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Abstract: In this study, we investigate the hydrothermal liquefaction (HTL) of PET separated from
a densified postconsumer plastic mix, with the aim of recovering its monomer. This second raw
material is made up of 90% polyolefin, while the remaining 10% is made up of PET, traces of metals,
paper, and glass. After preliminary separation by density in water, two batch experiments were
performed on the sunken fraction (composed mainly of PET) in a stainless steel autoclave at 345 °C for
30 and 20 min. Both trials resulted in similar yields of the three phases. In particular, the solid yield is
around 76% by weight. After a purification step, this phase was analyzed by UV-Vis, "TH-NMR, and
FTIR spectroscopy and resulted to be constituted by terephthalic acid (TPA), a product of considerable
industrial interest. The study proved that the hydrothermal liquefaction process coupled with density
separation in water is effective for obtaining TPA from a densified postconsumer plastic mix, which
can be used for new PET synthesis.

Keywords: terephthalic acid; hydrothermal liquefaction; PET; plastic waste; chemical recycling;
circular economy

1. Introduction

Terephthalic acid (TPA) is one of the most interesting petrochemicals at an industrial
level [1]. In fact, it constitutes the building block for the synthesis of numerous polycon-
densed polymers, in particular polyethylene terephthalate. In Europe alone, the demand
for this polymer reached 4.1 Mt in 2020 [2]. Currently, terephthalic acid is obtained through
a process developed by the American Amoco Group, which consists of the oxidation of p-
xylene with oxygen. The reaction is carried out in acetic acid, and the catalyst used is cobalt
(or manganese) acetate and bromide [3]. With the decrease in oil stocks, there is a growing
need to develop alternative routes to obtain chemicals since xylenes are produced by the
catalytic reforming of naphtha. From the perspective of a full circular economy, chemicals
with high added value can be obtained from plastic waste thanks to chemical recycling.
This not only makes it possible to reduce pollution but also to reduce the consumption of
virgin oil and protect human health and the environment [4].

Among the various chemical recycling technologies [5], hydrothermal liquefaction
(HTL) has aroused great interest in recent years. This is a thermochemical process that
takes place in the presence of water in its sub- or supercritical condition. HTL has been
extensively studied for biomass conversion to obtain oil, named biocrude, with a high
energy content [6]. Different types of biomasses have been subjected to the HTL process,
such as lignocellulosic wastes, algae [7], and also a more heterogeneous one made up of a
combination of both [8]. The main advantage of the HTL process is that it allows working
with wet raw materials, eliminating the need for drying as a pretreatment, necessary instead

Molecules 2022, 27, 7112. https:/ /doi.org/10.3390/molecules27207112

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27207112
https://doi.org/10.3390/molecules27207112
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-3265-3757
https://orcid.org/0000-0001-9557-5795
https://orcid.org/0000-0003-4535-5502
https://orcid.org/0000-0003-2681-4144
https://orcid.org/0000-0002-1720-7820
https://orcid.org/0000-0002-9831-052X
https://doi.org/10.3390/molecules27207112
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27207112?type=check_update&version=1

Molecules 2022, 27,7112

2 of 14

for the gasification and pyrolysis processes [9]. Furthermore, thanks to its bifunctionality
(chemical and thermal properties), this type of process is well suited for the valorization
of heterogeneous and biocontaminated wastes, which, due to their nonhomogeneous
composition, would be landfilled or incinerated. So, different types of plastic (in terms of
chemical nature, color, size, and physical properties) can be processed at the same time and
in the same reaction environment [10]. Moreover, the high temperature that characterizes
the operating conditions of HTL processes destroys all biological active organisms (such as
pathogens, viruses, and bacteria), obtaining safe products [11].

Water near its critical point (Tc = 374.1 °C, Pc = 22.1 MPa) acts at the same time as a
reactant and solvent [12], taking part in the depolymerization reactions of plastics. In these
conditions, the properties of water change as compared to room temperature, as shown in
Table S1 in the Supplementary Materials, allowing controlling the degree of hydrolysis and
the solubility of the materials processed [13,14]. Through the HTL process, four distinct
phases are always obtained, whose yield and composition depend on the starting feedstock
and the conditions applied:

e  Aliquid/semi-solid organic phase, consisting of organic compounds with low molec-
ular weight, derived from depolymerization reactions;
An aqueous phase, with dissolved organic compounds called water soluble (WSO);
A solid phase, formed by no reacted compounds, inorganic, carbonaceous products;
A gaseous phase, containing the gases produced during feedstock degradation reac-
tions.

The yield of the various fractions changes according to the applied operating condi-
tions: short reaction times favor the yield of oil, while long reaction times increase the yield
of char and gas [15].

In the literature, there are already available studies regarding the application of the
HTL process for the conversion of plastics.

For example, dos Passos [16] reported a comprehensive overview regarding the ease
of conversion, yield, and composition of products obtained from HTL under subcritical
conditions (350 °C, 20 min, with and without KOH) of the most used single polymers.
According to their study, polymers are broken down by HTL into lower-molecular-weight
products thanks to water acting as a nucleophile. The degree of hydrolysis and the type
of products that are recovered strictly depend on the chemical structure of the starting
polymer; in fact, each plastic has its own different degradation behavior. In the specific case
of PET, a high yield (70%) of solid product was obtained. FTIR analysis of the latter showed
it to be high-purity terephthalic acid. There are other studies in the literature showing the
effectiveness of HTL processes using water under subcritical conditions in the treatment of
postconsumer PET. For example, in the study by Darzi et al. [17], PET coming from plastic
bottles was subjected to an HTL process, working at a temperature of 300 °C (~10 MPa) to
90 min. In these conditions, over 75% of the PET was recovered as solid-phase TPA.

