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Towards closed-loop recycling of multilayer and
coloured PET plastic waste by alkaline hydrolysis†
Sibel Ügdüler, a Kevin M. Van Geem, b Ruben Denolf,a Martijn Roosen,a
Nicolas Mys,a,c Kim Ragaertc and Steven De Meester*a
The vast increase in the generation of post-consumer PET plastic waste, as well as fast increasing pledges
of brand owners around the world to include recycled content have resulted in a pressing need for
eﬃcient recycling processes, such as chemical depolymerization. Although recycling rates of PET bottles
are high, those of PET trays and ﬁlms are still signiﬁcantly lower due to the broad range of colours and
multilayer structures, as well as due to a much poorer collection. In this study, a two-step aqueous alkaline hydrolysis was carried out on diﬀerent types of real PET plastic waste under mild conditions (≤80 °C
under atmospheric pressure). Reaction conditions such as temperature (50–80 °C), ethanol to water ratio
(20–100 vol%), NaOH amount (5–15 wt%) and stirring rate (250–500 rpm) have been optimized by using
pure PET pellets in order to maximize the product yield. At optimal conditions (60 : 40 vol% EtOH : H2O,
5 wt% NaOH and at 80 °C) product yields on a mass basis of approximately 95% have been achieved in
less than 20 minutes. The purity of the obtained monomers, ethylene glycol (EG) and terephthalic acid
(TPA), was characterized by NMR, UV-VIS and FTIR measurements. The experimental kinetic data are represented adequately using the diﬀusion model. Experiments performed at optimal conditions with
diﬀerent types of post-consumer plastic waste, revealed that the degradation rate increases inversely proportional to the particle size. Furthermore, the increased thickness of the samples and the presence of
multilayers reduce the decomposition yield with a factor two as observed for monolayer (80%) versus
multilayer PET trays (45%). In addition to transparent multilayer PET samples, by using the optimized alka-
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line hydrolysis with further cleaning processes diﬀerent types of colours, including carbon black are
removed from the hydrolysate successfully. A life cycle assessment (LCA) shows that the key to lower the
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carbon emissions is keeping the energy consumption low by increasing the solid/liquid (S/L) ratio and
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avoiding excess water addition during monomer puriﬁcation.

1.

Introduction

Polyethylene terephthalate (PET) exists both as a semi-crystalline and an amorphous thermoplastic polyester mainly used in
textiles and packaging due to its good physicochemical properties such as lightweight, good heat resistance and dimensional stability, resistance towards chemicals, among others.1
PET is best known as a monolayer “clear plastic” widely used
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for (carbonated) beverage containers. Beside monolayer
bottles, PET is extensively laminated with other types of polymers such as polyolefins and ethylene vinyl alcohol (EVOH)
especially in food packaging applications, as it has a limited
properties related to permeation of oxygen and sealing.2
Generally, post-consumer plastics have very low recycling
rates. However, PET is one of the most recycled materials; in
2017 more than 57% of PET bottles were recycled in Europe.3
Especially transparent PET bottles have high collecting and recycling rates over Europe, but recycling rates for opaque PET
bottles, PET trays and films are significantly lower due to the
broad range of colours, additives, multilayer structure, labels
and other complexities.4 Therefore, they are mainly disposed
of in landfill or incineration because it is not possible to
obtain a secondary raw material with a high value by using the
typical mechanical recycling processes.5,6
PET can be recycled or recovered via four pathways, namely
primary recycling, secondary recycling, chemical recycling and
incineration.7 Primary recycling focuses on mainly uncontami-
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nated industrial scrap that can be recycled purely or mixed
with a virgin material to increase the product quality.
Secondary recycling is a mechanical recycling process which
passes through a series of contaminant removal, drying and
reprocessing steps. This process is common practice for
closed-loop recycling of PET bottles, or recycling of bottles to
fibers. Although this process is simple and requires relatively
low investments, the generation of cyclic and linear oligomers
during the melting processing causes around 30% reduction
in PET melt viscosity.8 In addition, these mechanical pretreatment steps are often imperfect, which can lead to quality
deteriorations. Especially for the more complex PET waste
streams such as PET trays, mechanical recycling is even hardly
possible, or only towards open-loop recycling (often called
downcycling) applications. Incineration is an option for energy
recovery, but whereas this method generates a certain amount
of energy, it does not fit in the circular economy strategy.9 It is
thus clear that there is a need for an eﬃcient recycling of
complex PET plastics waste. Chemical recycling is therefore a
promising option in which polymers are broken down into its
monomers, as such allowing the production of virgin PET
which can be used in closed-loop applications after depolymerization. Within chemical recycling processes of PET, several
options are possible such as hydrolysis, alcoholysis, aminolysis
depending on the type of reagent used during chemical degradation.10 There are also other techniques where e.g. pyrolysis,
supercritical fluids, enzymes are used, but they are currently at
an early research stage.11 Among the chemical methods, glycolysis which is a method of alcoholysis using ethylene glycol,
is the oldest and most common method in industry.11,12 For
example, Ioniqa (The Netherlands) is developing a glycolysis
technology for PET bottles and polyester fibers by using magnetic ionic fluids and a catalyst.13 Although Ioniqa process
oﬀers an alternative to incineration, the results of a first
screening life cycle assessment (LCA) show that it is not easy
to decrease the environmental impact of the process compared
to mechanical recycling.14 Similarly Garbo (Italy), developed in
2017 a glycolysis technology with a specific purification
system, called ChemPET, to depolymerize PET waste including
fabrics.5 IFPEN Axens (France), JEPLAN (Japan) and PerPETual
Global Technologies (UK) also recycle PET waste through
glycolysis.15–17 Methanolysis is another commonly used alcoholysis method which is based on degradation of PET by
using methanol at high temperatures under high pressures.10
For instance, Loop industries (Canada) use methanolysis to
depolymerize PET waste to PET resins and fibers.18 Eastman
(USA) is also currently performing feasibility tests to commercialize a methanolysis facility to recycle PET waste.19 In
addition to glycolysis and methanolysis, DEMETO technology
used by GR3N (Switzerland) depolymerizes a broad range of
diﬀerent types of PET through hydrolysis by using microwaves.20 In contrast to using simple alcohols and/or water as
a reagent for PET degradation, Rampf Eco Solutions
(Germany) uses polyols to degrade PET to high quality and
multi-functional PET-based polyols with potential environmental and economic benefits.21
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Although chemical recycling of PET is increasing to enable
for the production of PET designated for high-end applications, even at industrial scale, little fundamental information is available in the scientific literature related to these
type of reactions. Especially the kinetics of chemical recycling
on real plastic waste streams is not commonly understood.
Among PET degradation methods, kinetics of the PET glycolysis have been studied vastly.22–26 According to these studies,
after glycolysis, monomer recoveries are low (∼25%) even in
the presence of catalysts.11 Moreover, the purification of monomers is problematic due to the occurrence of oligomers during
degradation.27 On the other hand, high recoveries (∼90%) can
be obtained through methanolysis, but generally very harsh
degradation conditions are used and purification step is not
always straightforward due to complex mixture of glycols,
phthalate derivatives and alcohols in the reaction
medium.28,29 In addition, the presence of water in the methanolysis process causes deterioration of the catalyst and formation of various azeotropes resulting in a decrease in the
monomer purity.30,31 Hydrolysis is an alternative method,
which is sometimes discarded due to inevitable formation of
salt, but on the other hand it can be performed in mild conditions and it can tolerate highly contaminated post-consumer
waste. Furthermore, the purity and yield of obtained monomers is often higher.11 An overview of yields and conditions of
diﬀerent chemical depolymerization methods of PET is shown
in Table 1.
The hydrolysis of PET can be categorized as neutral, acidic
and alkaline hydrolysis.10 Acidic hydrolysis generally gives
high yields of terephthalic acid (TPA) monomer, but the use of
high amounts of acids makes the process very costly and also
aﬀects the purity of ethylene glycol (EG) adversely.12 Similarly,
in the eco-friendly neutral hydrolysis all mechanical impurities
present in the polymer stay in the TPA, as such aﬀecting the
purity of TPA.10,11 Therefore, as an alternative, alkaline hydrolysis of PET has been studied. In many of these studies either
extreme degradation conditions e.g. high temperatures and
pressure are applied or catalysts are used.27,32,34,45–49 To the
best of our knowledge there is no detailed kinetic study available on the alkaline hydrolysis of PET in mild degradation conditions. Furthermore, in many scientific studies pure PET
pellets are used related to chemical degradation of PET, which
is typically diﬀerent compared to more complex real plastic
waste streams, that diﬀer in composition and shape, amongst
others.
The purposes of this study:
• To investigate the parameters aﬀecting the PET degradation rate such as temperature, ethanol to water ratio, weight
percentage of NaOH and stirring rate, among others via
GC-FID measurements by following the concentration increase
of EG in the solution during alkaline hydrolysis. After hydrolysis, the purity of the monomers is also characterized via
NMR, UV-VIS and FTIR measurements.
• To determine the best-fit kinetic model for the experimental kinetic data of PET hydrolysis. By using this kinetic
model, the eﬀect of particle size, thickness of the PET samples

