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Poly(vinyl chloride) (PVC) is globally the third most produced plastic, but recycling PVC waste through me-
chanical means is difficult. Due to the high presence of chlorine in PVC, it is unsuitable for both pyrolysis and
combustion. Consequently, there is a need to explore innovative methods for harnessing its energy potential.
Hydrothermal liquefaction (HTL) is a topic of growing interest in the literature for chemical recycling of waste
plastic or conversion into liquid energy carriers. In this work an innovative sequential hydrothermal processing
strategy was tested for oil production from PVC. PVC at high loadings (20 wt.%) was first processed under
subcritical conditions to produce a chlorine-free solid, which was then liquefied in supercritical conditions.
Different temperatures were tested for the dechlorination stage, and at 300 °C 99% of chlorine was removed,
while 94% of carbon remained in the solid residue. The mechanism behind the solid’s formation was investigated
by assessing activation energies, both with the addition of KOH as a neutralizing agent (120 kJ/mol) and without
it (186 kJ/mol). Different temperatures were screened for an HTL supercritical stage (420-480 °C), but the
maximum conversion of the dechlorinated solid was 47%, and the maximum mass yield of oil was 10%. Overall,
the subcritical phase demonstrated its potential as a technology for producing chlorine-free solid material with a
high energy density. The subsequent supercritical step partially valorized the dechlorinated solid by producing

an aromatic-rich oil phase.

1. Introduction

The invention of plastic represented a major technological advance
in human history, as it enabled the production of an inexpensive,
lightweight, flexible material with easily tailorable properties. For these
reasons, since the 1930 s, when the first polymers were invented, the
global plastic production has risen up to 359 Mt/yr in 2018 [1]. Given
the non-biodegradability of synthetic polymers, the amount of plastic
waste has built up since then. As of 2015, 6300 Mt of plastic waste had
been generated of which 12% incinerated, 79% disposed in landfills or
spread into the environment, and only 9% recycled [2]. A great deal of
effort is directed towards improvements in recycling technologies.
However limitations are still present when dealing with mixed plastic
waste [3,4]. Indeed, mechanical recycling, the cheapest and most
common recycling technique, can be used only for pure streams con-
taining only one type of polymer, typically pre-consumer waste or spe-
cific post-consumer stream of plastics (e.g. PET bottle) [3]. Moreover,
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mechanically recycled plastic is generally downgraded to lower-
performing uses. From an environmental perspective, for mixed plastic
waste that cannot be mechanically recycled, the preferred approach is
chemical recycling, followed by energy valorization [5]. The former
allows the recovery of materials in the form of chemicals that can be
used to produce virgin polymers with the same properties as fossil-
derived ones, while the latter allows the recovery of energy while
limiting the amount of waste that needs to be disposed of.

Poly (vinyl chloride) (PVC) is currently the third most produced
polymer worldwide [6], and in 2015 the PVC waste reached 15 Mt/y,
mainly linked to the building and construction sector, which requires
69% of the overall PVC produced [2]. Furthermore, PVC is typically the
third most present plastic in the organic fraction of municipal waste [7]
and in mixed waste for incineration plants [8]. Given its pervasive
presence, addressing PVC waste has become imperative.

As a way of chemically recycling plastic waste, there has been a
growing interest towards thermochemical technologies. Specifically,
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processes such as pyrolysis and supercritical hydrothermal liquefaction
(HTL) have demonstrated promising outcomes [9-11]. Through them, a
consistent amount of carbon present in the mixed plastic waste can be
converted into a hydrocarbons-rich gas phase and into an oil that can be
used as feedstock for the production of virgin polymers, closing the
plastic loop [10,12,13]. However, dealing with even a small quantity of
PVC within the plastic mix poses significant technical challenges [3,14].
Indeed, PVC is a halogenated polymer, consisting of a carbon chain
containing chlorine side groups accounting for 57% of the overall mass.
The release of chlorine during the recycling process results in a sub-
stantial increase in acidity, making the reaction environment highly
corrosive. This corrosiveness can significantly reduce the operational
lifespan of facilities [15], especially under the demanding conditions of
pyrolysis [14] and supercritical HTL. Additionally, the presence of
chlorine-containing compounds in the resulting oil hampers its subse-
quent utilization [16,17]. Hence, the prospect of employing a pre-
liminary treatment step to eliminate chlorine from mixed plastic waste
emerges as a compelling avenue [17]. This approach could facilitate the
subsequent chemical recycling of the waste using a more intensive
process.

The pretreatment step could be performed in subcritical environ-
ment. It has been observed that while polyolefins and polystyrene
require supercritical conditions to react [9,18,19], heteroatoms-
containing polymers (e.g. PET, nylon, polyurethane) can be easily hy-
drolyzed already in subcritical conditions [18,20]. In the same way, PVC
at low loadings (~0.15 wt.%) can achieve complete dechlorination in
water at around 240 °C [21], resulting in a solid phase with low residual
chlorine and an acidic aqueous phase rich in HCI [22,23]. The high
acidity of the aqueous medium, besides posing a threat to the material
used for the construction of the reactor [24,25], could also be the reason
why the production of solid from PVC is predominant in hydrothermal
environment and no oil is recovered [22]. Indeed, acidity is well
recognized in HTL for increasing the solid yield due to dehydration and
repolymerization reactions [26]. For this reason, alkali additives
(NaOH, KOH, K5COg3) were tested during subcritical dechlorination of
PVC [25,27,28]. The results showed that the use of a basic additive
could be beneficial for the dechlorination efficiency especially at low
reaction temperature. Nevertheless, it was observed that an excessive
amount of alkali diminished the positive effect [28]. However, these
observations were performed with sub-stoichiometric amounts of addi-
tive, and very limited information exists regarding reaction kinetics
when employing stoichiometric amounts of base to neutralize all
chlorine-derived acidity. Moreover, it would be beneficial to have a
neutralizing agent that could decrease the corrosivity of the aqueous
media by means pH control, and that the chlorine salt of the base used
could be easily recovered downstream of the reaction process.

In this work, we propose to apply a two-stage hydrothermal process
to valorize plastic waste with a high concentration of PVC. This inno-
vative process involves a first step in subcritical conditions, taking
advantage of PVC’s propensity for dechlorination in hydrothermal
environment, targeting in a dechlorinated solid and an aqueous phase
containing HCl. Experiments were conducted with pure PVC at high
loadings (20 wt.%) with and without the addition of an equimolar
amount of KOH. The effects of temperature and the use of KOH were
studied, focusing on mass yields, residual chlorine, as well as solid
properties. The reaction mechanism during the subcritical stage were
hypothesized, based on literature data and the obtained experimental
results, emphasizing the differences in reaction pathways between the
presence and absence of a basic additive. In particular, the activation
energy for both the neutralized and non-neutralized cases was
evaluated.