This study aims to enhance the PET fraction of industrial waste, coming from a
postconsumer plastic densification process, by means of hydrothermal liquefaction. First,
separation by density in water was carried out, to separate the polyolefin fraction from the
one containing PET. Subsequently hydrothermal liquefaction reactions were carried out on
the polyester fraction at 345 °C for 20 and 30 min, to recover terephthalic acid as a chemical
of high industrial interest.

2. Materials and Methods
2.1. Feedstock

The raw material used in this study is a production waste coming from the process
of collection and densification of postconsumer plastic waste. As stated by the manu-
facturer, the polyolefin content is greater than 90%. Furthermore, the product complies
with the provisions of REGULATION (EC) N. 1907 /2006 (REACH), in this regard to re-
stricted substances and Substances of Very High Concern (SVHC), by REGULATION (CE)
2019/1021 (POP), and is not subject to labeling obligations according to REGULATION (EC)
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N.1272/2008 (CLP). This raw material also complies with the UNI technical standard 10667-
16, which makes it usable to be extruded in various shapes and/or to produce products by
injection molding. Currently, however, its most common application concerns its direct use
as an energy source and reducing agent in electric arc furnaces for steel production [18].

The waste appears as 3-10 mm solid flakes with different colors (Figure 1a). It is very
heterogeneous from a chemical point of view and consists of different polymers, metal,
paper, and glass fragments.

(a)

Figure 1. Feedstock before (a) and after (b) density separation in water.

The chemical valorization of a heterogeneous material necessarily passes through
the separation of components to obtain streams that are as chemically homogeneous as
possible. For this purpose, the feedstock was subjected to separation by density in water.
This simple method, as shown in Figure 1b, allows separating polyolefin-based polymers
with a density below water (about 0.9 g-cm~2) from PET with a density higher than water
(about 1.3-1.4 g~cm’3).

In this way, two distinct fractions were obtained: a floating fraction formed almost
entirely of a dark gray material in granular form, and a sunken one formed of various
colored flakes and fragments with a metallic and glassy aspect. The two fractions were
subsequently dried in an oven at 105 °C until constant weight and characterized.

2.2. Experimental Procedures

The hydrothermal liquefaction experiments were carried out in a 160 mL stainless
steel Parr autoclave (Parr Instrument Company, Moline, IL, USA). The autoclave features
two main valves (input and output) and is equipped with a stirrer, a J-type thermocou-
ple, and a pressure sensor (model Parr 4842, in which pressure is displayed with 1 psi
resolution and 10 psi accuracy). The heating system consists of an electric heating mantle
rated for 1 kW and regulated by an electronic controller. Two sets of experiments were
conducted in duplicate using ultrapure water (0.05 uS-cm™?) and varying only the reaction
time (respectively, 20 and 30 min). Experiments were conducted in subcritical conditions
(345 °C, 150 bar) under stirring at 220 rpm. The temperature used in the process is dictated
by instrumental constraints. For each experiment, 3 g of sunken fraction and 50 g of ultra-
pure water were used, with a percentage ratio by weight of dry feedstock/water of 6%, as
suggested by recent literature [16].

The average heating rate for each test was 8 °C-min~! (Figure S1, Supplementary
Materials). The reaction time was measured only after reaching the target temperature. The
time needed to reach 345 °C was 41 min. As described by Darzi et al. [17], it should be
noted that the melting temperature of PET is exceeded before the process temperature is
reached and the depolymerization reactions can already begin.

At the end of the reaction, the autoclave was quenched by immersion in a cold-
water bath and then weighted. The gas produced was vented and the reactor reweighted
to determine the mass of gas produced during the reaction. Reaction products were
collected using a procedure that consists of different steps. Firstly, the content inside the
reactor was washed with dichloromethane (DCM) and filtered under vacuum over a glass
microfiber filter (1 pm). The solid recovered on the filter was dried in an oven at 105 °C
until constant weight. The liquid phase was transferred to a 15 mL centrifuge tube and
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centrifuged for 5 min at 4000 rpm. Two distinct liquid phases (DCM and water) were
collected separately using a separating funnel. The organic fraction containing DCM was
subjected to evaporation under reduced pressure to obtain the oil. The solid fraction was
subsequently purified following three phases: first, solubilization of the solid product in a
1 M NaOH solution was performed to obtain sodium terephthalate, followed by vacuum
filtration through a Buchner funnel to remove the undissolved impurities, and finally
precipitation of the terephthalic acid by adding sulfuric acid. The precipitate was then
filtered, washed with water, and dried to constant weight.

FTIR spectra of the samples were obtained using a Shimadzu IR Tracer-100 spectrom-
eter, equipped with QATR™ 10 Single-Reflection ATR with a Diamond Crystal (Shimadzu,
Nishinokyo Kuwabara-cho, Kyoto, JP), operating with a maximum resolution of 0.25 cm ™!
and a spectral range in the mid-IR region (4100-500 cm~!). The spectra were acquired in
transmittance (%) using 45 scans. Measurements were carried out in triplicate for each sample.

