
Chapter 9
Depolymerisation of Fossil Fuel
and Biomass-derived Polyesters

Guido Grause

Abstract Monomer recovery from waste plastic is an essential part of any waste
treatment concept. In particular, the depolymerisation of poly(ethylene terephthal-
ate) (PET) by glycolysis and hydrolysis is well established. In addition to the classic
products of PET solvolysis, bis(2-hydroxyethyl)terephthalate and terephthalic acid,
terephthalic acid amides and rather unconventional terephthalic acid alcohol esters
are also obtained. Reactions can take place in ionic liquids or in a microwave oven.
Products of depolymerisation can be used as raw materials for virgin polyesters,
polyurethanes or bitumen additives. Another group of polyesters that is attracting
increasing attention is obtained from biomass. Polymers such as poly(lactic acid),
poly(butylene succinate) or polyhydroxyalkanoates are biodegradable. However, the
entire effort of production is lost if these materials are returned to the environment
untreated. Therefore, recycling of these polymers is an act of resource conservation.
Poly(lactic acid) is depolymerised during methanolysis to produce methyl lactate,
which can be converted into lactide as a starting material for new polymers. Poly
(butylene succinate) and poly(3-hydroxybutyric acid) can be hydrolysed at higher
temperatures in the presence of lipases, yielding monomers such as succinic acid,
3-hydroxybutyric acid, and crotonic acid. There are a variety of options for the
depolymerisation of polyesters that are examined in this chapter. The increasing
number of new polyester monomers requires special solutions for each individual
polymer.
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9.1 Introduction

Polyesters comprise a group of polymers obtained by the reaction of dicarboxylic
acids and diols. Sometimes block building units are derived from hydroxycarboxylic
acids or lactones. The most commonly used polyester is poly(ethylene terephthalate)
(PET), known as the material for soft drink bottles. PET is also used for other food
contact applications and for fibres. All aromatic polyesters, including poly(butylene
terephthalate) (PBT) and poly(ethylene naphthalate) (PEN), have in common that
they are made from fossil fuels, although bio-based routes are available [1]. As
society strives to decarbonise, carbon sources may become scarce and the need for
resource recovery increases.

Bio-based aliphatic polyesters offer an alternative to these fossil fuel-based poly-
mers, such as poly(lactic acid) or polyhydroxyalkanoates. These materials are
biodegradable and can be disposed of in composting facilities. This concept is
advantageous when plastic is littered; however, all the effort (harvest, work, energy)
required to produce these materials is lost when they are biodegraded [2]. Therefore,
recycling is also desirable for these polyesters.

The most beneficial way of recycling is to reuse the material as it is (mechanical
recycling). However, the material properties are often modified by dyes and other
additives. These can affect the optical properties and the intrinsic viscosity, which
makes chemical recycling more attractive [3]. In addition, polyesters are generally
sensitive to hydrolysis, and the reaction with other protic compounds offers the
possibility of recovering monomers or oligomers.

This process is briefly described by the term depolymerisation, which is defined
in this chapter as the recovery of monomers or other valuable chemicals rather than
the conversion of polymers into fuel. The aim is to obtain defined compounds with a
sufficient high purity through highly selective processes. The product is to be used
for the production of polymers or other useful materials after minimal processing.

For the depolymerisation of polyesters, solvolytic processes are the most prom-
ising options. Glycolysis and hydrolysis are well established for the
depolymerisation of PET, while methanolysis can rather be considered a historical
process, as the synthesis of PET from dimethyl terephthalate is obsolete. The
strategies successfully used for the depolymerisation of PET are also considered
for novel polyesters. However, many researchers favour enzymatic pathways, which
in turn can provide alternative routes for the degradation of aromatic polyesters.
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9.2 Technologies Used in the Depolymerisation
of Polyesters

The depolymerisation of polyesters with sub- or supercritical water has a long
tradition [4]. Such methods require high temperatures and pressures, which makes
the processes energy intensive and expensive. In addition, sensitive monomers such
as ethylene glycol or hydroxyalkanoates could be destroyed in the process [5, 6].

Therefore, strategies have been developed over the years to reduce the heat and
pressure requirements. Catalysts have been developed to lower the reaction temper-
ature, as described in the following sections. This trend culminates in the use of
lactases and other enzymes [7, 8], pushing reaction temperatures close to ambient
temperatures. Although the temperature requirements are drastically reduced, the
reaction time can extend to days.

Another strategy is to change the reaction medium. Today, glycolysis is the most
studied process for the depolymerisation of PET. One of the main reasons is that the
reaction can be carried out below the boiling point of ethylene glycol (196 �C) and
therefore pressure reactors are not required. Steam can be used as a reaction medium
for the hydrolysis of polyesters [5]. This reduces the pressure requirements but
requires temperatures above the melting point of the polymer, which can lead to
the destruction of some products.

Most reactions are carried out in autoclaves or in pressureless vessels. With
conventional heating, heat is only transferred at the interface between the reactor
and reaction medium. From there, the heat is distributed by the thermal conductivity
of the medium and by free or forced convection. Reaching thermal equilibrium
requires time. Commonly, the reaction time starts when the reaction temperature is
reached. By this time, a considerable part of the polymer may already have been
degraded [9].

Microwave technology offers an alternative way of heating [10]. Microwave
radiation is directly absorbed by various types of materials. Depending on the
absorber and the microwave power, rapid heat transfer can be achieved. Water and
ethylene glycol are good microwave absorbers because their polar structure is forced
by microwave fields into a rotational motion called dipolar polarization. This motion
is converted into heat and only material near the absorber is heated. Polymers do not
usually act as absorbers. Even if they have a polar structure, they lack the necessary
flexibility to follow the electromagnetic field of microwaves. Catalysts with a polar
structure can also absorb microwaves and heat up the reaction medium in their
vicinity. Ionic catalysts can additionally absorb microwaves by ionic conduction and
convert translational energy into heat. Both effects can significantly accelerate the
reaction.
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9.3 Depolymerisation of Aromatic Polyesters

The most important aromatic polyester is PET. Therefore, most of this section will
deal with this polymer. Besides PET, PBT, and PEN are of interest. The best way of
reusing these polymers is mechanical recycling, which can be combined with solid
state polycondensation (SSP) to obtain a material appropriate for most applications
[11]. However, highly contaminated or degraded materials might become inappro-
priate for this pathway. Then depolymerisation should be considered.

Recent research focuses on glycolysis, hydrolysis, and aminolysis. The products
of all these methods can be used for the production of new polymers. Since the
production of PET is a two-step process in which terephthalic acid reacts first with
ethylene glycol to form bis(2-hydroxyethyl)terephthalate (BHET), which undergoes
in a second step further condensation to high molecular weight PET, terephthalic
acid from hydrolysis and BHET from glycolysis can directly be reused in this
process.

Many works make use of three values for their description of the depolymerisation
process [10]. It is important to understand that these values are often used in a
different manner than in common chemical technology. The conversion is not
identical with the number of depolymerisation reactions as one would expect. It
describes rather the dissolution of polymer, which is commonly seen as the differ-
ence between the weight of the polymer before the depolymerisation process starts
and the residual polymer afterwards. As PET is insoluble in any common solvent,
residue can be recovered by filtration. The molecular weight might be reduced
without changing the solubility significantly. Only short chain oligomers are suffi-
cient soluble in the reaction medium used for the depolymerisation. Therefore, the
selectivity defines the fraction of desired product in relation to the dissolved fraction
of PET. The classical definition assumes that selectivity is reduced when desired
product is lost by the formation of undesired by-product. However, low selectivity
during the depolymerisation of PET is most likely related to the incomplete reaction
of oligomers, which can still be converted into product by changing reaction
conditions. That is that the definitions of both conversion and selectivity differ
from those commonly used. Only the definition of the yield as the ratio of practical
and theoretical amount of product is conventionally used.

9.3.1 Glycolysis of Poly(Ethylene Terephthalate)

Most attention in the field of PET depolymerisation in recent years has been given to
processes associated with glycolysis. Compared to other solvolytic processes, the
high boiling point of ethylene glycol at 197 �C allows operation at considerably
lower pressure. Below the boiling point, no additional pressure is required. The
compatibility of polarity between PET and ethylene glycol reduces the temperature
requirement and depolymerisation can be carried out below the melting point of
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PET. However, this comes at the price of long reaction times, which require the
presence of suitable catalysts and advanced reaction systems. Therefore, current
research focuses on developing new catalysts and performing glycolysis reactions in
ionic liquids or microwave ovens.

