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Abstract

Production and consumption of poly(bisphenol-A carbonate) resins are seeing

a worldwide increase. However, their usage lifetimes are short and their final

disposition as landfills pose environmental and health risks, due to the release

of toxic bisphenol-A (BPA). The development of alternative recycling routes is

thus becoming subject of increasing interest. In this review, the main recycling

processes of poly(bisphenol-A carbonate) are described and critically com-

pared, with special focus on the chemical mechanisms. While mechanical

recycling is possible, the end products are restricted only to polymer blends,

whose main mechanical properties decrease with each compounding cycle. In

turn, chemical recycling can produce BPA monomer and a variety of by-

products that can be used in different industries, including the polymeric field,

as synthesis reagents and precursors. The operation conditions of each method

are reviewed, as well as the different results obtained in terms of product yield,

composition, selectivity and reaction times. Reaction mechanisms are

described in detail and a view on the usability of each end product is offered.
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1 | INTRODUCTION

Aromatic polycarbonate (PC) resins are widely used engi-
neering thermoplastics, unlike their aliphatic counter-
parts, which have few industrial applications.1 By far, the
most widely used PC is poly(bisphenol-A carbonate)
(PC-BPA), whose market size was estimated at USD
15.24 billion in 2015—with a global demand of 4.3 mil-
lion tons—and is expected to reach USD 25.37 billion
by 2024—increasing its demand to 7.7 million tons.2

The toughness and impact strength of this material,
together with its chemical resistance to water and some sol-
vents, make it a good candidate for several applications,
including electrical insulations, power plugs, household
appliances, automobile parts, office equipment, and packag-
ing. Transparent grades are also used in the construction
sector as window panes and roofs of different building
types.3 Packaging applications are uncommon due to the
toxicity of BPA (except in baby bottles and related products
where this material is firmly banned).4
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The industrial manufacturing process of PC-BPA con-
sists of a heterogeneous polymerization of BPA (in methyl
chloride solution) and phosgene (gas), in the presence of
water (in which by-product NaCl is concentrated) and a ter-
tiary amine that acts as a catalyst.5 Sodium hydroxide is
used to ensure a pH of 10–12. The general reaction is
shown in Scheme 1.

The obtained polymer is washed first with an acid
(to remove basic residues) and then with water. While this
is the most popular approach, the use of toxic raw materials
like BPA and phosgene has promoted researchers to explore
alternative routes that avoid such compounds. A review of
the techniques that replace phosgene with CO2 was
reported recently, as were some advances in BPA-free
routes.6–8 However, the scale-up of these processes is still
challenging from a technological viewpoint.

The growth of the PC industry comes with an unset-
tling downside: life duration is very short and its natural
degradation, extremely slow.9 Final deposition as landfill
material or incineration is increasingly costly or inconve-
nient (since it may leach BPA into the environment), and
millions of tons end up in soils and oceans, producing a
major pollution problem.10–13 Therefore, considering
both the hazardous raw materials and the short lifespan
of the product, recycling and reusing seem to be an opti-
mal solution to the environmental problem that the
manufacturing of PC represents.

Although local plastic recycling is encouraged, it is a
world-wide market: Europe exported 2 billion tons of plastic
waste to China in 2017, and new importers are emerging in
South-East Asia.13 According to Tsintzou and co-workers,
there exist four main recycling methods14:

1. Primary recycling: which takes place in-plant and reuses
the scrap material of known and controlled properties. It
is a simple, low-cost recycling of clean waste.

2. Mechanical recycling: after separating the polymer
from its contaminants, it is processed by melt extru-
sion into granules. Even if the main polymer is not
modified during this process, its properties may deteri-
orate over each cycle.

3. Chemical recycling: by partial or total depolymeriza-
tion, the material is transformed into oligomers and
other chemical substances, which could be poten-
tially used to regenerate the original polymer. Ther-
mochemical methods, such as pyrolysis, are also
included in this category.

4. Energy recovery: while considered a “recycling” of the
energy content of the polymer chains15 (in alignment
with ASTM D7209-06 standard definition), it is strictly
a valorization method. Due to the health risks associ-
ated with the release of toxic gases, it has been consid-
ered an unacceptable route. It is usually chosen when
recycling is not possible due to constraints.16

In the recent years, the fifth method has become of
interest:

5. Biological recycling: using bacteria, fungi and other
microorganisms, some polymers may be degraded
down to oligomers or other substances. Some of the
resulting products could be used to regenerate the
polymer and some others can be used as compost.17

Reconverting waste plastic into new raw materials by
a mechanical method (perhaps the most widespread of
all) usually comprises several steps, including18:

• Sorting: based on shape and size, color, density and/or
chemical composition.

• Washing: with the aim of removing any superficial
contaminants.

• Grinding and (optionally) compounding: reducing the
plastic into granules for ease of transport and handling.

• Reprocessing: after compounding (usually by extru-
sion), with a processing technique suitable for the
polymer type (extrusion molding, injection molding,
roll pressing, blow molding, etc.).

Separation techniques include manual separation,
flotation,19 froth flotation (for polymers with the similar
densities), and magnetic density separation.20,21 Advances
using microwave irradiation for hydrophilicity modification
were reviewed recently, and specifically applied to the sepa-
ration by flotation of PC mixtures with other polymers.22,23

Regarding the recycling procedure, a common route is
to produce polymer mixtures to enhance the properties of a
given material. In this sense, two typical strategies are usu-
ally identified to treat mixtures of plastic waste: (i) mixing
and compatibilization followed by compression molding;
and (ii) compounding by extrusion followed by injection-
molding of extruded pellets.24 A typical mechanical recy-
cling process diagram is shown in Scheme 2, taken from
Francés and co-workers.25

SCHEME 1 PC-BPA synthesis



While mechanical recycling is possible for PC-BPA, it
is far less frequent than for other polymeric materials,
such as polyethylene terephthalate (PET). The main rea-
son is that PC products are not code-tagged in the inter-
national recycling system. Instead, the chemical methods
offer a wider range of possibilities. Both PET and PC-
BPA may be recycled chemically, but the former gener-
ally requires less energy and may be fully depolymerized
in 2 h under optimized conditions.26 In consequence,
studying the chemical recycling routes for PC-PBA and
how to optimize them is of current interest.

The differences between the possible chemical routes
arise not only from their intrinsic kinetic mechanism, but
also from their end-products separation processes. Pyrolysis
techniques usually produce a mixture of gas and liquid
compounds, which may be easily separated by gravity and
then further processed by distillation.14 Other techniques
that use additional reagents (hydrogenolysis, hydrolysis,
alcoholysis, aminolysis, and thiolysis), require the presence
of organic solvents that makes the final products difficult to
separate, which increases their cost and their environmen-
tal/safety problems.1 Complex liquid–liquid extraction or
crystallization (dissolution/precipitation) techniques are
needed in those cases. A thorough review of these differ-
ences was published recently by Ni and co-workers.27

Regarding the chemical methods for the recycling of
PC-BPA, a review of several routes was reported recently by
Kim.28 However, a detailed analysis of the reaction paths as
well as a thorough description of the different end products
that may be obtained is still lacking. In this work, the chemi-
cal recycling methods of PC-BPA are discussed critically,
focusing mainly on the variety of products that may be
obtained. The following is a discussion of the most promising
recycling methods of PC-BPA, including pyrolysis, hydroge-
nation, hydrolysis, alcoholysis, aminolysis, and thiolysis.

2 | THERMOCHEMICAL
RECYCLING BY PYROLYSIS

The thermochemical decomposition of polymers has
been studied for more than 50 years, and is still a

promising recycling process since hydrocarbon-based
fuels and different useful chemicals could be obtained
from the disposed polymers.29,30 Pyrolysis is a chemical
process where polymer molecules are degraded into
low molar mass organic compounds via thermochemi-
cal decomposition.28,31,32 The process requires elevated
temperatures (300–1000�C) and an inert atmosphere
for short periods of time, since the absence of oxygen
produces a thermal fragmentation of the organic com-
pounds instead of a combustion.28,33 The products gen-
erated during pyrolysis include gas, liquid oil, and solid
char fractions.32 The gas produced is a mixture of dif-
ferent low molar mass hydrocarbons with high calorific
capacities (typically 22–30 MJ m�3), that can be
employed as fuel in gas engines or boilers.1 The liquid
fraction can also be used as fuel or, more interestingly,
as precursors for the synthesis of different chemicals or
polymers.1 Finally, the solids obtained are the reactor
residues and can be used in thermal processes.1 The
products' yield and composition depend on different
process parameters, such as polymer feed, type of reac-
tor and operating conditions (pressure, temperature,
heating rate, residence time, and the presence of cata-
lyst and type).1,34

Pyrolysis can be carried out via thermal (or non-catalytic)
or thermal-catalytic routes. Thermal-catalytic pyrolysis
tries to overcome the disadvantages of thermal pyroly-
sis, by lowering the process temperature and reaction
time, and/or narrowing the products distribution.

2.1 | Thermal pyrolysis

The thermal decomposition of PC has been experimentally
and theoretically investigated since the 1960s.30,35–64 In gen-
eral, these articles discussed the mechanism and reaction
kinetics involved in the thermal decomposition—including
pyrolysis—of PC.35–57 However, only few studies have
focused on quantifying the chemical composition of the dif-
ferent fractions obtained at the end of the pyrolysis reac-
tion.30,58–64

SCHEME 2 Typical recycling process

diagram for plastic materials



2.1.1 | Thermal decomposition mechanism

Even though thermal decomposition of PC has been stud-
ied for more than 50 years, there is still some controversy
regarding the degradation mechanism involved in this
process, which could be related to differences in the phys-
ical nature and properties of the polymer, in the reactor
configuration, and in the reaction conditions; which all
lead to differences in products structure and composition.