The content of carbon, hydrogen, and nitrogen (CHN) of the samples was determined
using a Thermo Scientific Flash Smart Elemental Analyzer CHNS/O (Thermo Fisher
Scientific, Waltham, MA, USA), according to UNI EN ISO 16948 (UNE EN ISO 16948, 2015).
Measurements were carried out in triplicate, and the average value was reported. The
oxygen content was calculated by the difference:

O (%) = 100 — (%C + %H + %N) x 100 )

DSC experiments of feedstock were performed using DSC 25 (TA Instruments New
Castle, DE, USA). The sample and reference furnaces were purged with nitrogen gas at a
flow rate of 40 mL/min. Calibration of the sensor temperature and of the heat-flow rate
was performed according to standard procedures, using indium as a calibrant. Samples
with a mass of about 4 mg were placed in aluminum pans (Perkin-Elmer, Waltham, MA,
USA). The samples were heated from 40 °C to 300 °C at a rate of 10 °C/min, followed by
isothermal equilibration at 300 °C for 1 min to eliminate any thermal history. Then, they
were cooled at a rate of 5 °C to room temperature. Two other scans were conducted in the
same way to ensure the reproducibility of the measurement.

The concentration of inorganics was determined in an Agilent MP4200 ICP-OES
(Agilent, Santa Clara, CA, USA). Before the analysis, samples were mineralized with 3 mL
of hydrogen peroxide and 5 mL of nitric acid in a Milestone Start D microwave digestion
system (Milestone, Sorisole (BG), IT) to obtain clear acidic solutions. Measurements were
carried out in triplicate for each sample and the average was reported.

The higher heating value (HHV) of the samples was determined using a Leco AC500
(Leco, St. Joseph, MI, USA) apparatus according to UNI EN ISO 18125. A 0.3 g amount of
material was used for each test, and since the samples were very heterogeneous, measure-
ments were carried out in triplicate and the average value was reported. 'H-NMR spectra
were recorded on a Varian Gemini 200 MHz (Varian, Palo Alto, CA, USA). The 'H-NMR
spectroscopic data are reported as (multiplicity, integration). The following abbreviations
were used to designate multiplicities: s = singlet; bs = broad singlet. Chemical shifts were
determined relative to the residual solvent peak (DMSO: 2.50 ppm for 'H-NMR).

UV absorption measurements were carried out using the Cary 4000 UV-Vis Spec-
trophotometer (Agilent, Santa Clara, CA, USA). Measurements were performed on TPA
standard and solid product according to Yang et al. [19].

Qualitative and semi-quantitative analyses of the organic compounds in the oil were
performed by GC 2010 with the Shimadzu GCMS-QP2010 mass spectrometer (Shimadzu,
Nishinokyo Kuwabara-cho, Kyoto, Japan) equipped with the Zebron ZB-5HT INFERNO
(Phenomenex, Torrance, CA, USA) column (length, 30 m; internal diameter, 0.250 mm; film
diameter, 0.25 um). A 40 ug amount of oil was solubilized in 3 mL of acetone, and then
1 mL of the solution was injected into the GC-MS apparatus. The analysis was performed
with a He column flow of 2.02 mL-min~! with an initial temperature of 40 °C (holding
time, 10 min), increased to 200 °C (heating rate, 8 °C min~L; holding time, 10 min), and
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then to 280 °C (heating rate, 10 °C min~}; holding time, 30 min). The mass spectra acquired
were compared with those contained in the NIST17 library.

2.3. Determination of the Yields

From each HTL experiment, four different fractions were obtained: solid, gas, oil, and
aqueous fraction. The weight yields of each fraction were calculated using Equations (2)-(5)
below, in which W indicates the weight:

Wasolid

Solid residue yield (%) = W %

100 )
Woil o
W feedstock

The weights of the solid and oil fractions were calculated with the balance, while the
amount of gas produced during the reactions was determined as the weight difference of
the reactor weight before the heat-up and after venting the gaseous products at the end of
the cooling process.

Oil product yield = 100 3)

Reactor weight after venting — initial reactor
W feedstock

Gas yield (%) = x 100 4)
Water-soluble organics and unrecovered products (i.e., all losses due to experimental
operations) were estimated by difference once the yields of solid, gas, and oil were known:

WSO + unrecovered (%) = 100 — (solid residue yield + oil yield + gas yield) x 100 (5)

3. Results and Discussion
3.1. Feedstock Characterization

The feedstock was dried at 45 °C for 3 days, and then 20 g was subjected to density
separation in water. Due to the high heterogeneity, this process was repeated three times.
The floating fraction constitutes 90 & 1.5% by weight of the feedstock, while the sunken
fraction constitutes 10 &= 1.5%. In the higher-density fraction, in addition to polymers, there
are also contaminants such as glass, metal, and paper. This fraction consists of 91.6 &= 1%
by weight of plastic waste, 2.4 + 1% of metal, 4.6 £ 1% of glass, and 1.4 £ 1% of paper. The
metal component does not consist of iron residues but only aluminum.