Green Chem., 2020, 22, 5376–5394 | 5377

View Article Online

Paper

Open Access Article. Published on 27 July 2020. Downloaded on 10/22/2020 9:13:37 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Table 1

Green Chemistry
Literature overview of PET degradation conditions and yields through hydrolysis, glycolysis and methanolysis

Method

Catalyst

Temperature (°C)

Pressure (bar)

Time (h)

Yield (%)

Ref.

Hydrolysis

None
Cyclo hexylamine
None
None
Tetrabutyl ammonium bromide

200
90
110
99
90–98

1
1
1
1
1

1
2
0.5
2.5
<1

97.9
85.1
89
85
99

27
32
33
34
35

Glycolysis

Zinc acetate
Tetragonal
None
Zinc sulfate
Didymium chloride

196
260
300
80–200
196

1
5
11
1
1

2
1.5
0.4–0.8
15
9

66
92.2
0.3
25
72

36
37
38
39
40

Methanolysis

None
None
Zinc acetate
None
Aluminium triisopropoxide

270
300–350
250–270
300
200

1–150
200
85–140
9.8
Not given

1.5
2
1
1.5
2

60
80
60–95
80
88

41
42
43
44
29

and the presence of multilayers on the kinetic rate constant is
shown.
• To present a holistic study on mild hydrolysis of PET,
studying reaction kinetics of diﬀerent types of real PET waste
streams including monolayer and multilayer PET plastic waste.
The advantage of using the proposed mild conditions is that
ethylene glycol (EG) and terephthalic acid (TPA), are obtained,
whilst maintaining other polymers e.g. polyolefins that are
often present in multilayer structures with PET and that would
cause problems due to e.g. melting in high temperature processes such as glycolysis. Our proposed process is thus able to
work on PET waste streams such as bottles, as well as on multilayer structures such as films and trays, often containing PE.
• To test the alkaline hydrolysis at optimal experimental
conditions on the highly coloured PET plastic waste including
carbon black to show its potential towards closed-loop recycling of complex PET waste. In order to evaluate the carbon
footprint of this proposed PET hydrolysis process, a life cycle
assessment (LCA) has also been performed on two hydrolysis
scenarios at diﬀerent solid/liquid (S/L) ratios based on performed experiments and ASPEN simulations.

2. Materials and methods
2.1.

PET samples, chemicals and reagents

For the baseline experiments, PET pellets (Lighter™ C93) were
obtained from Equipolymers. For further experiments, flakes
were prepared from transparent, coloured, mono and multilayer post-consumer PET trays and films and also from clear
PET water bottles whose caps, labels and glue had been
removed. Samples were first washed with a detergent to
remove any surface impurities and oil components and subsequently washed with water and dried in an oven overnight at
50 °C. All the samples were cut with a cryogenic rotary cutter
(MDS 340/150 Hellweg Maschinenbau) to reduce the particle
size to 5 mm. These samples were further separated to a range
of particle sizes as lower than 0.5 millimeter (mm), 0.5–1 mm,
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1–1.6 mm, 2–2.5 mm, 2.5–3.15 mm and higher than 3.15 mm
by using sieves with diﬀerent mesh sizes. Post-consumer PET
samples with 1 cm and 4 cm were cut manually. The intrinsic
viscosity of PET pellets was measured via Ubbelohde viscometer at 25 °C in a solution consisting of 60/40 (w/w) phenol/
1,1,2,2-tetrachloroethane mixture. From the intrinsic viscosity
(IV) (dL g−1), the number average molecular weight (M) was
calculated from the following equation:50
M ¼ 3:61  102 IV1:46

ð1Þ

The anhydrous EG, 1,3-propanediol, dimethyl sulfoxide
(DMSO), sulphuric acid, ethanol, sodium hydroxide (NaOH),
potassium bromide (KBr) were supplied by Sigma Aldrich
(Merck). These chemical compounds were used without any
purification.
2.2.

Alkaline hydrolysis experiments

PET flakes were hydrolyzed in an aqueous alkaline medium
without a catalyst at atmospheric pressure to yield disodium
terephthalate (Na2TP) salt and EG. Afterwards, the solution
was acidified to transform the Na2TP salt to TPA monomer,
based on the chemical reaction as shown in Scheme 1.
PET alkaline hydrolysis experiments were carried out in a
three-necked round bottom flask equipped with a condenser
and an agitator for stirring. The 100 mL flask containing
sodium hydroxide (NaOH) and water : ethanol mixture was
placed into an oil bath at room temperature and preheated to
the selected temperature prior to the addition of PET flakes in
order to minimize the delays to reach the specified temperature at atmospheric pressure. After a specified time interval,
the flask was removed from the oil bath and quenched in an
ice bath to stop the progress of the PET hydrolysis. Afterwards,
the residual PET flakes were separated by filtration, washed,
dried overnight at 60 °C and weighed. Sulfuric acid was added
to the filtrate in order to convert disodium terephthalate to
solid terephthalic acid (TPA) monomer and then separated via
filtration. The solid TPA is further washed with deionized
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Scheme 1

Alkaline hydrolysis of PET in the presence of NaOH, EtOH and water.