The first study regarding the thermal decomposition
of PC-BPA was reported by Lee, who suggested that—in
presence of oxygen and in vacuum—three main steps
could be considered.35 The initial step is an oxidation of
the isopropylidene linkage by homolytic cleavage at tem-
peratures above 310�C, generating water and hydroxyl com-
pounds. Then, the second step involves depolymerization
reactions that decrease the molar mass distribution. Depoly-
merization involve the following reactions: (i) hydrolysis—
generating carbon dioxide, shorter polymer chains with
hydroxyl end groups and BPA; and (ii) alcoholysis—
generating shorter polymer chains with carbonate and
hydroxyl end groups. At temperatures above 500�C occurs
the majority of the weight loss, and the third step of thermal
degradation could be considered. At this stage, random
chain scissions become important, although other reaction
could occur—such as decarboxylation, dehydration, hydro-
lysis, hydrogen abstraction, ether cleavage, and cross-
linking.

Later, Davis and Golden studied the thermal degrada-
tion of several PCs, and proposed a balanced competition
between crosslinking and random scission of the carbonate
linkage, respectively caused by condensation and hydrolysis
reactions.36 Scission reactions predominate when the vola-
tile products are retained in the system, while crosslinking
reactions are favored when volatiles are eliminated. In fur-
ther studies, Davis and Golden postulated that homolytic
scission of isopropylidene linkage also occurs at a minor
extent in the thermal degradation of PC-BPA.37 Similarly,
Bartosiewicz and Booth38 studied the thermal degradation
of a PC-BPA under continuous vacuum, and obtained
results consistent with those published by Davis and
Golden.36 In this direction, Abbås reported that the scission
is present during PC-BPA thermal degradation but it does
not follow a random process.39

However, other authors suggested that the main degra-
dation pathway for different PCs consists of a number of
ionic mechanisms, such as the rearrangement of the car-
bonate linkages based on intramolecular ester exchange
and the disproportionation of isopropylidene linkages, fol-
lowed by decarboxylation and/or hydrolysis of the cyclic
carbonates formed.40–44 In particular, Puglisi and co-
workers proposed the reaction mechanism presented
in Scheme 3 for PC-BPA.44 At initial low temperatures

(400–500�C), the authors considered three different
reactions: (i) intramolecular exchange reactions that gener-
ate cyclic oligomers (Scheme 3a); (ii) hydrolysis reactions
that generate phenolic end groups and CO2 (Scheme 3b);
and (iii) decarboxylation of carbonate groups that generates
ether bridges (Scheme 3c). At higher temperatures
(500–700�C), they also proposed three different reactions:
(i) dehydrogenation of ether bridges that generate dibenzo-
furan units (Scheme 3d); (ii) disproportionation reactions of
isopropylidene bridges that generate phenyl and isoprope-
nyl end groups (Scheme 3e); and (iii) isomerization of aro-
matic carbonate functional groups and successive
condensation, that generate compounds containing xan-
thone and fluorenone units (Scheme 3f and g).

In opposition—and contemporary—to the results of
Montaudo and co-workers,40–44 McNeill and Rincon
reported that the decomposition of PC-BPA—in the
absence of air and moisture, and under continuous evac-
uation of the volatile products—proceeds mainly by
homolysis of the polymer chain and subsequent reactions
of the formed radicals, and that ionic ester interchange
occurs at low decomposition temperatures and at a
slower rate.40,45,46

In the last decade, Jang and Wilkie47 proposed that the
main thermal degradation pathways of PC-BPA pyrolysis
follow both chain scission of isopropylidene linkages and
hydrolysis/alcoholysis reactions as proposed by McNeill
and Rincon,40,45,46 and in less extent the rearrangement of
carbonate linkages as proposed by Montaudo and co-
workers.40–44 Scheme 4 presents the degradation mecha-
nism proposed by Jang and Wilkie for PC-BPA.47 At the
beginning of PC-BPA pyrolysis, carbonate groups undergo
rearrangement (Scheme 4a), and then decarboxylation or
cross-linking reactions occur (through esterification),
respectively, generating CO2 and H2O (Scheme 4b and c).
This last reaction generates cross-linked structures that are
eventually converted into char. Simultaneously, chain scis-
sion of the methyl group of isopropylidene linkage also
occurs via a homolytically cleavage, generating phenyl or
aliphatic end groups, such as propyl (Scheme 4d), ethyl
(Scheme 4e and f), and methyl (Scheme 4g). Regarding car-
bonate linkage, it could be transformed by (i) hydrolysis
reactions that generate two phenol end groups and CO2

(Scheme 4i); (ii) alcoholysis reactions—including phenoly-
sis—that generate small aromatic carbonates, such as
diphenyl carbonate (Scheme 4j); and (iii) thermal homolytic
cleavage that generates phenol and highly reactive phenyl
radicals and CO2 (Scheme 4k). As conversion increases,
more alcohol groups are produced, which could act as the
source for alcoholysis reactions. The presence of a high con-
tent of BPA in several works could imply that hydrolysis/
alcoholysis of carbonate linkage is the main pathway for its
formation.30,59–62 As observed in Scheme 4, many reactions



lead to the formation of oligomers that could then act as
char precursors. Similarly, Achilias and co-workers56 sug-
gested a mechanism for the PC-BPA degradation that sup-
ports the mechanism in Scheme 4 proposed by Jang and
Wilkie.47

More recently, several authors have theoretically
investigated the degradation of PC-BPA using computa-
tional simulations.48–50 Based on the experimental results
and different theoretical models—density functional the-
ory methods,48,50 molecular dynamics simulation,49 and
reactive molecular dynamics simulation50—the authors
proposed several possible thermal degradation pathways,
which take into account hydrolysis, homolytic cleavage,
and rearrangement reactions. It seems that the main deg-
radation pathway depends on the degradation conditions,
and that more than one mechanism may occur simulta-
neously or in overlapping temperature regions. Thus, it is
apparent that complex processes are involved in the

thermal degradation of PC-BPA, and that it is still diffi-
cult to get insights into the detailed pyrolysis mechanism.

2.1.2 | Chemical composition of pyrolysis
products

The gas produced during thermal pyrolysis is usually a mix-
ture of CO2, CO, H2 and CH4 while the liquid fraction is a
wide distribution of aromatics and ether compounds.30,61

Aromatics such as benzene, toluene, and xylenes can be
employed in the petrochemical industry as polymeric pre-
cursors, for example, for polyurethanes. Similarly, polyphe-
nols can be employed as precursors in paint and adhesives
industries.62,64

Table 1 summarizes the articles that have focused on
the quantification of the chemical compounds found in
the liquid fraction.30,58–62 The table presents the main
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SCHEME 3 Degradation
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BPA pyrolysis proposed by

Puglisi and co-workers.44



process parameters, fraction compositions, and major
chemical compounds in the liquid oil. As observed, some
authors compared commercial PC-BPA with PC-BPA

recycled from the electronic industry, such as CDs and
DVDs. It also shows that different temperatures and resi-
dence times were employed for the thermal pyrolysis of
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(C)
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(I)
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SCHEME 4 Degradation mechanism during PC-BPA pyrolysis51



PC-BPA, ranging from 400�C to 900�C and 10 s-340 min,
respectively.

The first study was carried out by Sheehan and co-
workers, who investigated the pyrolysis of PC-BPA at
700�C and 900�C without separating the gas and liquid
fractions at the end of the process.58 The authors
observed that the product yield is much lower at 700�C
than the yield obtained at 900�C, but the number of
chemical compounds increases from 16 to 25. In a more
complex work, Tsai and co-workers used an isothermal
reactor under continuous N2 flow at atmospheric pres-
sure and at a reaction temperature of 400�C.59 Their
results showed that under these conditions, almost the
totality of PC-BPA decomposed in char residue, and only
1.2% was liquid oil. Employing a similar temperature
(450�C) under N2 atmosphere, but in a semibatch glass
reactor, Kaji and co-workers carried out the thermal deg-
radation of commercial PC-BPA and PC-BPA recycled
from CDs and DVDs.60 The products obtained consisted
of a 14–16 wt% gas fraction, a higher 40–50 wt% liquid
fraction, and a 34–43 wt% solid residue. In all cases, over
20 products were quantified in the liquid fraction, con-
sisting mainly of aromatics, phenols, and ethers com-
pounds. The liquid composition of CDs and DVDs were
similar to that of commercial PC-BPA, with only slightly
different concentrations of each compound. Similarly,
the group of Achilias published several articles regarding
the pyrolysis of commercial PC-BPA and PC-BPA
recycled from CDs.30,61,62 In a preliminary work, Achilias

and co-workers employed a laboratory-scale fixed bed
reactor at 550�C.61 The reaction system proved to
improve the liquid oil fraction to an important 63–80 wt
% containing at least 15 chemical compounds, while the
gas and solid fractions were reduced to 7–9 wt% and
11–30 wt%, respectively. Later, the group of Achilias
employed a fixed bed tubular reactor under inert atmo-
sphere at a slightly higher temperature of 600�C.30,62 The
gaseous fraction consisted of a 15–20 wt%, the liquid frac-
tion on a reasonable 50–60 wt%, and the char residue on
a 20–30 wt%. The liquid fraction was a mixture of differ-
ent aromatics, aliphatics, polyaromatic hydrocarbons,
phenols, and ethers, with the phenols representing
around 71% and consisting of eight products.

In most cases, the articles in Table 1 reported that the
main liquid products were phenol, cresol, and BPA.
These chemical compounds can be employed as precur-
sors in the polymer industry. However, the thermal
pyrolysis of PC-BPA generates a wide distribution of
products, which decrease the selectivity and final yield of
the compounds of interest, and requires several appropri-
ate separation and purification operations.