The IR spectra acquired on the floating fraction are reported in Figure 2. The chart
shows the typical adsorptions expected for pure low-density polyethylene (purple line) but
also for polyethylene contaminated with aromatic polymers containing oxygen such as PET
(blue line). In fact, in addition to peaks of polyolefin polymers (2916 cm !, 2848 cm~!: -C-H
stretching; 1471 cm~ L -C-H bending; 720 eam~1, 698 em~1: -C-H rocking), peaks associated
with polyester are visible also (3026 cm~!: =C-H stretching; 1716 cm~!: -C=O stretching;
1637 cm 1, 1541 cm ! -C=C stretching; 1247 ecm ! 1101 em ™t -C-O stretching; 873 cem !
p-substituted aromatic ring rocking). In the densification process, some PET fragments are
in fact incorporated into polyolefin fragments.

The sunken fraction was more heterogeneous in appearance, and it consisted of
different-color polymer flakes, from whose spectra it was possible to identify the character-
istic adsorptions of polyesters and in particular of PET (Figure 3) [20].

The DSC analysis of the fragments confirmed the hypothesized composition by FTIR;
in fact, the values of Tg, Tc, and Tm are those expected for PET [21]. The thermograms of
some fragments are shown in Figure S2 in the Supplementary Materials.

The concentration of inorganics in the feedstock is reported in Table S2 (Supplemen-
tary Materials). The ICP-OES analysis highlights the presence of some elements in high
quantities, such as Al, Ca, Mg, Na, 5i, and Ti. Their presence is linked to the use of additives,
as described in detail in the literature [22].
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Figure 2. IR spectra of the floating fraction of the feedstock: LDPE (violet line) and polyethylene
contaminated with aromatic polyester (light blue line).

—— PET
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Figure 3. IR spectrum of PET presents in the sunken fraction of the feedstock.

The elemental composition on the dry basis of the feedstock and the two fractions
obtained through the separation in water is given in Table 1.
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Table 1. Elemental analysis on dry basis of the feedstock and of the two fractions obtained by density
separation (afloat and sunken).

Element Amount (wt. %)

Feedstock

68.7
9.7
0.2

214

czzxTo

Afloat fraction

71.6
10.2
0.4
17.8

czzxTo

Sunken fraction

62.1
4.3
0.0
33.6

CzITN

The floating fraction has a higher percentage of carbon than the sunken one which
appears richer in oxygen. The H/C and O/C ratios of both the feedstock and the two
fractions are shown in the following van Krevelen diagram (Figure 4). The obtained values
suggest that the fraction having lower density is better suited to produce fuels, thanks to
its high H/C ratio and low O/C ratio, which will have a higher calorific value compared to
the sunken part.

16 feedstock
afloat. PY
o 12
o
<
§ 8 sunken
= [ )
4
0
0 0.1 0.2 0.3 0.4 0.5 0.6
0/C

Figure 4. Van Krevelen diagram of the two fractions (afloat and sunken) and of the initial feedstock.

The calorific values (HHV) of the initial feedstock and of the two fractions obtained
from the separation in water are reported in Table 2.

Table 2. Higher heating value (HHV) of the feedstock and of the two fractions obtained by density
separation (afloat and sunken).

Sample Value MJ Kg—1)
Feedstock 29.1
Afloat fraction 33.9

Sunken fraction 229
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The calorific value determines the energy content of the material. As already observed,
the afloat fraction has a calorific value higher than the sunken fraction and the initial
feedstock. Its value is, however, lower than the expected typical figure for pure polyolefin
polymers (43-46 MJ Kg~1). This can be explained by considering the contamination of the
polyolefin fraction with the polyester fraction, which inevitably occurs during the process.

3.2. HTL Product Yields

Two HTL processes with different residence times were performed on the sunken
fraction. In this way, the chemical recycling process of mixed wet wastes, following a
density pretreatment, was reproduced on a laboratory scale. On the other hand, the
lower density fraction, rich in polyolefin, is not suitable for being subjected to this type
of process due to the absence of reactive sites in the polymer chains and because the
working temperature (345 °C) is significantly lower than the thermal cracking temperature
of polyolefin (around 450 °C). Thus, in the process under consideration, the polymer chains
would remain undecomposed. This fraction thanks to the high H/C ratio is suitable for
producing liquid fuels.

Since the sunken fraction is formed mainly by PET, for the HTL tests, the same
operating conditions were chosen that were already used for pure PET feedstocks [16].
For the first test, a residence time of 30 min was chosen and for the second one 20 min.
The purposes were to diminish the residence time to promote energy recovery as much
as possible, to reduce the related costs, and to apply the same operating conditions in use
in modern HTL biomass plants to the treatment of plastic wastes. In general, the current
subcritical HTL technology is based on rapid heating speed reactors, which work close to
300-360 °C and with a moderate residence time (15-20 min) [11]. The yields obtained from
both tests are shown in Figure 5.

90
80 76.6 77.2

70

60 Solid
50 m WSO + Unrecovered

m Oil
40

Mass Yield %

30
221 21.0

20

10

1.2 1.8
0
TEST 1 (345°C, 30 min) TEST 2 (345°C, 20 min)

Figure 5. Yields with relative error from the two tests at 345 °C with different residence time.

As can be seen, a 10 min reduction in the reaction time does not lead to significant
differences in product yields, resulting in significant energy savings. In both processes,
the solid fraction is the majority product with a yield of over 76%. Considering the
heterogeneity of the sample and therefore the variable quantity of PET for each test, the
yields of the two processes are comparable. Gas formation was not revealed during the
experiments. This agrees with the data in the literature in which noncatalyzed processes
always generate small quantities of gas [16].
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3.3. HTL Products Characterization
3.3.1. Solid Characterization

The solids obtained from both tests consist of a brown dust in which lamellar crystals
are visible.