Scheme 2

Experimental set-up of PET alkaline hydrolysis.

water and dried at 60 °C. This experimental set-up is shown in
Scheme 2.
In order to investigate the eﬀect of degradation conditions,
kinetic studies were performed by conducting alkaline hydrolysis at diﬀerent experimental conditions as shown in Table 2.
In these screening experiments, low temperatures (50 and
80 °C) were used in order to be able to separate polyolefins
without causing any degradation or melting in case of multilayer PET samples. In order to achieve high conversion yields,
NaOH amount was also optimized by testing three diﬀerent
NaOH concentrations: 5, 10 and 15 wt%. In addition, ethanol
is mixed with water at diﬀerent volume ratios, 20, 60 and 100
vol%, in order to assess its eﬃciency as a co-solvent. The eﬀect
of stirring rate was also tested under these experimental con-

Table 2 Experimental conditions of alkaline hydrolysis runs carried out
in kinetic studies

# of experiment

T (°C)

NaOH wt%

EtOH vol%

1
2
3
4
5
6
7
8
9
10
11
12

80 °C
80 °C
80 °C
80 °C
80 °C
80 °C
80 °C
80 °C
50 °C
50 °C
50 °C
50 °C

10
5
5
15
10
10
15
5
15
10
10
5

60
60
100
60
20
100
20
20
60
20
100
60
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ditions by stirring with a magnetic stirrer at 250 rpm and with
an agitator at 500 rpm.
During the kinetic study, at every specific time interval, an
aliquot of liquid sample was collected from the hydrolysis
solution to measure the ethylene glycol concentration in order
to follow the hydrolysis rate. The sample was then transferred
into a vial and immersed in an ice bath to interrupt the hydrolysis process. Afterwards, 1,3-propanediol as an internal standard was added to each vial and injected to the GC-FID for
analysis. Instrumental conditions are indicated in section 2.3.
The resulted chromatogram, shown in Appendix, Fig. A2† was
elaborated with known EG concentrations to quantify the
amount of EG formed by time during kinetic studies. The
sequence of kinetic studies is shown in Scheme 3. Based on
obtained kinetic data, the yield (Y) was calculated according to
the following equation:
Yð%Þ ¼

WEG;f =MWEG
 100
WPET;0 =MWPET

ð2Þ

where WEG,f (g) and WPET,0 (g) refer to the weight of EG at a
specific reaction time and initial weight of PET, respectively.
MWPET and MWEG are the molecular weights of PET repeating
unit (192 g mol−1) and EG (62 g mol−1), respectively.
In most studies the PET degradation yield is determined
gravimetrically through weights of residual PET or TPA
obtained after purification by using the following formula:
PETconversion ð%Þ ¼

0
t
WPET
 WPET
 100
0
WPET

ð3Þ
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Scheme 3

Green Chemistry

Sequence of kinetic studies performed during alkaline hydrolysis to quantify ethylene glycol.

where W0PET (g) and WtPET (g) refer to initial weight of PET and
PET weight at a specific reaction time, respectively.
Compared to a chromatographic analysis a gravimetric
method has diﬃculties to quantify the amount of solid product
obtained at a specific time and also generally lower yields are
obtained due to inevitable weight losses during filtration. To
confirm our chromatographic analysis the yields of some experiments were measured by using both methods and it is confirmed that yields obtained through gravimetric method is
lower, but still our results are in the same order of magnitude,
as shown in Table 3. Therefore, in this study the yield is calculated through GC-FID measurements by following the increase
in EG concentration during degradation. In this way faster and
more accurate data is obtained at diﬀerent time intervals.
Once the degradation conditions were optimized based on
the results of the conditions indicated in Table 2, kinetic
studies were performed on real post-consumer samples from
bottles, transparent monolayer and multilayer PET with
diﬀerent particle sizes. In order to investigate the eﬀect of particle size on the degradation rate, shredded samples were
grouped into seven diﬀerent particle size ranges: lower than

0.05 cm, 0.05–0.1 cm, 0.1–0.16 cm, 0.2–0.25 cm,
0.25–0.315 cm, 1 cm and 4 cm. A broad range of PET particle
sizes was chosen to test the eﬃciency of current PET bottle recycling plants which typically use 1.2–1.8 cm of PET flakes.51
For each sample, two-step alkaline hydrolysis were conducted
at optimal degradation conditions. During hydrolysis, liquid
samples were collected at every specific time interval to be
injected into GC-FID. Based on the measurements, PET conversion was calculated for each sample by using eqn (2).
Regarding multilayer PET samples, since the measured weight
includes PET and also other polymer layers (LDPE and EVOH),
correction on the weight of PET sample was made by considering the thickness of the PET layer obtained through POM
images (section 2.3). In addition, during manufacturing of
PET samples, some additives might be added to improve their
physico-chemical properties. Therefore, additive adjustment
was also applied by subtracting 5 wt% from the total weight of
PET samples based on the literature.52,53 The total weight correction applied on the multilayer PET samples to calculate the
theoretical PET weight undergoing hydrolysis is calculated via
following formula:




mtotal
weight of PET ¼
 tPET  ρPET  ðmtotal  5%Þ
ðρPET  tPET Þ þ ðρLDPE  tLDPE Þ þ ðρEVOH  tEVOH Þ

Table 3 Comparison of PET conversion (%) at three diﬀerent experimental conditions with 0.02 g mL−1 of 80 µm PET resin, stirring with a
magnetic stirrer at 250 rpm determined through two diﬀerent methods:
(i) gravimetric, weighing unreacted PET amount, (ii) chromatographic,
through GC-FID measurements

Reaction time (min)

PET conversion (%)
(gravimetric
determination)

# 1 (10 wt% NaOH, 60 vol% EtOH at 80 °C)
10
57
15
60
20
64
# 2 (5 wt% NaOH, 60 vol% EtOH at 80 °C)
10
85
15
89
20
93
# 12 (5 wt% NaOH, 60 vol% EtOH at 50 °C)
20
63

5380 | Green Chem., 2020, 22, 5376–5394

PET conversion (%)
(chromatographic
determination)
60
63
68
88
91
95
65

ð4Þ

where mtotal (g) is the weight of multilayer PET sample,
ρPET, ρLDPE and ρEVOH (g cm−3) are the density of PET, LDPE
and EVOH, respectively. tPET, tLDPE and tEVOH (cm) are the
thicknesses of PET, LDPE and EVOH polymer layers,
respectively.
After alkaline hydrolysis of PET waste, unreacted LDPE
polymer films were separated from the solution via vacuum filtration and the filtrate was acidified with concentrated sulphuric acid. In the case of black PET samples, the black pigments
were removed due to their insolubility in an aqueous medium.
A suﬃcient amount of water was added to the solution to solubilize the precipitated Na2TP and then the solution was centrifuged at 2000 rpm for 20 min or filtered by using a cellulose
membrane with 0.1 µm pore size. This allows to separate black
pigments having particle size typically between 8 and 100 µm,
from the solution which was thereafter acidified to obtain pure
white TPA monomer.54
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2.3. Characterization of depolymerized monomers and PET
waste
The concentration and the quality of EG were investigated by
using an Agilent Technologies 7820A Gas ChromatographyFlame Ionization Detector (GC-FID). EZ Chrom Elite software
was used to automatically control the instrument, integrate
the peak area and calculate concentrations. A J&W 121-7022
DB-Wax column, 20 m × 0.18 mm ID × 0.18 µm DF from
Agilent and Sigma-Aldrich 2048605 4 mm ID split/splitless
wool packed inlet liner were used. The oven temperature
program was adjusted by a hold at 130 °C for 6 min, then the
temperature ramped from 130 °C to 250 °C at 10 °C min−1, followed by a hold at 250 °C for 2 min. Inlet and detector temperatures were 260 °C; the helium flow through the column was
25 ml min−1; the flow rates in the detector were 300 mL min−1
for air and 30 mL min−1 for hydrogen. The flow rate for
helium makeup gas was 5 mL min−1 and the sample injection
volume was 1 µL. Under these parameters, peak times for EG
and the 1,3-propanediol internal standard were 3.6 min,
6.2 min, respectively. Total time required for the analysis was
20 minutes. Relative standard deviation has been calculated
between duplicate measurements and they are shown in the
PET conversion figures.
The chemical structure of the obtained TPA was verified via
proton-Nuclear Magnetic Resonance (1H-NMR) spectra
recorded on Bruker Avance 300 Ultrashield at room temperature by using DMSO-d6 as a solvent. In addition, Shimadzu
UV-1280 UV-VIS spectrophotometer was used to qualify the
obtained TPA monomer and also to investigate the solubility
of Na2TP in function of temperature under the optimal degradation conditions. Furthermore, the purity of TPA was investigated through determination of its acid value by using the following formula:34
Acid value ¼ 5:611 