Here, we propose the use of a first subcritical stage intended to
remove chlorine from plastic waste in order to valorize the resulting
solid through the more severe supercritical HTL. For this reason, the
dechlorinated solid obtained from the subcritical dechlorination, both in
neutralized and non-neutralized cases, was processed in supercritical
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HTL. Pyrolysis of the dechlorinated solid was also investigated by Py-
GC/MS to better characterize its structure, as well as to compare it
with supercritical HTL and elucidate the role of water in solid degra-
dation. During supercritical HTL, thermal breakdown of the dechlori-
nated solid was hypothesized to lead to the formation of lower molecular
weight compounds in an oil phase. This way, the two-stage hydrother-
mal process would enable the production of oil from PVC-containing
waste.

2. Materials and methods
2.1. Subcritical reaction stage

Experiments were performed in mini-batch reactors having an in-
ternal volume of 20 ml. These were built with 316 stainless steel pipes,
as described elsewhere [29]. PVC (low molecular weight) purchased
from Sigma-Aldrich was used as feedstock. 1.8 g of PVC were loaded in
the reactor along with sufficient distilled water to achieve an overall
mass of 9 g. For reactions involving neutralization, 1.8 g of PVC was
combined with 1.81 g of KOH (10% excess in molar basis), maintaining
the total mass at 9 g. This ensured the neutralization of all HC] produced
after complete PVC dechlorination. The reactors were sealed at ambient
pressure and then submerged into an FSB 3 Fluidized Sand Bath (Omega
Engineering, USA), preheated at set point temperature. Six different
temperatures were tested from 200 °C to 325 °C at a 25 °C interval in the
case of non-neutralized reactions, and between 250 °C and 300 °C for
neutralized reactions. The operating pressure was equal to the autoge-
nous one. The residence time was kept fixed at 20 min, after which the
reactor was rapidly cooled in water. It is worth noting that corrosion was
observed, also due to the high loading of PVC, and that reactors lasted
for few experiments. Samples were labeled based on the operating
temperature (e.g., 200, 225, 250, 275, 300, 325), and in the case of
neutralized reactions, ‘KOH’ was appended to the name (e.g., 250-KOH,
275-KOH, 300-KOH). All reactions were performed at least in
duplicates.

The mass of gas was quantified by weight difference between the
reactor before and after venting. After that, the liquid present in the
reactor was poured in a centrifugal tube and centrifugated at 3500 rpm
for 5 min. The separated liquid was collected. The solid remaining inside
the reactor and in the centrifugal tube was removed by rinsing with
distilled water and mechanical action using a spatula. This aqueous
solution was vacuum filtered with Buchner funnel and a pre-weighed
paper filter. The filter was left overnight in oven at 105 °C to remove
residual moisture; it was then weighed and the solid collected.

2.2. Supercritical reaction stage

Reactions were performed in mini-batch reactors having an internal
volume of 10 ml. These were composed by a % inch port connectors and
cap (Hy-Lok©) made of 316 stainless steel, as described elsewhere [18].
The amount of water loaded in the reactor was calculated based on the
vapor pressure of water at the operating temperature in order to have an
autogenous pressure of 225 bar. Water amount ranged within
0.832-1.084 g. The solid feedstock used was the dechlorinated sample
obtained from the subcritical step; a solid/water ratio of 1/2 was kept
fixed. The reactor was then inserted in a pre-heated furnace (Carbolite
GSM 11/8 8L) at set point temperature. Four different temperatures
were tested from 420 °C to 480 °C with a 20 °C interval. All reactions
were performed at least in duplicates. After 60 min in the furnace, re-
actors were removed and let cool in air. When room temperature was
reached, reactors were weighed before and after venting, so gas yield
could be determined by difference. The aqueous phase of the reactor was
then poured into a beaker and vacuum filtered. The residue inside the
reactor, as well as the solid retentate from the filtration, were washed
with methanol. The organic solution was vacuum filtered to separate
solid and the methanol phase. The filter containing the solid was dried
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overnight in an oven at 105 °C to remove residual moisture; it was then
weighed and the solid collected. The solid-free methanol solution was
collected in a 30 ml amber bottles and left under nitrogen flow until the
solvent was completely removed. The residual oil phase was then
weighed.

2.3. Analysis

An elemental analyzer (Elementar vario Macro Cube) was used to
determine the elemental composition (C, H, N and S) of PVC and solid
products. Chlorine determination was performed by p-XRF (Bruker-

kg solid
Chlorine recovery (%) =

Chlorine content solid <M> - solid mass yield (’;g S"M)
g PVC
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helium flow in the column was kept constant at 1 ml/min while the
temperature programming was 40 °C (5 min) // 10 °C/min // 100 °C (0
min) // 4 °C/min // 280 °C (0 min)// 10 °C/min // 300 °C (0 min).
Compound identification was based on NIST 17 library.

Carboncontentsolid (M) -solidmassyield <M>

. kg Cin PVC
Chlorine content PVC ( Te PVC )

Tornado M4). Measurements were performed in duplicate for every
sample analyzed. The carbon and chlorine recoveries in the solids were
computed according to Eq. (1) and Eq. (2), respectively. The correlation
by Channiwala & Parikh (Eq. (3) was used to estimate the Higher
Heating Value (HHV) based on elemental composition, as it was checked
to be applicable even for materials with high chlorine content like PVC
[30]. Chemical Energy Recovery (ER) of products was estimated using
Eq. (4).

Thermogravimetric analysis (TGA) was performed on a Met-
tler-Toledo analyzer (TGA/DSC 3™). Samples were loaded in 70 pl
crucibles which were heated under nitrogen flow (50 ml/min) from 50
to 900 °C with heating rate of 10 °C min . Samples were then kept at
900 °C for 10 min under air flow (50 ml/min).

Attenuated Total Reflectance Fourier-transformed infrared spec-
troscopy (ATR-FTIR) was performed on a Bruker Alpha Platinum spec-
trometer. 24 spectra from 4000 to 400 cm ' with resolution of 2 cm™?
were automatically collected for every sample and the average value
was given as result.