The FTIR spectra of the obtained samples were compared with those of pure tereph-
thalic acid (TPA standard). As can be observed in Figure 6, there is a complete superposition
of the spectra, which confirms the achievement of terephthalic acid, as described by the
literature [16,23-25]. O-H stretching of carboxylic acid is clearly visible at 3160-2150 cm ™!,
and =C-H stretching at 3101 cm~! and 3064 cm~!, C=O stretching at 1670 cm~!, C=C
stretching of the aromatic ring at 1571 cm~! and 1508 cm~!, and C-O stretching at
1276 ecm™! and 1101 cm™! are also visible and typical of aromatic carboxylic
acid compounds.

—— TPA standard
Char (350°C, 30 min)
100 —— Char (350°C, 20 min)

90
80
70
60

50

Trasmittance %

40

30

20

10 T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Figure 6. IR spectra of the solids obtained from test 1 (orange; 345 °C, 30 min), from test 2 (magenta;
345 °C, 20 min), and TPA standard (blue).

An elementary analysis was also carried out on the two solids, whose results are
shown in Table 3.

Table 3. Elemental analysis of the solid residues obtained from HTL test 1 (345 °C, 30 min) and test 2
(345 °C, 20 min).

Solid Test 1—Amount (wt. Solid Test 2—Amount (wt.
Element
%) %)
C 57.4 57.4
H 3.7 3.7
N 0.03 0.04
O 38.9 38.8

The weight percentages of C, H, and N are in good agreement with those obtained for
the solid phase of the HTL process of pure PET, as described in the literature [16].

The empirical formula of both solids was calculated by dividing the wt. % of each
element by its atomic weight, obtaining for both tests the minimum formula: C4H30;.
The molecular formula of terephthalic acid CgHgO4 was obtained, doubling the minimum
one, considering its molecular weight (166.13 g-mol~!). The number of unsaturations was
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calculated according to Equation (6) and is equal to six: three double bonds, one aromatic
ring, and two C=0 double bonds.

H X N
Degreeofunsaturation:ncf%f%+%+l:873+1:6 (6)

X=EC(],Br, L

The results are once again in agreement with the terephthalic acid molecule.

Spectroscopic analyses were carried out on the purified product to confirm its nature.
Figure 7 depicts a comparison between the UV-Vis spectra of standard TPA (blue line)
and our purified sample (red line). Our sample exhibits the characteristic absorption at
240 nm corresponding to the electronic transitions m—7* of conjugated C=C sp2 domains
of aromatic ring [26].

—— Standard TPA
—— Sample TPA

0.12 4
014
0.08 §

0.06

Absorbance

0.04 4

0.02 -/\_\‘

0 -

-0.02 4 T T T T T T T T T T T T T 1
235 245 255 265 275 285 295 305
Wavelenght (nm)

Figure 7. Comparison between the UV-Vis spectrum of the product obtained from test 2 (20 min)
with that of the standard TPA.

An NMR spectrum was also recorded for a more detailed characterization of the solid
(Figure S3 in the Supplementary Materials). It shows a singlet at 8.10 ppm due to the
presence of the aromatic ring and broad singlet at 13.20 ppm due to the presence of the two
mobile protons of the carboxyl group [27].

3.3.2. Oil Characterization

The oil obtained through HTL consists of a viscous liquid of brown/black color. The
IR spectra of the oils are reported in Figure 54 in the Supplementary Materials. In both
oil phases, the typical adsorptions of aromatic compounds (3059 cm~! and 3022 cm™~!:
stretching =C-H; 1600 cm~! and 1570 cm~!: stretching C=C; 710 cm~! and 696 cm™!:
rocking =C-H of the monosubstituted aromatic ring; 3500-3000 cm L stretching O-H,
carboxylic acids/esters, and alcohols; 1680 cm~: stretching C=0, 1260 cm~!: stretching
C-0) are visible.

The composition of the two oil fractions was determined by GC-MS analysis. Figure 8
compares the relative percentage areas of the compounds identified in the oils of the two tests.
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70
60
50

EBTEST1
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Figure 8. Comparison between the relative percentage areas of compounds present in the oils of
Tests 1 and 2.

Benzoic acid derives from the degradation through decarboxylation of terephthalic
acid, which in turn derives from the depolymerization of PET. According to the literature
above 300 °C, terephthalic acid is converted to the corresponding monoacid through
decarboxylation reaction. This decomposition pathway increases the yield of benzoic acid
and gas (CO,) and decreases that of monomer [28].

Caprolactam can also derive from bis(1-caprolactam) carbonyl (CBC), used as a chain
extender in the synthesis of PET. Chain extenders serve to modulate the molecular weight
and modify the rheology of the polymer in the melt state (e.g., viscosity). The chain
extenders have at least two functional groups capable of giving additional reactions with
the hydroxyl or carboxyl groups of the polyester. CBC has a melting point of 105 °C and
during PET processing it can react with the terminal hydroxyl functional groups present
on the chains [29]. The viscosity can be modulated based on the amount of CBC added to
the polymer. Usually, this additive is present for 5 wt. %.