volume of 0:1 NKOH in mL
weight of sample in g

ð5Þ

To do this, around 1 g of TPA is weighed to into a 250 ml
conical flask and dissolved with 25 mL of pyridine under controlled heating. In addition to pyridine, alternative green solvents can be used, such as dimethyl sulfoxide (DMSO) or ionic
liquids e.g. 1-butyl-3-methylimidazolium acetate and 1-ethyl-3methylimidazolium diethylphosphate.55,56 Afterwards the
content of the flask is titrated with 0.5 N KOH solution to a
phenolphthalein endpoint. 1H-NMR and UV-VIS spectra of
obtained TPA after degradation are shown in Appendix,
Fig. A1.†
Regarding multilayer PET samples, the composition of the
samples and the thickness of each polymer layer was determined by making microtome cuts of 15 µm using a Leica RM
2245 microtome and then by placing the samples in Canada
balsam and conditioning them for 24 h under a bench press.
The samples were thereafter analysed using Polarized Optical
Microscopy (POM) on a Keyence VHX-500F microscope. In
addition, crystallinity of each sample was calculated through
Diﬀerential Scanning Calorimetry (DSC) measurements by

This journal is © The Royal Society of Chemistry 2020

Table 4 Thickness, speciﬁc surface area (based on 1 × 1 cm of sample)
and crystallinity of each PET sample used in alkaline hydrolysis

Type of PET

Thickness
(mm)

Specific surface
area (m2 g−1)

Crystallinity
(%)

Multilayer tray
Multilayer film
Bottle
Monolayer tray
Monolayer film
Pure PET pellets

0.35
0.045
0.27
0.16
0.035
2.5

0.0025
0.0192
0.0062
0.0052
0.0213
0.0003

7.26
12.49
33.15
11.73
30.77
41.28

using a NETZSCH Polyma DSC 214 under N2 atmosphere with
a flow of 20 mL min−1. Each sample was heated starting from
20 °C till 300 °C then cooled to 50 °C and again heated to
300 °C at a heating/cooling rate of 10 °C min−1. The crystallinity of PET samples was calculated via following formula:57


W
 100
ð6Þ
XC ¼ ðΔHm  ΔHcc Þ=ΔHm
where, Xc is the crystallinity (%), ΔHm (J g−1) and ΔHcc (J g−1)
are the measured melt and cold crystallization enthalpy of
PET, respectively, and ΔH°m = 140.1 J g−1 is the melting
enthalpy of 100% crystalline PET.58
Based on these measurements, the total thickness of each
PET sample and their specific surface area are shown in
Table 4 together with their crystallinity.
The outer layers of the PET samples were also confirmed
via Fourier-Transform Infrared spectroscopy (FTIR) on a
Bruker Tensor 27 FTIR spectrometer. The results of these
measurements are indicated in Fig. 1.
The transformation of ester bonds in Na2TP to the TPA
after acidification was confirmed via FTIR spectrometer using
KBr pellets. Pellets were prepared by using 0.250 ± 0.010 g fine
KBr powder which was put into a pellet-forming die and subsequently subjected to a force of approximately 10 tons. By
release of force, transparent 13 mm-diameter pellets were
obtained. Afterwards, 35 µl aliquot of liquid samples, collected
from the reaction medium at every specific time interval, were
placed on each prepared KBr pellet and dried for 15 minutes
using an infrared lamp. The TPA sample was prepared by
mixing with pure KBr powder in 1 : 100 weight ratio. The FTIR
measurements were recorded using the Omnic software in the
range of 4000–400 cm−1, at resolution of 4 cm−1 and with 32
scans. For each FTIR analysis, automatic smooth and baseline
correction was applied. The obtained spectra are shown in
Fig. A6.†

3. Results and discussion
3.1. Eﬀect of the reaction parameters on the PET degradation
rate
In order to investigate the optimal degradation conditions, 2 g
of PET flakes with 500 µm particle size were depolymerized in
100 mL of a sodium hydroxide solution under continuous stirring with a magnetic stirrer at 250 rpm based on the experimental conditions as shown in Table 2. For each experiment,
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Fig. 1 (a) FTIR spectra of both sides of multilayer PET tray and its POM image (b) FTIR spectra of both sides of multilayer PET ﬁlm and its POM
image.

Fig. 2 PET conversion at diﬀerent experimental conditions (0.02 g mL−1 PET ﬂake with 500 µm particle size, stirring at 250 rpm with a magnetic
stirrer).

the obtained PET conversions were plotted as a function of
reaction time and shown in Fig. 2.
Fig. 2 shows that the amount of PET converted to its monomers increases as the temperature rises from 50 °C to 80 °C.

5382 | Green Chem., 2020, 22, 5376–5394

For example, PET conversion yield at 50 °C with 10 wt% of
NaOH and 20 vol% of EtOH (#10) is 10% after 2 h, while this
amount increases to 48% at 80 °C (#5). The NaOH concentration was also found to be a critical parameter in the hydro-
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lysis. When experiments # 5, 7 and 8 conducted with 10, 15
and 5 wt% of NaOH respectively (at 80 °C and 20 vol% EtOH),
are compared, it is observed that PET degradation yield
increases from 35% to 58% with the increase in NaOH concentration from 5 to 10 wt%. However, further increase in the
NaOH wt% results in decrease of the PET conversion yield.
This might be due to possible deposition of excess NaOH on
the PET sample surface, which acts as a blocking organic film
during the hydrolysis reaction, making it diﬃcult for hydroxide ions to access new carbonyl carbons in unreacted PET and,
consequently, reducing the eﬃciency of hydrolysis reaction.
Furthermore, Fig. 2 shows that the EtOH to water volume ratio
also has an important eﬀect on the PET conversion. With a
change in the volume percentage of EtOH from 20 vol% to 60
vol%, the yield increases significantly as from 30% to 95% (#2
and 8, respectively), most likely due to higher solubility of EG
in EtOH compared to water. However, it is noticed that using
100 vol% EtOH during PET degradation causes lower yields
compared to using 60 vol% of EtOH. This might be due to
higher solubility of Na2TP in water, which is 13.26 wt% at
40 °C.59 A mix of both solvents thus increase the degradation
rate.
During PET degradation, mass transfer between the solid
and liquid phase might also be a limiting factor on the hydrolysis rate. To support this hypothesis, the same experiments as
mentioned in Table 2 were also performed by stirring with an
agitator at 500 rpm and the obtained results were compared
with those obtained by stirring with a magnetic stirrer at 250
rpm (Table 5).
As seen in Table 5, due to facilitating mass transfer with rigorous stirring, the rate of PET conversion increased substantially compared to that obtained with a magnetic stirrer at 250
rpm. It is also noticed that PET conversion at 50 °C did not
show significant changes at higher stirring rate due to insuﬃcient thermal energy to activate PET hydrolysis. In addition,
since glass transition temperature (Tg) of PET is around 80 °C,
at 50 °C amorphous region of the PET sample will not be able
to undergo transition from glassy to rubbery state, which
might also have an eﬀect on the degradation rate. Based on
these performed screening experiments, it can be concluded

that all studied parameters, temperature, NaOH and EtOH
concentration and turbulence influence the reaction rate.
Among these parameters, ethanol to water ratio and stirring
rate has more dominant eﬀect on the hydrolysis rate.
Furthermore, since Na2TP salt might precipitate during degradation depending on the amount of PET used, we have validated that precipitation of the salt is not a limiting factor on
diﬀusion and PET degradation rate depends only on the reactants (Appendix A.1). Based on these results, the highest yield
is obtained with 500 rpm stirring rate via an agitator, at 80 °C
and in a solution containing 5 wt% NaOH and 60 : 40
EtOH : H2O mixture. These conditions will therefore be used in
the alkaline hydrolysis of post-consumer PET plastic waste.
3.2.

