liquid phase (m;iq) and the initial mass of the treated
sample (mp). As explained in Ischia et al. [59], these yields can be
calculated employing Eq. 1:

My Cijig ( 1 )
= —+LY (@D)]
my pliq B/W
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Where pyjq is the density of the HTC liquid, assumed equal to 1000 kg/
m®. The yields are expressed in mg/go, where the subscript 0 denotes the
initial treated sample. All the previous measurements were performed at
least three times.

The accuracy of the performed measurements was assessed through a
carbon balance, whose results are reported in the Supporting Informa-
tion (Fig. S30). The analysis showed that the analytical techniques can
correctly trace the fate of carbon in the HTC process: the average
overestimation of the carbon in the products is 0.7%, it is above 15%
only in two cases (cPLA treated at 180 and 200 °C) and is below —10% in
only two cases (BPBAGS treated at 250 °C and PET treated at 220 °C).

3. Results and discussion
3.1. Compostable bioplastic bags

Novamont Mater-Bi® consists of a family of blends that combine
starch and different polyesters, degradable under industrial composting
conditions. In this work, we investigated the composition of Mater-Bi®
used in compostable produce bags for grocery stores (noted as BPBAGS).
Initially, two types of compostable bags were considered: supermarket
shopping bags and produce bags. However, since the two materials
presented similar composition (Fig. S1 and Fig. S2), only the produce
bags were further tested in the HTC experiments.

Fig. 1 presents the FT-IR spectrum of BPBAGS. Comparison with
previously reported spectra confirms that this material is mainly based
on starch and poly(butylene adipate-co-terephthalate) (PBAT). Charac-
teristic absorption peaks of PBAT are observed at 1714 em™! for the
carbonyl (C=0) groups in ester linkages, at 1269 cm™! for the C-O
bonds in ester linkages, and a distinct peak at 729 cm ™! corresponding to
adjacent methylene groups. The remaining peaks, primarily in the
ranges of 3600-3000 cm™! and 1200-950 cm ™, are predominantly
attributed to the starch component [60]. PBAT is the third most abun-
dantly produced type of biodegradable plastic [54], with applications in
multiple industrial sectors and frequent occurrence in blends with starch
and PLA [61].

Further 'H NMR, '3C NMR, and HSQC analysis (Fig. 2, Fig. S3,
Fig. S4), performed on the CDCl3 soluble fraction of BPBAGS, demon-
strated the presence of a mixture of polymeric structures, all contrib-
uting to the material formulation along with PBAT. Indeed, Fig. 2
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confirms the presence of PBAT as the main component with the typical
signals at 8.09 ppm (a) for the aromatic ring, at 4.40 (b) and 4.10 (f) ppm
demonstrating the presence of a co-polymeric system with adipic acid,
with its typical signal at 2.34 ppm (d). Furthermore, the signal (m) at
5.16 ppm is consistent with poly(lactic acid) (PLA), signal (e) at 3.56
may be referred to polyethylene glycol (PEG) units, while the singlet (h)
at 2.62 ppm is consistent with the succinate unit and could be involved
in compostable materials such as poly(butylene succinate) (PBS) or poly
(butylene succinate adipate) (PBSA). It is worth mentioning that the
formulation may involve additional components, additives, and plasti-
cizers, which may further complicate the material composition. The '3C
NMR reported in Fig. S3 further confirms the presence of the afore-
mentioned polymeric structures.

The HTC process was performed at different temperatures ranging
from 180 to 250 °C. In all cases, BPBAGS underwent extensive degra-
dation, yielding a mixture of partially hydrolysed products. Visually,
solids obtained after filtration and drying are rather sticky and cohesive
at lower temperatures, while they become darker and more powder-like
after HTC at 220 and 250 °C. Table 1 summarises the yields and main
properties of the products. As with other biogenic feedstocks, solid yield
(SY) decreases with increasing temperature, accompanied by higher
total organic carbon (TOC) concentrations and lower pH in the liquid
phase, indicating enhanced solubilisation of organic matter. Unlike
typical lignocellulosic materials, the C/H and C/O ratios of the solid did
not increase with temperature: HTC does not concentrate carbon in the
solid phase for BPBAGS, and the elemental composition remains similar
to the starting material. Since PLA fully hydrolyses at >180 °C [32], the
obtained solid product is likely ascribable to the starch and PBAT frac-
tions. However, no work has ever been performed on the HTC of these
two separately, and this is the first work reporting the HTC of a PBAT-
containing material, so no comparison with the literature is possible.