The 2- and 4-methyl derivatives of quinoline are used as precursors in the production
of cyanine dyes. These dyes are mainly green or blue in color and have the general formula
RoN[CH=CH],CH=N+R, RyN+=CH[CH=CH],NR;, in which nitrogen is part of a
heterocycle [30]. It is possible to identify two centers that contain a nitrogen atom and an
alternation of single and double bonds between them. The dyes used in the production of
polymers can be present up to 10% by weight [31].

Long-chain fatty acids can also be derived from the decomposition of nucleating
agents used in PET synthesis to promote the crystallization of semi-crystalline polymers.
One of the major limitations of PET is its slow crystallization from the melt state, which
takes a long time to take place. In these conditions, large crystals are formed, which give
opacity and fragility to the polymer. Nucleating agents lead to several small spherulites,
rather than a few large ones, giving enhanced properties such as flexural modulus and heat
deflection temperature. These additives are typically alkali metal salts of high molecular
weight [32], but waxes consisting of mixtures of saturated carboxylic acids with a linear
chain (26-34 carbon atoms) are also used (e.g., montanic wax). They have low volatility
and high thermal stability [24]. Seshasayee et al. [33] identified hexadecanoic and octade-
canoic acid from the HTL process of 30 wt. %-reinforced PET pellets with glass particles,
confirming the presence of these compounds as additives.

Other compounds were also identified in addition to those presented in Figure 8, but
their small relative area (less than 0.5%) meant it was not possible to correctly identify them,
and thus they were omitted.
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4. Conclusions

In this work, terephthalic acid was recovered by hydrothermal liquefaction in subcritical
conditions of real industrial waste coming from a postconsumer plastic densification process.

Through a first separation by density in water, it was possible to divide the initial plas-
tic mix into two fractions: one representing 90% formed by polyolefin polymers (floating),
and one representing 10%, containing mainly PET (sunken). Two hydrothermal liquefac-
tion processes were then carried out using water under subcritical conditions (345 °C and
150 bar) on the higher-density fraction, varying only the reaction time (30 and 20 min).
Thanks to the action of water as a nucleophile in the hydrolysis reactions of PET, it was pos-
sible to obtain a high yield of terephthalic acid in the solid fraction (over 76%). This product
with high added value can be used to carry out new PET synthesis. Unlike other methods
examined in the literature [34], HTL allows the conversion of PET into terephthalic acid
with high yields by working at lower temperatures and in the absence of a catalyst, which
would contaminate the solid phase. Furthermore, compared to other HTL studies [17],
the process conditions were optimized, obtaining the same yield of terephthalic acid but
carrying out the reactions for shorter times. The time required to complete the process
drops from 90 to 20 min when increasing the temperature by 45 °C and the pressure by
50 bar. The high yield in terephthalic acid is promising for making economic assessments
relating to the sustainability of the process. The obtained result appears to be in excellent
agreement with the circular economy approach of modern sustainable economies. To
conclude, thanks to the separation by density in water, it was possible to obtain a fraction
formed by polyolefin with a calorific value higher than the starting material, which can be
enhanced to obtain fuels.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27207112 /s1, Table S1: Physical-chemical properties
of water in different conditions; Figure S1: Temperature profile of the HTL reaction; Figure S2:
Thermograms of some fragments of the sunken fraction; Table S2: Inorganic content of the feedstock
(bdl = below detection limit).; Figure S3: NMR spectrum of the solid product after purification in
DMSO-d6; Figure S4: FTIR spectra of the oil phases obtained from the HTL processes: oil from test 1
(blue line; 345 °C, 30 min) and oil from test 2 (orange line; 345 °C, 20 min).

Author Contributions: Conceptualization, L.R.; methodology, L.R., D.C., B.C., formal analysis, B.C.,
R.G., I.A; investigation, L.R., L.A., B.C., R.G,; resources, L.R., D.C,, data curation, L.R., B.C.,, LA, R.G,,
D.C., AMR,; writing—original draft preparation, .A., B.C., R.G.; writing—review and editing, L.R.,
D.C., AM.R;; supervision, L.R., D.C.; funding acquisition, L.R. All authors have read and agreed to
the published version of the manuscript.

Funding: Luca Rosi received funding from Ente Cassa di Risparmio di Firenze (ENFORCE Project,
Ricercatori a Firenze, 2021).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Luca Rosi, Benedetta Ciuffi, and Riccardo Gallorini wish to thank Ente Cassa di
Risparmio di Firenze for the financial support (ENFORCE PROJECT, Ricercatori a Firenze, 2021).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

1. Zhou, J.H,; Shen, G.Z.; Zhu, ].; Yuan, W.K. Terephthalic Acid Hydropurification over Pd/C Catalyst. Stud. Surf. Sci. Catal. 2006,

159, 293-296. [CrossRef]

2. Plastic Europe. Plastics—The Facts 2021. Available online: https://plasticseurope.org/knowledge-hub /plastics-the-facts-2021/.
(accessed on 29 September 2022).


https://www.mdpi.com/article/10.3390/molecules27207112/s1
https://www.mdpi.com/article/10.3390/molecules27207112/s1
http://doi.org/10.1016/s0167-2991(06)81591-0
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/.