The glycolysis reaction itself is the reverse second step of the PET polyconden-
sation described earlier and leads to the formation of BHET as the desired main
product (Fig. 9.1). The reaction must be catalysed to proceed at a reasonable rate.
Efficient catalysts are ionic materials, such as salts [12], ionic liquids [10, 13, 14],
protic ionic salts [15], and deep eutectic solvents (DES) [16, 17]. The product BHET
can be used directly for the production of PET [3].

Both cation and the anion of the catalyst have a part in the reaction. The cation is
coordinated to the ester group and increases its electrophilicity. Liu, et al. [16]
reported that the activity of metal ions in deep eutectic solvents decreased in the
series Zn2+ > Mn2+ > Co2+ > Ni2+ > Cu2+ > Fe3+ when 1,3-dimethylurea was
used, which is consistent with the activity of acetate catalysts providing the series
Zn2+ >Mn2+ > Co2+ > Cu2+ > Na+ [18], with Pb2+ being less active than Zn2+ and
Mn2+ [19]. The activity series differed slightly in the presence of urea [17]. The
anion should have significant Brønstedt basicity, allowing the coordination of the
hydroxyl hydrogen of ethylene glycol (Fig. 9.2). The effect can be enhanced by
ligands with the ability to form different types of hydrogen bonds with the ethylene
glycol. This substantially increases the nucleophilicity of the attacking alcohol. To
this end, the catalysts should not have bulky groups that could prevent attack on the
polymer chain [10, 13, 16]. Since the reaction is catalysed in both directions, the
glycolysis reaction is finished when equilibrium between ethylene glycol, BHET,
and oligomers is reached [20].

Fig. 9.1 Polycondensation of bis(2-hydroxyethyl) terephthalate (BHET) and glycolysis of poly
(ethylene terephthalate) (PET)
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Glycolysis at temperatures below the melting point of PET takes place at the
interface between PET and solvent [21]. The initial reaction causes chain scission at
the surface without the formation of soluble products, which can be observed as an
induction time during which no conversion of PET or formation of BHET is
observed. As the number of chain ends increases, the probability of BHET formation
increases and a loss in weight of the solid phase is observed. Although the particle
size decreases with time, the surface area increases due to the formation of cracks as
amorphous regions of the semi-crystalline polymer are affected first [22]. Finally, the
remaining oligomers are dissolved by the solvent and the reaction proceeds
homogeneously [23].

The equilibrium is strongly affected by the molar ratio between PET and ethylene
glycol [15]. It is often observed that a molar ethylene glycol/PET repeat unit ratio of
more than 15 is required to raise the BHET yield to its maximum of about 80%.
Several papers reported a decreasing BHET yield after exceeding the optimal
reaction time, which is explained by the formation of dimers from BHET after
complete glycolysis of PET. This behaviour requires explanation, as the equilibrium
holds over the entire reaction time (Fig. 9.3). However, it can be observed that BHET
is formed at the expense of PET long chains, while the amount of dimers remains
constant [24]. This leads to high BHET yields at high ethylene glycol concentrations
as long as long PET chains are still present in the reactor. Glycolysis of these last
chains at the end of the reaction then reduces the ethylene glycol concentration,
causing a shift in the equilibrium from BHET to the dimer. The formation of
diethylene glycol and triethylene glycol as by-products from PET long chains can
also reduce the ethylene glycol concentration [25]. In addition, the reaction of BHET
with ethylene glycol di- and trimers, as well as with water formed during the
condensation of ethylene glycol, would reduce the BHET yield. This behaviour is
poorly understood and the temporal changes in the molecular weight distribution of
PET during glycolysis have not yet been studied. The reaction is endothermic with
an enthalpy of reaction of 12 kJ mol�1 at 196 �C [23] and a free energy between�11
and �62 kJ mol�1 at temperatures between 300 and 450 �C [25]. The equilibrium
shifts to higher BHET yields at higher temperatures.

Fig. 9.2 Proposed poly
(ethylene terephthalate)-
catalyst complex (Cat:
cation, An: anion)
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A kinetic model was developed by Viana, et al. [21] for glycolysis in the presence
of zinc acetate, based on a model that considers the reaction of glycol and PET at the
interface. The authors found an activation energy of 42 kJ mol�1 at temperatures

Fig. 9.3 Glycolysis of poly
(ethylene terephthalate)
(PET): Random chain
scission takes place on the
surface of the PET particle,
steadily reducing its size.
Soluble oligomers are
formed, which become
dimers and bis
(2-hydroxyethyl)
terephthalate (BHET).
Initially, the BHET/EG
(ethylene glycol) ratio in the
solution is low. As the
conversion progresses, the
BHET proportion increases
and the EG fraction
decreases. At the end, an
appreciable part of the EG is
consumed. Glycolysis of the
remaining oligomers
consumes even more EG,
resulting in the formation of
additional dimers
from BHET
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above 180 �C and 100 kJ mol�1 below this temperature, suggesting that diffusion
plays an important role in the reaction at low temperatures. Goje and Mishra [26]
found an activation energy of 46 kJ mol�1 and a pre-exponential factor of 1.0 � 105

for a boundary controlled reaction.
The rate of depolymerisation was found to be proportional to the reaction time,

while the reaction rate decreased with particle size. The molecular weight of the
remaining PET changed only slightly, leading to the assumption that the reaction
occurred favourable at the PET-ethylene glycol interface [26]. Reducing of the PET
particle size by 40% could reduce the activation energy by 40–50% [18]. Therefore,
the shrinking-core model was often adopted for kinetic studies. Choline acetate used
as catalyst showed an apparent activation energy of 131 kJ mol�1 and a pre-
exponential factor of 1.21 � 1013, which was still higher than that of metal-based
catalysts [13]. The activation energy (149 kJ mol�1) of the deep eutectic solvent
system zinc acetate/1,3-dimethylurea was even higher [16]. Other researchers
assumed first-order kinetics. The catalyst [bmin][OAc], based on 1-butyl-3-
methylimidazole, proceeded with an activation energy of 59 kJ mol�1 [20]. The
reaction in the presence of Na2CO3 showed first-order kinetics with an activation
energy of 185 kJ mol�1 and a pre-exponential factor of 9.4 � 1021 [23].

The parameters that are usually adjusted to optimise BHET yield are temperature,
PET/ethylene glycol molar ratio and catalyst concentration. It was found that the
most important parameter for the zinc acetate catalysed reaction is the PET/ethylene
glycol molar ratio and the other factors have a little influence [12].

Glycolysis without any catalyst requires high temperatures. The reaction gave
BHET yields of about 95% after 30–35 min at 450 �C and a pressure of 15.3 MPa
under supercritical conditions for different types of PET. Longer reaction times
caused a decrease in BHET yield, while the concentrations of the dimer and
oligomers rose. The concentrations of diethylene glycol and triethylene glycol
increased simultaneously. The reaction under subcritical conditions between
300 and 350 �C required 120 and 70 min, respectively [25].

One of the earliest catalysts used was zinc acetate. A BHET yield of almost 70%
was achieved after 1 h at 196 �C [3]. Raising the temperature above the boiling point
of ethylene glycol accelerates the reaction. Optimum conditions were found to
obtain 85–89% BHET at an ethylene glycol/PET weight ratio of 6:1 after 150 min
at 208 �C [12, 27]. A phase transfer reaction in which BHET accumulated in the
xylene phase while PET and ethylene glycol formed immiscible droplets, gave 80%
BHET and 20% dimer at 220 �C. It was suggested that the separation of BHET from
the ethylene glycol phase could shift the equilibrium towards the BHET
product [28].

Zinc chloride and didymium chloride (PrNdCl6) required between 7 and 8 h to
reach equilibrium conditions and BHET yields of more than 70% were obtained at
197 �C [29]. In ethylene glycol, soluble Na2CO3 gave BHET yields of about 60%
after 1 h reaction time at 196 �C [23]. Sodium sulphate, which has a low solubility in
ethylene glycol, achieved such BHET yields only after 7 h reaction time [30]. Similar
results were obtained for acetic acid, LiOH, and K2SO4. These values are lower than
those for zinc salts; however, sodium salts are less toxic than heavy metal ions and
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therefore provide an environmental viable alternative [3, 30]. For both zinc and
sodium salts, it can be assumed that the catalytic activity is limited to the cation.