Fig. 3 shows the FTIR of the solids resulting from the HTC experi-
ments. A qualitative analysis evinces the substantial decrease of the
signal related to starch (3280 em~! and 1200-950 cm_l), with the
concomitant appearance of multiple broad signals between 3120 and
2470 cm ™! related to the -CH bending of a variety of new architectures.
A most relevant difference consists in the carbonyl signals at about 1700
cm™! highlighted in the box in the central lower area of the figure: the
change in the shape of the signal, along with the shift toward lower
values, indicates the presence of different ester species and the
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Fig. 1. FTIR spectra of BPBAGS and lab-grade corn starch.
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Fig. 2. 'H NMR spectra of raw BPBAGS.

Table 1
Product yields and properties of the different phases from the HTC of BPBAGS.
HTC Solid* Liquid Gas
temp
c0) SY(%) C H o LY (%) TOC pH GY
(%) @) (%) (8/L) (%)
Raw - 55.7 7.6 36.6 - - - -
180 68.6 619 7.6 304 308 16.2 421 1.3
+1.5 +2.4 +0.1 +0.9
200 65.0 61.3 7.4 31.2 33.9 15.3 3.98 1.1
+5.0 +5.8 +0.1 +0.8
220 46.4 63.5 6.8 29.6 52.2 25.3 3.82 1.5
+51 +6.2 +0.3 +1.2
250 34.5 58.6 4.5 36.7 64.4 24.5 3.86 1.1
+3.0 +3.5 +24 +0.5

# N and ash not indicated as they were null in all cases, standard deviations
lower than 0.3%.

formation of carboxylic acids due to hydrolysis. This tendency is further
confirmed by the appearance of the signals at 1420 and 928 cm?,
consistent with carboxylic -OH bending along with the decrease of the
signal at 1090 cm ! related to the presence of methylene groups (-CHy-).

Fig. 4 shows the results of the liquid phase 'H NMR analysis (Figs. S5-
S8), highlighting the noteworthy role that temperature plays in the
degradation pattern. At 180 °C, starch and PLA are mainly degraded
with the formation of amylose (75.5 mg/g), glucose (121.2 mg/g), and
lactic acid (27.3 mg/go) (Fig. S5). Ethylene glycol, derived from PEG
acid hydrolysis, can be detected in a range of 12.8 to 16.7 mg/g at all
the tested temperatures. At 200 °C, amylose becomes undetectable;
however, the NMR can still detect glucose and 5-HMF as the main
degradation products, along with a higher amount of lactic acid
(Fig. S6). Adipic acid and butanediol appear as the main hydrolysis
products of PBAT, becoming detectable at 200 °C and reaching their
maximum at higher temperatures (220 °C for butanediol and 250 °C for

adipic acid), while tetrahydrofuran (THF) at 220 and 250 °C most likely
derives from the cyclisation of butanediol. At 220 °C, HMF and lactic
acid can still be detected as residual products from starch and PLA, while
the PBAT hydrolysis products become more abundant, with the
appearance of phthalates (18.0 mg/g) (Fig. S7). At 250 °C, the highest
amounts of the PBAT hydrolysis products can be detected, and while
lactic acid reaches its maximum yield, none of the starch products are
detectable anymore (Fig. S8). This suggests that they may undergo a
repolymerisation (similarly to the products of cellulose acetate hydro-
lysis [59]), but the seemingly low fraction of starch in the starting ma-
terial does not allow observing this effect in the SY, which decreases
with temperature mainly due to the influence of PBAT getting further
dissolved.

It is difficult to draw definitive conclusions on such a complex
degradation pattern, but some considerations can be deduced. Indeed,
180 °C can be considered the best temperature for a pre-treatment of
BPBAGS before biological processes, since the most abundant degrada-
tion products (amylose, glucose, and lactic acid) are naturally occurring
molecules that usually pose no problems to microorganisms. The fact
that HTC disintegrates BPBAGS already at this temperature also avoids
the mechanical and hydraulic problems that these items face in anaer-
obic digestors. The products that form at higher HTC temperatures may
still be acceptable for industrial composters, but are likely to inhibit
anaerobic bacteria and possibly cause problems to the whole process,
similarly to what happens with biomasses [24,62]. This is the case of
phthalates, THF, and HMF, which have been repeatedly reported as
toxic (more details on this aspect are reported in Section 3.6). At the
same time, these compounds are all industrially relevant, so the process
may be more interesting at higher temperatures if its purpose is to
recover chemicals, provided that the bags are recovered with a sufficient
level of purity.
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Fig. 3. FTIR spectra of BPBAGS and the solid fractions after the HTC process.
0 the initial items: actually, the residual solid is nearly entirely comprised
» mStarchamylose  WHMF — of ash. Increasing the HTC temperature up to 250 °C brings neither
;f:ﬁcacidd 'i“;ﬂ"icatid ';‘hV'e":g:vw' additional benefits nor negative effects relevant to downstream pro-
m Adipic aci mTH m Butanediol