Best-fit kinetic model

Polymer degradation is a complex process in which chemical
reactions or physical changes are occurring simultaneously.
Most of the kinetic studies on PET depolymerization are based
on an reversible polycondensation reaction. Therefore, often
conventional nth-order kinetics describing the polymerization
to form PET ester linkages, are used for hydrolysis. Although
adopting the kinetic model of PET polycondensation for the
depolymerization simplifies the kinetic rate calculations, these
homogeneous nth-order kinetic models discard possible consequences of a polymeric and heterogeneous system.60
Therefore, in this study we use solid-state kinetic models for
PET depolymerization instead of other heterogeneous kinetic
modeling approaches. In solid-state kinetics, mechanistic
interpretations are made by identifying a reasonable reaction
model.61 These models are generally categorized based on the
graphical shape of mechanistic assumptions. Due to these
graphical presentations so called “master plots”, the most
appropriate model can easily be determined based on the best
superimposition of a particular data set on a kinetic model.
The model is derived based on diﬀerent reaction mechanisms
which include reaction-order, diﬀusion, nucleation and geometrical contraction.60 Šesták and Berggren62 have suggested
the following general expression:
gðαÞ ¼ α m ð1  αÞn ðlnð1  αÞÞp

ð7Þ

Table 5 PET conversion (%) obtained after 20 minutes of alkaline hydrolysis under diﬀerent experimental conditions at 250 and 500 rpm stirring
rate via a magnetic stirrer and an agitator, respectively (2 g of 500 µm particle size PET in 100 mL liquid in all experiments)

# of experiment

Experimental conditions

PET conversion (%)
with 250 rpm

PET conversion (%)
with 500 rpm

1
2
3
4
5
6
7
8
9
10
11
12

80 °C, 10 wt% NaOH, 60 vol% EtOH
80 °C, 5 wt% NaOH, 60 vol% EtOH
80 °C, 5 wt% NaOH, 100 vol% EtOH
80 °C, 15 wt% NaOH, 60 vol% EtOH
80 °C, 10 wt% NaOH, 20 vol% EtOH
80 °C, 10 wt% NaOH, 100 vol% EtOH
80 °C, 15 wt% NaOH, 20 vol% EtOH
80 °C, 5 wt% NaOH, 20 vol% EtOH
50 °C, 15 wt% NaOH, 60 vol% EtOH
50 °C, 10 wt% NaOH, 20 vol% EtOH
50 °C, 10 wt% NaOH, 100 vol% EtOH
50 °C, 5 wt% NaOH, 60 vol% EtOH

50.44
84.69
43.40
52.93
33.75
24.01
19.40
29.30
16.80
11.64
11.90
22.78

77.49
95.23
72.11
81.41
70.47
46.90
48.44
68.32
32.45
20.20
28.10
34.45
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where m, n, and p are constants which are assigned to express
any kinetic model and α is the conversion fraction. For the
inhomogeneous solid-state reactions, the concentration is
replaced by conversion and it is expressed as fractional weight
loss:
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α¼

m0  mt
m0  m1

ð8Þ

where m0 (g) is the initial weight of the sample, mt (g) is the
weight at time t, and m∞ (g) is the residual mass at the end of
the experiment.
Since kinetic equations depend on the extent of conversion
α, kinetic data obtained under diﬀerent experimental conditions can be compared with those of known kinetic models
by plotting the kinetic data and reduced generalized rates
against the conversion kinetic models.63,64 Based on the type
of experimental conditions and also the kinetic data, these
theoretical plots can be expressed in diﬀerent forms such as
diﬀerential, integral, and diﬀerentio-integral.65 In this study,
hydrolysis kinetics of PET were performed in terms of batchmode experiments, thus the integral form of the theoretical
curves, g(α), as indicated in Table 6 becomes the most suitable
choice. These integral forms of the generalized kinetic plots
are superimposed in Fig. 3 together with some representative
experimental kinetic data.
As seen in Fig. 3, experimental kinetic data obtained at
diﬀerent experimental conditions at 80 °C matches closely
with the diﬀusion kinetic models (D). Although PET hydrolysis
is
commonly explained
via
reaction-order
kinetic
models,27,32,36 the experimental data do not show significant
scatter especially at higher conversion rates. Generally in
diﬀusion-controlled reactions, the rate of product formation

Table 6

Solid-state kinetic models and generalized kinetics60

Symbol

Reaction model

Integral form g(α) = kt

Diﬀusion models
D1
D2
D3
D4

1-D diﬀusion
2-D diﬀusion
3-D diﬀusiona
3-D diﬀusionb

α2
[(1 − α)ln(1 − α)] + α
[1 − (1 − α)1/3]2
1 − 2α/3 − (1 − α)2/3

Geometric contraction models
R2
Contracting area
R3
Contracting volume

1 − (1 − α)1/2
1 − (1 − α)1/3

Reaction order models
F0
Zero-order
F1
First-order
F2
Second-order
F3
Third-order

α
−ln(1 − α)
(1 − α)−1 − 1
1/2[(1 − α)−2 − 1]

Nucleation and growth models
P2
Power-law
P3
Power-law
P4
Power-law
A2
Avrami-Erofe’ev
A3
Avrami-Erofe’ev
A4
Avrami-Erofe’ev

