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The development of an efficient and environmentally sustainable chemical hydrolysis process for re-
cycling waste plastics, based on green chemistry principles, is a key challenge. In this work, we investi-
gated the role of subcritical CO, on the hydrolysis of polyethylene terephthalate (PET) into terephthalic
acid (TPA) at 180-200 °C for 10-100 min. The addition of CO, into the reaction mixture led to the in situ
formation of carbonic acid that helps to catalyze PET hydrolysis relative to hot compressed H,O (i.e. No—
H,O). The highest TPA yield of 85.0 + 1.3% was obtained at 200 °C, PET loading of 2.5 g PET in 20 mL
H,O for 100 min, and 208 psi of initial CO, pressure. In addition, the subcritical CO,—-H,O system
demonstrated high selectivity toward hydrolyzing PET in a mixture with polyethylene (PE) at 200 °C for
100 min, thus providing “molecular sorting” capabilities to the recycling process. The robustness of the
process was also demonstrated by the ability to hydrolyze both colored Canada Dry and transparent Pure
Life® waste PET bottles into high yields of TPA (>86%) at 200 °C. In addition, subcritical CO,—H,O hydro-
lysis of colored PET bottles resulted in a white TPA product similar to that generated from transparent PET
bottles. Overall, this work shows that, under optimized reaction conditions, subcritical CO, can provide
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rsc.li/greenchem acid tunability to the reaction medium to favor waste PET hydrolysis for subsequent recycling.

Hydrolysis of PET into terephthalic acid (TPA) and ethylene
glycol (EG) has received increasing attention because TPA is

1. Introduction
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Plastics have become a common commodity in the global
market and are indispensable to our society. The current
worldwide production of polyethylene terephthalate (PET) is
exceeding 82 million metric tons per year." Despite their wide-
spread use, PET mechanical recycling rates in the US are <19%
and about 80% of waste PET is landfilled.”> To address this
issue, various chemical recycling processes (including solvoly-
sis and thermal depolymerization approaches) have been
actively developed over the past years to produce monomers
from end-of-life PET.*® The produced and purified monomers
can undergo repolymerization to produce recycled PET with
virgin-like properties.*
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the major component in commercial production of PET.® In
the case of acid hydrolysis, mineral acids, such as concentrated
H,S0, and HNO;, are used.””® However, the major limitations
associated with the mineral acid-catalyzed hydrolysis are
severe corrosion issues, the need for highly polar solvents for
TPA recrystallization, and generation of both inorganic salts
and deleterious wastes.'”™" Another important limitation
associated with H,SO,-catalyzed hydrolysis is the carboniz-
ation of the products, notably EG, induced by the strong dehy-
drating effect of the acid, leading to lower reaction yields."*
Neutral hydrolysis is an environmentally-friendly alternative
to acid hydrolysis as it is performed using steam or water in
the presence of water-soluble salts.>'* Pereira et al. studied the
performance of H,O at varying temperatures (190-400 °C) and
pressures (1-35 MPa) on the hydrolysis of both solid and
molten PET."* A high TPA yield (>85%) was observed when
molten PET was hydrolyzed in saturated liquid H,O (311 °C,
10 MPa and 30 min of reaction time). The cleavage of ester
bonds by H,O is promoted by the development of acidity at
high temperatures.’* Marshal and Frank reported that the ion
product (K,,) of H,O increases with temperature and reaches a
maximum of 6.34 x 107", which results in a pH of 5.5 at
220 °C."> Significantly faster hydrolysis rates have been

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/greenchem
http://orcid.org/0000-0003-0109-7169
http://orcid.org/0000-0001-9134-5853
http://orcid.org/0000-0002-3216-1533
https://doi.org/10.1039/d3gc04576e
https://doi.org/10.1039/d3gc04576e
https://doi.org/10.1039/d3gc04576e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc04576e&domain=pdf&date_stamp=2024-05-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc04576e
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026011

Open Access Article. Published on 13 February 2024. Downloaded on 6/14/2026 10:46:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

reported for molten PET than PET in the solid state; thus, reac-
tions performed at temperatures greater than the melting
temperature (Ty,) of the substrate are highly recommended.>"®
Campanelli et al. reported that complete hydrolytic depolymer-
ization of PET into monomer was achieved at 265 °C and with
a H,O:PET ratio >5:1 w/w. However, lower H,O loadings
(H,O: PET ratio of 2 : 1 w/w) resulted in incomplete depolymer-
ization due to the establishment of equilibrium conditions."”
It is worth mentioning that neutral hydrolysis requires high
temperatures (>250 °C) and pressures (1-45 MPa),'® and long
reaction times.'*'®'® In addition, the TPA produced through
neutral hydrolysis has a considerably lower purity than that
produced by acid hydrolysis. This is because impurities
present in the waste PET, including dyes, pigments, metal cata-
lysts, dicarboxylic acids, etc., are not easily separated from the
TPA during reaction, and additional purification steps are
required.>"!