-
]
S

® Phthalate

L, b

Temperature (°C)

Yield (mg/g,)
s @ o O
8§ 8 & 38

~
o

o

Fig. 4. Yields of products in the liquid phase from the HTC of BPBAGS; the
values for starch amylose and phthalate were calculated employing the mo-
lecular masses of the amylose monomer and dimethyl phthalate, respectively.
Refer to the nomenclature section for the acronyms.

3.2. Crystallised poly(lactic acid)

The HTC of PLA has already been investigated in our previous work
[32] and by others at moderate temperatures [8]. Here, the study is
extended to the higher temperature range of HTC: Table 2 shows the
results.

A temperature of 180 °C is usually indicated as the minimum value to
consistently hydrolyse PLA, which is confirmed for the cPLA employed
in this study. Here, the SY remains close to 20% due to the ash content of

cessing: in particular, we do not observe condensation of dissolved
compounds into so-called secondary char [58], typically detected when
dealing with lignocellulosic biomasses. The NMR analysis of the liquid
phase (Figs. S9-S12) confirms these considerations: lactic acid is the only
product detected in significant quantities, and its maximum yield is
observed at 180 °C, very moderately decreasing at the higher tested
temperatures. This might indicate that moderate repolymerisation may
be taking place. At the same time, we do not observe the formation of
any other significant pollutant, which lays the ground for a potential
recovery of the lactic acid, or for its disposal through anaerobic
digestion.

3.3. Poly(ethylene terephthalate)

The tests on PET confirmed the behaviour usually described in the
literature (already summarised in the Introduction). Table 3 presents the
yields and properties of the products obtained from the tests, while Fig. 5
shows the appearance of the recovered solids at different treatment
temperatures. Visually, the PET pieces appear nearly unchanged after
the test at 180 °C, apart from a slight curling and loss of transparency.
Some disintegration starts happening at 200 °C, but the fragments are
still detectable and recognisable. Conversely, at 220 and 250 °C, the
solid product is a powder, completely different from the bottle pieces
initially placed into the reactor.

Table 2
Product yields and properties of the different phases from the HTC of cPLA.
HTC temp (°C) Solid” Liquid Gas
SY C H o Ash (%) LY TOC pH Lactic acid yield (mg/go) GY
(%) (%) (%) (%) (%) (8/1) (%)
Raw" - 41.2 5.2 34.1 19.5 - - - - -
180° 30.6 £ 2.2 4.8 1.4 8.5 85.3 68.7 +£ 2.2 43.0 £ 0.7 3.32 872.6 0.8 +0.2
200" 29.2 + 2.0 4.5 1.3 1.3 92.9 70.0 £ 1.8 44.7 +£ 0.4 3.30 808.3 1.2+0.8
220 29.1 £1.5 0.6 0.7 2.6 96.0 69.1 + 1.4 36.2 +£ 0.8 3.40 782.9 1.7 £0.3
250 25.8+1.6 0.4 0.6 3.0 96.0 71.8 £ 0.3 36.5+ 0.5 3.43 745.8 25+ 0.9

@ data from Marchelli et al., [32] except for SY, LY, GY, and lactic acid yield.

b N not indicated as it was null in all cases, standard deviations all lower than 0.1%.
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Table 3
Product yields and properties of the different phases from the HTC of PET.
HTC temp (°C) Solid” Liquid Gas
SY C H (6] LYy TOC pH GY
(%) (%) (%) (%) (%) (g/L) (%)
Raw material - 62.0 4.6 33.4 - - - -
Raw PET" - 62.5 4.2 33.3 - - - -
Raw terephthalic acid” - 57.9 3.6 38.5 - - - -
180 98.7 £ 0.9 61.9 4.6 33.5 0.3 +0.9 1.9 5.38 0.9 +0.8
200 975+ 1.5 61.2 4.7 34.1 1.7 £ 0.9 2.4 4.56 0.8 £0.7
220 81.6 +£ 2.5 57.0 4.5 38.4 17.8 £ 2.8 7.8 4.75 0.6 + 0.4
250 79.0 £ 1.6 56.4 3.9 39.6 19.6 £2.3 11.6 £0.5 4.78 1.4+0.7

 from chemical formula.
> N and ash not indicated as they were null in all cases, standard deviations all lower than 0.7%.