α1/2
α1/3
α1/4
[−ln(1 − α)]1/2
[−ln(1 − α)]1/3
[−ln(1 − α)]1/4

a

Jander equation. b Ginstling–Brounshtein equation.
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increases proportionally with agitation. This is also confirmed
by our kinetic experiments of alkaline hydrolysis at two
diﬀerent agitation speeds. When agitation speed is increased
from 250 rpm to 500 rpm, the kinetic data still exhibit a
diﬀusion kinetic behavior. It is interesting to note that at
higher agitation, the data is better represented by two-dimensional diﬀusion kinetics (D2) instead of one-dimensional
diﬀusion kinetics (D1). In the D2 model, solid particles are
considered as cylindrical and diﬀusion occurs through a
cylindrical shell with an increasing reaction zone. Therefore, it
is obvious to observe D2 model at higher agitation rate since
the reaction rate increases due to higher mass transfer. Using
diﬀerent agitation rates thus allowed us to calculate rate constant with minimum standard deviation although obtaining
higher yield with higher agitation is obvious. Moreover, the
kinetic data obtained at lower particle size (80 µm) fit better
on three-dimensional diﬀusion model (D4). This kinetic
model is based on assumption of spherical solid particles and
thickness of these particles has a significant eﬀect on the rate
of reaction. Therefore, D4 kinetic model represents the data
better at lower particle size. D3 is also a three-dimensional
diﬀusion model, but Ginstling–Brounshtein have shown that
the Jander model is oversimplified and holds only at low conversion values.60 Based on these comparisons, the diﬀusion
models supports the obtained kinetic data and thus it is
selected as a best-fit kinetic model for the hydrolysis of PET
and it is also used to explain the kinetic data of post-consumer
PET waste.
3.3. Degradation kinetics of post-consumer PET waste at
optimal degradation conditions
Post-consumer PET waste generally consists of multilayer
polymer layers such as polyolefins and EVOH to improve the
sealing and also gas barrier properties of packaging.
Although these multilayers allow to increase physico-chemical properties of plastics, they impede recycling. Whereas the
previous part lays the baseline of this work with virgin grade
PET, in this part degradation kinetics of transparent PET
bottles and also monolayer and multilayer PET trays and
films were investigated through alkaline hydrolysis at optimal
experimental conditions. Kinetic studies were performed on
these diﬀerent post-consumer PET waste having diﬀerent
thicknesses, specific surface area and crystallinity (Table 4)
and also particle sizes ranging from 0.05 cm to 4 cm. Based
on obtained kinetic data, PET conversions were calculated for
each sample and plotted as a function of reaction time as
shown in Fig. 4. Similar to this study, in the patent of Loop
Industries PET bottles were hydrolyzed in an aqueous alkaline medium including potassium hydroxide (KOH), methanol and a non-polar solvent for swelling of the polymer, at
ambient temperature and atmospheric pressure. In this work,
we have optimized the aqueous alkaline reaction conditions
and we showed that an increase in temperature aﬀects the
degradation rate positively. In addition, we have extended the
degradation study to post-consumer PET waste including
multilayer and coloured samples. This study will help to
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Fig. 3 Theoretical kinetic master curves plotted as integral form of reaction models at isothermal condition (g(α)/g(0.5)) versus conversion fraction
(α) and superimposition of experimental kinetic data on these kinetic models (R2 values and best-ﬁt diﬀusion kinetic models can be found in
Appendix, Table A-1 and Fig. A-3).

further improve alkaline hydrolysis processes such as the one
developed by Loop Industries.66
As seen in Fig. 4, the highest PET conversion (∼95%) is
obtained with pure PET at the smallest particle size
(<0.05 cm). This is followed by PET films, bottles and trays,
respectively. Among all PET samples, conversion is the slowest
with multilayer trays due to their higher thickness and lower
specific surface area compared to the other samples and the
fact that only one side of the particle is accessible for hydrolysis, obviously limiting degradation rate. Regarding all type of
samples, PET conversion percentage decreases with an
increase in the particle size. For example, while PET bottle conversion with the smallest particle size (<0.05 cm) is around
70%, this decreases up to 20% at the highest particle size
(4 cm). In plastic recycling industry, generally 1.2–1.8 cm of
PET bottle flakes are used.51 Based on the experimental
results, we can conclude that the eﬃciency of industrial PET
recycling can be improved substantially if particle size is
decreased further, even lower than 0.05 cm. Bigger particle
sizes have a lower specific surface area (SSA), which is thus a
limiting factor for the PET conversion. For instance, although
higher conversions are expected with degradation of pure PET
pellets compared to the other multilayer samples, at high particle size conversion of PET pellets was very low (∼15%) due to
small SSA as indicated in Table 4. It is thus clear that smaller
particle sizes might be interesting; however, powders might be
more diﬃcult to handle and micronizing polymers at large
scale is not so common practice in the current recycling industry. It is also interesting to note that in multilayer PET
samples, the conversion obtained with the particle size
smaller than 0.05 cm is lower than that obtained with the particle size between 0.05 and 1 cm. The probable explanation is
that hydrolysis resistant polymer layers e.g. LDPE become

This journal is © The Royal Society of Chemistry 2020

more important in the multilayer structure when PET
degrades, which increases the floating probability of PET
flakes due to decrease in the total weight.
By using these PET conversions, a master plot is elaborated
for each PET sample in order to investigate the best-fit kinetic
model as it is performed with pure PET resins in section 3.2. It
is observed that experimental kinetic data of all PET samples
match closely with the diﬀusion kinetic model. Similar to the
kinetics of pure PET grades, data obtained with higher degradation rates, typically with lower particle sizes, fit in the D4
diﬀusion model, whereas lower degradation rates fit better in
the D2 diﬀusion model with high coeﬃcient of determination
values (R2) as shown in Appendix, Table A1.† By using these
diﬀusion kinetic models, rate constants (k) were obtained for
each sample and the trend of the k value based on the particle
size and type of sample is shown in Fig. 5.
Similar to the PET conversion, rate constant shows a
similar trend as it decreases with increasing particle size. In
addition, it is notable that existence of additional polymer
layers has a significant eﬀect on the rate constant. While the k
values of monolayer PET samples drops substantially with an
increase in the particle size, those of multilayer samples do
not change considerably. Since hydrolysis is diﬀusion controlled, existence of the other polymer layers limits reagent
diﬀusion for degradation of PET. For example, the rate constant (k) of monolayer PET film with a particle size lower than
0.05 cm decreases around 40% when its size is doubled. As
mentioned earlier, rate constants of multilayer PET tray and
film at particle size lower than 0.05 cm are smaller than those
at particle size between 0.05 and 0.1 cm, potentially due to
higher floating tendency of smaller particles, causing diﬀusion
limitations. This can be solved industrially by better reactor
design though. Another important factor aﬀecting the rate con-
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Fig. 4 PET conversion (%) versus time graph of (a) monolayer PET ﬁlm; (b) monolayer PET tray; (c) multilayer PET ﬁlm; (d) multilayer PET tray; (e)
PET bottle; (f ) pure PET grade, at diﬀerent particle sizes (0.02 g mL−1 PET ﬂake at 500 rpm stirring rate via an agitator).

stant is the thickness of the PET samples. It is well known that
the diﬀusion rate is inversely proportional to the thickness of
the material. Since the thicknesses of the PET trays is more
than 5-fold higher compared to that of PET films as shown in
Table 4, 35% lower k values are obtained with PET trays compared to PET films at particle size lower than 0.05 cm.
Likewise, the thickness of a PET bottle is higher than multilayer PET film, thus at higher particle size the k value of PET
bottle is lower, although the bottle consists of a single polymer
layer. Above 0.2 cm particle size, the thickness of pure PET
pellets is larger, which causes to obtain the lowest k values
with pure PET compared to other multilayer and monolayer

5386 | Green Chem., 2020, 22, 5376–5394

PET samples. This can be explained by the fact that pure PET
pellets are more spherical, and thus have a lower specific
surface area at large particle size. In addition to thickness,
crystallinity of the sample plays an important role on hydrolysis by aﬀecting the solvent diﬀusion. As the crystallinity of
the polymer increases, solvent penetration through tightly
packed chains in the crystalline domain becomes slower, as
such the degradation rate decreases.67,68 As shown in Table 4,
bottles and pure PET pellets have higher crystallinity, thus at
high particle size lower degradation rates were obtained with
those samples compared to the multilayer PET samples.
However, based on the experimental results it is seen that
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Fig. 5

Rate constant (k) value versus particle size graph for diﬀerent PET samples at diﬀerent particle sizes.

particle size and thickness have more dominant eﬀect on the
hydrolysis rate. Furthermore, it is observed that for all the PET
samples, k value does not change considerably beyond 1 cm
particle size. Decreasing particle size thus only makes sense if
it is decreased below 0.5 cm. As seen, particle size, thickness
and specific surface area aﬀect the PET conversion based on
the type of PET sample. By adjusting these parameters well
and solving the diﬀusion limitations, the highest PET degradation yields can be obtained even with multilayer PET plastic
waste.
3.4.