The aforementioned shortcomings associated with both
acid and neutral hydrolysis can be alleviated by the use of CO,.
CO, is known as a green chemical because it is nonflammable,
nontoxic and readily available, and it is applied in diverse
applications.>*>*' One of them is its use in polymer
modification.”>* Due to its plasticization effect, the dis-
solution of CO, in polymers alters their properties at both the
glassy and rubbery states, promotes swelling,”>>’ and
depresses both glass transition and crystallization
temperature,*®*° which can lead to crystallization of amor-
phous regions within the polymer.*' Another application is the
use of CO, for chemical deconstruction of plastics.’* ¢ For
instance, Liu and Yin reported that the addition of CO, to the
supercritical methanolysis of PET resulted in superior
dimethyl terephthalate (DMT) yields (up to 95%) relative to the
process without CO,.>*> Recently, Yu et al. reported that the
addition of 2 MPa of CO, to the ethanolysis of PET resulted in
37% higher product yield in comparision with CO,-free etha-
nolysis.> Li et al. investigated the mechanism of hydrolysis of
waste PET bottles in the presence of a solid super-acid catalyst
(S0,>7/Ti0,) and supercritical CO, (scCO,) and reported that
scCO, improve the efficiency of the process due to its ability to
carry more H,O and H;O' inside the substrate.’” Also, the
hydrolysis of waste bottle PET in WOx/TiO, solid acid catalysts
and scCO, was investigated by Guo et al., who reported that
scCO, promotes the swelling of the substrate and carries H,O
and hydronium ions into the amorphous region of PET
matrix.>?

The dissolution of CO, in H,O provides a tunable acidic
medium through the generation of carbonic acid (H,COj3)
in situ, which loses protons to form bicarbonate (HCO;™) and
later carbonate (CO5>”) anions,*® according to the following
equations:

C02 + 2H20 — HCO3_ + H30+§ HCOg_ + Hzo
— CO;%” +H;0" (1)

The acidity of the subcritical CO,-H,O system is influenced
by the solubility of CO, and dissociation of H,CO; in H,0.*®
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Hunter and Savage reported that at temperatures >150 °C, the
solubility of CO, (at given amount) in H,O increases with
increasing temperature, while the dissociation of H,CO; in
H,O decreases with temperature.*® Thus, overall temperature
dependence of pH in the CO,-H,0 system is much more influ-
enced by the temperature dependence of first dissociation con-
stant (Ka,) than the temperature dependence of dissolution of
CO, in H,O. This indicates that the addition of CO, will be
mostly effective in inducing acid-hydrolysis of PET at tempera-
tures between 150 and 200 °C.*® At constant temperature, the
extent of CO, dissolution in H,O increases with increasing
pressure. Thus, through thermodynamic fine-control (ie.
temperature, pressure and composition), the CO,-H,O reac-
tion mixture can reach pH values low enough to induce clea-
vage of acid-labile ester bonds and provide reaction rates that
are greater than those that occur in hot compressed H,O (no
added CO,) reactions. Unlike mineral acid-catalyzed hydro-
lysis, the acidity of the medium generated by the addition of
CO, does not represent an issue, as the pH of the system
increases when CO, is released.”® In addition, no neutraliz-
ation waste is produced as CO, can be easily recovered and
reused, and equipment corrosion issues are reduced relative to
mineral acids.?®

Although the use of subcritical CO,~H,O mixture for the
processing of many different biomasses (e.g., wheat straw, ele-
phant grass) has been widely reported by our group®*?°~** and
other authors,**™*® to the best of our knowledge, this techno-
logy has been scarcely applied to waste plastics, such as PET.
In this work, the feasibility of subcritical CO,-H,O mixture to
catalyze the hydrolysis of PET was investigated. The effect of
key operational conditions, including CO, pressure, tempera-
ture and residence time on the hydrolysis performance was
investigated to identify optimal conditions. Further, the poten-
tial of this process to selectively hydrolyze PET within a
mixture with other plastics (such as PE), and its robustness to
handle real waste PET substrates (colored and transparent
waste PET bottles) was scrutinized.