IEU=E

.8
ANRANND

e

RS 0,7C 220°C
Fig. 5. The solids obtained from the HTC of PET at various temperatures.

The solid yields are close to 100% at lower temperatures, while they hydrolysis products, such as bis-(2-hydroxyethyl) terephthalate, become
approach approximately 80% at higher temperatures. 'H NMR analyses prominent, underlying a more efficient polymeric degradation
show that at 180 and 200 °C, the solid fraction is mainly constituted by (Fig. S$28). Interestingly, at 250 °C, a complete degradation occurs,
unreacted PET (Figs. S25-S27). At 220 °C, signals concerning the PET yielding a solid fraction composed of 99% terephthalic acid (Fig. S29).
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Indeed, a minor portion of the terephthalic acid is still dissolved in the
liquid and therefore may not be accounted for in the solid fraction that
we recover. This also means that, at 220 and 250 °C, the LY data re-
ported in Table 3 (calculated by difference) are underestimated to a
significant extent. Indeed, stoichiometrically, the full hydrolysis of 1 g of
PET yields about 1.2 g of products (terephthalic acid and ethylene gly-
col). The advancement of the hydrolysis reaction is also confirmed by
the properties of the liquid, which becomes richer in carbon and more
acidic as the HTC temperature increases.

Fig. 6 shows the FTIR analysis of PET treated at different tempera-
tures. Consistently with the results obtained for PBAT (BPBAGS), at high
temperature, PET shows the development of broad signals in the -CH
bending region (3120-2470 cm™!) related to multiple new degradation
species. The shifting of the carbonyl signals from 1720 to 1680 cm ™, the
appearance of -OH bending signals at 1420 cm ™! and 928 cm ™}, and the
vanishing of the signals at 1340 cm ! (the wagging vibrational modes of
the ethylene glycol segment) and 1090 cm ™ testify the hydrolysis of the
macromolecular structure, the formation of acid moieties, and the
depletion of the ethylene glycol units [63].

Fig. 7 reports the product yields calculated by the 'H NMR analysis of
the liquid recovered from the HTC process. The main product is ethylene
glycol, ranging from 2.6 mg/gy at 180 °C to 450.6 mg/gy at 250 °C
(Figs. S13-S16). We also observed very low yields of terephthalic acid,
and slightly higher yields of two of its compounds with ethylene glycol:
mono(2-hydroxyethyl) terephthalate (MHET) and bis(2-hydroxyethyl)
terephthalate (BHET). All these compounds are, however, not very sol-
uble in water, which explains why their yields are relatively low and is in
line with the high amounts of solids recovered.

3.4. HDPE, LDPE, PS, PP

This sub-section describes the behaviour of the four remaining
plastics that we tested (HDPE, LDPE, PP, and PS). Their results are
collated because of their similarity: as reported in Table 4, even at
250 °C, HTC is unable to degrade these plastics to any extent, and the
mass of the recovered solid is virtually equivalent to the initial one.
There is, however, a visible change in their appearance: after the pro-
cess, they are found as a single piece at the top of the liquid phase, much
more compact than the initial materials. As an example, Fig. 8 displays
the block recovered after the HTC of PS. This well aligns with the fact
that the melting temperatures of these polymers are all lower than
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Fig. 7. Yields of products in the liquid phase from the HTC of PET. Refer to the
nomenclature section for the acronyms.

250 °C. Therefore, while HTC is unable to cause any chemical modifi-
cation to their structure, it may still be a good strategy to compact them,
reducing the transport costs and facilitating their feeding to subsequent
treatments.

Our findings are generally consistent with the literature described in
the introduction, except for the work by Che et al. [64], who reported a
47.9% SY after the HTC of PS at 200 °C. To partially justify this
discrepancy, we observe that since their PS was recovered from waste
bins and has a non-null oxygen content, it is possible that it was not pure.