Heterogeneous catalysts require temperatures above the melting temperature of
PET at about 240 �C to support glycolysis, as only the molten PET in such a system
can make the required contact with the catalyst. However, the higher temperature
should shorten the reaction time and shift the equilibrium towards BHET, thus
increasing the yield. The use of silica nanoparticle carrying Mn3O4 provided a
BHET yield of more than 90% after 80 min at a temperature of 300 �C and a
pressure of 1.1 MPa [31]. A BHET yield of 92% was obtained in the presence of the
spinel ZnMn2O4 at a temperature of 260 �C and a pressure of 0.5 MPa after 60 min.
The use of CoMn2O4 required 80 min under the same conditions, which was
attributed to the smaller surface area and the smaller number of strong acid sites
on the surface of this catalyst [24].

The catalytic activity of metal salts acting as Lewis acids can be enhanced by the
presence of hydrogen bond acceptors forming deep eutectic solvents. Before the use
of deep eutectic solvents was considered, it was already found that the presence of
cyclohexyl amine and NaOH in addition to zinc acetate as a catalyst accelerated the
reaction rate of glycolysis [26]. The combination of zinc acetate and urea in a ratio of
1–4 gave a BHET yield of 81% after 30 min at 170 �C [17]. It was suggested that the
formation of hydrogen bonds between ethylene glycol and amine increased the
nucleophilicity of the hydroxyl group and thus facilitated the attack on the PET
ester group (Fig. 9.2). A similar result was obtained after 20 min at 190 �C when
1,3-dimethylurea was used instead [16]. The electron-withdrawing effect of the
methyl groups in 1,3-dimethylurea increases the basicity of the amine, while more
bulky groups sterically prevent any catalytic activity. It was assumed that the ratio of
1–4 was related to the complexation of the metal ion by the amine.

Heterogeneous solid catalysts offer the advantage that they can be easily sepa-
rated from the reaction solution by filtration or centrifugation. Zinc modified layered
double hydroxides gave a maximum BHET yield of 76% after 3 h at a reaction
temperature of 196 �C [32].

Sodium titanate nanotubes are comparable to zinc acetate in their catalytic
activity. Both catalysts gave comparable results with a BHET yield of about 80%
over a time of 2–4 h. Titanate nanotubes gave higher yields for virgin PET, zinc
acetate for PET waste. The recovered BHET showed no evidence of the presence of
oligomers [33].The reaction most likely proceeded by coordination of the PET
carbonyl oxygen at the titanate Lewis acid site. The adjacent oxygen could act as a
Lewis base and increase the nucleophilicity of the ethylene glycol [34].

In recent years, magnetic catalysts have been used that could be recovered after
glycolysis. The first, nano-sized γ-Fe2O3 (maghemite) provided a BHET yield of
90% after 70 min at 300 �C [35]. The reaction conditions required a pressure of
1.1 MPa. At 255 �C, a yield of more than 80% was still obtained after 80 min. The
catalyst acted as a mild acid and had no basic component that could have improved
the performance. The nanoscale demobilisation of γ-Fe2O3 on nitrogen-doped
graphene combines the Lewis acidity of Fe2O3 with the Brønstedt basicity of the
nitrogen bound to the graphene [36]. In addition, terephthalate units are adsorbed on
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the graphene through strong π-π interactions, which provides a reduced distance
between catalyst and PET. Magnetite (Fe3O4) attached to multi-walled carbon
nanotubes (MWCNTs) also acted as an excellent catalyst [37]. Both catalysts
yielded 100% BHET at a reaction temperature of 195 �C. The Fe3O4-enhanced
MWCNTs required only 2 h, while the maghemite-based catalyst took 3 h to
complete the reaction. The reaction in the presence of the ionic liquid coated
nanoparticles Fe3O4@SiO2@(mim)[FeCl4] resulted in complete conversion after
24 h at 180 �C [38]. These catalysts are recovered after the reaction due to their
magnetic properties.

In recent years, research has focussed on ionic liquids, many of which contain
zinc or cobalt ions. These can cause concerns about environmental problems arising
from the removal of metal ions from the final product [13]. Imidazolium-based ionic
liquids also have moderate toxicity. Choline-based ionic liquids are considered less
toxic and biodegradable [13].

The Lewis neutral ionic liquids [bmin][Br] and [bmin][Cl] dissolved 1.8 and
2.7 wt% of PET at 180 �C. Solubility increased in the presence of water, which was
associated with decreasing pH. Even higher PET solubilities were obtained with
[bmin][OAc] and [bmin][AlCl4] [27]. Although PET was partially soluble in [bmin]
[Br] and [bmin][Cl], little catalytic activity was observed in the glycolysis of PET
[14, 20]. The catalytic activity can be increased by the addition of ZnCl2. The
resulting catalyst [bmin]ZnCl3 gave a BHET yield of 83% after 2 h of reaction at
190 �C. Similar results are obtained with high concentrations of [bmin]MnCl3 as
catalyst. However, the Mn-based catalyst was less effective at low concentrations
due to the lower Lewis-acidity of the MnCl�3 -anion [14]. A BHET yield of 58% was
obtained after 3 h at 190 �C when [bmin][OAc] was used as the catalyst [20]. A
decreasing pH of the reaction medium could indicate the interaction of ethylene
glycol with the ionic liquid, leading to the release of acetic acid. Other imidazolium-
based catalysts gave yields of about 80% after 24 h reaction time. The catalyst
(dimim)[FeCl4] showed higher catalytic activity than (dimim)2[Fe2Cl6(μ-O)],
caused by a higher Brønstedt basicity of the anion and a lower steric hindrance of
the cation. Reducing the particle size of the PET dramatically increased the yield by
providing a larger surface area for catalyst and ethylene glycol to attack [10]. Choline
formate and acetate gave BHET yields of more than 80% in 3 h at 180 �C [13].

The guanidine-based catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
degraded PET at 190 �C in ethylene glycol in a period of less than 10 min. However,
the catalyst was rapidly deactivated by atmospheric CO2 and other acidic impurities
that may be present in PET waste [39]. This drawback was prevented by forming an
organic salt with methanesulfonic acid, resulting in BHET yields of about 90%. No
inert gas atmosphere is required and glycolysis can be carried out in an air atmo-
sphere [15]. Similar activity to TBD was observed for the reaction with betaine. [40].

The reaction can be accelerated if microwave radiation is used to heat the reaction
medium. The reaction time was reduced from 24 h to 2 h for PET waste using the
imidazolium-based catalysts (dimim)[FeCl4] and (dimim)2[Fe2Cl6(μ-O)]. The sec-
ond catalyst proved to be the more active one, as the polar structure of the iron(III)
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complex acted as an additional microwave absorption mechanism besides ionic
conduction [10].

Since the glycolysis of PET waste is a recycling process, it is important to avoid
the formation of production waste from spent reaction medium and catalyst during
processing. Therefore, in addition to economic factors, many researchers also
investigated the reusability of the reaction system. A pilot plant with a capacity of
200 tons per year could provide BHET at a price of 4.23 €/kg using zinc acetate as
the catalyst. Ethylene glycol consumption was identified as the highest cost factor.
Up-scaling to 8000 tons per year and reducing the ethylene glycol/PET ratio could
reduce the cost to 1.99 €/kg [12]. The glycolysis process with zinc acetate can also
tolerate complex waste fractions containing polyolefins from closures and labels,
which are solid balls after the process [12]. However, coloured waste fractions led to
discoloration of the BHET and require additional purification steps [3].

Cholin-based catalysts are cheaper than imidazolium-based ionic liquids, with a
price of about US$1100 per tonne [13]. Due to the lower price and lower toxicity,
choline acetate is considered the better catalyst, even though formate has the slightly
higher activity.