2. Experimental section

2.1. Materials

Granular semicrystalline PET (3-5 mm, product code: ES30-
GL-000115), powder semicrystalline PET (300 pm, product
code: ES30-PD-000132), amorphous PET film (product code:
ES30-FM-000145) and polyethylene (150 pm, product code:
ET30-PD-000110) were procured from Goodfellow Corporation
(Pittsburgh, PA, USA). Amorphous PET film was cut into
squares of 1 x 1 cm dimensions before cryogrinding. Colored
Canada Dry soda, Mountain Dew® and Twist Up and transpar-
ent Pure Life® PET bottles were used as examples of colored
and transparent waste PET bottles, respectively. The bottles
were thoroughly washed and dried before usage. Terephthalic
acid (TPA, purity = 99%, #CAS 100-21-0) was obtained from
ACROS Organics (ThermoFisher Scientific, Waltham, MA,
USA). Mono (2-hydroxyethyl) terephthalate (MHET) (95%
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purity, #CAS 1137-99-1) was purchased from AmBeed
(Arlington Heights, IL, USA). Bis(2-hydroxyethyl) terephthalate
(BHET) (#CAS 959-26-2), dimethyl sulfoxide (DMSO) (HPLC
grade, #CAS 67-68-5), methanol (HPLC grade, #CAS 67-56-1),
formic acid (FA) (99% purity, #CAS 64-18-6) sodium hydroxide
(#CAS 1310-73-2), acetonitrile (CH3CN) (HPLC grade, #CAS 75-
05-8), and hydrochloric acid (#CAS 7647-01-0) were obtained
from Sigma-Aldrich (St Louis, MO, USA). The carbon dioxide
(CO,) and nitrogen (N,) of research purity was procured from
Matheson (Irving, TX, USA). All the chemicals were used as-
received.

2.2. PET feedstock preparation

Granular semicrystalline PET was used directly with no
additional sample preparation. Amorphous PET, colored
Canada Dry and transparent Pure Life® waste PET bottles, and
colored waste PET Mountain Dew and Twist Up bottles were
cryoground in a SPEX SamplePrep 6770 Freezer mill at con-
ditions of 10 counts per second (CPS), 10 min precooling,
1 min run time and 1 min cooling. This procedure was per-
formed until a particle size <300 um was achieved. Then, after
cryogrinding, cryoground samples were sieved using a Retsch
vibratory sieve shaker (AS 200) by combining two sieves
(American Standard Test Sieve Series) of different sizes (i.e.
106 um and 300 pm) to obtain a particle size between 106 and
300 pm. Similarly, the pristine powder PET was also sieved
between 106 and 300 pm. The sieved samples were then stored
in sealed glass bottles at room temperature.

2.3. Subcritical CO,-H,O hydrolysis

Subcritical CO,-H,0 hydrolysis experiments were carried out
using a 100 mL Series 4590 micro stirred reactor from Parr
Instrument Company (Moline, IL, USA), equipped with a
thermocouple, flour-blade turbine impeller, heating jacket,
and pressure transducer. Temperature and pressure were con-
trolled using a Parr PID controller (4848). The reactions were
carried out at varying temperatures, notably 180, 190 and
200 °C, initial CO, pressures ranging from 108 to 408 psi and
up to 100 min of residence time. The PET-to-H,O loading of
1:8 (w/w) and an agitation speed of 400 rpm were maintained
constant in all experiments. Prior to the reaction, the autoclave
was flushed 3 times with CO, or N,. Upon reaching set reac-
tion times, the reactor was rapidly cooled down using a water
bath to quench the reaction and CO, (or N,) was released
when the reactor reached room temperature. The reactor con-
tents were filtered under vacuum (Millipore vacuum pump,
model no. WP6111560), using a Whatman filter paper (47 mm
diameter and 0.2 pm pore size), and the volume of the post-
reaction liquid fraction was measured. 200 pl of the filtrate
was diluted in 25 mL of DMSO and analyzed by High-Pressure
Liquid Chromatography (HPLC). Because the TPA is insoluble
in H,O at room temperature, the solid fraction, which
included leftover PET, TPA and other H,O-insoluble products,
was dried in a vacuum oven 40 °C for 48 h. The dried insoluble
solids were further dissolved in DMSO, and filtered to separate
the solid leftover PET from DMSO-soluble products (e.g. TPA,
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MHET, BHET, among others). The DMSO-soluble products
were analyzed by HPLC, while the DMSO-insoluble fraction
was dried in a vacuum oven at 40 °C for 48 h. Both liquid and
solid fractions were analyzed using the procedures presented
below. To analyze the structure and purity of the TPA produced
from waste colored PET bottle using subcritical CO,~-H,0, TPA
was firstly separated from other insoluble products. Initially,
the post-reaction solid fraction was dried in a vacuum oven at
40 °C for 48 h. The dried solid fraction was dissolved in 1 M
NaOH to form a solution of sodium terephthalate (NaTPA) and
filtered. 1 M HCI was added to the filtrate to reprecipitate TPA.
TPA was then thoroughly washed with distillated H,O, and
dried in a vacuum oven at 40 °C for 48 h.