The liquids obtained from these materials were also subjected to
NMR analyses. As expected, these did not detect any compound in sig-
nificant concentrations, confirming that no hydrolysis occurs (Figs. S17-
$20).

3.5. Mixture of bioplastics and plastics

The results from the HTC of the MIX are reported in Table 5. The
most interesting output is that the process seems able to perform a rough

—PET

J

—PET_180
—PET_200 1340 1090
—PET_220 .
PET_250
3650 3150 2650 2150 1650 1150 650

cm?

Fig. 6. FTIR spectra of the solids from the HTC of PET.
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Table 4
Product yields and properties of the different phases from the HTC of HDPE, LDPE, PP, and PS.
Material Conditions Solid” Liquid Gas
SY (%) C (%) H (%) LY (%) TOC (g/L) pH GY (%)
HDPE Raw - 86.6 13.3 - - - -
250 °C 99.3 +£ 0.7 89.5 10.5 0.2+ 1.0 1.2 6.38 0.5+ 0.3
Raw - 86.2 13.7 - - - -
LDPE 250 °C 100.0 86.5 13.5 0.0 3.5 5.97 0.0
PP Raw - 84.9 15.1 - - - -
250 °C 99.5 £ 0.5 85.8 14.1 0.5+ 0.5 0.2 6.30 0.0
PS Raw - 93.7 6.3 - - - -
250 °C 99.5 + 0.5 93.7 6.3 0.5+ 0.5 0.4 5.90 0.0

2 N, O and ash not indicated since they were null in all cases, standard deviations lower than 0.1% in all cases.

Fig. 8. PS after HTC at 250 °C (the appearance is very similar for all
four plastics).

separation of bioplastics and plastics: while bioplastics are partially
hydrolysed and their solid residue is found on the reactor's bottom and
wall, the plastics behave in the same way as described in the previous
sub-section, forming a compact block at the top of the reactor. PET
shows an intermediate behaviour: it is found together with the other
plastics at lower temperatures, and it disintegrated at higher tempera-
tures. The coarse block of plastics is heterogeneous, with layers of
different polymers still clearly distinguishable: as an example, Fig. 9
depicts the one that was recovered after the test at 220 °C, while pictures
from the other tests can be found in the Supporting Information
(Fig. S31-S34). Such a mixed product is unsuitable for mechanical
recycling, but may be more appropriate for gasification or pyrolysis than
the original waste mixture, owing to its higher bulk density and lower

oxygen content (as all tested traditional plastics have a null oxygen
content, except for PET).

The data suggest no evident synergistic or inhibitory effect on the
products yields from processing the materials together: the experimental
SYs closely match the weighted averages of the single-material SYs
(indicated in Table 5 as “Theoretical SY”). The TOC and pH values
confirm that higher HTC temperatures favour the dissolution of com-
pounds in the liquid phase, with no evident benefits above 220 °C. For
these experiments, the ultimate analysis of the solid products is not re-
ported because the results were not reliable: even after milling, the
material is not homogeneous, so it is impossible to feed the elemental
analyser with samples that are truly representative of the whole block.

The NMR analyses of the liquid phase produced by the HTC of the
MIX reveal a complex array of products, whose yields are displayed in
Fig. 10 (Figs. S21-S24). The composition is mainly influenced by cPLA
and BPBAGS, the two materials most affected by HTC. Lactic acid
originates from both feedstocks and is by far the dominant compound.
Even from this heterogeneous mixture, it reaches a concentration up to
25.9 g/L, an amount that is even higher than the theoretically expected
value (reported in Table S2) and could justify targeted recovery. The
behaviour of other compounds diverges from their expected trends as

Fig. 9. The solid block recovered after the HTC of the MIX at 220 °C.

Table 5
Product yields and properties of the different phases from the HTC of MIX.
HTC temp (°C) Solid Liquid Gas
SY (%) Theoretical SY (%) LY (%) TOC (g/L) pH GY (%)

180 75.3 £ 0.8 74.7 23.9+1.0 99+ 04 3.60 0.8 +£0.3
200 719 £ 0.6 73.3 27.7 £1.2 125+ 0.5 3.60 0.9 +£0.7
220 67.4 £0.8 67.0 31.8+1.2 18.5 3.55 0.8 £0.3
250 65.1 +£29 62.8 33.8+3.2 21.0 3.32 1.1+0.3
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Fig. 10. Yields of products in the liquid phase from the HTC of the MIX. Refer
to the nomenclature section for the acronyms.