Py-GC-MS analyses were performed using a multi-shot pyrolyzer
EGA/Py-3030D micro-furnace (Frontier Laboratories Ltd. Fukushima,
Japan) interfaced to a gas chromatograph coupled with a mass spec-
trometer (7890B and 5977B Agilent Technologies, Palo Alto, USA).
About 1 mg of each sample was placed into a clean stainless-steel cup,
inserted into the micro-furnace and pyrolyzed at 600 °C for 1 min with
helium as carrier gas (1 ml min~'). The GC injector was operated at
280 °C, with 1:20 split ratio, and the interface temperature was kept at
280 °C. The pyrolysis products were eluted in constant flow mode at 1
ml min~! (carrier gas helium) and separated by a HP-5MS fused silica
capillary column (dimensions 30 m x 0.25 mm x 0.25 pm) with the
following temperature program: 50 °C (2 min) // 10 °C min~! // 280 °C
(8 min). The MS was operated in EI positive mode (70 eV, scanning
10-600 m/z) with transfer line temperature 250 °C, ion source tem-
perature 230 °C and quadrupole temperature 150 °C. Each sample was
analyzed in triplicate and blanks were performed before each set of
analysis.

The compositions of the oil obtained after the supercritical step was
analyzed using a GC-MS (Agilent 7890B GC-Agilent 5977A). After
removing the solvent from the oil phase, most of the light phase was lost
(Figure S1). Therefore, the characterization of the oil phase was per-
formed by directly injecting the oil-containing solvent without prior
solvent removal. For this analysis, instead of using methanol as
extracting agent, as typically done during the normal work-up, acetone
was utilized. A volume of 1 ul of the acetone solution was directly
injected into a VF-5 ms column (dimensions 60 m x 0.25 mm x 25 pm),
with a split ratio 20:1 and an injection temperature of 280 °C. The

gsolid TePVC
Carbonrecovery(%)=
CarboncontentPVC ("gé;’,“fgc
(@)
(2
MJ
HHV (E) = 0.3491-C (wt.%) + 1.1783-H (wt.%) — 0.1034-0 (wt.%)
+0-Cl (wt. %) 3)
HHV roduct <M)
k, duct P kg
ER(%) = Product mass yield ( iﬁ ;:’)VZC ) . )

HH V/eed:lark (%)

2.4. Kinetic parameters evaluation

Differential scanning calorimetry (DSC) was performed on a Met-
tler-Toledo analyzer (TGA/DSC 3*). PVC samples were loaded in sealed
micro-reactors (30 pl) at 20% solid loading. Crucibles were then heated
under nitrogen flow (50 ml/min) from 30 to 340 °C at 4 different heating
rates 10-20-30-40 °C min~!. At 340 °C the samples stayed for further
20 min.

The Kissinger method was used for the determination of the kinetic
parameters [31]. The apparent activation energy (E,) was evaluated
based on the following equation (Eq. (5):

p koR\  Ey
[ =1 —
" <T,,f "\"E. ) ", )

where f is the heating rates, Ty, is the reaction peak temperature, R is the
Arrhenius constant, k., is the pre-exponential factor of the Arrhenius

constant. Plotting ln(T/—’z> vs 1/RT,, the apparent activation energy of

the reaction can be determined by the slope of the line, while the pre-
exponential can be determined by the intercept.

3. Results and discussion
3.1. Mass yields

In Fig. 1, the yields of solid residue obtained after the subcritical
stage are depicted. With the non-neutralized reactions, a decrease in the
solid yield is observed with increasing temperature. At 200 °C almost all
the solid remained unconverted, while most of the mass was lost be-
tween 225 and 250 °C. Hydrothermal dechlorination of PVC was already
observed to take place below 250 °C [21,32], hence the solid loss in this
range is attributed to this. By further increasing the operating temper-
ature, the solid yield further decreased to 42% at 300 °C. This value
corresponds to the theoretical solid yield obtained if a complete
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Fig. 1. Solid mass yields obtained at different temperatures. Black solid line
refers to non-neutralized reactions, red dotted line refers to neutralized re-
actions. Reaction conditions: 1.8 g PVC, 1.81 g KOH as basic additive in the case
of neutralized reaction, total mass of 9 g, 20 min. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

dechlorination was reached through the chlorine elimination pathway
(Eq. (6). For this reason, complete dechlorination is expected close to
300 °C. Moreover, the color of the solid shifted from the white of the
virgin PVC, to yellowish at 200 °C, brownish at 225 °C and black from
250 °C and higher. This change in color is attributed to the formation of
polyenes in the solid structure, as reported in literature [33] and ac-
cording to Eq. (6).

—(CH, — CHCI), — - —(CH =CH), — +nHCI (6)

To enable a comparison with published literature, where the solid
loadings are lower than used in this study, different concentrations of
PVC were also tested. The obtained mass yields are presented in
Figure S2, from which it can be observed that the impact of PVC loadings
is limited. Therefore, no further investigation into PVC solid loading
effects was conducted.

After the addiction of the basic additive (red line, Fig. 1), the solid

15 17
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-
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Fig. 2. Elemental composition of the solids obtained after subcritical step.
Reaction conditions: 1.8 g PVC, 1.81 g KOH as basic additive in the case of
neutralized reaction, total mass of 9 g, 20 min. *Oxygen has been evaluated by
difference. Each sample is named after the operating temperature at which it
was produced. ‘KOH’ was added to the name of neutralized reactions.
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residue yield was higher than without at 250 °C and 275 °C. These
differences are attributed to changes in the dechlorination mechanism,
which could either decrease the efficiency of dechlorination or increase
the incorporation of oxygen into the solid. However, at 300 °C, the solid
mass yield was equal to that of the non-neutralized reaction, repre-
senting the value that would be expected in the case of complete
dechlorination via chloride elimination.

3.2. Elemental analysis

The elemental compositions of the solids obtained after the subcrit-
ical step are depicted in Fig. 2. Already at low reaction temperatures, the
presence of chlorine diminished significantly, being replaced by oxygen.
This observation highlights chlorine’s susceptibility to removal within
hydrothermal media and underlines the crucial role of water molecules,
which are responsible for the incorporation of oxygen atoms into the
solid’s structure. With increasing operating temperature, the chlorine
content was further reduced, reaching 1.5 wt.% at 300 °C. Conversely,
the carbon content increased from 39 wt.% in PVC to approximately
85-86 wt.% beyond 300 °C, aligning with expectations of a carbonized
and aromatic solid, supported by its dark appearance. Upon introducing
KOH, the carbon and hydrogen contents were reduced while oxygen and
chlorine contents were higher compared to the non-alkali experiments.
These differences were less pronounced with increasing temperature,
but they validate a deterioration in the dechlorination reaction
following the introduction of the base.