2.4. Combined severity factor

Combined severity factor (CS,co,) includes the effect of mul-
tiple CO,-H,O parameters, including temperature, CO,
pressure, and reaction time into a single equation.”” It has
been applied to optimize the impact of temperature, reaction
time and pH on the reaction outcomes as follows:*

CSPCOZ = IOg(R()) — pH (2)

Overend and Chornet developed a model where both temp-
erature and residence time are combined into a single severity
factor (R,), equivalent to the logarithmic form of eqn (3):*®

t T—Tg
Ro = J e()de (3)
0

where R, is the reaction ordinate, T is temperature in °C, 14.75
is the activation energy under the operational conditions
where the reaction obeys Arrhenius law and follows kinetics of
first order, T is the reference temperature assigned as 100 °C,
and t is residence time in min.***° To account for the addition
of CO, and its impact on the in situ pH, the pH was calculated
according to the following expression developed by Walsum:*’

pH = 8.00 x 107® x T? +0.00209 x T — 0.216 x In(pco,)
+3.92 (4)

where T is temperature (°C) and pco, is partial pressure of CO,
(atm). To calculate the partial pressure of CO,, the Henry’s
constant for CO,-H,0 mixture was used.”” The solubility of
CO, in H,O at varying temperatures and pressures was deter-
mined using ASPEN Plus. CS,co, factor has been extensively
applied in the field of biomass processing,*****”*! and its
applicability for CO,-catalyzed hydrolysis of PET will be for the
first time evaluated in this work.

2.5. Characterization of the liquid fraction

The liquid fraction samples were analyzed using a HPLC
equipped with an Phenomenex Luna® 5 pm C18 (100 A, 150 x
4.6 mm column, Part #00F-4252-E0) at 40 °C and 0.6 mL
min~' flow rate with UV detector at 240 nm.>> A gradient
mobile phase (a combination of 1 wt% FA and CH;CN) was
used with 99% FA and 1% CH;CN and finishing at 60% FA
and 40 wt% CH3;CN in 40 min. The theoretical yield of TPA,

This journal is © The Royal Society of Chemistry 2024
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BHET and MHET was calculated using external calibration
curves performed by measuring the response of the respective
standard compound of known concentration. The theoretical
yield of TPA in the loaded PET was calculated by considering
the molecular weight fraction of TPA within the PET monomer
unit (C;,HgO,), which has a molar mass of 192 g mol .
Similarly, for BHET and MHET, a 254.2 and 210.2 g mol™" of
molar mass was used, respectively. The formulas below were
used to calculate the yield of each product:

mass of TPA obtained

TPAyield =
Y theoretical mass yield of TPA from initial PET
x 100 (5)
. mass of BHET obtained
BHETYyield = ; - Y
theoretical massyield of BHET from initial PET
X 100

(6)

MHETYyield =
mass of MHET obtained (7)

: : T x 1
theoretical massyield of MHET from initial PET

PET conversion was calculated as follows:

PET conversion(%) =
mass of initial PET — mass of unreacted PET (DMSO-insoluble)

mass of initial PET
x 100

(8)

Unknown peaks found in HPLC chromatograms were
identified through Liquid Chromatography-Mass Spectrometry
(LC-MS). LC-MS spectra were acquired on a Waters Acquity
UPLC HClass equipped with a Waters QDa Mass Detector
using a XBridge Peptide BEH C18 XP Column (130 A, 2.5 um,
4.6 mm x 150 mm) using a linear gradient of 95:5 H,0/0.1%
FA: CH3CN/0.1% FA to 5:95 H,0/0.1% FA:CH3;CN/0.1% FA.
Mass spectra were acquired in ESI- and UV traces were
recorded at 254 nm.

2.6. Characterization of solids before and after
depolymerization

2.6.1. Size exclusion chromatography. Weight average
molar mass (M,,) and number average molar mass (M,,) values
of pristine granular semicrystalline PET (M,, = 43.9 kDa, M,, =
32.1 kDa), ground colored Canada Dry (M,, = 48.6 kDa, M, =
35.5 kDa), Mountain Dew® (M,, = 49.0 kDa, M,, = 33.8 kDa)
and Twist Up (M,, = 50.4 kDa, M,, = 36.0 kDa) and transparent
Pure Life® waste (M,, = 37.4 kDa, M,, = 27.6 kDa) PET bottles
were determined by Size Exclusion Chromatography with
Multi-Angle Light Scattering (SEC-MALS). SEC-MALS analysis
was performed using a 1260 Infinity II LC system (Agilent),
three sequential PL HFIPgel 250 x 4.6 mm columns (Agilent),
and a matching guard column. 1,1,1,3,3,3-
Hexafluoroisopropanol (HFIP, Chem-Impex) was filtered
through a 0.1 pm polytetrafluoroethylene (PTFE) filter,
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amended with 20 mM sodium trifluoroacetate (NaTFAc, Sigma
Aldrich, 98% purity), and used as the mobile phase. Samples
were dissolved in this same solvent at a concentration of
approximately 5 mg mL ™", then pushed through 0.2 pm PTFE
syringe filters. The HPLC operating conditions included a flow
rate of 0.35 mL min~', a sample injection volume of 100 uL,
and the Multicolumn Thermostat (MCT) held at 40 °C.
Detectors consisted of a miniDAWN TREOS Multi-Angle Light
Scattering (MALS) detector (Wyatt Technology) used in combi-
nation with a Optilab T-rEX Differential Refractive Index detec-
tor (Wyatt Technology). All calculations were performed using
a differential refractive index (dn/dc) value of 0.257 for PET in
HFIP,>® and Astra software (Wyatt Technology) was used for all
data analysis.