2.2 | Thermal-catalytic pyrolysis

The use of catalysts in the pyrolysis of PC has been inves-
tigated since the late 1990s.30,58,59,62,64–66 In general, the
aim of employing thermal-catalytic pyrolysis is to

TABLE 1 Main articles found in the literature that quantified the chemical compounds present in the liquid fractions of PC-BPA

thermal pyrolysis

Material PC-BPA PC-BPA CD DVD PC-BPA CD PC-BPA CD PC-BPA PC-BPA

Process parameters

T (�C) 400 450 450 450 550 550 600 600 700 900

Time (min) 60 320 320 320 17 17 15 15 10a 10a

Product fractions

Gas > 95 16.5 13.7 15.6 6.6 8.6 18.5 �19 – –

Liquid 1.2 40.2 47.1 50.8 63.0 80.4 57.0 �51 – –

Solid < 5 43.3 39.2 33.6 30.4 11.0 24.5 �29 – –

Main components of liquid fraction

Phenol 8.22 6.98 7.09 18.72 32.1 24.9 5.74 5.38 35.61 10.90

Methyl phenol (cresol) 11.27 29.70 14.70 18.71 12.9 8.8 14.37 18.47 1.83 14.81

Ethyl phenol 11.22 18.07 10.31 14.49 2.8 5.3 8.17 10.42 1.12 7.71

Propyl/isopropyl phenol 14.45 4.61 6.26 15.72 5.6 7.6 – – – 0.47

BPA 18.60 10.64 12.55 5.77 16.0 31.9 27.44 40.07 6.73 21.84

Diphenyl carbonate 13.44 – – – 0.3 0.4 – – 20.19 0.45

Reference 59 60 60 60 61 61 30,62 30,62 58 58

Note: The highest values for each process are shown in bold.
aTime in seconds.



increase the conversion rate at lower temperatures and to
reduce the solid fraction while increasing the liquid and
gas fractions, and/or increase selectivity to desired chemi-
cal compounds at relatively high temperatures.1,31

A wide range of catalysts have been employed in the
thermal-catalytic pyrolysis of PC-BPA in order to study their
effect on the degradation process, including metals,58 metal
chlorides,59,65 zeolites,30,62 basic oxides,30,62 and mesoporous
materials.62,64,66 In a pioneering study, Sheehan and co-
workers reported that the presence of 5 wt% copper
increases the conversion and yield of several pyrolysis prod-
ucts, especially at a temperature of 900�C.58

Regarding metal chlorides employed as active catalysts,
Blazs�o investigated the effect of a 20–40 wt% of copper and
iron chlorides (FeCl2, FeCl3, CuCl, and CuCl2) on the pyrol-
ysis of PC-BPA at 600�C.65 The use of these catalysts gener-
ates a higher amount of phenol and BPA, and increases the
number of minor products, thus widening the product dis-
tribution. Similarly, Tsai and co-workers employed a 10 wt
% of different metal chlorides (NaCl, MgCl2�6H2O,
CrCl3�6H2O, MnCl2�4H2O, FeCl3�6H2O, CoCl2�6H2O,
CuCl2�6H2O, ZnCl2, AlCl3�6H2O, and SnCl2�2H2O) in the
thermal-catalytic pyrolysis of PC-BPA at a lower tempera-
ture (400�C).59 The authors observed that only four of
these catalysts (SnCl2, ZnCl2, FeCl3, and MgCl2) enhanced
PC-BPA degradation and increased conversion from 8.5% in
thermal pyrolysis to more than 70% in thermal-catalytic
pyrolysis, thus generating more gas and liquid fractions and
less char residue. In these four cases, the gas fraction was
approximately 15–20 wt% and the liquid fraction a high
50–70 wt%. In particular, the choice of SnCl2 and ZnCl2
exhibited substantial effects, such as lowering the weight
loss onset temperature and the effective degradation
temperature to 325–350�C, increasing the conversion, and
narrowing the product distribution in the liquid fraction
from 20 compounds in thermal pyrolysis to 8–10 in thermal-
catalytic pyrolysis. As in thermal pyrolysis, two of the main
liquid compounds are phenol and PBA, together with
isopropylphenol, diphenyl ether, and diphenyl carbonate.

Regarding catalysts with different acid/basic behav-
ior, the group of Achilias carried out a series of investiga-
tions.30,62 In the first work, this group studied the effect
of nine catalysts in the product composition of commer-
cial PC-BPA pyrolysis, including acid zeolites (two differ-
ent ZSM-5, silicalite, and a ultrastable Y faujasite CBV
712), acid mesoporous materials (MCM-41 alumino-sili-
cate, and γ-Al2O3), and basic oxides (two different MgO,
and CaO).62 Almost all catalysts promoted the generation
of phenol compounds in the liquid fraction, with the
highest production observed in the presence of the CaO
and MgO basic oxides. Basic catalysts even favor PC-BPA
degradation at lower temperatures compared to both
thermal and acid thermal-catalytic pyrolysis. However,

most of these catalysts seem to promote the formation of
specific single ring compounds at the expense of the pro-
duction of BPA. In a parallel work, the group of Achilias
only studied the effect of MgO and ZSM-5 zeolite in the
pyrolysis of commercial and recycled PC-BPA.30 The
results agree with their previous article, indicating an
extended degradation of PC-BPA in the presence of both
catalysts.62 In addition to the articles reported in Table 1,
Ragauskas and co-workers focused their research on con-
verting PC-BPA into monocyclic aromatics by employing
three different Fe Ce/Al2O3 catalysts prepared by differ-
ent methods.64 The results indicated that Fe Ce/Al2O3

prepared by coprecipitation possessed superior catalytic
activity due to its high content of weak acid sites, large
pore volume, high surface area, and well dispersion of Fe
and Ce active species, leading to an approximately three-
fold increase in specific monocyclic aromatic hydrocar-
bons compared to the thermal pyrolysis. More recently,
with the aim of mitigating toxic pollutants and generat-
ing more value-added syngas (CO + H2), Kwon and co-
workers studied the effect of Ni/SiO2 and Co/SiO2 cata-
lysts in the pyrolysis of PC-BPA recycled from automo-
tive headlight housing (AHH), by employing CO2 as
reactive gas.66 The authors observed that gas phase
reactions involve CO2 and BPA and its derivatives,
enhancing the syngas formation. In addition, the pres-
ence of catalysts increased the syngas formation more
than one order of magnitude regarding the thermal
pyrolysis of PC-BPA.

As it has been previously discussed, specific chemical
compounds could be obtained by selecting a suitable cat-
alyst, but further work should be done in order to make
thermal-catalytic pyrolysis an environmental-friendly
chemical process for PC recycling, especially when the
final objective is the production of chemical or polymeric
precursors.

3 | DEPOLYMERIZATION BY
HYDROGENATION REACTIONS

As indicated earlier, thermal and thermal-catalytic pyro-
lytic processes afford complex reaction mixtures whose
compositions strongly depend on the experimental condi-
tions and the nature of the catalyst employed for the
depolymerization reactions. Therefore, additional time
and energy consuming purification steps would be
needed for the isolation of any particular chemical of
interest. In clear contrast, hydrogenative depolymeriza-
tion of PC-BPA affords much simpler reaction mixtures
from which BPA and methanol (MeOH) could easily be
recovered. In fact, over the last 10 years catalytic hydro-
genation has evolved to a promising tool for the clean



recycling of various plastics, including polyesthers, poly-
urethanes and PCs (Scheme 5).67–69

Although initial works suggested that Ru complexes
appeared to be particularly well suited for PC-BPA hydro-
genation, recent efforts have been made in order to extent
the scope of the process using Fe, Mn and Co complexes
as much more affordable and benign catalytic systems.
The results obtained so far seem to suggest that Pincer-
like structures are privileged ligands for this family of cat-
alytic hydrogenations (Scheme 6).

In the recent study, molecular Ru catalyst c1 (1 mol
%) yielded almost quantitative conversion and selectivity
in the hydrogenation reaction of PC-BPA (H2 [100 bar],
dioxane 140�C, 16 h) of PC-BPA (Scheme 6). For the suc-
cess of the process, bis(trifluoromethanesulfonyl) imide
as co-catalyst was also required to activate the com-
plex.70 Complex c1 showed excellent performance in the
hydrogenation of PC-BPA wastes, like standard drinking
cups and CDs. The catalytic system proved to be insensi-
tive to the impurities of such composite materials, afford-
ing in both cases quantitative depolymerization yields
using a low catalyst load (0.33 mol%).70 In connection
with this work, Ru-MACHO complex c2 also proved to
be effective for the hydrogenation of PC-BPA, producing
BPA yields of up to 99% (H2, [45 bar], THF, 140�C).71

Milstein catalyst c3 was also found to be efficient for the
same hydrogenation.72

The catalytic cycle depicted in Scheme 7 has been
proposed for the hydrogenation of carbonates. In these
reactions c7 is converted into catalytically active species
c7a by base reaction to eliminate HCl. c7a is then
reduced (via transition state c7a*) by molecular hydrogen
to yield hydride c7b, which reacts with the carbonate
affording an alcohol and regenerating active c7a
(via transition state c7b*). It seems likely that the
c2-catalyzed hydrogenative depolymerization of PC-BPA
operates under a similar mechanism.

PC-BPA hydrogenations with catalyst 3c probably
proceed by a closely related mechanism to that presented
in Scheme 7. The original mechanism proposed by Mil-
stein for the hydrogenation of cyclic carbonates with 3c
is presented in Scheme 8.73

With the aim of imitating the performance of a tri-
dentate Ru Pincer ligand, Enthaler and co-workers
recently designed a simple approach by which and in situ
formed Ru complex efficiently catalyze the hydrogena-
tion of PC-BPA.74 The catalytic complex is composed by
[RuClH(CO)(PPh3)3]/H2NCH2CH2-P-(iPr)2 couple, which

SCHEME 5 Depolymerization of PC-BPA by hydrogenation
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also proved to be successful for the depolymerization of
PC-BPA wastes, such as DVDs and safety goggle samples.