Molecules 2022, 27,7112 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

van Leeuwen, PW.N.M. Catalysis, Homogeneous. In Encyclopedia of Physical Science and Technology, 3rd ed.; Elsevier Science Ltd.:
Amsterdam, The Netherlands, 2001; pp. 457-490. [CrossRef]

Prajapati, R.; Kohli, K.; Maity, S.K.; Sharma, B.K. Potential Chemicals from Plastic Wastes. Molecules 2021, 26, 3175. [CrossRef]
[PubMed]

Ciuffi, B.; Chiaramonti, D.; Rizzo, A.M.; Frediani, M.; Rosi, L. A Critical Review of SCWG in the Context of Available Gasification
Technologies for Plastic Waste. Appl. Sci. 2020, 10, 6307. [CrossRef]

Durak, Y.; Genel, H. Hydrothermal conversion of biomass (Xanthium strumarium) to energetic materials and comparison with
other thermochemical methods. . Supercrit. Fluids 2018, 140, 290-293. [CrossRef]

Wang, S.; Zhao, S.; Cheng, X.; Qian, L.; Barati, B.; Gong, X.; Cao, B.; Yuan, C. Study on two-step hydrothermal liquefaction of
macroalgae for improving bio-oil. Bioresour. Technol. 2021, 319, 124176. [CrossRef]

Yuan, C.; Wang, S.; Cao, B.; Hu, Y.; Abomohra, A.E.F; Wang, Q.; Qiuan, L.; Liu, L.; Liu, X.; He, Z.; et al. Optimization of
hydrothermal co-liquefaction of seaweeds with lignocellulosic biomass: Merging 2nd and 3rd generation feedstocks for enhanced
bio-oil production. Energy 2019, 173, 413-422. [CrossRef]

Castello, D.; Pedersen, T.H.; Rosendahl, L.A. Continuous hydrothermal liquefaction of biomass: A critical review. Energies 2018,
11, 3165. [CrossRef]

Pedersen, T.H.; Conti, F. Improving the circular economy via hydrothermal processing of high-density waste plastics. . Waste
Manag. 2017, 68, 24-31. [CrossRef]

Conti, F. Valorization of Waste Fractions through Hydrothermal Liquefaction. Conversion of Plastics, Lignocellulosic Ma-
terials, and Organic Residues into Biocrude and Recovery of Valuable Products. Ph.D. Thesis, Aalborg Universitetsforlag,
Aalborg, Denmark, 2020.

Pavlovic, I; Knez, Z.; Skerget, M. Hydrothermal reactions of agricultural and food processing wastes in sub- and supercritical
water: A review of fundamentals mechanisms, and state of research. J. Agric. Food Chem. 2013, 61, 8003-80025. [CrossRef]
[PubMed]

Savage, P.E. Organic chemical reactions in supercritical water. Chem. Rev. 1999, 99, 603—-622. [CrossRef] [PubMed]
Lachos-Perez, D.; Prado, ].M.; Torres-Mayanga, P.; Forster-Carneiro, T.; Meireles, M.A.A. Supercritical water gasification of
biomass for hydrogen production: Variable of the process. Food Public Health 2015, 5, 92-101. [CrossRef]

Xue, S.; Chen, Y.; Zhao, H.; Yang, W.; Ma, C.; Han, P. A review on the operating conditions of producing bio-oil from hydrothermal
liquefaction of biomass. Int. |. Energy Res. 2016, 40, 865-887. [CrossRef]

dos Passos, ].S.; Glasius, M.; Biller, P. Screening of common synthetic polymers for depolymerization by subcritical hydrothermal
liquefaction. Process Saf. Environ. Prot. 2020, 139, 371-379. [CrossRef]

Darzi, R.; Dubowski, Y.; Posmanik, R. Hydrothermal processing of polyethylene-terephthalate and nylon-6 mixture as a plastic
waste upcycling treatment: A comprehensive multi-phase analysis. Waste Manag. 2022, 143, 223-231. [CrossRef] [PubMed]
Sahajwalla, V.; Zaharia, M.; Kongkarat, S.; Khanna, R.; Rahman, M.; Saha-Chaudhury, N.; O’Kane, P,; Dicker, J.; Skidmore, C.;
Knights, D. Recycling end-of-life polymers in an electric arc furnace steelmaking process: Fundamentals of polymer reactions
with slag and metal. Energy Fuels 2011, 26, 58—66. [CrossRef]

Yang, W.; Liu, R.; Li, C.; Song, Y.; Hu, C. Hydrolysis of waste polyethylene terephthalate catalyzed by easily recyclable terephthalic
acid. Waste Manag. 2021, 135, 267-274. [CrossRef] [PubMed]

Chen, Z.; Hay, ].N.; Jenkins, M.J. FTIR spectroscopic analysis of poly(ethylene terephthalate) on crystallization. Eur. Polym. ].
2012, 48, 1586-1610. [CrossRef]

Panowicz, R.; Konarzewski, M.; Durejko, T.; Szala, M.; Lazinska, M.; Czerwinska, M.; Prasuta, P. Properties of Polyethylene
Terephthalate (PET) after Thermo-Oxidative Aging. Materials 2021, 14, 3833. [CrossRef] [PubMed]

Pritchard, G. Plastics Additives: An A-Z Reference, 1st ed.; Springer Science & Business Media: Berlin, Germany, 1998.
Karthikeyan, N.; Prince, ].J.; Ramalingam, S.; Periandy, S. Electronic [UV-Visible] and vibrational [FT-IR, FT-Raman] investigation
and NMR-mass spectroscopic analysis of terephthalic acid using quantum Gaussian calculations. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2015, 139, 229-242. [CrossRef]