2.6.2. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). Thermal properties and crystalli-
nity of the ground PET and waste bottles PET (before and after
reaction) samples were simultaneously analyzed using a TA
instruments SDT Q600 (New Castle, DE, USA). Approximately
10 mg of sample was loaded on an aluminum crucible and
heated from 25 to 800 °C (TGA) and 25 to 300 °C (DSC) at a
heating rate of 10 °C min~" in N,. An empty aluminum cruci-
ble was used as reference. The percent crystallinity was calcu-
lated from cold crystallization (AH.) and heat of melting
(AH,,) using eqn (9). The reference heat of melting (AH?)) for
100% crystalline PET is 140.1 ] g~ *.>*

AHy, — AH,
Crystallinity(%) = —————= x 100 9
rystallinity(%) = =0 (9)
2.6.3. Field emission scanning electron microscopy

(FESEM). Pristine PET, subcritical CO,-H,O and hot com-
pressed H,O (control)-treated PET samples were mounted on
sticky carbon surface above the aluminum stubs and sputter
coated 4 nm conductive Iridium using EMS150R S sputter
coater (Electron Microscopy Sciences, USA). A S4700 II cFEG
SEM (Hitachi High Technologies-America) was used to image
the surface morphology of the samples. All the SEM data
reported were collected at an acceleration voltage of 5 kV, and
the images were obtained with a secondary electron detector.

3. Results and discussion

3.1. Effect of subcritical CO, loading on PET hydrolysis

To better understand the effect of the subcritical CO,-H,O
system on the hydrolysis of PET, a model substrate of semicrys-
talline, granulate (3-5 mm) PET was selected. Semicrystalline
PET was expected to be more resistant to hydrolysis than amor-
phous PET (crystallinity acts as barrier to moisture and oxygen
diffusion),®® and thus semicrystalline PET can better highlight
the relative robustness of the subcritical CO,~H,O process
toward highly crystalline substrates. Also, we have selected
granulate PET due to the higher resistance to decomposition
relative to powder, thus allowing for insights on potential
mass transfer benefits of the use of subcritical CO,-H,O
system and its robustness. As a control experiment, hot com-

Green Chem., 2024, 26, 6436-6445 | 6439
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Fig. 1 Effect of CO, addition (A) and initial CO, pressure (B) on the hydrolysis of semicrystalline, granulate PET. Reaction conditions: PET to H,O
ratio 1: 8 w/w (2.5 g PET:20 mL H;0), 180 °C, 208 psi of initial pressure (either CO, or N,) for 100 min of residence time (A); PET to H,O ratio 1: 8
w/w (2.5 g PET:20 mL H,0), 180 °C for 100 min residence time (B). Reactions were conducted, at least, in duplicate, and error bars represent stan-
dard deviation. PET conversion is given as mass conversion into DMSO-soluble products.

pressed H,O was used under 208 psi of initial N, pressure.
Fig. 1 (and Table S11) shows the effect of CO, versus N, (as
inert gas) addition at 180 °C for 100 min, and the effect of
initial CO, pressure on the hydrolysis of PET at 180 °C for
100 min.

As shown in Fig. 1A, the addition of CO, resulted in
increased PET depolymerization and product yield relative to
compressed hot H,O (i.e. N,-H,0) control at 180 °C for
100 min. PET was almost completely converted to DMSO-
soluble products (88.8 + 0.5%), and a total product (TPA +
MHET + BHET) yield of 55.7 + 0.3% was reached. It is worth
mentioning that intermediate compounds, such as dimers,
were found at substantial levels after CO,-H,O reactions at
180 °C for 100 min (Fig. S1t). However, in the case of hot com-
pressed H,O, substantially lower PET depolymerization (and
product formation) was observed. These results support the
hypothesis that the dissolution of CO, in H,0, and thus in situ
formation of H,CO; catalyzes the hydrolysis of PET ester
bonds at 180 °C. It is challenging to compare the results
obtained herein with those reported in the literature for
neutral hydrolysis reactions, because of the wide variety of
operational conditions reported and PET substrate properties/
morphologies.'*'®® Pereira et al. have reported a TPA yield
<10% when PET chips from sparking water bottles were hydro-
lyzed at 200 °C for 120 min."® It is worth mentioning that
when we performed hot compressed H,O reactions (in the
absence of N,) a TPA yield <5% was observed at 200 °C for
100 min (Table S2t), which is in good agreement with the find-
ings reported by Pereira et al. who did not use N, to pressurize
the H,O in those experiments.