High valence Co complex c4 has successfully been
employed for the catalytic hydrogenation of carbonates
and PC-BPA (Scheme 6).75 Thus, hydrogenolysis
(60 bar of H2) of PC-BPA and even pieces of a PC-BPA
DVD, at 160�C for 24 h in dibutyl ether afforded BPA
with yields of 83 and 66% respectively. These reactions
required loads of KOt-Bu as high as 40 mol% to yield
good conversions. Although in this work a mechanism
is not provided, a mechanism related to that explored
by the group of Beller for the hydrogenation of CO2

may be involved.76

Fe Pincer complex c5 has been employed by the
group of Enthaler for hydrogenation/depolymerization of
PC-BPA (Scheme 6).77 The optimized reaction conditions
required 2 mol% of the catalyst and a pressure of 45 bar
of H2 at 120�C in THF for 24 h. The catalytic system
proved to be successful for the depolymerization of PC-
BPA composite materials such as a ball-milled DVD and
safety goggles, producing excellent depolymerization
yields.77 It is worth to mention that the process does
not need any base or any other additive. PC-BPA was
mixed with various polymers, including PET, PLA and
PCL, among others, and the selective hydrogenation of
PC-BPA was studied under the optimized experimental
conditions. In these cases, selective hydrogenation of
PC-BPA was achieved. For PC-BPA/PLA mixture, the
reduction of the molar mass of PLA was detected by
DOSY-NMR.77

In connection with this work, Werner recently used
Fe Pincer catalyst c8 and KOt-Bu as base for an efficient
transfer hydrogenation of cyclic carbonates using isopro-
pyl alcohol as hydrogen donor and THF as solvent. The
catalytic system probed to be promising for the hydroge-
nation of poly(propylene carbonate), yielding 65% and
43% of propylene glycol and MeOH under a set of opti-
mized experimental conditions.78 The function of the
base is to convert complex c8 into the catalytically active
species c8a, which upon reaction with i-PrOH gives c8b,
which is the actual hydrogenation reagent (Scheme 9).

The similarity of c5 and c8 and the resemblance of
c8b with c3a and c7b could suggest the operation of
related mechanism.

The group of Rueping conceived Mn catalyst c6,
which was shown to be efficient for the hydrogenation of
various carbonates (Scheme 6).79 In these reactions, cata-
lyst and base (KOt-Bu) loads of 1 and 2.5 mol% respec-
tively were employed under H2 pressure of 50 bar. This
interesting system has not so far been evaluated for the
depolymerization of PC-BPA. For these reactions a cata-
lytic mechanism closely related to that presented in
Scheme 8 was proposed.

An interesting organocatalytic hydrosilylation/depoly-
merization of PC-BPA was published by Cantat and co-
workers a few years ago.80 In their work, the reaction of
PC-BPA with Et3Si-H in the presence of 2 mol% of
tris(pentafluorophenyl)borane (B[C6F5]3) afforded a
mixture of silylated BPA (82%) and methylated product
q2 (28%), which is probably formed by a Friedel-Craft

SCHEME 8 Proposed mechanism of
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alkylation reaction, where an electrophilic methyl deriv-
ative should be formed upon reaction of the carbonate
moiety of the PC-BPA polymer (Scheme 10).

Tetramethyldisiloxane (Me2SiHOSiHMe2, TMDS) per-
formed outstandingly in this reaction, yielding exclu-
sively the silylated BPA reduction product (98%). In
contrast, the trityl salt of B(C6F5)3 [Ph3C

+� B(C6F5)3]
yielded a mixture of q1 and q2 in 47 and 26%, respec-
tively. The scope of this reductive depolymerization has
also been studied using an Ir complex as cationic catalyst.
The reactions of PC-BPA with Et3Si-H afforded q1 exclu-
sively, which was ultimately converted to BPA by reac-
tion with tetrabutyl ammonium fluoride hydrate. Under
similar reaction conditions PC-BPA provided a gel, which
reacted with NaOH/CH3OH to give clean BPA.81

4 | DEPOLYMERIZATION BY
HYDROLYSIS REACTIONS

4.1 | Hydrolysis of PC-BPA in water

Hydrolysis of PC-BPA is a simple, economical, and envi-
ronmentally friendly chemical recycling method that
allows the recovery of the BPA monomer for reuse. The
drawback of this methodology is that PC-BPA is a rigid
and hydrophobic polymer, so the hydrolysis reaction in
water is a heterogeneous solid–liquid system. Therefore,
it is necessary to use high temperatures and pressures
that swell or melt the PC-BPA, decrease the viscosity and
polarity of water and increase its diffusivity, in order to
favor contact between the reagents. As consequence of
the hard conditions required, BPA, the primary product
of the PC-BPA hydrolysis, is further degraded to phenol
or p-isopropenyl phenol (IPP) (Scheme 11).82 This leads
to a loss in selectivity and, consequently, to a decrease in
the usefulness of the reaction.

In this regard, Chiba and co-workers studied the
hydrolytic depolymerization of PC-BPA in sub-critical
and super-critical water.83 No thermal decomposition

was observed when the reaction was conducted below
230�C for 24 h. Moreover, a 31.8% products mixture was
obtained when the hydrolysis was performed at 250�C for
10 h. An appreciable yield (89%) was only obtained when
the reaction was carried out at 430�C for 1 h. Under these
conditions, no selectivity was observed, since BPA was
further degraded to phenol or IPP.82 Furthermore, the
addition of NaCl, which affects the density of water, did
not promote hydrolysis even at 300�C, and only a slight
improvement was observed when CH3COOH was added
as a proton donor source. On the other hand, the addition
of Na2CO3 alkaline salts promoted the PC-BPA decompo-
sition reaction. Phenol was selectively formed when
0.4 wt% Na2CO3 was used, and the reaction was carried
out at a temperature above 240�C.83

Burruss and co-workers also observed that in subcriti-
cal H2O, at short reaction times, PC-BPA is stable at tem-
peratures below 265�C.84 This group showed, using a
fused silica capillary reactor, which below this tempera-
ture there were physical changes in PC-BPA (swelled at
100�C and melted at 200�C). Complete PC-BPA decom-
position was observed when the reaction was carried out
at 280�C and approximately 6.4 MPa for 46 min.84 On the
other hand, it was shown that manganese acetate (Mn
[Ac]2) accelerates the dissolution and thus the formation
of a homogeneous solution of PC-BPA in hot compressed
water, and catalyzes the depolymerization of PC-BPA.
When the reaction was performed at 280�C for 20 min
with 2.0% of Mn(Ac)2, yields of BPA and phenol of
55.25% and 18.63% were respectively achieved.85

Water is an accessible, non-toxic, and inexpensive sol-
vent, making it ideal for plastic depolymerization reac-
tions. Separation of the reaction products involves the
use of an organic solvent or the spending of energy in
water evaporation. Therefore, it is preferable to minimize
the amount of water used. With this aim, Hironaka and
co-workers investigated the hydrothermal hydrolysis of
PC-BPA in high-pressure high-temperature water (HHW)
and high-pressure high-temperature steam (HHS).86 Both
reactions were carried out at 300�C, with about 480 mol
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H2O per mol of carbonyl group for HHW (water pressure
12.2 MPa) and about 16 mol H2O per mol of carbonyl
group for HHS (water pressure 7.9 MPa). Under these
reaction conditions, although H2O equivalents are higher
in HHW than in HHS; the decomposition of PC-BPA
was faster (5 min vs. 300 min) and more selective (80%
vs. 50% BPA yield) in HHS than in HHW. The
researchers suggest that the different decomposition rates
could be due different mechanisms. In HHW depolymeri-
zation the reaction probably occurs by bulk erosion,
whereas surface and bulk erosion may occur competi-
tively in HHS. This could be related to the high diffusivity
and reactivity of H2O in HHS. For a clear explanation of
the possible mechanism see reference. Furthermore, it
was shown that in steam atmosphere magnesium and
calcium oxides and hydroxides (MgO, Mg(OH)2, CaO,
and Ca(OH))2) catalyze the depolymerization by hydroly-
sis of PC-BPA.87–89

As mentioned above, PC-BPA is a rigid and insoluble
polymer, its hydrolysis in pure water as solvent requires
harsh conditions. This leads to BPA decomposition into
phenol and IPP (Schemes 11 and 12).90 Therefore, if the
intention is to perform depolymerization by hydrolysis to
obtain the starting monomer (BPA), the reaction must be
performed at lower temperatures. To this end, additives
that promote the reaction (catalysts) and/or solvents that
homogenize the PC-BPA and the water are necessary
(Scheme 12). The additives used generally seek to
activate: the carbonyl group (e.g., Lewis acids); the
nucleophile (bases, bulky counterions, and hydrogen
bridge-bond acceptors); or both. Because of the chemi-
cal similarity, the additives that were explored to favor
the hydrolysis of the carbonate group of PC-BPA were
those that promote the hydrolysis of esters. For clarity
of reading, they were grouped into: bases and protic
acids (using organic solvents or phase transfer cata-
lysts), ionic liquids and metal.