The recyclability of the catalyst must also be considered for the economic
evaluation [10]. In many homogeneous catalytic systems, the catalyst remains in
the reaction medium, which is reused after BHET separation. As a result, contam-
inations can accumulate in the reaction medium and reduce the quality of the
product. The ionic liquid [bmin][OAc] was recovered by vacuum distillation after
filtration of solid BHET and used six times in succession without loss of activity
[20]. The deep-eutectic solvent system zinc acetate/1,3-dimethylurea can be recycled
at least 5 time. However, in the last cycle only a quarter of the initial catalyst
concentration was still present in the reaction medium. Tighter control of the catalyst
loss is required [16]. When using the protic salt formed from methanesulfonic acid
and triazabicyclo[4.4.0]dec-5-ene, no loss of activity was observed [15].

Heterogeneous catalysts, such as layered double hydroxides [32], can be removed
from the reaction medium by filtration or centrifugation. This allows the replacement
of the ethylene glycol and the removal of impurities. Catalysts based on Fe3O4 [37]
or γ-Fe2O3 [35, 36], were completely separated from the solvent by their magnetic
properties. The recovery of the ionic liquid coated nanoparticles Fe3O4@SiO2@
(mim)[FeCl4] required 3 min [38]. These catalysts were reused at least 5 times
consecutively without loss of activity.

9.3.2 Hydrolysis of Poly(Ethylene Terephthalate)

Besides glycolysis, hydrolysis is the most studied process for the depolymerisation
of PET. Hydrolysis occurs when PET reacts with water and as a result terephthalic
acid and ethylene glycol are formed, both of which can be reused in the production
of new PET. This reaction requires high temperatures and pressures when carried out
in aqueous solutions under sub- or supercritical conditions. Therefore, catalysts are
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commonly used to reduce these drastic conditions. Most catalytic approaches use
acidic [41–43] or basic catalysts [12, 44, 45], but some neutral catalysts are also
known [46, 47]. Both acidic and basic catalysts have serious disadvantages. Basic
catalysts form terephthalic acid salt solutions that must be neutralized with strong
mineral acids to obtain terephthalic acid. Acidic catalysts are commonly strong
mineral acids that must be diluted with water to recover terephthalic acid; the mineral
acid is disposed of as waste. In addition, like terephthalic acid, these catalysts have
the disadvantage of causing corrosion to the equipment. Therefore, attempts have
been made to reduce the harsh conditions and instead carry out the reaction in a
steam atmosphere [5, 48–50]. More recent approaches try to avoid water as a solvent
and use less volatile solvents [46, 51, 52] or use enzymes [53–56] to accelerate the
reaction under more ambient conditions.

When hydrolysed in water above the melting point of PET and without a catalyst,
an apparent activation energy of 56 kJ mol�1 was observed [4]. The activation
energy did not change between 250 and 265 �C when zinc acetate was used as a
catalyst. A decreasing activation energy was only observed at a lower temperature,
which was explained by a change in the emulsion state [47]. The uncatalysed
reaction proceeded in a 75 vol% steam atmosphere with an apparent activation
energy of 140 kJ mol�1 and a pre-exponential factor of 1.6 � 109 according to
kinetics that most closely follows the models of a contracting cylinder or sphere
[49]. Hydrolysis of PET fibres from PVC-coated woven fabrics followed the same
models with an activation energy of 56 kJ mol�1 and a pre-exponential factor of
1.3 � 106 [44]. Alkaline hydrolysis of PET with NaOH proceeded with an apparent
activation energy of 99 kJ mol�1 [45]. The reaction was diffusion controlled in
ethanol/water [57]. In the presence of KOH, an apparent activation energy of
69 kJ mol�1 and a pre-exponential factor of 419 L min�1 cm�2 were observed.
The reaction was assumed to be first-order in terms of both PET surface area and
KOH concentration [58]. A much higher apparent activation energy of 173 kJ mol�1

was found for the alkaline hydrolysis carried out in ethylene glycol [52].
A value of 89 kJ mol�1, was achieved by developing a modified shrinking core

model for the hydrolysis of PET in sulphuric acid, taking into account the partial
dissolution of the PET in the acid [42]. Another modified shrinking core model was
applied for the reaction in nitric acid. Taking into account the precipitation of
terephthalic acid on the PET surface, a value of 101 kJ mol�1 was obtained
[43]. The reaction in supercritical CO2 was more likely to proceed by a first-order
reaction with an apparent activation energy of about 12.5 kJ mol�1 at 160 �C when
sulphated TiO2 was used as a solid acid catalyst [41].

Activation energies ranged from 12.5 to 173 kJ mol�1 depending on the condi-
tions used. Phase boundaries were present in any case; PET was either in the form of
solid or molten polymer; the mobile phase was either an aqueous solution, an organic
solution, or a gas phase. This implies that in any case mass transfer resistance was
present, which had a strong influence on the observed results. It is to be expected that
higher activation energies indicate systems with a high degree of chemical control,
while lower values indicate an obstruction by phase boundaries.
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The hydrolysis of PET in the absence of a catalyst requires high temperatures and
pressures. The yield of terephthalic acid was more than 90% at 350 �C after 60 min
reaction time [59]. At higher temperatures, the yield decreased because the
terephthalic acid was degraded to benzoic acid [60]. The yield of ethylene glycol
was lower than that of terephthalic acid. The increasing acid concentration caused
the degradation of ethylene glycol. Acetaldehyde, di- and triethylene glycol were
found as by-products [59]. Reducing the temperature requires longer reaction times.
The reaction was completed after 5 h at 265 �C, with terephthalic acid and ethylene
glycol as the main products. A degradation of ethylene glycol was not observed. An
equilibrium constant of 0.664 was found, which means that complete hydrolysis of
PET cannot be achieved [4].

The addition of zinc or sodium acetate as a catalyst increased the reaction rate by
only about 20% compared to the uncatalysed reaction [47]. It was assumed that these
catalysts did not directly influence the hydrolysis reaction, but stabilized the emul-
sion and reduced the droplet size. This was supported by the fact that the apparent
activation energy between 250 and 265 �C was equal to the uncatalysed one. When
the reaction was catalysed with zinc acetate in xylene, using a minimum amount of
water and a detergent to form an emulsion, the average molecular weight of the
resulting product at 160 �C was greatly reduced. This process lowered the reaction
temperature and pressure and facilitated product recovery, as the recovered ethylene
glycol contained little water and PET oligomers were obtained as a fine white
powder [46].

The alkaline hydrolysis of PET at 150 �C was completed after 4 h reaction time at
a PET/NaOH ratio of 1:2.4. The yield of terephthalic acid was 90% with a purity of
more than 95% when PET waste was used [12]. A comparable reaction gave 98%
terephthalic acid after 1 h at 200 �C [45]. The reaction temperature was reduced to
80 �C in ethanol/water with a volume ratio of 60–40 with comparable yields [57].

When KOH was used at 160 �C, terephthalic acid with a yield of 91% and
ethylene glycol were the only products obtained. The remaining PET hardly changed
and retained its high molecular weight even at the end of the reaction, indicating that
depolymerisation took place only on the PET surface [58].

Alkaline hydrolysis can also be used to separate PET fibres from poly(vinyl
chloride) (PVC) in woven fabrics. The yield of terephthalic acid reached 99% after
2 h at 180 �C in 1 M NaOH solution. Dechlorination of PVC occurred simulta-
neously and reached 22% at the end of the reaction. Both the hydrolysis of PET and
the dechlorination of PVC proceeded independently without the formation of shared
by-products [44].

Alkaline hydrolysis in ethylene glycol resulted in complete PET conversion after
1 min at 185 �C. The usual mass transfer resistance caused by the formation of
sodium terephthalate at the sample surface was overcome by vigorous stirring. In
addition, the molecular weight reduction caused by hydrolytic degradation during
processing and aging was also found to shorten the processing time [52]. The
reaction with 9 M KOH in Cellusolve (CH3OCH2CH2OH) gave a terephthalic
acid yield of 82% after 2.5 h at 120 �C. It was assumed that a higher yield was
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prevented by product formation on the PET surface, as potassium terephthalate was
not soluble in the reaction medium [45].