The impact of CO, pressure (and composition) on the
hydrolysis of PET was evaluated by varying initial CO, pressure
before increasing temperature to 180 °C for 100 min of reac-
tion time. As expected, increasing CO, pressures led to higher
PET conversion into DMSO-soluble products and total product
(i.e. TPA + MHET + BHET) yield (Fig. 1B). However, when the

6440 | Green Chem., 2024, 26, 6436-6445

initial CO, pressure was further increased to 408 psi, the total
product (TPA + MHET + BHET) yield was only 12.7% higher
than that obtained at 308 psi. To better understand the effect
of CO, on product yield, we must understand the effect of
varying CO, pressures on the pH of the system at a given reac-
tion temperature and correlated with the obtained product
yields. It is worth mentioning that the pH calculated herein
does not include the contribution of the generated acidic pro-
ducts, such as TPA. The solubility of TPA in subcritical H,O
was measured by Takebayashi et al., who reported that the
mole fraction of TPA in H,O varies from 0.610 x 10~% and 1.77
x 107% at 174 and 200 °C, respectively.”” Also, Yang et al.
reported the hydrolysis of PET with TPA as a catalyst at
220 °C.”® As shown in Fig. 2, an initial CO, pressure of 108 psi
(calculated pH ~4.17) was sufficient to promote an acidity low
enough to induce acid hydrolysis of PET into its constituents
at 180 °C for 100 min. An increase of initial CO, pressure from
108 to 208 psi decreased the pH from 4.17 to 4.01, and this
small difference in pH increased the TPA and MHET yields
from 12.6 + 1.4% to 39.1 + 0.7% and 7.3 + 0.8 to 14.3 + 1.2%,
respectively. A further increase in CO, pressure from 308 to
408 psi only decreased the pH value from ~3.91 to 3.84, but
allowed for MHET conversion to TPA resulting in a maximum
TPA yield of 73.6 + 0.6% at 180 °C for 100 min. These findings
suggest that slight variations of pH in the medium are crucial
to enhance hydrolysis of PET into TPA.

Additional experiments showed that an increase of PET and
H,O0 loadings (from 2.5 g PET:20 mL H,O to 3.75 g PET:30 g
H,0), while keeping PET:H,O ratio of 1:8 w/w constant,
resulted in a substantial decrease in both PET conversion into
DMSO-soluble products (from 99 to 37.5%) and TPA yield
(from 85 to 7%) at 200 °C, 208 psi of initial CO, pressure for
100 min (Table S3}). In addition, at the same reaction con-
ditions, when PET:H,O ratios were changed from 1:5.3 to
1:8 w/w, while keeping the same H,0 amount (ie., from
3.75 g PET:20 g H,0O to 2.5 g PET:20 g H,0), similar final

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Impact of CO,-induced pH (calculated using eqn (4)) on the
yield of products. Reaction conditions: PET to H,O ratio 1: 8 w/w (2.5 g
PET:20 mL H,0O), 108 (estimated pH = 4.17), 208 (estimated pH = 4.01),
308 (estimated pH = 3.91) and 408 (estimated pH = 3.84) psi of initial
CO, pressure at 180 °C for 100 min of reaction time. Lines were added
to guide the eye. The estimated in situ pH did not include the contri-
bution of other products (e.g., TPA) and assumed the system was under
equilibrium.

pressures, PET conversion into DMSO-soluble products and
TPA yield were observed. These results can be explained by the
fact that the time required to reach equilibrium is highly
dependent on the quantity of H,O introduced into the system
due to the diffusion limitation of CO, in the liquid phase. In
other words, when the system is not under equilibrium con-
ditions, the pH of the solution at reaction conditions will be
less acidic. da Silva et al., found that the performance of sub-
critical CO,-H,O for hydrolyzing wheat straw was also
impacted by the amount of H,O added to the reactor.>
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3.2. Effect of reaction severity on PET hydrolysis

A series of reactions were conducted under variable conditions
of temperature and residence time to assess the performance
of subcritical CO,-H,O to hydrolyze PET into TPA (Fig. 3A and
Table S41). The results show that increasing temperature
favors the rate of conversion of PET to DMSO-soluble products
(TPA + MHET + BHET). For example, a significant increase in
total product yield was obtained for the first 40 min of reaction
by only increasing temperature from 180 to 200 °C.