Paper

Scale-up assessment

In addition to multilayer structures, also diﬀerent additives
such as colours impede closed-loop recycling of PET plastic
waste. Especially carbon black is one of the biggest bottlenecks during recycling due to its insolubility in an aqueous
medium. In the meantime, excess Na2TP salt might also start
to precipitate and mixes with carbon black pigments causing
a decrease in purity of the monomers. To avoid these problems, a potential process to obtain pure monomers from
alkaline hydrolysis of multilayer and coloured PET trays
including black PET samples with 0.25 cm particle size was
shown in Fig. 6 and then a life cycle assessment (LCA) has
been performed on this process in order to investigate its
carbon footprint.
First of all, post-consumer plastics are conditioned to
remove traces from residual products such as food. Afterwards,
their particle size is reduced to the desired size (e.g. 0.25 cm)
and then subjected to alkaline hydrolysis at the previously
described optimal experimental conditions (60 : 40 vol%
EtOH : H2O, 5 wt% NaOH and at 80 °C). Since a low temperature is applied during PET hydrolysis, other polymer layers
such as polyolefins are not aﬀected by the process, thus they

This journal is © The Royal Society of Chemistry 2020

can be recovered from the solution via filtration after degradation is completed. Afterwards, more water is added to the
medium to solubilize the precipitated Na2TP salt, as such separating insoluble black pigments having particle size typically
between 8 and 100 µm (ref. 54) via centrifugation or by using a
membrane. The advantage of using hydrolysis in this case is
also the relatively low viscosity of the water/ethanol mixture
which is beneficial for many separation steps such as filtration
and centrifugation. Since the use of excess water makes the
process costly and increases the environmental impact, any insoluble colour pigments can be separated from the precipitated Na2TP salt by utilizing their diﬀerences in density and
particle size. For example, since the particle size range of
Na2TP at its saturation point (a length of about ∼8 μm, a diameter of ∼2 μm)69 is smaller than that of carbon black, they
might also be separated via selective membrane filtration
without solubilizing the precipitated salt.
Since TPA monomers are insoluble in an aqueous media,
they will precipitate upon acidification while the soluble pigments stay in the solution. After unreacted polymer layers
such as polyolefins and insoluble pigments are removed, the
filtrate is acidified and the precipitated monomer is subjected
to the second filtration. The new filtrate is then dried to obtain
pure white TPA monomer. In case the PET stream would
contain only water soluble colour pigments e.g. green or blue
PET food trays, the aqueous solution can be acidified directly
without separating the non-water soluble or inorganic pigments beforehand. In addition to the TPA monomer, EG can
also be recovered from the solution through distillation. This
could be achieved in two steps. First, the water/ethanol
mixture is flashed, which can then be reused in the alkaline
hydrolysis or during filtration, reducing the need of fresh
solvent. Second, EG can be separated, leaving a residue con-
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Possible ﬂowsheet for separation of colours and polyoleﬁns while obtaining pure PET monomers.

taining a whole mix of components, amongst others additives.
In order to assess the feasibility of reaction medium purification, simulations have been performed in Aspen Plus 10
based on two hydrolysis scenarios, one considering excess
water addition to dissolve precipitated Na2TP salt and the
other one considering filtration of precipitated Na2TP salt
without use of excess water. The latter simulation is shown in
Scheme 4 and the former one is given in Appendix,
Scheme A1.†
3.4.1. Methodology for mass and energy balance simulations and life cycle assessment. During simulations of hydrolysis scenarios, an isentropic eﬃciency of 0.72 was defined by
Aspen Plus to simplify the calculations and any heat loss of
the hydrolysis reactor was not taken into account. The recycle
streams were kept at 80 °C to feed the hydrolysis reactor and
energy consumption for cooling of the waste streams to 25 °C
was included in the calculations. Both simulations were optimized to recover EG with a purity of higher than 99% and pure
ethanol : water mixture at 60 : 40 vol% to be reused in hydrolysis. Both simulations have been performed with diﬀerent
solid/liquid (S/L) ratios: 0.02 g mL−1 (used in this study),
0.03 g mL−1, 0.04 g mL−1 and 0.05 g mL−1 which corresponds
to 1000 kg, 1500 kg, 2000 kg and 2500 kg of post-consumer
PET waste, respectively, in 50 000 liters of water : ethanol solution. The S/L ratio can be increased further by adjusting the
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amount of NaOH. Since in the first step of PET alkaline hydrolysis sodium terephthalate salt is formed, suﬃcient NaOH
should be present in the medium to react with all PET flakes.
Therefore, the concentration of PET is mainly determined by
NaOH concentrations which can be increased until its saturation point. In order to confirm that depolymerization still
occurs at high PET concentrations considered in Aspen simulations, PET hydrolysis was also performed at 0.05 g mL−1 of
PET concentration under optimal degradation conditions
(Fig. A4†). It is observed that although the hydrolysis rate is
aﬀected by the PET concentration, higher PET concentrations
hardly limit the depolymerization yield. In each scenario
degradation conditions were kept at their optimal values
obtained through kinetic studies of pure PET pellets (at 80 °C
with 5 wt% NaOH and 60 : 40 vol% EtOH : water). The
amounts of inputs/outputs such as H2SO4, excess water used
and formed monomers were calculated for each scenario
(Appendix, Table A-2). By using these calculated values, energy
recovery and consumption values of each process step were
obtained through Aspen Plus simulations as given in Appendix
(Tables A-2 to A-5) and then these values were used to perform
a life cycle assessment (LCA) for the proposed PET alkaline
hydrolysis process.
The LCA was performed using the OpenLCA software for
both Aspen simulations, based on PET alkaline hydrolysis
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Scheme 4 Aspen Plus process ﬂow diagram of the recovery section for the ethylene glycol and water : ethanol separation plant (hydrolysis scenario
1: no excess addition of water).

scenarios with and without excess addition of water during
purification of monomers, at diﬀerent S/L ratios. The result
has been expressed in terms of carbon dioxide equivalent
(CO2-eq) per kg of PET waste via the ReCiPE Midpoints (H)
impact assessment method. The individual carbon footprint
for all inputs/outputs of the analysed process were extracted
from the Ecoinvent Database v3.1. For both hydrolysis scenarios, end-of-life processing of Na2SO4 salt formed after acidification of the reaction medium has not been taken into
account since it can, for instance, be used to recover H2SO4
and NaOH through bipolar membranes instead of being
incinerated.70 In addition, additives that stay in the EG fraction also have not been considered due to their small
amounts. Moreover, two flash distillations (Flash 1 and 3)
and one fractional distillation (Dist1) were considered as
shown in Scheme 4 in order to recover ethanol : water
mixture and EG with a purity above 99%. For the filtration
step, two microfiltrations and one nanofiltration have been
considered for each scenario. First microfiltration is considered to separate unreacted polyolefins and then via nanofiltration Na2TP is separated from inorganic colorants e.g.
carbon black, followed by second microfiltration to obtain
TPA monomer with a mean particle diameter is between
50–150 µm.71 In case of a hydrolysis with excess water
addition, the total volume has been considered to calculate
the impact of the filtration steps on the LCA results.
Depending on the type of filtration, diﬀerent values for the
processes’ electricity demand were used.72 Based on greenhouse gas (GHG) emission of each step (Appendix,
Table A-7), the total carbon footprint of obtaining pure
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monomers through PET alkaline hydrolysis is calculated by
using the following equation:
carbon footprint of the process ¼ ½ðCeE  ET Þ þ ðCeNaOH  MNaOH Þ
þ ðCeEtOH  MEtOH Þ þ ðCeH2 O  MH2 O Þ þ ðCeH2 SO4  MH2 SO4 Þ
þ ðCeE  Cef  Mf Þ=MPET

