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ARTICLE INFO ABSTRACT

Keywords: Plastic waste is one of the world’s biggest sources of pollution. Despite the growing trend towards recycling,
Plastics recovery there are currently no effective technologies to offset the continuous increase in plastic production. Polyesters
Plastics recycling and polyamides are among the most widely produced single-use plastics, mainly used in the manufacture of
x?;t;il;mcs textiles and soft drink bottles. Currently, only a small proportion of these polymers can be effectively recycled.
Polyamides The two primary methods employed for this purpose are mechanical and chemical recycling. Presently, me-
Cleantech chanical recycling remains the more widely adopted process within the industrial sector. However, the treatment
process is limited to a narrow range of waste materials as it is impossible to remove dyes and the mechanical
properties deteriorate due to incompatibility between different plastic materials. Another critical limit of this
recycling technology is the limited number of recycling loops that can be done due to the thermal degradation
that occurs during the extrusion process. The alternative option is chemical recycling, which allows the depo-
lymerization of the original product to recover the monomers directly. The main drawbacks are the long reaction
times and the many solvents needed to achieve high-purity products. As a results, chemical recycling is only
economically feasible for large companies that can produce the virgin polymer in situ. In this work, a new
technology has been patented. This process consists of three main steps. The first one is the distillation-assisted
cyclodepolymerization (DA-CDP), introduced as a modification of the CDP process. In this unit, cyclic oligomers
together with high molecular weight compounds are produced. Then, after polymer purification, it is possible to
achieve the same molecular weight as the initial polymer in less than 30 min, exploiting the ring-opening
polymerization (ROP) of the next step.
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1. Value of the invention

The patented process allows for the complete recycling of polyesters,
polyamides, cotton textiles and packaging via a simpler, cost-
effective, and safer process than existing recycling technologies.
The patented process enables the recycling of waste materials that
are currently incinerated. Moreover, this technology can enhance the
value of the initial waste, achieving actual upcycling.

The patented process allows for the complete removal of heavy and
light contaminants, regardless of the source material and colour,
without any degradation of the polymer.

The technology’s modular configuration enables easy integration
with the current recycling system, facilitating the extension of
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current processes into new feed streams and increasing the value of
the resulting products.

2. Invention description

The invention is focused on recycling polyesters and polyamides via
a process of partially depolymerizing the waste polymer, which is
immediately followed by a ring-opening polymerization (ROP) step. The
process consists of three stages: (1) recovering the polymer, (2) purifying
it, (3) Re-polymerizing it.

The modular technology consists of three primary units. In the first
one, the polymer undergoes partial depolymerization exploiting the
advantages of the distillation-assisted cyclo-depolymerization (DA-
CDP). This reaction enables the production of a fraction of oligomers
(within the range of 0-40 %) and an increase in the average molecular
weight of the residual polymer. This step can be performed under
different operating conditions, depending on the feed conditions. The
reaction takes place at the boiling point of the mixture, within the
pressure range of 200-1000 mbar, and requires a time scale of 0-6 h.

Butyltin(IV) oxide and tin(II) ethylhexanoate have been used as
catalysts in a molar concentration ranging from 0.01 % to 1 %.

The starting polymer/solvent ratio can be exploited in the range
between 50 and 350 g/L. The reaction is assisted by a continuous
distillation which aims to remove a fraction of solvents and by-products
in a weight amount ranging from 0 to 10 % hourly. Moreover, this
distillation process enables the removal of low-boiling contaminants.

The aim of the DA-CDP is to partially depolymerize the starting
waste, enabling the removal of light contaminants concurrent with the
distillation. The recycling of polyesters and polyamides has proven to be
successful in these conditions. PET high molecular weight flakes, ob-
tained from bottles, are presented as an illustrative example. The
chemical equilibrium of the main species involved in the reaction is
represented by the following equations Eqgs. (1)-(12). Focusing on the
kinetic scheme, linear species can undergo three different poly-
condensation reactions depending on both the end-groups and the by-
products.