In addition, TPA was the main compound present in all
reactions, except for the 10 min of reaction time. The amount
of TPA recovered increased with both temperature and reaction
time reaching a maximum of 85.0 + 1.3% at 200 °C for
100 min. Under less severe conditions (e.g., 180 °C for 100 min
and 190 °C for 40 min), BHET and MHET were found in
appreciable amounts. This is expected, as BHET and MHET
are reaction intermediates that are converted to TPA and EG
over time. As shown here, every variable used in the system,
notably temperature, CO, pressure and residence time, con-
tributes in different ways to the severity of the reaction, which
in turn impacts hydrolysis yields. Thus, the use of a combined
severity factor (CS,co,) was further evaluated to predict PET
conversion into DMSO-soluble products and TPA yield upon
CO,-aided hydrolysis.”” The data obtained at temperatures
ranging from 180 to 200 °C and from 10 to 100 min of reaction
time (results from 180 to 200 °C for 10 min were not included
due to negligible amount of TPA formed under those con-
ditions) were used to evaluate the potential correlation
between CSp,co, and TPA yield. As shown in Fig. 3B, the TPA
yield correlates linearly (R* = 0.977) with CS,co,, indicating
that the effect of temperature, CO, pressure, and reaction time
seem to be reasonably well expressed by the combined severity
factor to predict TPA yields.
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Fig. 3 Effect of temperature and reaction time on the performance of CO,—H,O hydrolysis of PET (A). TPA yield as a function of combined severity
factor (CSpco,) (B). Reaction conditions: PET to H,O ratio 1: 8 w/w (2.5 g PET: 20 mL H>O) and 208 psi of initial CO, pressure (A); PET to H,O ratio
1:8 w/w (2.5 g PET:20 mL H,0) and 208 psi of initial CO, pressure at varying temperatures (180, 190 and 200 °C), and residence times (40 and
100 min) (B). Reactions were conducted, at least, in duplicate, and error bars represent standard deviation. The numerical values for both CS,co, and
TPA yield can be found in Table S4.1 Fig. S31 shows the impact of CS,co, on PET conversion. PET conversion is given as mass conversion into

DMSO-soluble products.
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3.3. Morphological characterization of leftover PET upon
CO,-H,O0 reaction

Characterization of morphological changes in the leftover PET
samples (DMSO-insoluble) upon reactions in CO,-H,0 media
would allow one to understand the effect of CO, addition to
H,O0 on the ultrastructure and possible disruption of the PET
surface. Fig. 4 shows the SEM images of pristine PET and left-
over PET after compressed hot H,O (N,-H,0) and CO,-H,0
reactions at 165 °C in non-isothermal conditions. In addition,
Fig. S21 shows additional SEM images of pristine and leftover
PET samples after both hot compressed H,O and subcritical
CO,-H,O0 process at varying operational conditions.

After CO,-H,O process, the PET granulates seemed to
clump together, and the PET surface appeared to be subjected
to morphological changes (Fig. 4C). Both pristine PET and left-
over PET after hot compressed H,O treatment exhibited a tight
and contiguous surface (Fig. 4A and B, respectively), while the
PET after CO,-H,O process showed irregular roughness and
formation of pores (Fig. 4C). These morphological changes
can be explained either by the polymer deconstruction or the
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interaction between the polymer and CO,, and the enhanced
diffusivity of CO, into the amorphous region of the substrate.

3.4. Assessment of subcritical CO,-H,O process robustness

The development of recycling technologies that can effectively
process plastics, regardless of the presence of incompatible poly-
mers, fillers and additives (e.g., stabilizers, pigments and plastici-
zers) is critical for the commercial success of those technologies.
Thus, the subcritical CO,~-H,O system was evaluated for the selec-
tive depolymerization of PET within a mixture of polymers (ie.,
HDPE + PET) and for the performance in recycling colored
Canada Dry relative to transparent Pure Life® waste PET bottles.
A mixture composed of 50:50 w/w powder PET and HDPE
and a substrate-to-H,O ratio of 1:8 ww (25 ¢
substrate : 20 mL H,0) was used to evaluate the selectivity of
the proposed system for “molecular sorting” purposes. As can
be seen in Fig. 5A (Table S5%), both total product and TPA
yields obtained from the 50:50 w/w PET: PE powder mixture
(PET and PE particle sizes were 300 and 150 um, respectively)
were very similar to the one obtained from pure 100% PET

Fig. 4 Scanning electron microscopy of untreated, granulate PET (A), leftover PET samples from hot compressed H,O (i.e. N,—H,O, with 208 psi of
initial N, pressure) reaction (B), and CO,-H,O reaction (208 psi of initial CO, pressure) (C) at 165 °C (non-isothermal conditions). Reaction con-

ditions: PET to H,O ratio 1: 8 w/w (2.5 g PET: 20 mL H,O).