Focusing on the elemental recoveries in the solids presented in
Table 1, it is remarkable that carbon exhibited nearly complete retrieval
across all tested temperatures. Specifically, carbon recovery spanned
from 94% to 99% for non-neutralized reactions, and from 84% to 92%
for neutralized reactions. Conversely, chlorine recovery decreased with
increasing temperatures, resulting in notably low values: 1.1% at 300 °C
without KOH and 3.1% with KOH. Consequently, the dechlorination
efficiencies, which complement the chlorine recovery in the solid, were
high and amounted to 98.9% and 96.9%, respectively. These outcomes
are quite satisfactory due to the substantial limitation of carbon losses to
other phases, most likely the aqueous phases, and the nearly complete
elimination of undesired chlorine from the solid residue.

The higher heating value (HHV) of the solid samples increased with
increasing temperature. For instance, the HHV progressed from 19 MJ/
kg for PVC to 39 MJ/kg at 300 °C without KOH, and 33 MJ/kg with KOH
(as detailed in Table 1). This enhancement is attributed to the carbon-
rich structure and the relatively low presence of heteroatoms. On the
other hand, at lower temperatures, the incorporation of oxygen atoms
into the solid structure resulted in a decrease in calorific properties
compared to virgin PVC. The fixed carbon also increased as the reaction
temperature increased, moving from 8% of virgin PVC up to 54% at
300 °C, explaining the increasing carbon content of the solid.

The favorable HHV values led to an impressively high energy re-
covery (ER) within the solid materials. Without KOH, ER ranged from
80% to 92%, while with KOH, it ranged from 72% to 78%. Considering
these findings, the dechlorination step exhibited promise by effectively
eliminating nearly all chlorine, which would otherwise render the solid
material unsuitable for various applications, while simultaneously pre-
serving the majority of carbon and embedded energy from the original
PVC in a solid form with a higher energy density.

To better understand the chemical mechanisms by which the
dechlorination occurs, it is useful to observe the elemental molar ratios
of the solids depicted as van Krevelen diagrams in Fig. 3 (A-B). In fact,
two reaction mechanisms have been inferred as possible routes for the
dechlorination of PVC in hydrothermal environment: elimination and
substitution (Scheme 1) [28,33,34]. The elimination reaction occurs
through the removal (E2 elimination) of a chloride ion from the PVC
backbone, simultaneously removing an adjacent hydrogen to form a
double bond [24,35,36]. Due to this elimination pathway, when a
chlorine atom is removed, a hydrogen atom is also removed (pathway I
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Table 1
Elemental recovery of solids after subcritical step.
PVC 200 225 250 275 300 325 250-KOH 275-KOH 300-KOH
Carbon recovery (%) - 95.2 + 1.7 95.1 £ 1.0 96.5 + 7.7 948 £2.1 94.2 + 3.8 99.5 + 4.9 92.0 £5.1 83.6 £ 8.4 87.6 £ 4.9
Chlorine recovery (%) - 48.6 + 10.2 40.5 £ 2.8 6.2+1.6 1.9+0.1 1.1 +£0.1 1.3+ 0.5 38.1 £9.5 12.8 +£ 5.0 3.2+1.0
Fixed carbon (wt.%) 8 13 20 47 53 54 53 11 25 29
HHV (MJ/kg) 194+ 0.1 16.1 £ 0.9 19.2+ 0.4 33.6 £ 0.6 37.1+0.8 39.3+0.9 39.3+1.5 18.3+1.2 26.6 £1.0 33.4+1.0
ER (%) - 79.9 £ 6.0 829 + 2.6 86.4 + 8.2 85.4 + 3.0 85.9 + 4.6 91.9 £5.5 78.4 £ 8.5 73.7 £9.7 72.3 £5.9
W pPvC @ non-neutralized A neutralized
1.6 16
SUBSTITUTION-1,2 Pvd PVC SUBSTIUTIONT  Susstimurion.2
1.5 200 154 200
2 @ 225 250-KOH o
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Fig. 3. Van Krevelen diagram for solids obtained after the subcritical step (A) H/C versus Cl/C and (B) H/C versus O/C.. Reaction conditions: 1.8 g PVC, 1.81 g KOH

as basic additive in the case of neutralized reaction, total mass of 9 g, 20 min.
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Scheme 1. Proposed reaction pathways for dechlorination of PVC in hydrothermal environment.

in Scheme 1). On the other hand, the substitution pathway involves a
Sn2 nucleophilic mechanism: an OH™ ion is attracted to the carbon in the
a-position, causing the release of the chloride ion [24,35,36]. With the
substitution pathway, for every chlorine atom removed, one oxygen and
one hydrogen atom are added to the solid (pathway Ila in Scheme 1,
‘substitution-1’ in Fig. 3). In addition to this, an alternative substitution
mechanism has also been observed [25,37,38], involving the simulta-
neous replacement of a chlorine atom and the hydrogen attached to the
same carbon atom, in favor of two hydroxyl groups (pathway IIb in
Scheme 1, ‘substitution-2' in Fig. 3). According to this latter mechanism,
with an equal number of removed chlorine atoms, the clustered oxygen

atoms result in being double.

As clearly shown in Fig. 3, at low temperatures, the primary pathway
for dechlorination involves substitution. Indeed, alongside the reduction
in chlorine content, there was an increase in oxygen, yielding an O/C
ratio rising to 0.55 at 200 °C. In particular, the ‘substitution-2' was likely
the predominant pathway, as the ratio between oxygen atoms added and
the chlorine atoms removed was 2.2 and 1.5 at 200 °C and 225 °C,
respectively. As temperatures rise, the O/C, H/C, and Cl/C ratios all
decline. At elevated temperatures, the predominant mechanism be-
comes elimination. Ultimately, the resultant solids exhibited an H/C
ratio close to 1, implying a predominantly aromatic structure. The Cl/C
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Fig. 4. ATR-FTIR of the solids obtained after the subcritical step. Reaction conditions: 1.8 g PVC, 1.81 g KOH as basic additive in the case of neutralized reaction,

total mass of 9 g, 20 min.

ratio is below 0.01, and some residual oxygen was registered (O/C
approximately 0.05), indicating a minor presence of the substitution
reaction. In the case of addition of KOH as neutralizing additive, a lower
degree of dechlorination and a higher amount of oxygen were observed
at lower operating temperature. Interestingly, at 300 °C, O/C and Cl/C
ratios similar to the non-neutralized reaction were obtained, whereas
the H/C was consistently lower (0.75). This suggests a difference in the
dechlorination mechanism, which will be deepened below (3.5 Kinetic
evaluation and dechlorination mechanism). To summarize, from Fig. 3 it is
evident that to achieve nearly complete chlorine elimination, the pri-
mary mechanism required is elimination.