Liu, Y.; Wang, M.; Pan, Z. Catalytic depolymerization of polyethylene terephthalate in hot compressed water. . Supercrit. Fluids
2012, 62, 226-231. [CrossRef]

Ravichandran, S.A.; Rajan, V.P; Aravind, P.V.; Seenivasan, A.; Prakash, D.G.; Ramakrishnan, K. Characterization of Terephthalic
Acid Monomer Recycled from Post-Consumer PET Polymer Bottles. Macromol. Symp. 2016, 361, 30-33. [CrossRef]

Singh, S.; Sharma, S.; Umar, A.; Mehta, S.K.; Bhatti, M.S.; Kansal, S.K. Recycling of Waste Poly(ethylene terephthalate) Bottles by
Alkaline Hydrolysis and Recovery of Pure Nanospindle-Shaped Terephthalic Acid. J. Nanosci. Nanotechnol. 2018, 18, 5804-5809.
[CrossRef] [PubMed]

Zheng, R.; Zhou, Q.; Gu, H,; Jiang, H.; Wu, J.; Jin, Z.; Han, D.; Dai, G.; Chen, R. Copper-catalyzed synthesis of aromatic carboxylic
acids from arylboronic acids and acetyl acetate. Tetrahedron. Lett. 2014, 55, 5671-5675. [CrossRef]

Dunn, ].B.; Burns, M.L.; Hunter, S.E.; Savage, P.E. Hydrothermal stability of aromatic carboxylic acids. . Supercrit. Fluids 2003, 27,
263-274. [CrossRef]

Scheirs, J.; Long, T.E. Modern Polyesters: Chemistry and Technology of Polyesters and Copolyesters, 1st ed.; Wiley Online Library:
Hoboken, NJ, USA, 2004.


http://doi.org/10.1016/B0-12-227410-5/00085-5
http://doi.org/10.3390/molecules26113175
http://www.ncbi.nlm.nih.gov/pubmed/34073300
http://doi.org/10.3390/app10186307
http://doi.org/10.1016/j.supflu.2018.07.005
http://doi.org/10.1016/j.biortech.2020.124176
http://doi.org/10.1016/j.energy.2019.02.091
http://doi.org/10.3390/en11113165
http://doi.org/10.1016/j.wasman.2017.06.002
http://doi.org/10.1021/jf401008a
http://www.ncbi.nlm.nih.gov/pubmed/23848589
http://doi.org/10.1021/cr9700989
http://www.ncbi.nlm.nih.gov/pubmed/11848994
http://doi.org/10.5923/j.fph.20150503.05
http://doi.org/10.1002/er.3473
http://doi.org/10.1016/j.psep.2020.04.040
http://doi.org/10.1016/j.wasman.2022.03.002
http://www.ncbi.nlm.nih.gov/pubmed/35279014
http://doi.org/10.1021/ef201175t
http://doi.org/10.1016/j.wasman.2021.09.009
http://www.ncbi.nlm.nih.gov/pubmed/34555688
http://doi.org/10.1016/j.eurpolymj.2012.06.006
http://doi.org/10.3390/ma14143833
http://www.ncbi.nlm.nih.gov/pubmed/34300752
http://doi.org/10.1016/j.saa.2014.11.112
http://doi.org/10.1016/j.supflu.2011.11.001
http://doi.org/10.1002/masy.201400269
http://doi.org/10.1166/jnn.2018.15363
http://www.ncbi.nlm.nih.gov/pubmed/29458644
http://doi.org/10.1016/j.tetlet.2014.08.090
http://doi.org/10.1016/S0896-8446(02)00241-3

Molecules 2022, 27,7112 14 of 14

30.

31.

32.
33.

34.

Moss, G.P; Smith, P.A.S.; Tavernier, D. Glossary of class names of organic compounds and reactivity intermediates based on
structure (iupac recommendations 1995). Pure Appl. Chem. 1995, 67, 1307-1375. [CrossRef]

Colnik, M.; Knez, Z.; Skerget, M. Sub-and supercritical water for chemical recycling of polyethylene terephthalate waste. Chent.
Eng. Sci. 2021, 233, 116389. [CrossRef]

Aharoni, S.M. Nucleation of PET crystallization by metal hydroxides. J. Appl. Polym. Sci. 1984, 29, 853-865. [CrossRef]
Seshasayee, M.S.; Savage, PE. Oil from plastic via hydrothermal liquefaction: Production and characterization. Appl. Energy 2020,
278, 115673. [CrossRef]

Olam, M.; Karaca, H. Characterization of products obtained of waste polyethylene terephthalate by pyrolysis. Environ. Prog.
Sustain. Energy 2022, 41, €13835. [CrossRef]


http://doi.org/10.1351/pac199567081307
http://doi.org/10.1016/j.ces.2020.116389
http://doi.org/10.1002/app.1984.070290314
http://doi.org/10.1016/j.apenergy.2020.115673
http://doi.org/10.1002/ep.13835

	Introduction 
	Materials and Methods 
	Feedstock 
	Experimental Procedures 
	Determination of the Yields 

	Results and Discussion 
	Feedstock Characterization 
	HTL Product Yields 
	HTL Products Characterization 
	Solid Characterization 
	Oil Characterization 


	Conclusions 
	References