4.2 | Hydrolysis of PC-BPA promoted by
bases or Protic acids in organic solvents

In this sense, CH3CO2H, H2SO4, HCl and HNO3 were
used as proton donor additives (madditive:mPC-BPA = 4) in
the hydrolysis of PC-BPA at 250�C for 1 h, but no

polymer decomposition was observed.90 Furthermore,
under this experimental conditions, ethanol, calcium car-
bonate and sodium chloride showed no activity. Decom-
position was not observed even at 300�C when the
reaction was carried out in toluene or benzene as solvent.
Unlike acidic additives, the addition of alkaline com-
pounds did promote the decomposition reaction of
PC. When CO(NH2)2 or NH4OH (4 wt%) were used as
additives, the yields of BPA were close to 40%. The use of
Na2CO3 showed higher selectivity for phenol formation,
achieving a yield of 47 wt%. Moreover, the yield of phe-
nol reached 65.0 wt% (IPP 3 wt%) when the reaction was
carried out in a 100 mM Na2CO3 aqueous solution at
250�C for 1 h. The decomposition reaction was shown to
be accelerated by an increase in Na2CO3 concentration.
Thus, higher base concentrations allow the reaction to be
carried out at a lower temperature. Therefore, when the
hydrolysis reaction was carried out in a 1000 mM
Na2CO3 aqueous solution at 130�C for 3 h, complete
decomposition of polymer was observed, and a 56 wt% of
BPA was obtained as the main product.90

Ge and co-workers reported that the use of organic
solvents and NaOH promotes the hydrolysis of PC-BPA
under mild conditions.91 Hydrolytic decomposition of the
polymer was not observed when the reaction was con-
ducted with NaOH as a catalyst without co-solvents.
However, the yield of BPA was close to 70% when the
reaction was carried out with NaOH as catalyst in diox-
ane, DMF, THF, or N-methyl-2-pyrrolidone at 65�C for
8 h. In these systems, it was found that under the optimal
reaction conditions: 100�C, H2O (10 equiv, mPC-BPA:
mH2O = 1:0.7), NaOH (63 mol%, mPC:mNaOH = 10:1),
time 8 h in dioxane (mSolv:mPC = 4) as a solvent, the
hydrolysis conversion of PC-BPA was almost 100% and
the yield of BPA was 94%.91

On the other hand, Rahmat and co-workers reported
that BPA could be obtained with a 94% yield in only
12.5 min when the previous protocol was carried out at
110�C under microwave heating.92

Interestingly, under basic conditions and microwave
heating, depolymerization by hydrolysis can be promoted
using a phase-transfer catalyst instead of an organic sol-
vent. It was observed that 82% of PC-BPA decomposition
could be achieved when the polymer was microwaved at
160�C for 10 min in a NaOH solution (10 w/v%, 3 equiv.)
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in the presence of 1-hexadecyl trimethyl ammonium
bromide (0.001 mol/mol PC-BPA). Under these conditions,
the main decomposition product appears to be BPA, but its
yield was not reported.93 To further understand the reaction
mechanism, the researchers analyzed the PC-BPA residues
and the recovered BPA. They found that no oligomer
formation was detected, and the average molecular weight
of PC-BPA decreased only slightly. Owing to this, coupled
with the fact that the reaction is promoted at temperatures
near glass transition points of PC-BPA and to the fact that
the PC-BPA has a lipophilic part, which could be inserted
into the polymer, the researchers propose that the reaction
occurs at the polymer-solution interface. In this way, the
cationic part of the catalyst, located on the surface of
the polymer, promotes the approach of the nucleophile to
the interface, facilitating nucleophilic attack and depoly-
merization (Scheme 13).94

In line with the use of base and organic solvents to
smooth the reaction conditions, Nikje and Askarzadeh
developed a method that uses NaOH and glycerol/
H2O. The yield of BPA was 100% when the decomposi-
tion reaction was carried out at reflux for 5.5 h in pres-
ence of NaOH (4% based on PC-BPA) in a 30 wt%
aqueous glycerol solution.95 Moreover, water appears not
to be necessary when the reaction is conducted in ethyl-
ene glycol (b1) as solvent under microwave heating at
180�C for 5 min, given that the BPA yield was 92%.96

However, this result disagreed with those reported by
Frediani and co-workers, who observed that the depoly-
merization of PC-BPA, in the presence of additives such
as (NaOH, Na2CO3, KOH, p-TsOH, ZnO, Al2O3, and
CaO), in ethylene glycol as solvent produces BPA, its
decomposition products and hydroxyethyl ethers of
BPA.97 Moreover, a BPA yield of about 80% was achieved
when the reactions were carried out in THF instead of
ethylene glycol, with the addition of 3 equiv. of water,
under microwave heating at 67�C for 10 min.97 In con-
trast to the Frediani protocol,97 in the system studied by
Nijke,95,96 the carbonate/cyclocarbonate generated by the

reaction of the 1,2-diol with the carbonyl group of PC-
BPA, does not react with the BPA anion released in the
hydrolysis. This could be due to the system not reaching
the proper temperature (180�C vs. 200�C), the carbonate/
cyclocarbonate not forming (Nijke did not analyzed the
reaction mixture) or decomposing before reacting.

4.3 | Hydrolysis of PC-BPA promoted by
ionic liquids

Other additives that have shown activity in promoting
the hydrolysis of PC-BPA were ionic liquids (ILs). They
can be used both to promote the dissolution or swelling
of the PC-BPA and as catalysts for the hydrolysis reaction
(Table 2). The use of 1-butyl-3-methylimidazolium ace-
tate ([Bmim][Ac]) (mIL:mPC-BPA = 1.5:1), in the presence
of water (mH2O:mPC-BPA = 0.35:1) resulted in a 96% yield
of BPA when the mixture was heated at 140�C for 3 h
(Table 2, entries 1 and 2).98 When the chloride counter-
ion was used instead of the acetate, a low catalytic activ-
ity was observed and the depolymerization had to be
performed at a higher temperature (165�C) to achieve
good yields (Table 2, entry 4).99 One advantage of this
protocol is that BPA can be recovered by solvent extrac-
tion and the IL can be reused without apparently losing
its catalytic activity. This higher catalytic activity of
[Bmim][Ac] may be due to the fact that it promotes a bet-
ter dissolution and/or swelling of the polymer, due to the
greater similarity between the acetate group and the car-
bonate group, and its higher basicity (pH = 9.57
vs. pH = 7.56 for [Bmim][Cl]). This basicity may confer a
higher coordination capacity to the acetate anion, facili-
tating the deprotonation of the nucleophile, and promot-
ing the nucleophilic substitution reaction.

The nature of the cationic portion of the IL has also a
great influence on its catalytic activity. Therefore, almost
100% PC-BPA conversion and BPA yields above 90% were
obtained when the reactions were carried out at 140�C
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for 3 h, using only a 0.1 wt% of 1,8-diazabicyclo [5.4.0]
undec-7-ene (DBU)-based ILs (DBU/acetic acid, propio-
nic acid, or lactic acid; [HDBU][OAc], [HDBU][PAc] and
[HDBU][LAc]) (Table 2, entries 5–7).100 This increased
catalytic activity can be interpreted in terms of the higher
basicity, the ability to dissolve or swell the PC-BPA, and the
ability to coordinate the oxygen of the carbonyl group pos-
sessed by the amidine group. This way, ILs would facilitate
the deprotonation of the nucleophile, the contact between
the carbonate group and the nucleophile, and the activation
of the carbonate group by electrostatic interaction, further-
ing the depolymerization reaction (Scheme 14).100

4.4 | Hydrolysis of PC-BPA promoted by
metals

Unlike proton donor acids, Lewis acids from rare-earth
metal triflates such as M(O3SCF3)3 (M = Sc, Yb, La) pro-
moted hydrolytic depolymerization of PC-BPA. When the
reactions were carried out at 160�C for 6 h, PC-BPA

conversion were 100% with the three salts. Both scan-
dium and ytterbium triflate were more active than the
corresponding lanthanum salt, but the latter was more
selective toward BPA formation (97% vs. 14%, and 68%,
respectively) (Table 3, entries 1–3). One of the advantages
of the system is that lanthanum triflate can be recovered
and reused, but as a disadvantage, the method requires
the use of an organic solvent (THF), and the depolymeri-
zation is not observed when more accessible lanthanum
sources (LaCl3, La2O3 and La[NO3]3.6H2O) are used
(Table 3, entries 4–6).101 On the other hand, lower activ-
ity (90%) and selectivity (50%) were obtained when tri-
fluoromethanesulfonic acid (CF3SO3H, triflic acid) was
used as an additive (Table 3, entry 7). This indicates that
M(O3SCF3)3 has a different catalytic behavior than pro-
ton donor acids. Because of this, and considering the oxo-
philic nature of rare earth triflate salts, it was proposed
that M+3 acts by coordinating the oxygen of the carbonyl
group and thereby increasing the electropositive charac-
ter of the carbonyl carbon atom, activating it to the attack
of nucleophiles (Scheme 15).102

SCHEME 13 Proposed mechanism for the hydrolysis of PC-BPA mediated by a lipophilic quaternary ammonium salt.

TABLE 2 ILs based catalysts for hydrolysis of PC-BPA

Entry Catalyst T (�C) Time (h) IL (mol %)a nH2O/nPC-BPA
b PC-BPA conversion (%) BPA yield (%) Ref.

1 [Bmim][Ac] 140 3 25 5 88.3 nd 98

2 [Bmim][Ac] 140 3 190 5 100 96.2 98

3c [Bmim][Cl] 175 2 15 139 85.3 nd 99

4 [Bmim][Cl] 165 3 215 139 100 95.5 99

5 [HDBU][LAc] 140 3 10 42 100 97 100

6 [HDBU][Ac] 140 3 12 42 96.7 90.5 100

7 [HDBU][PAc] 140 3 11 42 98.8 93.8 100

aBased on the repeating unit of the PC-BPA.
bWater/PC-BPA molar ratio.
cTHF/PC-BPA weight ratio of 1 was used; nd = not determined.



Funazukuri and co-workers evaluated the catalytic
properties of different metal oxides (MnO2, ZrO2, Al2O3,
CeO2, and boron nitride), and diamond powder at 200�C
for 5 h, using a weight ratio of 0.15 (madditive/mPC-BPA) for
additives and 31 for water (mH2O/mPC-BPA).