well. The most notable case is that of starch amylose, which is a major
compound in the decomposition of BPBAGS at 180 °C (Fig. S5) but is
instead completely absent here (Fig. S21). Similarly, glucose is found at
a lower concentration at 180 °C and is completely absent at 200 °C,
while succinic and adipic acids and THF do not increase monotonously,
reaching their maximum concentration at 220 °C. Phthalates also reach
much higher concentrations than they theoretically should, meaning
that their production or release is favoured. These observations imply
that the different reaction environment, more acidic due to the abun-
dance of lactic acid, affects the reaction pathways, favouring the for-
mation of certain compounds over others. However, given that the solid
yields are instead in line with their theoretical values, the synergies are
likely only between cPLA and BPBAGS, causing a rearrangement of the
dissolved products, but leaving the behaviour of traditional plastics
remain unaffected.

In summary, the HTC of this polymer mixture appears as an inter-
esting option to recover lactic acid, with the extreme temperatures of
180 and 250 °C producing the simplest mixtures, likely to facilitate its
separation. At 180 °C, PET and some portions of the BPBAGS are not
hydrolysed and remain in the recovered solid, while at 250 °C, both are
mostly dissolved, and the recovered solid block consists nearly entirely
of polyolefins and PS. Similarly to pure BPBAGS, if the liquid mixture is
to be sent to anaerobic digestion, 180 °C appears as the best temperature
as it results in only a few compounds, easily degradable by bacteria,
except for HMF. A specific discussion on the possible detrimental effects
of HMF and other compounds in anaerobic digestion is provided in the
next sub-section.

3.6. Practical implications and future outlook

The potential separation of bioplastics and plastics is one of the most
interesting aspects of applying the HTC process to mixed waste streams.
In our experiments, plastics (except for PET at higher temperatures)
appear to melt under the applied thermal conditions, consistent with
their melting temperatures, and then solidify again upon cooling.
Although ascertaining the behaviour of a pressurised device is difficult
(and unfeasible with our current experimental capacity), it is likely that
water and molten plastics form two distinct liquid phases, with the
plastic phase floating above due to its lower density. This interpretation
is supported by the consistent observation that, after cooling, a com-
pacted plastic layer is found at the top of the reactor.

Nonetheless, our experiments were performed in a lab-scale,
unstirred batch reactor, which does not reflect the industrial practise.
Industrial HTC reactors are typically stirred and, in some cases, operated
continuously. To facilitate phase separation and prevent plastic depo-
sition on internal moving components, one possible strategy would be to
perform the cooling step in a separate decanter unit. This approach is
analogous to industrial processes involving immiscible liquid phases,
such as the transesterification of fatty acids for biodiesel production
[65]. The recovered plastic fraction could then be quantitatively
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extruded into pellets or other easily handled forms to enable down-
stream processing.

The energy requirements of the process should also be evaluated
once its target mixture and scope have been defined. The energy demand
of HTC is generally reported to be relatively modest (approximately 100
kWhpe,at/t) with internal heat recovery within the process [66].

The presence of an array of chemical products may pose challenges if
the liquid mixture is directed to anaerobic digestion. While certain
compounds, such as lactic acid, are very well tolerated by anaerobic
bacteria and are converted to biogas almost entirely [67], other com-
pounds are known to potentially inhibit their activity. Table 6 summa-
rises their effects in anaerobic digestion, the maximum concentrations
detected in the present experimental campaign, and the maximum
acceptable concentrations reported in the literature.

It should be noted that the liquid phase obtained from the HTC of
mixed bioplastics and plastics is unlikely to be treated by anaerobic
digestion as a standalone stream. In practical scenarios, this liquid
fraction would represent only a small portion of the overall material
processed and would likely be co-treated with other substrates. Conse-
quently, the concentrations of the abovementioned inhibitory com-
pounds will be at least one order of magnitude lower that those
measured in this study, which in most cases would be sufficient to fall
below problematic thresholds. Nonetheless, the maximum concentra-
tions of these compounds are all detected at 200-250 °C and they are
lower in the tests performed at 180 °C and in those on MIX. This
observation further supports the well-established conclusion that 180 °C
is the most suitable temperature for HTC when used as a pre-treatment
prior to anaerobic digestion.

Table 6
Effects of some compounds in anaerobic digestion.