Concentrated sulphuric acid (18 M) is able to dissolve PET at room temperature.
During the slow hydrolysis of the dissolved polymer, more and more end-groups,
carboxylic acids and hydroxyl-groups, are formed. The investigation of precipitated
product by XRD showed that amorphous regions are dissolved first before the
dissolution process also covers PET crystallites [61]. The solubility of PET
decreases with the sulphuric acid concentration, which also leads to a delay in the
hydrolysis reaction. Complete hydrolysis at 150 �C was achieved at a concentration
of 9 mol L�1 after 2 h, whereas with sulphuric acid at a concentration of 3 mol L�1,
only 90% of the PET was degraded after 12 h [42, 62]. The reaction of PET in 13 M
HNO3 resulted in a weight loss of about 80 wt% after 12 h at 100 �C. Removal of
terephthalic acid from the surface was able to accelerate the reaction. Ethylene glycol
was oxidized to oxalic acid, which was obtained as the second major product [43].

Hydrolysis carried out in the ionic liquid [Bmin][Cl] in the presence of [HSO3-
pmim][HSO4] (where pmim stands for 1-methyl-3-(3-sulfopropyl)-imidazol) as an
acid catalyst gave a yield of 89% of terephthalic acid after 4.5 h at 170 �C. Even
without any catalyst, the ionic liquid gave a terephthalic acid yield of 76% [51].

The reaction can be strongly accelerated by the use of microwave radiation. The
presence of sodium methoxide as catalyst reduces the reaction time in dimethyl
sulphoxide and methanol as solvent to 5 min at 70 �C. The reaction yields a mixture
of dimethyl and monomethyl terephthalate and terephthalic acid. The terephthalic
acid is recovered from the solution after addition of water. The yield was reported to
be about 74% for terephthalic acid [63].

An alternative possibility for hydrolysis is the reaction in supercritical CO2. The
gas acts as a plasticizer under supercritical conditions, promoting swelling and
migration within the polymer. However, it also induces crystallization of amorphous
PET, which can slow down the hydrolysis process. The reaction in supercritical CO2

using the solid superacid catalyst SO2�
4 /TiO2 was complete after 5 h at 200 �C at any

pressure. Hydronium ions were able to migrate together with dissolved water into the
polymer matrix. The reaction took place both on the surface and in the bulk
material [41].

High pressure can be avoided if hydrolysis is carried out in a steam atmosphere.
The reaction in a fluidised bed requires temperatures above 400 �C to ensure
volatilization of the terephthalic acid. At 450 �C, a terephthalic acid yield of about
70% was achieved, while ethylene glycol was almost completely degraded when
quartz sand was used as bed material. Up to 24% of the terephthalic acid remained
bound in oligomers. Decarboxylation also occurred with the formation of benzoic
acid and acetylbenzoic acid [5]. Experiments with 18O-labelled steam showed that at
temperatures between 340 and 440 �C, both pyrolysis and hydrolysis occurred in the
degradation of PET and other aromatic polyesters. The selectivity of hydrolysis
shifted from 46% to 11% in this temperature range when a 75 vol% steam atmo-
sphere was present [49].
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Terephthalic acid from the steam hydrolysis of PET can be converted to benzene
using CaO as a catalyst. This reaction required 9 h at 450 �C, which could be reduced
to 90 min at 550 �C. The benzene yield and purity were between 52 and 65% and
between 82 and 89%, respectively. While the benzene yield reached its maximum at
500 �C, the highest purity was obtained at 450 �C. An even higher benzene yield of
74% and a purity of 97% were achieved when a heating rate of 2 K min�1 was
applied from 300 to 500 �C [48]. At a heating rate of 5 K min�1, more than 50% of
the carbon was converted to benzene. Benzene was obtained as a liquid with a high
purity of 99%. Naphthalenes and biphenyls observed during pyrolysis of PET in the
presence of CaO are minor impurities and no oxygen-containing compounds were
observed [50]. When bottle-PET was hydrolysed at 450 �C and the volatile
terephthalic acid was decarboxylated over CaO at 700 �C, benzene was obtained
with a yield of 74% and a purity of 96%. The benzene yield from various composites
such as X-ray film and magnetic tape decreased to values between 32 and 35%. The
main by-product was biphenyl from the secondary reaction of benzene. Oxygenated
compounds were negligible [64].

A new way of hydrolytically decomposing PET waste is the use polyester
degrading bacteria and their enzymes [65]. In the past, carboxylic acid hydrolases,
lipases, serine esterases and carboxylesterases have been reported to be effective in
the hydrolysis of PET [56]. Among these, cutinases, which belong to the group of
carboxylic acid hydrolases, are the most efficient. It was found that Humicola
insolens cutinase (HiC) is more than 20 times faster than other known PET
degrading enzymes. One reason for this could be the small size of cutinases
compared to other enzymes, which allows better contact with the rigid structure of
PET. Terephthalic acid and mono(2-hydroxyethyl)terephthalate (MHET) were the
main products of the degradation.

Cutinases are natural polyester hydrolases that have proven to be very efficient in
the hydrolysis of PET at a temperature of around 70 �C. Terephthalic acid could then
be recovered by filtration and ethylene glycol after distillation. The biodegradation
route could be less energy intensive and thus more cost-effective at lower temper-
ature and pressure. However, the biochemical process is more time consuming.
Complete hydrolysis of PET film by Thermobifida fusca cutinase TfCut2, expressed
by Bacillus subtilis and isolated from E. coli, takes approximately 120 h at 70 �C.
With other packaging materials, 50% of the PET was not degraded. The reason for
the differences in degradation behaviour was thought to be the inability of the
enzyme to attack crystalline and rigid amorphous fractions, neither of which offer
sufficient flexibility for an enzymatic reaction [53].

This obstacle is overcome by studying enzymes that are active at temperatures
above 70 �C. Degradation of PET by the Thermobifida cellulosilytica derived
cutinase Thc_Cut1 caused increasing crystallinity, which may also indicate prefer-
ential hydrolysis of the amorphous region [66]. When the thermophilic bacterium
Clostridium thermocellum expresses leaf and branch compost cutinase (LCC) at
60 �C, about 62% of the amorphous PET was converted into terephthalic acid and
MHET over a period of 14 days [7]. The stability of LCC against aggregation was
improved by glycosylation. The stabilized enzyme showed high activity between
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70 and 80 �C. The thickness of an amorphous PET film with a crystallinity of 7%
was reduced by 60 μm day�1 [54]. With improved thermal stability, LCC was able to
depolymerise PET by 90% in less than 10 h in a pilot-plant scale set-up. The
recovered terephthalic acid was purified and used to make new PET. The bottles
made from this material showed similar properties to those made from commercial
PET [67].

The hydrolysis of PET in blends with polyethylene or polyamide is accelerated
when Thc_Cut1 is used as an enzyme [66]. The enzymatic hydrolysis of highly
crystalline PET fibres requires a pretreatment step. Only after hydrolysis of PET
fibres at a temperature of 250 �C and a pressure of 39 bar was HiC able to convert the
remaining oligomers into terephthalic acid. The presence of zinc cations as hydro-
lysis catalyst inhibited the action of the enzyme [55]. Furthermore, MHET [56, 68]
and BHET [66] showed inhibitory effects on cutinases. Countermeasures are the
addition of Candida Antarctica lipase B (CALB), which degraded MHET to
terephthalic acid [56] or the use of an ultrafiltration membrane reactor to continu-
ously remove MHET [68]. A reduced particle size is favourable for the hydrolysis of
PET by enzymes [66].

Terephthalic acid can be produced by alkaline hydrolysis at 150 �C at a cost of
2.71 € kg�1. The main cost factor is the wastewater management in terms of the
organic content and the salt load due to the neutralisation of the highly basic solution
for the precipitation of the terephthalic acid. The price could be reduced to 1.02 €

kg�1, if the wastewater is treated within the production plant [12]. The reaction in
ethanol/water at 80 �C could reduce greenhouse gas emissions compared to the
energetic conversion of PET waste [57].

The recyclability of production waste from PET hydrolysis is rather poor. Waste-
water with an extreme pH is often disposed of. When neutralising the reaction
solution from alkaline hydrolysis to recover terephthalic acid, saline solutions are
produced from which the salt could be recovered. More promising is the use of ionic
liquids as the reaction medium, as the two can be easily separated. Ionic liquid and
catalyst were reused eight times in a row without loss of catalytic activity [51].