A |
100 |
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Fig. 5 Effect of subcritical CO,—H,O on the hydrolysis of PET within 50 : 50 w/w PET-PE mixture and on colored Canada Dry and transparent Pure
Life® PET bottles (A). Pristine colored Canada Dry and transparent Pure Life® PET soda bottles prior to reaction (B), H,O-insoluble solids after reac-
tion (including TPA, insoluble oligomers, additives and others) (C), and liquid product samples after filtration (D). Reaction conditions: Substrate to
H,O ratio 1: 8 w/w (2.5 g substrate : 20 mL H,0), 200 °C for 100 min and with an initial CO, pressure of 208 psi. Reactions were conducted, at least,

in duplicate, and error bars represent standard deviation.
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(300 um) at 200 °C for 100 min. These findings were highly
expected, as the operational conditions used herein do not
promote the cleavage of C-C bonds in the HDPE, but are
sufficient to promote the hydrolysis of ester bonds in PET.
This shows that the performance of the subcritical CO,-H,0
process, at 200 °C for 100 min, does not seem to be impacted
by the presence of other plastics and it can provide “molecular
sorting” capabilities.

As shown in Table 1 and Fig. S4,1 both colored Canada Dry
and transparent Pure Life® PET bottles show similar crystallinity
content and thermal stability after cryogrinding. Fig. 5A shows
that there were no differences in total product yields between
colored Canada Dry and transparent Pure Life® PET bottles upon
CO,-H,0 processing under identical operational conditions. In
addition, the green pigment initially present in the green Canada
Dry soda bottle cannot be observed in the liquid product
(Fig. 5D) nor in the leftover insoluble solids with the naked eye
(Fig. 5C), resulting in a clean white product like that observed for
the product derived from transparent PET bottle.

The chemical structure and purity of TPA recovered from
colored waste PET bottle was compared with the TPA recovered
from pristine PET through 'H and "*C NMR spectroscopy as
shown in Fig. $5-S8.1 As shown in Fig. S5 and S6,7 "H NMR
spectra of TPA produced from both standard PET and colored
PET bottle showed two singlets with chemical shift at 8.0 and
13.3 ppm corresponding to the aromatic protons of the
benzene ring and COOH proton, respectively.®® Besides the
peaks corresponding to DMSO-d6 (2.50 ppm) and H,O
(3.38 ppm), no other significant peaks were observed in both
"H NMR spectra. "*C NMR spectra of TPA from both standard
PET and colored Canada Dry PET bottle showed three main
peaks corresponding to aromatic carbon (130.1 ppm), quatern-
ary aromatic carbon (135.0 ppm) and carbonyl carbon
(167.1 ppm) atoms of TPA (Fig. S7 and S87).°* The absence of
other peaks in both "H NMR and *C NMR indicate that sub-
critical CO,-H,O is able to produce TPA with high purity. We
further investigated the performance of the CO,~-H,O process
in hydrolyzing other colored waste PET bottles (i.e., Mountain
Dew and Twist Up) (Tables S5, S6, and Fig. S9, S10%) at the
same operational conditions, and similar results to colored
Canada Dry PET bottle has been obtained (Table S5%).
Although the pigments present in the colored PET bottles have
been reported to contain somewhat acidic compounds,®* they
did not significantly impact the performance of subcritical
CO,-H,0 process at the studied conditions. The reason for the
discoloration of the reaction products after subcritical CO,-

Table 1 Crystallinity content, enthalpy of melting (AH,,,), cold crystalli-
zation enthalpy (AH,.) of colored and noncolored PET soda bottles used
in this work

Crystallinity AH,, AH,.
Substrate (%) 0gh)  0g)h
Colored Canada Dry PET bottle 17.9£0.5 25.0£0.7 0
Transparent Pure Life® PET bottle 20.6 + 0.1 29.1£0.0 O

This journal is © The Royal Society of Chemistry 2024
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H,O exposure is still unknown, as the chemical nature of the
green dye in the commercial PET bottles has not been reported
by the manufacturer. However, we hypothesize that the dye is
susceptible to chemical change when exposed to the con-
ditions present in the media during CO,-H,O processing.

4. Conclusions

This work shows the potential of adding subcritical CO, to the
aqueous hydrolysis of PET. The subcritical CO,-H,O process
resulted in a TPA yield of 39.1 + 0.7% (versus 1.7 = 0.4%
obtained in hot H,O control reaction) at 180 °C, PET:H,0
loading of 2.5 g PET:20 g H,O for 100 min. At 200 °C for
100 min, a TPA yield of 85.0 + 1.3% was achieved. In addition,
the performance of subcritical CO,-H,O was not impacted by
the presence of polyolefins within the mixture and/or pig-
ments present in waste PET bottles.
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