3.3. FTIR

Fig. 4 presents the ATR-FTIR spectra of PVC and solids. Functional
groups were identified based on values reported in the literature
[39,40]. Looking at the virgin PVC spectrum, various peaks are associ-
ated with the presence of chlorine within the structure, namely at 1250,
834, 679 and 610 cm ™. The last one is linked to the stretching of the C-
Cl bond and is the most intense peak. At low temperatures (200 °C and
250 °C), the resulting spectra closely resembled that of virgin PVC.
Despite the removal of chlorine from the structure, it appears that the
overall structure did not change significantly. However, as indicated by
the elemental analysis, substitution was likely the main mechanism
occurring at low temperatures, leading to an increase in the oxygen
content of the solids. Due to this reason, the presence of peaks associated
with bonded oxygen would be expected, particularly for the solid ob-
tained at 200 °C, given that oxygen accounted for 28% of its total mass.
However, in the region around 3300-3400 cm !, where the stretching of
the O-H bond absorbs, the signal intensity was low. This low signal
intensity can be attributed, in part, to the sharpness of the peaks at low
wavelengths, which tends to overshadow broader peaks like that of the
hydroxyl group. Additionally, since PVA (polyvinyl alcohol) is prone to
undergo cross-linking when exposed to heat [41], it is plausible that
during the drying phase (overnight at 105 °C), some hydroxyl groups in
the chain underwent cross-linking, diminishing their vibration and,
consequently, their intensity in the FTIR spectrum. Moreover, Yao et al.
also did not register a significant difference in intensity at 3300 cm™!
between PVC and the solid obtained after hydrothermal treatment of

PVC at 200 °C for 60 min, even though the latter contained 13 wt.% of
oxygen [37]. At 250 °C, the signal at 610 cm™! was weak and above
250 °C it became invisible, suggesting that FTIR is not sensitive to
chlorine concentrations below 5 wt.%. On the other hand, signals at
1698 and 1600 cm ! emerged at temperatures above 250 °C. The former
is associated with C=O stretching, likely of an aromatic or unsaturated
nature, due to its lower frequency (<1700 cm 1) [42]. The formation of
C=0 could result from substitution of chlorine with two hydroxyl groups
(pathway IIb in Scheme 1), their intramolecular dehydration (pathway
III in Scheme 1) and subsequent keto-enol tautomerization (pathway IV
in Scheme 1) [25,37]. The peak at 1600 em ! is attributed to the aro-
matic C=C bond, and its presence, coupled with the H/C ratio nearing 1,
supports the formation of an aromatic structure as the reaction tem-
perature rises. However, no peaks were visible at wavelengths above
3000 cm™!, the region of the spectrum associated to the presence of
double bonds. Some char and biochar standards were tested (Figure S3)
as references, and in both cases no signals were recorded above 3000
em™!. This confirms that even though double bonds may be present,
their corresponding signals are not detected in the spectra.

In the case of KOH addition, at 250 °C, the peaks associated with C-Cl
(1250 and 610 cm™!) remain the most intense; at 275 °C further
decrease, and at 300 °C they are no longer visible. This is consistent with
the chlorine content estimated by u-XRF. As seen without KOH, at 250 °C
the peak associated to C=0 emerges, along with a peak shoulder for the
C=C bond. Although there was a baseline drift towards lower wave-
lengths for the solid obtained at 300 °C with KOH, the peaks resembled
those observed without the addition of KOH.

3.4. TGA and Pyro-GC-MS

TGA and DTGs for the virgin PVC and for the solids obtained after the
first hydrothermal step are reported in Fig. 5. Two main peaks were
discernible: the first was centered at 290-311 °C, while the second peak
at 446-465 °C. As widely acknowledged, the initial weight loss attrib-
uted to dechlorination in the case of PVC during dry and inert conditions
(pyrolysis-like) is characterized by the removal of chlorine as HCI [43].
As registered in hydrothermal environment, during TGA, the dechlori-
nation reaction started at around 250 °C and led to a mass decrease in
PVC of 63% by 380 °C. As the temperature at which the solid material
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Fig. 5. TGAs and DTGs of virgin PVC and solids obtained after the subcritical step. (A) TGA and (B) DTG of solid produced through non- neutralized reaction. (C)
TGA and (D) DTG of solid produced through neutralized reaction. Reaction conditions: 1.8 g PVC, 1.81 g KOH as basic additive in the case of neutralized reaction,

total mass of 9 g, 20 min.

Table 2
Mass losses calculated from DTG. *The normalized mass loss is calculated according to Eq. (7).
PVC 200 225 250 275 300 325 250-KOH 275-KOH 300-KOH
1st mass loss (204°C-379°C) 62.8% 59.5% 50.7% 13.9% 4.8% 2.6% 1.9% 53.9% 24.7% 4.9%
2nd mass loss (379°C-550°C) 25.4% 22.8% 23.6% 30.0% 33.2% 35.0% 36.5% 29.2% 37.3% 40.5%
Normalized* 2nd mass loss (379°C-550°C) 25.4% 21.9% 19.7% 14.9% 14.8% 14.8% 16.6% 24.3% 20.0% 22.3%

was generated increased, the reduction in mass yield associated with the
dechlorination reaction decreased, as detailed in Table 2. This is
coherent with u-XRF results. Moreover, as described above, the residual
chlorine was increased in the case of the neutralized reactions (depicted
in Fig. 5C-D), resulting in an increased mass loss associated with the first
peak with respect to that of non-neutralized reactions (Fig. 5A-B) at the
same operating temperature.

At temperatures above 380 °C, the samples experienced a second
mass loss, which is commonly associated with the breakdown of the
structure formed after dechlorination [43,44]. The reduction in mass at
this stage was more pronounced at higher operating temperatures
(Table 2, Fig. 5B-D). However, as depicted in Fig. 1, elevated operating
temperatures led to a greater weight reduction. In order to establish a
connection between the loss of mass and the initial quantity of PVC, we
also calculated the TGA mass loss normalized by the solid yield achieved
after the subcritical process (Eq. (7). As detailed in Table 2, the
normalized data showed an opposite pattern, indicating that, in com-
parison to the solid formed after the initial PVC dechlorination peak in
TGA, the hydrothermal-derived solids are less susceptible to decompo-
sition through pyrolysis. This suggests that the first hydrothermal step
might have induced chemical modifications in the PVC structure,
differentiating it from the pyrolysis behavior of untreated PVC at 380 °C
and beyond. Moreover, the addition of the basic additive increased the
normalized mass loss (Table 2, Fig. 5D), suggesting that the solid

structure formed during the neutralized dechlorination was more sus-
ceptible to further conversion.

lostduringTGA
NormalizedTGAmassloss M
gstartingPVvC
glostduringTGA . . gdechlorinatedsolid
=TGA I — = ) .solid, ld|=———————
MaAsstoss (gdechlorinatedsolid sofamassyie gstartingPVC
()

Py-GC-MS was conducted at a pyrolysis temperature of 600 °C using
the solid obtained after the subcritical step, aiming at a better under-
standing of its structure. The semiquantitative analysis of the volatile
compounds is reported in Fig. 6. It is evident that a substantial quantity
of aliphatic hydrocarbons (including linear/cyclic alkanes, linear/cyclic
monounsaturated alkenes and dienes/trienes) was present. This is
noteworthy considering that Py-GC-MS converts many aliphatic hy-
drocarbons into aromatics during pyrolysis [45,46], and that the
amount of aliphatic hydrocarbons observed in this work was higher than
typical values obtained from biochar [47].