9.3.3 Aminolysis of Poly(Ethylene Terephthalate)

Poly(ethylene terephthalate) reacts with ammonia (ammonolyis) or organic amines
(aminolysis) to form aromatic amides. Strongly basic amines react faster than amines
with a low basicity. The reactivity is reduced by steric hindrance [69]. Depending on
the amine used, a catalyst may be required. A catalyst is more likely to be needed for
the reaction of lipophilic amines than for hydrophilic amines [70]. Since the amine-
group is more nucleophilic than the hydroxyl-group, amino alcohols give always
terephthalamides [70].

The reaction takes place below the melting temperature of PET at the particle
surface. It was observed that methylamine preferentially attacks amorphous areas,
while ammonia attacks both amorphous and crystalline areas from the beginning.

298 G. Grause



This was attributed to the higher nucleophilicity of methylamine [71]. Increasing
temperatures cause a softening of the material and facilitate the migration of the
amine beyond the surface, which is even more easily penetrated when the temper-
ature exceeds the melting point of PET. The molecular weight of PET has been
found to decrease with increasing PET conversion, indicating a random scission
process [72].

The apparent activation energy of the aminolysis of PET in ethanolamine was
determined to be 153 kJ mol�1 using a modified shrinking core model [72].

Terephthalamides can be obtained from ammonia or various primary or second-
ary amines. Often, after optimisation the reaction does not require a catalyst [70]. If
necessary, catalysts such as zinc acetate [73], sodium sulphate, acetate or bicarbon-
ate [74] are used. Reaction of PET with ammonia under pressure at ambient
temperature resulted in complete conversion to terephthalamide after 45 days in
the absence of any catalyst and 15 days in the presence of zinc acetate [73]. Reaction
with ethanolamine gave bis(hydroxyethyl)terephthalamide (BHETA) after 2 h at
140 �C [70]. Precipitation of the product was observed at high conversion. Reaction
of fibres and bottle wastes under reflux in the presence of sodium acetate yielded
91 and 83% of BHETA after 8 h, respectively. The lower rate of degradation of
bottle waste was explained by its higher molecular weight and broader molecular
weight distribution [75].

The reaction of ethylenediamine with PET required 17 h at 100 �C in the absence
of a catalyst. The yield of bis(2-aminoethyl)terephthalamide (BAET) reached 75% at
an ethylene diamine/PET ratio of 16. Lower ratios yielded less BAET. The
by-products were α,ω-aminoligo(ethylene terephthalamide)s (AOETs), oligomers
from the condensation of BAET. The dimer was the most abundant fraction of the
AOETs, although trimers and tetramers were also present [76]. The equilibrium
shifted towards the AOET with temperature, reaching about 70% at 250 �C [77]. The
reaction of triethylenetetramine with PET gave the corresponding terephthalamide
after refluxing for 2 h at 130–140 �C [78].

The guanidine derivative 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD) accelerated
the aminolysis of PET with various aliphatic and aromatic amines. Aminolysis in the
presence of ethylenediamine was completed after 1 h at 120 �C. Aminolysis in
aniline took 24 h at 180 �C due to its lower basicity. Although piperidine is a strong
base, the reaction was slow due to steric limitations [69]. Aminolysis in
ethylenediamine in the presence of a TBD derivative (Fig. 9.4) as catalyst gave
complete conversion of PET with BAET as the main product after 10 min at 120 �C.
The reaction in ethanolamine required only 3 min at 190 �C and gave BHETA [79].

The reaction time can also be shortened by using a microwave reactor. The yield
of BAET in the presence of ethylenediamine reached a maximum of 30% after
10 min at 250 �C and a pressure of more than 1 MPa. The main product after the
complete conversion of PET was AOET. The reaction rate decreased significantly
when the reaction was carried out below the melting point of PET [77]. Aminolysis
in the presence of ethanolamine and NaHCO3 as catalyst required 5 min for PET
fibre waste and 7 min for PET bottle waste to obtain BHETA yields of about 90%
under reflux [74]. The reaction time could be reduced to 2 min in the absence of a
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catalyst at a microwave power of 150 W when an autoclave was used. The temper-
ature rose above the melting temperature of PET and the pressure exceeded 1 MPa.
No reaction was observed below 180 �C [72].

The reaction in the presence of ethanolamine catalysed by dibutyltin oxide gave a
complete conversion after 60 days in a sand bath heated by solar radiation in the
Egyptian summer [80].

The product of PET depolymerized in ethanolamine, BHETA can be used for the
production of polyurethanes [81] and corrosion protection paints [80]. The reaction
of BAET with cardanol and paraformaldehyde resulted in bis-benzoxazines deriva-
tives, which were converted to thermosets by ring-opening polymerisation (Fig. 9.5).

Fig. 9.4 TBD (1,5,7-
triazabicyclo [4.4.0] dec-5-
ene) based aminolysis
catalyst

Fig. 9.5 Thermosets from bis(2-aminoethyl)terephthalamide (BAET) and cardanol
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Cardanol is obtained from cashew nut shells and provides a route of bio-based resin
production [77].

Products from the aminolysis of PET can be used as additives in asphalt [70]. The
in-situ polymerisation of BHETA with methylene diphenyl diisocyanate in bitumen
at 90–130 �C resulted in a binder suitable for the construction of roads with high
traffic loads [82].

9.3.4 Solvolysis Using Other Types of Alcohols

In addition to the reactions described in the sections above, solvolysis can also be
carried out in the presence of other alcohols, methanol being the most important.
Methanolysis was of some importance in the early days of research, but lost
importance when PET production was no longer carried out via the
transesterification of dimethyl terephthalate (DMT).

The reaction mechanism is similar to that of the glycolysis process. The same
catalytic systems are also applicable. The use of deep eutectic solvents [83] has been
reported. A special feature of alcoholysis processes with solvents other than ethylene
glycol is that at least two alcohols are present in the system and mixed products can
be expected [84, 85]. An ATR-FTIR investigation could show that the Gauche
conformation disappeared faster than the Trans conformation during methanolysis.
The crystalline fraction also decreased faster than the amorphous fraction [86]. It was
found that the transesterification of PET with 2-ethyl-1-hexanol in the presence of
choline chloride/zinc acetate as catalyst proceeds by a first-order reaction with an
activation energy of 95 kJ mol�1 [83].

The use of methanol requires high pressure due to the low boiling point of
methanol (65 �C). The reaction is usually carried out in the supercritical state
above the critical point of 239 �C and 8.09 MPa [85]. It is shown that PET cast
film was readily penetrated by methanol already at 150 �C, although the low
activation energy of 6 kJ mol�1 suggested an impeded mass transfer [86]. However,
sufficient solubilisation only occurred under critical conditions. Below the critical
pressure, the depolymerisation rate decreased significantly [85]. Below the melting
point of PET, degradation occurred mainly at tie molecules reducing the molecular
weight to one third. Catalysts can accelerate the formation of oligomers and
DMT [87].

Under supercritical conditions, PET is melted and the effect of mass transfer
resistance is reduced. It was found that PET dissolution is improved under super-
critical conditions [88]. The depolymerisation was completed after 40 min at tem-
peratures between 253 and 273 �C and a pressure of 11 MPa. Most of the
by-products are converted into DMT under these conditions and DMT with a purity
of 98% could be recovered from waste materials after purification [85]. At a
temperature of 300 �C and a pressure of 20 MPa, PET with an average molecular
weight of 47 kDa was depolymerised to 3 kDa after 5 min and 1 kDa after 10 min.
The main products after 20 min were methyl 2-hydroxyethyl terephthalate, DMT,
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and terephthalic acid monomethyl ester (TAMME). The yield of TAMME decreased
after reaching its maximum after 15 min. The molecular weight distribution was
successfully simulated over the reaction time [89]. The optimal conditions for the
uncatalysed reaction were found at 298 �C for 112 min, yielding 99.8% DMT
[88]. The addition of toluene promoted swelling and increased the DMT yield in
the presence of aluminium isopropoxide as catalyst from 67% in pure methanol to
89% in methanol/toluene (80:20) at a temperature of 200 �C [87]. The temperature
and time requirements can be reduced by using microwave reactors. Methanolysis in
the presence of zinc acetate gave a DMT yield of 87% after 30 min at 180 �C. After
reaching a maximum of 1.6 MPa, the pressure dropped to 1.2 MPa during the
reaction, caused by the consumption of methanol [84].