103 Under
these reaction conditions only CeO2 had an appreciable
catalytic activity, achieving complete PC-BPA depolymer-
ization and generating BPA in a yield near to 70%
(Table 3, entry 8). As expected, higher catalytic activity
was observed when CeO2 nanoparticles were used
instead of commercial CeO2. The use of the additive at a
weight ratio of only 0.03 achieved a 90% yield of BPA at
180�C, temperature at which commercial CeO2 was not
active (Table 3, entries 8 and 9). This temperature differ-
ence would indicate that the different catalytic capabili-
ties of the two forms of CeO2 cannot be attributed solely
to their different crystal (particle) size. It is to be expected
that the morphology of the nanoparticle plays an impor-
tant role.104

In an interesting approach, Nacci and co-workers
evaluated the synergy in the catalytic activity of a dual
system capable of acting as a Lewis acid (ZnO nanoparti-
cles) and a base (counteranions of quaternary ammo-
nium salts or ILs).105 Although the protocol was
investigated and optimized for alcoholysis and aminoly-
sis, when applied to the hydrolytic depolymerization of
PC-BPA, BPA was obtained in a yield higher than 95%
when the reaction was carried out at 100�C for 7 h using
5 mol% of ZnO nanoparticles (NPs) and NBu4Cl as addi-
tives, and THF as solvent (Table 3, entry 10). Under these
conditions, the additives mixture showed better catalytic
activity than that obtained with the use of the additives
separately. Moreover, ZnO-NPs can be recovered and
reused with a slight loss of activity.105

Later, Schingaro and co-workers studied the hydro-
lytic depolymerization of PC-BPA using chlorite, a natu-
ral clay mineral.106 The study showed that chlorite (70 wt
% vs. PC-BPA) promoted quantitative hydrolysis of PC-
BPA when the reaction was carried out at 200�C for 6 h
using a H2O/PC-BPA weight ratio close to 1 (nH2O/nCO3
close to 14; or 7 equiv. of H2O for each C O bond to be
cleaved) in THF as organic solvent. Under this reaction
condition, BPA was obtained selectively with a yield of
98% (Table 3, entry 11). However, the catalytic activity of
chlorite clearly decreased when it was reused in subse-
quent cycles.106

Although heterogeneous catalysts and ILs are promis-
ing alternatives for smoothing hydrolysis conditions,
more research will be needed to establish economically

SCHEME 14 Possible action of ILs in the hydrolysis of PC-
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TABLE 3 Earth metal triflates and metal oxides catalysts for hydrolysis of PC-BPA

Entry Catalyst
T
(�C)

Time
(h)

mCat

/mPC-BPA
a

nH2O

/nPC-BPA
b

mTHF

/mPC-BPA
c

PC
conversion (%)

BPA
yield (%) Ref.

1 La(O3SCF3)3 160 6 23.3 13.9 10 100 97 101

2 Sc(O3SCF3)3 160 6 19.7 13.8 10 100 14 101

3 Yb(O3SCF3)3 160 6 24.5 14.2 10 100 68 101

4 LaCl3 200 4 14.7 13.8 10 nd traces 101

5 La2O3 200 4 12.7 13.8 10 nd traces 101

6 La(NO3)3.6H2O 200 4 17.2 14.0 10 40 23 101

7 CF3SO3H 160 6 6 14.1 10 90 50 101

8d CeO2 (C) 200 5 0.15 430 – 100 70 103

9d CeO2 (NC) 180 1 0.03 430 – 100 90 103

10 ZnO-NPs/NBu4Cl 100 7 e 30 17 100 95 105

11 Chlorite 200 6 70 14 10 99 98 106

aCatalyst/PC-BPA weight ratio.
bH2O/PC-BPA molar ratio.
cTHF/PC weight ratio.
dC = 75 nm crystallite size; NC = 7.4 nm crystallite size.
eZnO/PC-BPA ≈ 5 mol%, NBu4Cl (5 mol%); nd = not determined.



viable and industrially applicable protocols. In this line, the
use of organic solvents and inorganic bases as additives
remains the most practical and affordable alternative.

5 | DEPOLYMERIZATION BY
ALCOHOLYSIS REACTIONS

Alcoholysis of PC-BPA is a simple and economical chem-
ical recycling method that allows the recovery of both,
BPA monomer for reuse and the carbonyl group. This
avoids the generation of CO2 and allows the use of PC-
BPA as a source of the carbonyl group in replacement of
more expensive and/or dangerous reagents such as phos-
gene and its derivatives. In this way, with the use of a
suitable alcohol, a variety of carbonates and cyclocarbo-
nates of great importance can be obtained. Being a rigid
hydrophobic polymer, PC-BPA is insoluble in most alco-
hols. Therefore, as in hydrolysis reactions, high tempera-
tures or the use of additives and/or auxiliary solvents are
required to carry out depolymerization by alcoholysis.
The use of these conditions is necessary to homogenize
the PC-BPA and the alcohol system, and activate the car-
bonyl group. To facilitate a logical and clear presentation,
this section has been separated into methanolysis and
polyolysis and the additives employed were grouped into
inorganic and organic bases (using organic solvents),
ionic liquids and deep eutectic solvents, and metals.

5.1 | Methanolysis of PC-BPA

5.1.1 | Methanolysis of PC-BPA without
auxiliary solvent

Due to the fact that PC-BPA is almost insoluble in simple
alcohols, its degradation in MeOH as solvent occurs only
at high temperatures. BPA and dimethyl carbonate
(DMC) yields close to 80% were obtained when the
reaction was carried out at 180�C for 2 h, using a MeOH/
PC-BPA molar ratio of 71.107,108 Similarly, 94% BPA yield
was achieved at 190�C (microwave heating), at a pressure
of 3.0 MPa for 3 h.109 Furthermore, with the use of NaOH

(2 g L�1 at a flow rate of 0.3 L h�1) as an additive, BPA
and DMC were significantly formed at a temperature
only above 100�C and pressures close to 9 MPa.110 Simi-
larly, depolymerization by ethanolysis of PC-BPA occurs
at 290�C for 50 min (super-critical conditions), yielding
90% of BPA, and 89% of diethyl carbonate (DEC).111 Kim
and co-workers proposed that methanolysis without aux-
iliary solvent occurs by a mechanism involving three
reaction steps.107 First, MeOH penetrates the PC-BPA
polymer (swelling) and produces random transesterifica-
tions (bulk erosion). These polymer chain cleavages lead
to a decrease in the molar mass of the polymer and the
detachment of small solid particles (insoluble) composed
of oligomers (monomeric units: 6–7). Then, the nucleo-
philic attack of MeOH on the oligomer particles produces
new scissions generating small soluble oligomers (mono-
meric units: 2–3). Finally, homogeneous phase transester-
ifications of soluble oligomers generate BPA and DMC
(Scheme 16).107

5.1.2 | Methanolysis of PC-BPA promoted by
inorganic and organic bases in organic solvents

In contrast to solvent-free methanolysis, quantitative for-
mation of DMC and 96% of BPA was obtained when the
reaction was carried out at only 60�C for 1.15 h in a
MeOH/toluene mixture (1/1) (5 mol of MeOH per mol of
carbonate group) in the presence of NaOH (8.5 mol% for
each C-O bond to be cleaved). A similar increase in the
methanolysis rate was observed with dioxane as sol-
vent.112 Similarly, Ge and co-workers reported that the
use of organic solvents (dioxane, THF, N-methyl-2-pyrro-
lidone, or 1,2-dichloroethane) and NaOH promote the
methanolysis of PC-BPA under mild conditions.91 The
time required for the quantitative formation of BPA was
observed to be 35, 25, and 20 min when the depolymeri-
zation reaction was carried out at 40, 50 and 65�C,
respectively, using 8 equiv. of MeOH per carbonate
group, 12 mol% of NaOH (referred to the monomer of
PC-BPA) as catalyst and THF/PC-BPA ratio of 2 as sol-
vent. The formation of DMC was not determined. Inter-
estingly, a decrease in the reaction time needed to

SCHEME 15 Proposed mechanism for the hydrolysis of PC-BPA mediated by earth metal triflates.



achieve quantitative conversion was observed when the
reaction was performed under ultrasound irradiation.113

This increase in the methanolysis rate and the softening
of the reaction conditions could be interpreted as a
decrease of the induction period (swelling, random trans-
esterification) caused by the solvent and/or ultrasound.

Tartaro and co-workers reported that the use of the
organic base DBU for promoting the methanolysis of PC-
BPA under mild conditions.114 Quantitative yields of
DMC and BPA were obtained when depolymerization
was carried out at 100�C for 0.5 h in MeOH as solvent,
using 37 equiv. of MeOH per carbonate group and 10 mol
% of the catalyst. Lower catalyst loadings or lower reac-
tion temperatures slowed down the reaction. When the
reaction was performed with DABCO (1,4-diazabicyclo
[2.2.2]octane) or DMAP (4-[dimethylamino]pyridine) as
organic catalysts, longer reaction times (2 h and 3.25 h,
respectively) were observed. Concentration of the reac-
tion and washing of the residue with ethyl ether pro-
duced a solid consisting of the BPA-DBU adduct, whose
BPA/DBU molar ratio is close to 2.5. It was observed that
the adduct can be reused as a catalyst in successive runs
with a slight decrease of its catalytic activity. Similar
results were observed when the catalyst was reused by
successive additions of fresh PC-BPA after each reaction.
This decrease in activity may be due to the increase in
the concentration of BPA and, hence, the decrease in the
concentration of frees DBU.114

The methanolysis reaction was faster than ethanoly-
sis, and when PC-BPA was reacted with an equimolar
mixture of MeOH and ethanol, the main product
observed was DMC. Nevertheless, ethyl methyl carbonate
was obtained in a 60% yield when the depolymerization
was carried out at 100�C for 2.5 h, using 1.6 equiv. of
MeOH and 24.5 equiv. of EtOH per carbonate group and