Py-GC-MS of virgin PVC results in the formation of low alkanes and
high amount of aromatics [48]. This is explained by the fact that the
pyrolysis of PVC appears to proceed through free-radical reactions that
lead to the release of chlorine, forming radicals that subsequently
convert into monocyclic aromatics and PAHs (polycyclic aromatic



E. Tito et al.

50

]300
| [ 300-KOH
40 H

i

30 +

45 -

25

20

Relative area (%)

2 2 2 9 2 2 3
& & & & & & & & & F
% W N W S <
® > > > N & & &S &
G NS R 2" )
& & 3 @ v N N i *
& & & & & °
< L)
IS

Fig. 6. Products distribution from Py-GC-MS at the pyrolysis temperature of
600 °C of the solids produced in subcritical water at 300 °C without KOH
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structures. Data are expressed as relative area with respect to all identified
peaks. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

hydrocarbons) [48]. Interestingly, literature reports that long-chain al-
iphatics (ranging from C7 to C22) were almost absent in the Py-GC-MS
of virgin PVC [48]. In contrast, we observed after Py-GC-MS analysis of
the dechlorinated samples, long-chain aliphatic hydrocarbons account-
ing for 11% and 24% of the total integrated area in solids obtained with
and without KOH, respectively. Therefore, it is probable that these
saturated hydrocarbons found in the dechlorinated solid originate from
the degradation of extended aliphatic chains already present in the solid
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The addition of KOH during the subcritical step led to a higher share
of aromatics at the expense of aliphatic hydrocarbons. This shift in
product distribution made it resemble pure PVC more closely. This
change can be related to a lower abundance of aliphatic branches or to a
higher amount of unsaturation within the solid. The latter hypothesis is
more likely as the H/C ratio was lower than that of the solid obtained
without adding KOH.

The signal associated with HCl was too weak to be identified, con-
firming the low level of chlorine remaining in the solids. Additionally,
the only chlorine-containing compound detected was chlorobenzene,
but it was found with negligible intensities. This finding suggests the
potential to obtain a chlorine-free product after pyrolysis of the dech-
lorinated solid. However, it is worth noting that even in the Py-GC-MS
analysis of virgin PVC, no chlorinated compounds were observed at
pyrolysis temperatures exceeding 600 °C [48], implying a limited
sensitivity of Py-GC-MS in detecting such compounds. The intensity of
oxygen-containing molecules was also very low, comprising approxi-
mately 1% of the overall identified area.

3.5. Kinetic evaluation and dechlorination mechanism

Fig. 7A depicts the points obtained by the DSC using the Kissinger
method, as described in the Material and Methods section. These data
were subjected to linear interpolation using Eq. (5), allowing for the
calculation of apparent activation energies and pre-exponential factors,
which are summarized in Table 3. For the hydrothermal dechlorination
of PVC without neutralization, the apparent activation energy was
determined to be 185.9 + 6.8 kJ/mol, and the pre-exponential factor
was found to be 1.42.10'” min~!. The calculated activation energy value
aligns closely with the activation energies of 187 kJ/mol and 190 kJ/
mol reported for hydrothermal dechlorination of PVC powder by
Hashimoto et al. [49] and Li et al. [50], respectively. Notably, this

Table 3
Kinetic parameters for neutralized and non-neutralized dechlorination of PVC in
subcritical water.

L. . . non-neutralized neutralized
structure. However, it is essential to stress that during Py-GC-MS, as
indicated by TGA in Fig. 5, only 42% (without KOH) and 58% (with Ea amva&?} N zleagdvalue 132.? 192.7 EZ.Z 126.8
. . . ener; mo. onfidence L1- . .O0—. .
KOH) of the solids were converted into volatiles and, therefore, were 8y interval
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agreement is significant since our study is the first to employ the Kis-
singer method for evaluating these hydrothermal kinetic parameters.
The values reported for the pre-exponential factor by Hashimoto et al.
and Li et al. were 5.23-10'® min~! and 1.86-10'°® min! [49,50]. The
former value falls within the confidence interval of our findings, while
the latter is slightly lower. Based on these apparent activation energy
values, it can be inferred that the dechlorination reaction is primarily
controlled by chemical reactions and not by mass transfer limitations
[35]. Additionally, prior literature has indicated that the dechlorination
process adheres to first-order kinetic behavior [35,50-52].

In the case of addition of KOH, the apparent activation energy
decreased from 185.9 + 6.8 kJ/mol to 119.8 + 7.0 kJ/mol and the pre-
exponential factor decreased from 1.42:10'7 min™! to 6.14-10'° min .
Based on these results, it can be inferred that the addition of KOH
kinetically favors the dechlorination reaction at lower temperatures
while becoming unfavored at higher temperatures. This is confirmed by
Fig. 7B, which shows the plot of the reaction velocity of dechlorination
(Ink) versus the inverse of the reaction temperature (1/T). It can be
observed that below ca. 270 °C the neutralized reaction has higher
dechlorination rates while at higher temperatures the non-neutralized
reaction favors the dechlorination rate. Similar kinetic results were
observed also in the literature. Hashimoto et al. observed a decrease in
both activation energy (120 vs 187 kJ/mol) and pre-exponential factor
(3.0-10"! vs 5.2:10'® min™!) when a 0.6 M solution of ammonia was
used instead of water for hydrothermal dechlorination of PVC powder
[49]. Shin et al. registered apparent activation energies within 92-146
kJ/mol in 1-7 M NaOH solution for flexible PVC pellets [51]. From the
same feedstock, the same group evaluated the activation energy as low
as 89-103 kJ/mol using a 1.0 M NaOH in ethylene glycol instead of
water as solvent [35]. However, unlike literature, in this work the
dechlorination efficiency decreased at low temperatures if KOH was
added in the reactor.