The reaction in supercritical ethanol at a temperature of 255 �C and a pressure of
11.65 MPa gave a diethylterephthalate yield of 80% from multilayer packaging PET
coated with aluminium and polyethylene [90].

High boiling alcohols do not require high pressure for their reaction with PET.
The reaction with 1,4-butanediol and triethylene glycol can be carried out at 220 �C
in the presence of zinc acetate as catalyst. The main product after 10 h of the reaction
with 1,4-butanediol was bis(4-hydroxybutenyl)terephthalate with the dimer being
the main by-product. When triethylene glycol was used, mainly oligomers with
molecular weights between 700 and 800 g mol�1 were obtained [91]. Solvolysis in
the presence of 2-ethyl-1-hexanol gave a dioctyl terephthalate yield of 84% after 1 h
reaction time and with choline chloride/zinc acetate (molar ratio 1:1) as deep eutectic
solvent catalyst. The product could replace phthalate plasticizers and reduce the
environmental hazard they pose [83].

9.3.5 Other Aromatic Polyesters

The most common aromatic polyesters besides PET are PBT and PEN. While PBT is
used for many applications in the automotive industry and for electrical and elec-
tronic equipment, PEN is used as an alternative material to PET for packaging
applications due to its better gas barrier properties and higher glass transition
temperature. The depolymerisation processes are similar to those for PET.

The hydrolysis of PEN in aqueous ammonia solution at 240 �C was controlled by
mass transfer [92]. The activation energy of the hydrolysis of PEN was 95 kJ mol�1

[93], higher than that observed for PET with 56 kJ mol�1 [4]. The activation energies
for hydrolysis of PBT and PEN in steam atmosphere were 156 and 161 kJ mol�1,
respectively, which were slightly higher than that for PET under the same conditions
[49]. For the random scission of PBT in methanol, an activation energy between
84 [9] and 87 kJ mol�1 [94] was determined, which is about 10 kJ mol�1 lower than
that for the reaction of PET [9].

Depolymerisation of PEN in hot water is not observed below 227 �C. Yields of
2,6-naphthalene dicarboxylic acid (NDA) and ethylene glycol reached 98 and 86%
after 1 h at a temperature of 300 �C [59]. When PEN was heated in water, swelling
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was first observed, then above 200 �C the state changed to a liquid. This process
ended at 270 �C, after which PEN was dissolved and a homogeneous aqueous phase
was formed. The hydrolysis of PEN resulted in 83% of NDA and 80% ethylene
glycol after 60 min at 260 �C [93].

The reaction of PBT and PEN catalysed by Ca(OH)2 in a steam atmosphere led to
the formation of benzene and naphthalene, respectively, as was also observed for
PET. The highest product yields were observed at 700 �C for PBT and 600 �C for
PEN [95]. Pyrolytic processes were also observed during the hydrolytic degradation
of PBT and PEN in a steam atmosphere. Pyrolysis increased drastically from 19 to
73% for PBT hydrolysis between 320 and 440 �C, while the contribution of
pyrolysis remained constant at about 75% for PEN [49].

The hydrolysis of PBT in hot water can cause the degradation of terephthalic acid
and 1,4-butanediol. Benzoic acid and tetrahydrofuran are observed as products
instead [60]. During the hydrolysis of PEN, the resulting NDA can be
decarboxylated to form naphthalene, which is oxidised to phthalic anhydride and
hydrolysed to phthalic acid (Fig. 9.6) [93].
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(PEN) in hot water
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In methanol, PBT was completely depolymerised at 240 �C after 22 min. The
highest DMT yield of 95% was observed after 75 min at 290 �C [94]. Shibata, et al.
[9] observed complete depolymerisation after 10 min at the same temperature and a
pressure of 6 MPa. By the time the reaction temperature was reached, about 50% of
the two monomers had already been recovered. Alcoholysis of PBT is faster in
methanol than in ethanol or propanol. Complete conversion was achieved in meth-
anol after 20 min at 250 �C, while 25 and 42% of the PBT remained as residue in
ethanol and propanol, respectively. The highest yields of dialkyl terephthalates were
observed after 75 min at 310 �C with 98.5% of DMT and 76% of diethyl terephthal-
ate [96]. One reason for this behaviour could be the good miscibility of molten PBT
with methanol [9].

9.4 Depolymerisation of Aliphatic Polyesters

In contrast to aromatic polyesters, aliphatic polyesters are biodegradable. These
include poly(lactic acid) (PLA, polylactide), poly(butylene succinate) (PBS),
polycaprolactone (PCL), polyhydroxyalkanoates (PHAs) and others. Despite their
biodegradability, these polyesters should be recycled to reduce the environmental
impact of their production [97]. Most of these polymers can be successfully
converted into monomers and other feedstocks for the production of new materials.

9.4.1 Depolymerisation of Poly(Lactic Acid)

The production of PLA begins with the fermentation of sugary biomass by lacto
bacteria. The resulting lactic acid is dimerised to lactide in a conventional chemical
process and then further converted to PLA by ring-opening polymerisation. Lactic
acid occurs in two enantiomers, both produced by different species of Lactobacillus.
Since usually only one of the enantiomers is used for the production of one type of
PLA, the aim of depolymerising used PLA is to recover lactide or other lactic acid
derivatives without racemisation [98].

The mechanism of catalysed depolymerisation of PLA is often analogous to that
of PET glycolysis (Figs. 9.1 and 9.2) with the cation acting as a Lewis acid and the
anion increasing the nucleophilicity of the reactant, water or alcohol [99, 100]. The
reaction of PLA in the presence of a zinc catalyst is faster than that of PET. It has
been suggested that PLA is able to chelate the zinc ion (Fig. 9.7), while the rigid
structure of PET prevents chelation [101]. High solubility of PLA is favourable for
the reaction. Ionic liquids with a low ability to dissolve PLA showed limited
conversion, while the reaction proceeded easily when PLA was sufficiently
dissolved. Small polymer chains were more rapidly dissolved and depolymerised
by a random scission process than longer ones, resulting in an extraordinary reduc-
tion in polydispersity [100].
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Hydrolysis in water and NaOH solution showed comparable activation energies
of 82 kJ mol�1 and 72 kJ mol�1, respectively [102]. The activation energy was
significantly higher at 134 kJ mol�1 when the reaction was catalysed by [Bmin]
[OAc] [100]. Methanolysis using a zinc ring-opening catalyst proceeded by random
chain scission with an activation energy of (39 and 65) kJ mol�1 [103]. Using an
ethylenediamine-zinc(II) complex, an activation energy of about 40 kJ mol�1 was
observed [104].

Pyrolysis is the simplest route of PLA depolymerisation, but also the most
energy-intensive. In the presence of zinc catalysts at temperatures between
190 and 245 �C, lactide was obtained as the main product with an enantiomeric
excess of more than 99% and a yield of up to 92% [105]. However, racemisation
occurs in the presence of some fillers. It was observed that in the presence of MgO
less than 3% of the lactide was racemised at temperatures below 270 �C. The extent
of racemisation increased above this temperature. The presence of CaO resulted in
10–20% racemisation below 250 �C, while above this temperature racemisation
decreased to below 2%. It was suggested that racemisation occurred by a backbiting
process, while L,L-lactide was obtained by an unzipping reaction [106, 107].

Hydrolysis of PLA in water and NaOH solution gave lactic acid yields between
92% and 98% at 160 �C [102]. Similar results were obtained in the presence of
[Bmin][OAc] as catalyst, resulting in a PLA conversion of 94% at a temperature of
130 �C. After precipitation with Ca(CO3), a calcium lactate yield of 76% was
obtained [100]. High enantiomeric purity was achieved with Escherichia coli
strains [102].