ð9Þ
where CeNaOH, CeEtOH, CeH2O and CeH2SO4 are the CO2-eq of
production of NaOH, EtOH, H2O and H2SO4 (kg CO2-eq per
kg), respectively. MNaOH, MEtOH, MH2O, MH2SO4 and MPET are the
‘net’ mass of used NaOH, EtOH, H2O, H2SO4 and post-consumer PET, respectively, taking into account that part of ethanol
and water are reused after distillation. CeE and Cef are the CO2eq of electricity (kg CO2-eq per kW h) and filtration (kW h
m−3), respectively. Mf is the mass of total filtrate (m3) and ET is
total electricity consumption for EG recovery (kW h).
Based on eqn (9), the GHG emission per kg of PET is calculated for both hydrolysis scenarios, with and without excess
water addition during purification, at diﬀerent S/L ratios. The
GHG emission of incineration of PET with energy recovery73
together with production of equivalent amount of PET monomers is taken as a reference value and the results are shown in
Fig. 7.
3.4.2. Results of the life cycle assessment. As seen in
Fig. 7, the carbon footprint of equivalent amount of virgin
monomers and incineration of PET afterwards has a carbon
footprint of 3.9 kg CO2-eq, whereas the proposed hydrolysis
based recycling process has the potential to have lower carbon
emissions, thus environmental savings. It is clear from these
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Fig. 7 (a) GHG emission of PET alkaline hydrolysis (kg CO2-eq per kg PET) with and without excess water addition at diﬀerent S/L ratios (g mL−1
PET) and comparison with GHG emission of incineration of PET with energy recovery together with production of equivalent amount of PET monomers; (b) contribution of diﬀerent steps/inputs to the total GHG emission of the PET hydrolysis process without excess water addition (%) at each
S/L ratio.

results that addition of excess water during purification of
monomers aﬀects the GHG emission adversely. For instance,
at 0.02 g mL−1 S/L ratio, more than 8 kg of CO2-eq per kg of
PET is emitted. Since the total volume of the solution
increased by excess water addition, more energy is consumed
during solvent and EG recovery. Therefore, at least 0.04 g mL−1
of S/L ratio is needed to decrease the carbon footprint of the
process below virgin production. On the other hand, if the
monomers of the hydrolysis process are obtained with selective filtration steps instead of excess water addition, lower
carbon emissions are obtained. At 0.02 g mL−1 S/L ratio, for
example, carbon emission decreases from 8.3 kg of CO2-eq to
5.6 kg of CO2-eq per kg of PET. In this case, starting from
0.03 g mL−1 S/L ratio the process results in carbon savings. For
hydrolysis without addition of excess water, the contribution
of the diﬀerent inputs and outputs to the total GHG emission
has been shown in Fig. 7b for each S/L ratio. Energy consumption during solvent and product recovery constitutes the
largest percentage (>55%) of the GHG emissions. Although the
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amount of NaOH and H2SO4 used to keep the optimal degradation conditions increases with the S/L ratio, energy consumption of obtaining pure EG monomer per kg of post-consumer PET treated decreases. The overall LCA shows that,
relying on with industrial optimization, the hydrolysis process
presented in this study has a potential benefit in terms of
carbon emission compared to incineration, which is still the
reference scenario for many complex PET streams such as PET
trays and films containing PET. Furthermore, this process
would also allow to recycle other polymers from the multilayer
structures, such as PE from PET trays, which was not included
as a benefit in this study.

4.

Conclusion

The two-step aqueous alkaline hydrolysis of pure PET monomers, resulting in ethylene glycol (EG) and terephthalic acid
(TPA), was optimized. As a starting point we investigated the
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optimal degradation conditions. Based on obtained kinetic
data through GC-FID measurements, PET depolymerization
was carried out with the highest yield (∼95%) at 80 °C with
particle size lower than 500 µm in a solution containing 60 : 40
vol% EtOH : H2O and 5 wt% NaOH in 20 minutes. As expected,
the increase of temperature and the decrease of particle size
leads to higher PET depolymerization. Afterwards, the best-fit
kinetic model has been determined. Based on experimental
data, we have shown that the diﬀusion model describes the
kinetic behavior of PET alkaline hydrolysis adequately. Within
this diﬀusion model, our experimental kinetic data showed
better fit with the D2 and D4 models based on the conversion
rates. Next, we explored the validity of the degradation conditions and the kinetic model on real PET waste streams by
using post-consumer PET samples including bottles and also
multilayer and monolayer PET trays and films at diﬀerent particle sizes. It is shown that PET conversion rate decreases with
an increase in the particle size. Among these samples, the
highest PET conversion (∼90%) was obtained with monolayer
PET films at the smallest particle size (<500 μm), followed by
monolayer PET trays, bottles and multilayer PET samples,
respectively. Similar to pure PET pellets, kinetic data obtained
with these post-consumer PET samples showed good agreement with the diﬀusion kinetic model. By using this model,
the eﬀect of particle size and the type of sample on the rate
constant (k) was investigated. It is observed that the increased
particle size, thickness and crystallinity of the samples and
also the existence of other polymer layers results in lower
degradation yields, thus lower rates. Especially with PET
bottles and multilayer trays, degradation yield did not exceed
70%. To our knowledge, it is one of the first times that it is
quantitatively proven that hydrolysis of real plastic waste,
including multilayers, occurs slower compared to virgin
pellets. Since solvent diﬀusion is limited to one side of plastic
waste, especially for multilayer samples, further research could
focus on enhancing diﬀusion to improve yields and rates for
real plastics, for example by creating more shear during the
hydrolysis. In addition, the eﬀect of additives, ink layers,
adhesives, amongst others is expected to play a role as well
and could thus be investigated to bridge the gap between
yields and rates.
In this study a potential process scheme to scale up this
process is proposed, including removal of colours from postconsumer plastic waste. It is shown that via this proposed
process it is possible to obtain pure monomers even from
black coloured PET samples and due to mild degradation conditions, constituent polymer layers of multilayer PET samples
such as polyolefins can be recovered without any degradation.
In addition to technical feasibility, environmental impact of
the process has been assessed by an LCA at diﬀerent S/L ratios
for the hydrolysis scenarios with and without excess water
addition during purification of the monomers. Based on this
assessment, increase in the total volume of the solution due to
excess water addition causes higher energy consumption
during EG recovery, as such increasing the carbon footprint of
the process. Therefore, using selective filtration without excess
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water would make the process more eco-friendly. Likewise, at
low S/L ratio, higher amount of energy is consumed per kg of
post-consumer PET treated despite of lower amount of inputs
e.g. NaOH, H2SO4 are used, causing higher carbon footprints.
All in all, we can state that our proposed alkaline hydrolysis
process is promising towards chemical recycling of complex
PET plastic waste if the parameters e.g. S/L ratio, amount of
solvent etc. have been adjusted for the environmental
sustainability.
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