10 mol% of the DBU as a catalyst. Wood and co-workers
reported that tetramethylammonium methyl carbonate
(1.4 mol%) promotes the methanolysis depolymerization
of PC-BPA when the reaction was performed in 2-methyl
tetrahydrofuran (2-Me-THF) or DMC at 75�C for more
than 3 h.115

The group of Kim screened the catalytic activity of
several additives of known efficacy in transesterification
reactions.116 Methanolysis depolymerization was carried
out in 2-Me-THF as solvent at room temperature for
12 h, using 2 mol% of the additive and 10 equiv. of MeOH
(Table 4). Neither proton donor acids (p-TsOH) nor con-
ventional Lewis acids (Ti(OiPr)4, Zn(TAC)) show cata-
lytic activity in the methanolysis reaction (Table 4,
entries 1–3). The organic base DMAP was also ineffective
in promoting the reaction, and DBU and MTBD showed
moderate activity (Table 4, entries 4, 6, and 7). It is worth
noting that DMAP showed catalytic activity when the
reaction was carried out under microwave heating. A
99% BPA and 69% DMC yields were obtained when the
reaction was performed at 180�C (microwave heating) for
5 min with 5 mol% DMAP (Table 4, entry 5).117 On the
other hand, alkaline bases (NaOH and KOH) possess a
good catalytic activity and acceptable selectivity. Under
these reaction conditions, 84%–87% of DMC, 85%–88% of
BPA, and 12%–15% of its mono-methyl carbonate were
obtained (Table 4, entries 7 and 8).118

Excellent performance and selectivity (98% yield of
BPA and DMC) were observed when 1,5,7-triazabicyclo
[4.4.0]-dec-5-ene) (TBD) was used as an additive (Table 4,
entry 9). Ethanolysis was slower than methanolysis and
the reaction had to be carried out at 50�C to achieve a
yield of 72% DEC and 71% BPA. In addition, the catalytic
activity decreased when no cosolvent was used, or when
DMC was used instead of 2-Me-THF. It is noteworthy

SCHEME 16 Proposed mechanism for the methanolysis of PC-BPA



that in DMC, PC-BPA degradation efficiency and selectiv-
ity were excellent when the reaction was performed at a
higher temperature for less time (50�C for 6 h and 75�C
for 2 h). Moreover, TBD can be reused when recovered as
its BPA-TBD adduct, or in successive aggregates of more
PC-BPA; showing a slight loss of its catalytic activity with
each reaction cycle.

Guanidine bases such as TBD can promote transester-
ification by acting as a nucleophile and/or as a base.119,120

In nucleophile catalysis, the catalyst attacks the carbon-
ate group and forms an activated carbamate intermedi-
ate, which it then transfers to the nucleophile
(Scheme 17, a). In the basic catalysis, the catalyst acti-
vates the nucleophile through hydrogen bonding that
makes the nucleophile more electronegative (Scheme 17,
b). In this case, the incipient negative charge on the oxy-
gen of the carbonate group can be stabilized by hydrogen
bonding from another alcohol molecule (co-catalyst), the
catalyst (TBD) or both (in the scheme, it is shown as sta-
bilized by the catalyst.). It appears that nucleophilic catal-
ysis is the predominant pathway in TBD-catalyzed PC-
BPA methanolysis. In addition, by the donor and accep-
tor property of guanidine, TBD can be expected to facili-
tate the addition of the incoming alcohol to the
carbamate by activating the O H bond.118

5.1.3 | Methanolysis of PC-BPA promoted by
ionic liquids and deep eutectic solvents

As observed in hydrolysis, ILs were active in the metha-
nolysis of PC-BPA. When imidazolium-based ILs were

used as additives, it was observed that their cationic and
anionic nature had a significant effect on their catalytic
activity (Scheme 18). Under similar reaction conditions,
1-butyl-3-methylimidazolium chloride ([Bmim][Cl]) (96%
yield of BPA and DMC) showed much more activity than
1-octyl (6% BPA, 6% DMC), 1-benzyl (0% BPA, 0% DMC),
1-allyl (28% BPA, 30% DMC), and 1-(2-chloroethyl) (0%
BPA, 0% DMC) derivatives (Table 5, entries 1–5). Metha-
nolysis depolymerization was not observed when
1-ethylpyridin-1-ium bromide was used as additive. Simi-
larly, with chloride as counterion, better catalytic activity
was observed than when the counterions were BF4

�

([Bmim][BF4]) or PF6
� ([Bmim][PF6]). When the metha-

nolysis was carried out at 105�C for 2 h using a weight
ratio of mPC-BPA:mCH3OH:m[Bmim][Cl] = 2:3:2 (12 mol of
MeOH and 11 mol of IL per mol of monomer), the con-
version of PC-BPA was quantitative, and the yields of
both BPA and DMC were over 95%. The IL can be reused
without an obvious decrease in its catalytic activity.121

The use of 1-butyl-3-methylimidazolium acetate ([Bmim]
[Ac]) (mIL:mPC-BPA = 0.5:1), in presence of MeOH
(mMeOH:mPC-BPA = 0.75:1) results in a 95% yield of BPA
when the mixture was heated at 90�C for 2.5 h. Similar
BPA yield was obtained when [Bmim][Ac] was used as a
catalyst (mIL:mPC-BPA = 0.05:1) and the reaction was car-
ried out in THF (mTHF:mPC-BPA = 1:1) as solvent at
105�C.122

With the aim of developing an inexpensive, stable,
and highly active catalyst for the methanolysis depoly-
merization of PC-BPA, several ILs with different Lewis
acidity and basicity were evaluated (Scheme 18,
Table 5).123,124 The best catalytic activity was found

TABLE 4 Methanolysis of PC-BPA.a

Entry Catalyst T (�C) Time (h)
Cat. Load
(mol%)b

nMeOH /
nPC-BPA

c
PC-BPA
conversion (%)

BPA
yield (%)

DMC
yield (%)

1 TsOH r.t 12 2 10 0 0 0

2 Ti(OiPr)4 r.t 12 2 10 0 0 0

3 Zn(TAC) r.t 12 2 10 0 0 0

4 DMAP r.t 12 2 10 0 0 0

5d,e DMAP 180 0.08 5 46.2 100 99 69

6 DBU r.t 12 2 10 100 40 35

7f MTBD 50 6 2 10 99 66 nd

7 NaOH r.t 12 2 10 100 85 84

8 KOH r.t 12 2 10 100 88 87

9 TBD r.t 12 2 10 100 98 98

a2-Me-THF was used as solvent.
bbased on the repeating unit of PC-BPA.
cMeOH/PC-BPA molar ratio.
dsee reference 117.
eno auxiliary solvent was used.
fDMC was used as solvent.



when succinimide/DBU-based ILs were used. Complete
PC-BPA methanolysis and a 96% BPA yield were
obtained by performing the reaction at 70�C for 2 h,
using a catalyst molar ratio of 0.3 in the absence of
organic solvents (Table 5, entry 14).

In all systems catalyzed by ILs the rate-determining step
for PC-BPA depolymerization appears to be the dissolving
or swelling of the PC-BPA. Furthermore, the methanolysis
of PC-BPA would occur through the mechanism of bulk
erosion. Lactic or succinimide/DBU-based ILs play a dual
role: as a solvent, dissolving or swelling the PC-BPA, and as
a catalyst, they promoted the simultaneous activation of the
carbonate group (electrostatic interaction) and the CH3OH
(hydrogen bond) (Scheme 19).

The ILs were also combined with Lewis acids to evalu-
ate the possible synergy of their catalytic activities in the
alcoholysis of PC-BPA.125 (Table 5, entries 15–17). Like it
was observed in hydrolysis, the combination of ZnO-NPs
with 1-butyl-3-methylimidazolium acetate ([Bmim][Ac]) or
tetraalkylammonium chloride promotes the alcoholysis,
obtaining BPA in 99% and 100% yields, respectively. PC-

BPA depolymerization with ZnO/NBu4Cl (Table 5, entry
18) was applied using other alcohols and linear carbonates
of phenol, naphthol, and benzyl alcohol were obtained in
yields greater than 97%.105

Choline chloride (ChCl) and imidazolium-based deep
eutectic solvents (DESs) were evaluated as a catalyst in the
methanolysis of PC-BPA.126,127 As observed when used indi-
vidually, the use of protic acids (p-toluenesulfonic acid, oxa-
lic acid, benzoic acid, and succinic acid) (acidic DESs) or
neutral additives (glucose and glycerol) (neutral DESs) as
the hydrogen bond donors component in the DES shows
no catalytic activity to promote depolymerization. Although
PC-BPA was degraded to oligomers when Lewis acids DESs
(manganese chloride and cupric chloride) were used, BPA
was not observed (Table 6, entries 2 and 3). However, basic
DESs derived from aniline ([EmimOH]Cl-2AN) and urea
([Ch] or [EmimOH]Cl-2Urea) catalyzed the methanolysis
of PC-BPA, and BPA was obtained higher than 99% yield
(Table 6, entries 4, 6, and 7). The best performance was
observed when urea/imidazolium-based DES ([EmimOH]
Cl-2Urea) was used as catalyst (Table 6, entry 7). It was

(A) (B)

SCHEME 17 Simplified mechanism for TBD-catalyzed methanolysis of PC-BPA

SCHEME 18 Major IL-

based catalysts employed for

depolymerization of PC-BPA by

methanolysis reactions.



proposed that the basic component of DES (aniline or urea)
forms a hydrogen bond with MeOH. This increases the elec-
tronegative character of the oxygen atom in MeOH, facili-
tating nucleophilic attack and PC-BPA depolymerization
(Scheme 20).