Add  Add  Acd
LE +LF — LE, +HO0 (Eq.1)
-
Add  Add _ EG
26+ LS - LEG¢  + TPA (Eq.2)
0+ Li¢ — L, + EG (Eq.3)
Add  EG _  Add
LAdd | [EG = LES . + H,O (Eq.4)
LAdd | JAdd = LAg9d | TPA (Eq.5)
EG EG EG
L + L — Lnf m+EG (Eq.6)

The same considerations can be applied for end-biting reactions:

Lt — I+ Gy (Eq.7)

Acid Acid

L} T LE yc, (Eq.8)
-

EG EG

LEG : LEIG +Cn (Eq.g)

And for the back-biting reactions:
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Fig. 2. DA-CDP product purification exploiting a counter-current configuration through the dirty PET and the pure solvent.
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sentative additives.

Acid

. = ¢ 4 TPA (Eq.10)
n N n .
ddd
70 = Gt H0 (Eq.11)
B

LES = C, +EG (Eq.12)

Where LS | [4cd and LES are the PET linear chains acid/EG-, acid/

acid-, or EG/EG-terminated, with n-length; C, are the cyclic species with
n-length and EG, H,0, and TPA are the by-products.

By diluting the system, the reaction equilibrium shifts from a high
molecular weight polymer to cyclic and linear oligomers (cyPET and
linPET) due to the advantages of thermodynamic equilibria and the Le
Chatelier Principle. Conversion to cyclic oligomers increases until a
plateau is reached. However, increasing the concentration and removing
by-products enhances the formation of high molecular weight chains.
Through vaporisation, the solvent is removed together with EG and Hz0.
At higher concentrations, the generation of high molecular weight
chains is favoured due to polycondensations being second-order re-
actions. Therefore, the production of oligomers is relevant until a certain
concentration (until the system is sufficiently diluted) and high molec-
ular weight chains at increasing concentration. This latter phenomenon

becomes prevalent once a substantial amount of solvent is removed. The
DA-CDP method enables the production of both high molecular weight
chains and cyclic oligomers (cyPET). This step has, also, the advantage
of removing volatile contaminants and pigments, ending with a polymer
that is as pure as possible (Fig. 3).

Finally, the profiles of conversion to oligomers (mainly cyPET) and
the average molecular weights (including both number-average and
weight-average) have been represented in Fig. 1.

After completing the reaction, the final solution is cooled down,
precipitated, and then purified. The solid is washed with clean solvent to
remove dyes, additives, and heavy contaminants present in the waste
polymer (Fig. 2). The countercurrent configuration has been identified
as the most effective method for washing and squeezing the final solid,
resulting in a purified pre-polymer.

The scheme presented below provides a conclusive assessment of the
contaminants, pigments, and additives that have been removed (Fig. 3):

In the final stage of the process, the ultimate objective is to produce
high molecular weight r-PET (bottle grade). Fast ring-opening poly-
merisation ensures the attainment of this final technical grade. To ach-
ieve this goal, the pre-polymer produced from DA-CDP is purified and
subsequently fed into the reactor. The system is then heated to a tem-
perature between 250°C and 300°C, under vacuum conditions. Thanks
to the fast ROP, the initial molecular weight can be regained within 30
min, allowing an increase in molecular weight of less than an hour
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Fig. 4. (a) W Conversion to Polymer vs time; (b) ll Number average (M,) and ll weight average (M,,) molecular weight vs time.

leading to the final technical grade (bottle grade PET). The same kinetic
mechanism provided for the DA-CDP can be ensured in the ROP step.
The differences arise from the distinct temperature, pressure, and con-
centration levels in the system. Due to the high temperature and
concentrated nature of the system, the opening of the cyclic oligomers,
together with the polycondensations reactions are favoured, resulting in
the generation of a high linear molecular weight polymer.

Inside the whole process, polymer degradation is avoided due to
oligomer formation, temperature, and time control. These oligomers can
then be re-polymerised together with the linear polymer, thereby
increasing the polymer’s molecular weight in a very short time, as
shown in Fig. 4.