As documented in various sources [23,35,53], it was noted that
incorporating a basic additive during the dechlorination of PVC in-
creases the presence of hydroxyl ions (OH"). These ions play a role in
promoting the substitution mechanism (pathway Ila and pathway IIb in
Scheme 1). By employing the Kissinger method via DSC analysis, the
determined apparent activation energy in the case of neutralized re-
actions is likely associated with this pathway. Therefore, in addition to
its neutralization role, KOH acts as a catalyst. This assumption is sup-
ported by the fact that at 250 °C the O/C molar ratio was increased with
addition of KOH (Fig. 3). Nevertheless, achieving a high degree of
chlorine removal efficiency may require the utilization of the elimina-
tion mechanism (pathway I in Scheme 1), as discussed above (3.2
Elemental analysis). This mechanism is associated with the activation
energy of 186 kJ/mol and is not only thermally favored but also self-
propagating due to the ‘zipper mechanism’ (pathway V in Scheme 1):
the formation of a double bond following the removal of a HCl molecule
from the PVC structure triggers the adjacent chlorine atom’s activation,
facilitating the spread of the chlorine removal process throughout the
PVC structure [54-56].

By giving preference to the substitution of chloride ions with hy-
droxyl ions, the effectiveness of the ’zipper mechanism’ is hindered. This
is further exacerbated by the high amount of KOH introduced in this
study, which elevates the solution’s pH to a highly basic level. Conse-
quently, this high basicity could deter the dehydration reaction
(pathway IIl in Scheme 1), as it is known to be acid-catalyzed [24,57]. As
a result, the hydroxyl groups produced after the substitution process are
unable to transform into the polyene structure, ultimately limiting the
effectiveness of chlorine removal in the presence of KOH. This theory
may also elucidate why existing literature indicates that the addition of
basic additives initially enhances chlorine removal but eventually rea-
ches a point where further increases in alkali concentration leads to
diminishing returns [27,51]. Indeed, a moderate amount of alkali can
aid the dechlorination by substitution, resulting in the formation of a
carbon backbone with hydroxyl groups. The basicity of the starting
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Fig. 8. Mass yields obtained after the supercritical step of the solids obtained
from the subcritical step. Reaction conditions: 0.832-1.084 g of dechlorinated
solid (depending on the temperature), solid/water ratio of 1/2, 60 min, 225
bar. The first number in the experiment denotes the temperature of the su-
percritical step, while the second number pertains to the sample used as the
feedstock for the supercritical step.

solution is limited and as the reaction proceeds, the aqueous phase ends
up being acidic due to the high amount of chlorine released. This shift in
conditions could facilitate intramolecular dehydration, forming the
polyene structure which can then initiate the ‘zipper mechanism’. The
polyenes are prone to instability and easily tend to react. They engage in
intramolecular reactions, leading to cyclization, aromatization, poly-
merization, and cross-linking [32,43,58,59]. Consequently, the resulting
solid likely comprises a substantial quantity of polyaromatic structures,
along with aliphatic branches and hydrogenated aromatics (pathway VI
in Scheme 1).

3.6. Supercritical step

Fig. 8 presents the mass yields of the products obtained after su-
percritical HTL at varying temperatures. As the reaction temperature
increases, the amount of produced gas also rises from 6.5% to 19.7%.
This trend was anticipated, considering that gas production is known to
escalate with reaction temperature in hydrothermal liquefaction
[18,60]. The gas composition is predominantly composed of aliphatic
compounds, as observed by Takeshita et al. from the hydrothermal
decomposition of PVC at 400 °C [32].

The oil formation after the supercritical step was rather limited. The
maximum production was registered at 440 °C, yielding 7.5 wt.% and
10.2 wt.% using the solid produced in the absence and presence of KOH,
respectively. The sum of oil and gas was in fact increasing with
increasing temperature, suggesting that higher temperatures led to
degradation of the oil phase into gaseous hydrocarbons. Moreover, a
portion of the oil was lost after evaporation of the extraction solvent, as
shown in Figure S1. This hypothesis was confirmed by the fact that the
amount of carbon missed in the aqueous phase was quantified as 0.1% of
the carbon present in the dechlorinated solid used as the feedstock for
the supercritical step. It is hence reasonable to assume that the missing
mass (yellow columns in Fig. 8) was composed of low-boiling o0il com-
pounds. For this reason, the composition of the oil was studied prior to
drying; the results are depicted in Fig. 9, along with the results obtained
from Py-GC-MS, in order to highlight the differences between fast py-
rolysis and supercritical HTL as the processing step.

The products obtained after supercritical HTL at 440 °C were mainly
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Fig. 9. GC-MS chromatograms of the oil obtained after the supercritical step at 440 °C (bars without pattern) and chromatogram obtained from Py-GC-MS for
comparison purposes (hatched bars). The compounds in the chromatograms are categorized in two ways: (A) based on their aromatic structure or (B) based on their
functionalities. 'Phenyl,” “alkyl,” and ’alicyclic’ indicate the nature of the substituent groups. Orange bars refer to the oil obtained using as feedstock the solid
produced at 300 °C without KOH; green bars refer to the oil obtained using as feedstock the solid produced at 300 °C with KOH. Data are expressed as relative area
with respect to all identified peaks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

aromatics. In particular, PAHs largely outnumbered other compounds,
accounting for ca. 50% of the overall area of the chromatograms. Among
these, the naphthalene derivatives were the most prevalent, with the
remaining PAHs following in sequence from lightest to heaviest
(Fig. 9A). Moreover, some partially hydrogenated derivatives of PAHs
(‘alicyclic aromatics’ in Fig. 9B) were also present, in particular indanes
and tetralins (Fig. 9A). Other than these, the most abundant molecules
were alkanes and benzene derivatives. Interestingly, the distribution
between these two families was the biggest difference observable be-
tween the use of solids obtained with KOH and without KOH. Without
KOH, a higher share of alkanes and a lower production of benzene de-
rivatives was registered with respect to the addition of KOH. As previ-
ously discussed for fast pyrolysis, this may be symptomatic of a higher
quantity of saturated aliphatic chains in the absence of basic additive.

Although a consistent amount of alkanes was also registered after
supercritical HTL, few alkenes were identified. This is interesting, as
more alkenes than alkanes resulted after fast pyrolysis. Moreover, with
respect to supercritical HTL, fast pyrolysis favored the production of
monoaromatics (benzenes) at the expenses of PAHs, and increased the
presence of unsubstituted aromatics at the expenses of alkylated and
alicyclic aromatics (Fig. 9B). These observations suggest that pyrolysis
results in higher cracking of the dechlorinated solid, increasing deal-
kylation and unsaturation of the product.