Methanolysis in the presence of KF as catalyst gave methyl lactate yields of more
than 99% at 180 �C. The catalyst was able to degrade PLA and poly(bisphenol-A-
carbonate) side by side, while PET and nylon-6 interfered with the degradation and
reduced the yield of PLA [99]. Reaction in methanol with 4-dimethylaminopyridine
(DMAP) as a catalyst resulted in 97% yield of methyl lactate as determined by NMR
after heating in a microwave oven at 180 �C for 10 min. The catalysts
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) even achieved yields close to 100% under the same conditions

Fig. 9.7 Chelation of zinc
ions by poly(lactic acid)
PLA. The R-groups
represent PLA chains
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[108]. Microwave methanolysis at 160 �C gave reaction yields of more than 99%
after 20 min in the presence of tin(II) 2-ethylhexanoate. High turnover frequencies
close to 4 � 104 h�1 were observed [109]. The reaction of PLA with methanol,
ethanol and butanol was completed after 2 min at room temperature in the presence
of TBD. The reaction of sterically hindered alcohols was strongly delayed due to the
space requirements of the catalyst. Acidic alcohols deactivated the basic catalyst
[110]. Methanolysis in the presence of zinc acetate gave a methyl lactate yield of
70% after 15 h of heating under reflux [101]. The reaction in tetrahydrofuran using a
zinc ring-opening catalyst was completed within 60 min and gave 100% methyl
lactate although depolymerisation was already observed at 40 �C [103]. Methyl
lactate yields of 100% were obtained from PLA waste after 4 h at 110 �C in the
presence of an ethylenediamine-Zn(II) complex as catalyst [104].

The reaction of PLA with diamines gave oligomers when carried out under reflux
in xylene. The reaction proceeded with 1,6-diaminohexane without catalyst and after
1 h an oligomer with a molecular weight of 5.5 kg mol�1 was obtained containing
both lactic acid and diamine units. Oligomers were also obtained in the presence of
tin(II) 2-ethylhexanoate as catalyst when 1,3-propanediol was the degradation agent
[111]. Ionic liquids could be recovered from PLA hydrolysis and reused 7 times in a
row without loss of activity [100].

Lifecycle assessment showed that chemical recycling and polymerisation of
virgin PLA from 1 tonne of waste PLA could reduce the global warming potential
by 780 kg CO2-eq. [97]. The energy requirement for the production of lactic acid
could be reduced from 55MJ kg�1 for the production from corn starch to 14MJ kg�1

for the hydrolysis of PLA [98].

9.4.2 Depolymerisation of Other Aliphatic Polyesters

Other aliphatic polyesters include PBS, PCL, PHAs, and other mostly biomass
derived thermoplastics. Although these materials are often biodegradable,
depolymerisation for the purpose of recycling has been an emerging issue in recent
years. In this section, only a few examples are presented.

It can be seen that many concepts that were successfully applied to the
depolymerisation of PET were also adopted for aliphatic polyesters. The reaction
mechanisms found for the reaction catalysed by ionic liquids [112, 113] were
analogous to those for PET (Figs. 9.1 and 9.2). The hydrolysis of PBS and poly
(butylene succinate/adipate) (PBSA) in hot water proceeded with activation energies
of 64 and 58 kJ mol�1 [114]. The low activation energy of 27 kJ mol�1 in the
methanolysis of PHB catalysed by [Bmin]FeCl4 [112, 113] indicated mass transport
hindrance.

The thermal degradation of PHAs at 190 �C leads to a significant reduction in
molecular weight after only 30 min [115]. If PHB was pyrolysed at 310 �C,
unsaturated acids are obtained. A yield of about 78% was achieved, including
trans-crotonic acid as the main product and 2-pentenoic acid and cis-crotonic acid
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as by-products. This method can be used to separate PHB from polypropylene,
which is degraded at higher temperatures [116].

The hydrolysis of PBS and poly(butylene succinate/adipate) (PBSA) in hot water
provided lower acid yields between 180 and 300 �C than comparable experiments
from PET. The highest succinic acid yield of 80% was achieved from PBS after
about 30 min at temperatures between 270 and 300 �C. In the same temperature
range, the succinic acid and adipic acid yields from PBSA reached 65 and 70%,
respectively [114].

The most common strategy for the depolymerisation of aliphatic esters is the use
of enzymes. Lipases in particular offer the advantage of wide commercial availabil-
ity [117]. Such lipases were able to reduce the molecular weight of poly
(3-hydroxybutyrate-co-4-hydroxybutyrate) from 300 kg mol�1 to below 5 kg mol�1

after 72 h at 37 �C. The reaction of PCL in toluene required 24 h at 50 �C in the
presence of Candida antarctica lipase B (CALB) for conversion to di-, tri-, and tetra-
oligomers. ε-caprolactone was also observed as a by-product. Depolymerisation
proceeded by a random chain scission mechanism. After reaching a minimum after
24 h, the molecular weight increased again significantly [8]. The time required for
depolymerisation at moderate temperatures is still too long for technical application.
Therefore, higher temperatures are aimed for.

Depolymerisation in the presence of CALB using a twin screw extruder drasti-
cally reduced the molecular weight of PBS from 82 kg mol�1 to 2000 g mol�1 after
5 min at a temperature of 120 �C. A maximum succinic acid yield of 44% was
achieved, while 1,4-butanediol was not observed among the products. This reaction
required catalyst concentrations of up to 10 wt% and the catalyst lost more than 60%
of its activity during the process [118]. The depolymerases Est-H and Est-L isolated
from the bacterium Roseateles depolymerans TB-87 were able to degrade various
aliphatic and aliphatic-aromatic polyesters. Succinic acid and 1,4-butanediol were
obtained from PBS. In addition, adipic acid was observed in the degradation of poly
(butylene succinate-co-adipate) and terephthalic acid and isophthalic acid in the
degradation of poly(butylene succinate/terephthalate/isophthalate)-co-(lactate). The
depolymerisation of aliphatic-aromatic polyesters proved to be slower than that of
purely aliphatic polyesters [119]. The depolymerisation of poly(hexamethylene
succinate-co-hexamethylene-hexylthiosuccinate) with CALB reduced the molecular
weight from 78 kg mol�1 to 800 g mol�1. All products were cyclic oligomers.
Subsequent ring-opening polymerisation with the same catalyst gave a polymer with
a molecular weight of 70 kg mol�1, proving the recyclability of this type of
polyester [120].

Methanolysis under reflux in the absence of a catalyst at a temperature of 200 �C
and a pressure of 18 bar for a period of 6 h converted PHB to methyl crotonate. The
product could be used to obtain propylene and methyl acrylate by metathesis
[6]. Methanolysis of PHB in the presence of the ionic liquids [Bmin]FeCl4 and
[MIMPS]FeCl4 (1-(3-sulfonic acid)-propyl-3-methylimidazole ferric chloride) as
ferromagnetic catalysts gave methyl (3-hydroxybutyrate) yields of 85 and 87%
after a reaction time of 3 h at 140 �C, respectively. The purity of the monomer
was over 98%. The catalysts were recovered and used six times in succession
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without loss of activity [112, 113]. The reaction carried out under a microwave
heating in the presence of methanol or ethanol gave a mixture of 3-hydroxybutyric
acid, crotonic acid, and the 3-alkyl butyric acid ethers [121].

9.5 Conclusions and Future Outlook

Climate change will force plastics manufacturers to find new sources of carbon in
future, when fossil fuels are no longer considered suitable for technical applications.
Fossil carbon could be replaced to some extent by biomass. However, it is question-
able whether enough biomass can be made available to meet the increasing demand
for plastics. Plastic producers could face carbon scarcity in a future world, which
would force them to keep the “harvested” carbon in the cycle.

Established polymers such as PET, PBT, and PEN have been developed from
monomers that are readily available from fossil fuels. This paradigm could change if
biomass becomes the main feedstock for carbon loss replacement. Biomass as a
feedstock provides different types of monomers. New polymers, such as PLA, PBS,
and PHAs, are the result and others may follow. The structure of the new polymers
may depend strongly on the type of biomass used. This could result in an even wider
range of polymers than we see today—and all these polymers have their own process
requirements for recycling if monomers are to be the target.

We have seen in this chapter that different types of polyesters require different
processes for depolymerisation. However, we have also seen that some processes
allow the separation of different types of polymers: PET can be separated from PVC
[44]; PLA from PET and nylon-6 [99]; PHB from polyolefins [116]. The increasing
number of polymers in the waste stream could make the separation of individual
polymers more difficult than it is today. Combining chemical recycling methods for
monomer recovery may have some advantages, and therefore there is still much
work to be done to develop solutions that offer the possibility of fractional
depolymerisation and stepwise monomer recovery. To keep track of the increasing
number of possible monomers, more of these solutions will be needed in the future.
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