Compound Effect in anaerobic Maximum Maximum acceptable

digestion concentration in concentration in
the present anaerobic digestion
campaign

5-HMF Interferes with cell 5.8 g/L (from Well tolerated below
growth, suppresses BPBAGS at 0.4 g/L, while
glycolysis enzymes, 200 °C) complete inhibition of
damages DNA [68]. methanogenesis is

seen above 2 g/L
[68].

THF Inhibits enzymes and 4.9 g/L (from At1.5g/L
can disrupt the BPBAGS at biodegradation starts
metabolism of 250 °C) being hindered [70].
microorganisms [69].

Ethylene Well tolerated and 44.2 g/L (from Starts causing

glycol degraded by PET at 250 °C) problems above 10 g/

anaerobic bacteria, L.
but at high
concentrations may
cause pH inhibition
due to the
accumulation of
volatile acids [71].

Phthalates Classified as priority 3.1 g/L (from Depends on the type

pollutants with MIX at 220 °C)
associated
carcinogenic,
mutagenic and
teratogenic effects.
Short-chain
phthalates are easily
biodegradable, but
long-chain phthalates
tend to accumulate
and negatively affect
biogas production
[72].

of phthalate, but

above 0.06-0.10 g/L
negative effects start
being observed [73].
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4. Conclusions

This study confirms the effectiveness of HTC in the treatment of
bioplastics. Crystallised PLA undergoes complete hydrolysis to lactic
acid starting from 180 °C, with no significant formation of by-products
even at higher temperatures. Regarding Mater-Mater-Bi® constituents,
starch hydrolyses at 180 °C, producing amylose, which is further con-
verted into glucose and related compounds, especially as the tempera-
ture increases. In contrast, PBAT shows greater thermal stability,
initiating hydrolysis only above 200 °C and yielding mainly succinic
acid, and butanediol. Both tested bioplastic items (crystallised PLA
spoons and compostable Mater-Bi® bags) were fully disintegrated at
180 °C, suggesting that HTC can mitigate the mechanical and hydraulic
issues these materials pose to anaerobic digesters, regardless of the
biogas yields from the HTC products, which will be tested in future
works. Among conventional plastics, only PET undergoes significant
transformation under HTC, fully hydrolysing into ethylene glycol and
terephthalic acid at 250 °C. The latter can be qualitatively recovered in
solid form, opening opportunities for recovery and recycling of this
important building block. In contrast, HDPE, LDPE, PS, and PP remain
chemically unchanged, though they tend to fuse into a compact solid
mass that floats on the liquid phase.

Treating bioplastics and plastics in a mixture reveals no major syn-
ergistic effects: the observed behaviour in terms of products yields is
mostly a superposition of the behaviour of the single items, while the
liquid phase composition slightly changes, likely due to the more acidic
environment.

Co-HTC of bioplastics and plastics shows however a noteworthy
practical potential, as it enables a physical separation between bio-
plastics and traditional plastics. Bioplastics are indeed disintegrated and
hydrolysed, and are found in the liquid phase and on the reactor walls,
while plastics (except for PET at 220-250 °C) coalesce in a compact
block that is found at the top of the liquid phase. While a scale-up to an
industrial-scale stirred reactor would introduce further challenges, the
underlying principles are expected to hold, offering a pathway to direct
each material class toward the most suitable downstream process.

Some aspects require further investigation. Although no toxic by-
products were identified via NMR, the formation of trace inhibitory
compounds cannot be ruled out and may impact microbial activity.
Moreover, it is likely that the mixtures to be treated in real-life scenarios
also contain organic residues. Future work will thus deal with the
behaviour of more realistic waste mixtures, assessing how the liquid
obtained from HTC responds to anaerobic digestion.

Nomenclature

BHET bis(2-hydroxyethyl) terephthalate

FTIR Fourier-transform infrared spectroscopy
GY gas yield

HDPE  high-density polyethylene

HMF 5-hydroxymethylfurfural

HTC hydrothermal carbonization

LDPE low-density polyethylene

LY liquid yield

MHET  monohydroxyethyl terephthalate

NMR nuclear magnetic resonance

OFMSW organic fraction of municipal solid waste
PBAT poly(butylene adipate terephthalate)
PET poly(ethylene terephthalate)

PLA poly(lactic acid)

PP polypropylene

PS polystyrene

PVC poly(vinyl chloride)
SY solid yield

THF tetrahydrofuran
TOC total organic carbon
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