The waste solvent from each unit is collected and regenerated,
ensuring the system’s circularity. The resulting recycled polymer pos-
sesses a high technical grade and is recovered at the end of the process.

3. Background

To date, there are three leading recycling technologies for plastics:
(1) Chemical recycling. (2) Mechanical recycling. (3) Energy recovery.
One of the main challenges today is the recycling systems and the
inability to treat complex polymeric fillers at an acceptable cost to
ensure closed-loop recycling and without polymer degradation. The
objective of the proposed technology is to allow the circular synthesis of

Table. 1
List of IPC classification symbols assigned to the Italian patent application No.
102021000015005.

IPC code (subgroup Definition

level)

C08G63/78 Macromolecular compounds obtained by reactions forming a
carboxylic ester link in the main chain of the macromolecule o
Preparation processes

C08J11/22 Recovery or working-up of waste materialseeee by
treatment with organic oxygen-containing compounds

C08G63/81 Macromolecular compounds obtained by reactions forming a
carboxylic ester link in the main chain of the macromolecule o
¢ using solvents

C08G63/91 Macromolecular compounds obtained by reactions forming a

carboxylic ester link in the main chain of the macromolecule o
Polymers modified by chemical after-treatment

polyesters and polyamides (about 20 % of the polymer market) with
high commercial value, valorising waste that is currently not
recoverable.

The patented process provides several technical advantages over the
prior art. It employs a partial cyclodepolymerization associated with a
simultaneous solvent distillation, effectively removing most the by-
products and contaminants.
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The technique only partially decomposes polymers, resulting in the
production of cyclic oligomers exclusively.

In comparison to conventional chemical processes, a complete
depolymerization is unnecessary.

The EPO classified and evaluated the Italian patent application based
on the IPC system (refer to Table 1) and conducted a patentability search
in the technical fields of CO8G and C08J.

The Search Report obtained from the UIBM via EPO lists four back-
ground documents.:

D1: Cyclo-depolymerization of poly(propylene terephthalate): some
ring-opening polymerizations of the cyclic oligomers produced [1]
D2: EP 3778744 Al [2]

D3: Cyclodepolymerizaton as a method for the synthesis of macro-
cyclic oligomers [3]

D4: EP 3606980A1 [4]

The cited references were deemed to be background art by the
examiner (classified under the A category) and all claims were consid-
ered both novel and inventive over the cited prior art in the Written
Opinion. Therefore, the patent application was granted in Italy.

EP and US applications are under examination.

4. Application potential

The global size of the plastics market was valued at 593 billion U.S.
dollars in 2021. It is predicted to grow in the coming years to reach a
value of 811 billion U.S. dollars by 2028, registering a CAGR of 3.7 %
during the forecast period of 2022 to 2030 [5].

The worldwide market for recycled market was valued at 47.6 billion
U.S. dollars in 2022. It is expected to grow at a CAGR of 4.8 % within the
period of 2022 to 2030.

The production of plastics globally surged to 390.7 Mt in 2021, with
90.2 % being fossil-based. [6] This market is expected to grow at a CAGR
of 5.2 % between 2022 and 2030.

To meet the expected increase in demand for recycled PET (poly-
ethylene terephthalate), at least 430 new plants will have to be built in
the coming years, resulting in a potential 1.5-billion-euro market for
plant sales.

This technology addresses both manufacturing and recycling com-
panies, aiming to be modular and configurable according to customer
needs. It provides a significant advantage over current processes that are
not flexible at all.

The patented process allows contaminants to be easily removed from
PET, unlike mechanical processes, whilst preserving their straightfor-
wardness. Additionally, the rapid ROP system can be utilized to perform
polymerization directly within the extruder, eliminating the need for a
dedicated reactor as required in traditional processes. The modular so-
lution enables configuration of the recycling system in a complementary
way to the technologies already employed, thereby granting a tailored
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