After supercritical HTL, the amount of chlorinated compounds
identified in the chromatograms was very low, amounting to 0.34 +
0.30% and to 0.74 + 0.35% of the overall identified area, in the case of
440-300 and 440-300KOH, respectively. This is an improvement with
respect to the production of oil directly from PVC, as many chlorinated

compounds were found in the oil [54]. On the other hand, the presence
of oxygen was not irrelevant. Indeed, 4.4 £+ 0.7% and 10.0 & 1.0% of the
overall identified area was constituted by oxygen-containing molecules,
in the case of 440-300 and 440-300KOH, respectively (Fig. 9B). The
higher amount of oxygenated compounds compared to fast pyrolysis
suggests the active role of water molecules during the supercritical
reaction.

After the supercritical step, most of the solid remained as such. In
fact, the solid yield ranged between 63 and 76%, corresponding to a
conversion of 24-37%. Interestingly, the conversion of the solid material
did not consistently rise with temperature; instead, it reached a peak at
440 °C. The introduction of KOH during the subcritical phase did not
affect the solid conversion, but slightly increased the production of oil
and gas. With respect to supercritical HTL, with fast pyrolysis at 600 °C
(Fig. 5), solid conversion would be increased from 31 to 56% and from
32 to 42%, in the case of dechlorinated solid obtained at 300 °C with and
without KOH, respectively.

Similar to the mass yield, the carbon yield within the solid phase
ranged between 64% and 79% after the supercritical step (as outlined in
Table 4). The carbon content remained similar to that registered prior to
the supercritical step (around 90%). On the other hand, hydrogen
decreased as the operating temperature increased. Consequently, the H/
C molar ratio dropped from a starting 1.1 after the subcritical step to
0.29 after the supercritical step at 480 °C. The solid hence moved to-
wards a heavier anthracite-like structure, as confirmed also by the
higher fixed carbon. Furthermore, the chlorine content diminished even
further, reaching approximately 1 wt.%, while the O/C ratio experi-
enced a slight increase, confirming the incorporation of oxygen from

Table 4
Elemental compositions, carbon recovery and HHV for solids obtained after the supercritical step.
420-300 440-300 460-300 480-300 440-300KOH
Elemental composition (wt.%) C 90.3 +£ 0.3 86.5+ 5.8 87.7+1.9 86.4 + 1.8 92.2 + 2.4
H 6.1 +0.3 3.1+0.2 2.5+ 0.2 2.1+0.2 3.9+ 0.2
Cl 1.0 £ 0.3 0.7 £ 0.3 1.1+0.1 1.0+ 0.1 1.1+0.1
o 2.6 £0.9 9.7 £6.2 87 +£22 10.6 + 2.1 2.7 £2.5
Elemental molar ratio H/C 0.81 £ 0.05 0.42 + 0.05 0.34 £ 0.04 0.29 + 0.04 0.51 £ 0.04
cl/c 0.004 + 0.001 0.003 + 0.001 0.004 + 0.001 0.004 + 0.000 0.004 + 0.001
o/C 0.02 £ 0.01 0.08 + 0.06 0.07 £ 0.02 0.09 £+ 0.02 0.02 £ 0.02
Carbon recovery in solid (%) 78.8 +12.7 68.2 + 6.7 64.0 + 5.1 69.7 + 6.2 78.9 +17.3
Fixed carbon (wt.%) 66 67 90 85 69
HHV (MJ/kg) 385+ 0.4 32.8+1.6 32.7 £0.7 31.5+0.7 36.5+0.8

10



E. Tito et al.

water. Due to the reduced hydrogen content and increased oxygen
content, the energy content of the solid material decreased after the
supercritical step.

3.7. Perspectives

Overall, the double-stage hydrothermal process suggested showed to
be an interesting way of valorizing PVC waste. The subcritical stage it
was possible to remove 99% of the chlorine present in the virgin PVC
under the form of HCI. The produced HCI solution could then be used as
reagent for virgin PVC. Simultaneously, nearly all the carbon remains
within the solid. This selective removal of chlorine leads to an increase
in the heating value of the remaining solid material, thereby enabling
substantial energy recovery. It is hence possible to generate a solid that
is both denser in energy content and nearly devoid of chlorine, enabling
its easier use as feedstock for subsequent technologies.

Including the supercritical stage, it was possible to reduce the solid to
29% of the starting PVC mass, containing approximately 64% of the
carbon content of PVC. Simultaneously, gaseous and liquid hydrocar-
bons were produced, constituting 30% of the carbon content of the
initial PVC. It is assumed that the missing carbon in the supercritical step
is constituted by light oil rich in aromatic compounds, as no carbon was
found in the aqueous phase. The solid phase could then be energy
valorized while the oil can be used as source of aromatics for chemicals.

Lastly, although the results obtained in this work by adding the
neutralizing agent (KOH) did not show major differences with the non-
neutralized case, the use of basic additives could be helpful from a
technical perspective. Indeed, dechlorination reaction showed high
corrosivity issues [24] that were also registered in this work, given the
very high solid loading used (20 wt.%) and the use of stainless steel as
reactor material. Adding the basic additive already in the dechlorination
reactor, might allow for an in-situ neutralization that would preserve the
reactor from corrosion. In this study, such improvements were not
observed. However, further investigations into the use of KOH could
allow for a better understanding and provide a solution to the problem.

4. Conclusions

This experimental study presented a two-stage hydrothermal pro-
cessing for the energy valorization of PVC waste. In the first subcritical
stage, by operating at 300 °C for 20 min, it was possible to achieve a
remarkable 99% removal of chlorine, while retaining 94% of the carbon
content in the solid produced. The addition of KOH, as neutralizing
additive, during the subcritical stage proved to catalytically favor the
substitution mechanism as a dechlorination pathway, albeit hindering
high dechlorination efficiency at low operating temperatures. The cat-
alytic activity was confirmed by a reduction in the apparent activation
energy (from 186 to 120 kJ/mol) by addition of KOH. At 300 °C, the
impact of KOH on performance was less pronounced. Through various
analytical techniques (CHNS, Py-GC-MS, FTIR and TGA), the resulting
solid was observed to consist mainly of a condensed aromatic structure
with aliphatic branches. Following the supercritical stage, the residual
solid underwent a reduction to 29% of the mass of the initial PVC.
Concurrently, liquid and gaseous hydrocarbons were produced, ac-
counting to 30 % of the carbon present in the PVC. Using supercritical
HTL for valorizing the dechlorinated solid lead to the production of an
oil phase containing a higher share of PAHs and alkylated aromatics and
a higher degree of saturation, with respect to pyrolysis products. Over-
all, the subcritical stage demonstrated its efficiency in producing a
nearly chlorine-free solid material with a higher energy density than
that of PVC. The dechlorinated solid could then be further processed
using other technologies. To implement this on an industrial scale,
further advancements are required to address issues related to corrosion,
and the incorporation of additives could be a potential means of
addressing it.
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