5.1.4 | Methanolysis of PC-BPA promoted by
metals

Enthaler and co-workers studied whether alkali metal
halides can promote methanolysis depolymerization.128 The
hypothesis was that a simple ion pair could act as a Lewis

acid, activating the carbonyl group by electrostatic interac-
tion and/or as a base, increasing the nucleophilicity of the
alcohol by hydrogen bond. Surprisingly, KF, KBr, KI, NaI,
NaBr, LiBr, and LiCl were all found to produce quantitative
depolymerization of the PC-BPA (selectivity to BPA was
assumed) and good DMC yields when the reaction was car-
ried out at 180�C under microwave heating for 5–10 min
(Table 7).128 No catalytic activity was observed when NaCl
and NaF were used as additives (Table 7, entries 8 and 9).
In addition, KF, KI, and NaI showed catalytic activity to
promote PC-BPA phenolysis.129

The durability and reusability virtues of heteroge-
neous catalysts were explored in PC-BPA methanolysis.

TABLE 5 IL-based catalysts for methanolysis of PC-BPA

Entry Catalyst
T
(�C)

Time
(h)

IL
(mol%)a

nMeOH

/nPC-BPA
b

PC-BPA
conversion (%)

BPA
yield (%)

DMC
yield (%) Ref.

1 [Bmim][Cl] 105 2.5 144 12 100 95.6 96.5 118

2 [Omim][Cl] 105 2.5 160 12 12.1 5.7 6.1 118

3 [Bymim][Cl] 105 2.5 180 12 0 0 0 118

4 [Amim][Cl] 105 2.5 237 12 38.1 28.5 30.0 118

5 [CEmim][Cl] 105 2.5 207 12 0 0 0 118

6 [Bmim][Ac] 90 2.5 60 6 100 95.5 nd 119

7c [Bmim][Ac] 105 2.5 6 12 100 95.4 nd 119

8 DBU 100 0.5 10 36 100 99f 99 111

9 [HMIM][LAc] 120 2 0.8 5 100 96 nd 120

10 [HDBU][Ac] 120 1 0.8 5 100 98 nd 120

11 [HDBU][LAc] 120 1 0.8 5 100 99 nd 120

12 [HDBU][LAc] 90 2.5 0.8 5 100 98 nd 120

13 [HDBU][PAc] 120 1 0.8 5 100 98 nd 120

14 [HDBU][Suc] 70 2 30 6 100 96 nd 121

15 [Bmim]Cl�2.0FeCl3 120 3 5 6 100 97.2 nd 122

16d [Bmim]Cl�2.0FeCl3 120 3 5 6 95.1 87.3 nd 122

17e [Bmim]Cl�2.0FeCl3 120 3 5 6 70.8 64.4 nd 122

18 ZnO-NPs/NBu4Cl 100 7 5 28 100 nd 99 102

aBased on the repeating unit of PC-BPA;
bMeOH/PC-BPA molar ratio;
cTHF/PC-BPA weight ratio of 1 was used;
dethanol was used in the alcoholysis reaction;
en-propanol was used in the alcoholysis reaction; nd = not determined.

SCHEME 19 Proposed action of lactic or succinimide/

DBU-based ILs in the methanolysis of PC-BPA



Liu and co-workers investigated the activity of alkali
earth metal oxides (BaO, SrO, and CaO) impregnated on
SBA-15 mesoporous molecular sieves.130 It was observed
that 10% CaO/SBA-15 (30 wt%) had the highest catalytic
activity, and the BPA yield was over 96% when the reac-
tion was carried out at 130�C for 3 h in THF as solvent
and a MeOH molar ratio of 8 (Table 8, entry 1).130 To
increase the catalytic activity through the synergy
between CaO and CeO, the same group synthesized a
heterogeneous catalyst CaO/CeO-SBA-15 with varying
percentages of CaO. However, no significant increase in

the catalytic activity of the catalysts was achieved
(Table 8, entry 2).131 The use of calcium-functionalized
mesoporous γ-alumina as catalyst, and three-dimensional
mesoporous silica foam as CaO support was also studied
(Table 8, entries 3 and 4).132,133

Although the catalytic activity and reusability of the
catalyst were increased, auxiliary solvents were still
needed to make PC-BPA depolymerization occurs under
relatively mild conditions. To address this problem, a cat-
alyst composed of CeO2 CaO nanoparticles deposited on
a ZrO2 nanostructure was synthesized. This catalyst has

TABLE 6 DES as catalysts for methanolysis of PC

Entry Catalyst
T Time mDES nMeOH PC-BPA BPA
(�C) (h) /mPC-BPA

a /nPC-BPA
b Conversion (%) Yield (%)

1 ChCl 130 3 0.054 15 88.5 88.4

2 ChCl-2MnCl2 130 3 0.1 15 82.6 –

3 ChCl-2CuCl2 130 3 0.1 15 77.9 –

4 ChCl-2Urea 130 2.5 0.1 5 100 99.8

5 [EmimOH]Cl 120 2 0.058 5 0 0

6 [EmimOH]Cl-2AN 120 2 0.1 5 99 95

7 [EmimOH]Cl-2Urea 120 2 0.1 5 100 99

aDES/PC-BPA weight ratio;
bMeOH/PC-BPA molar ratio.

SCHEME 20 Proposed action of basic DESs

in the methanolysis of PC-BPA

TABLE 7 Alkali metal halides-

based catalysts for methanolysis of

PC-BPA
Entry Catalyst

T Time Cat. Load MeOH BPA DMC
(�C) (min) (mol%)a (equiv)a Yield (%)b Yield (%)c

1 KF 180 10 2.5 46.3 99 75

2 KBr 180 5 2.5 23.1 99 52

3 KI 180 5 2.5 23.1 99 82

4 NaI 180 5 2.5 23.1 99 83

5 NaBr 180 5 2.5 23.1 99 87

6 LiBr 180 5 2.5 23.1 99 63

7 LiCl 180 5 2.5 23.1 99 77

8 NaF 180 10 2.5 23.1 <1 <1

9 NaCl 180 10 2.5 23.1 <1 <1

aBased on the repeating unit of the PC-BPA.
bThe yield was determined by 1H NMR and BPA selectivity was assumed.
cYield was determined by 1H NMR relative to BPA.



more basic active sites on its surface, thus improving the
accessibility of reagents and maximizing catalytic activity.
This softens the reaction conditions (lower temperature),
but does not eliminate the need for a co-solvent (Table 8,
entry 5). This catalyst showed high activity, achieving a PC-
BPA conversion of almost 100% when 5 wt% was used,
when the reaction was carried out at 100�C for 2 h.134

Mg/Al-layered double hydroxides (LDHs) (Mg3Al-
LDH) and their corresponding layered double oxides
(LDOs) (Mg3Al-LDO) showed high activity for PC-BPA
methanolysis without the need to use a cosolvent
(Table 8, entries 6 and 7).135 Since the latter two types of
the heterogeneous catalysts have strong basic active sites,
they can promote the deprotonation of MeOH and the
generation of alkoxide ions, which accelerates transesteri-
fication and favors methanolysis.

5.1.5 | Comparison between hydrolysis and
alcoholysis PC-BPA depolimerization

As mentioned above PC-BPA is insoluble in both water
and methanol, therefore, depolymerization by hydrolysis
or methanolysis must be carried out under harsh reaction
conditions. To soften the reaction conditions, additives
that activate the carbonyl group and/or nucleophilic and
organic solvents are usually added. A direct comparison
of methanolysis with hydrolysis cannot be carried out,
since the additives, solvents, and reaction conditions
tested in the different systems are not the same. It is
noted that since MeOH is less polar and more nucleo-
philic than water, PC-BPA methanolysis conditions are
generally milder than hydrolysis conditions. As an exam-
ple, methanolysis of PC-BPA in MeOH as solvent occurs
at 180�C after 2 h,107 while PC-BPA is stable to hydrolysis
at temperature below 265�C.84 This decrease in reaction

temperature prevents the decomposition of BPA into phe-
nol and IPP, making the direct methanolysis of PC-BPA
more selective than hydrolysis. On the other hand, it is
observed that both chemical depolymerization methods
generally behave similarly and that additives (catalysts)
that are active in one system are active in the other.
Slightly milder conditions are observed in methanolysis.
As an example, the same ionic liquids used as catalysts
promote hydrolysis at temperatures between 140�C and
160�C,98,99 while PC-BPA methanolysis occurs at temper-
atures between 105�C and 120�C.119,120 Similarly, it was
observed that protic acids are inactive in both hydrolysis
and methanolysis, and that both systems are promoted
by bases and catalysts based on calcium and magnesium,
among others.88,91,112,130

5.2 | Alcoholysis using polyols

The use of different depolymerizing reagents containing
hydroxyl groups in the PC-BPA degradation reaction leads
to the obtention of different chemical precursors. Scheme 21
summarizes the compounds reported in literature that can
be obtained by using different 1,2-, 1,3-, and 1,4-diols.

In particular, regarding the use of 1,2-diols in the con-
trolled degradation of PC-BPA, several studies have been
performed using ethylene glycol (b1), propylene glycol
(b2) and glycerol (b3) as depolymerization reagents; the
results of these works are summarized in Tables 9, 10,
and 11, respectively.

In a pioneering work, Kim and co-workers explored
the depolymerization of PC-BPA waste using ethylene
glycol (b1) as reagent (Table 9, entry 1).136 Yields of BPA
of up to 95.6% were achieved using 4 equiv. of b1 at
220�C (85 min). Despite ethylene carbonate (d1) was also
formed in these depolymerizations, they reported that the

TABLE 8 Heterogeneous catalysts for methanolysis of PC-BPA

Entry Catalyst
T
(�C)

Time
(h)

mCat /
mPC-BPA

a

nMeOH /
nPC-

BPA
b

mTHF /
mPC-BPA

c

PC-BPA
conversion
(%)

BPA
yield
(%) Ref.

1 10%CaO/SBA-15 130 3 0.33 8 7 100 96.8 130

2 10%CaO/CeO-SBA-15 130 3 0.3 8 1.5 100 94.5 131

3 Ca-Al2O3 130 3 0.03 8 1.5 100 96.3 132

4 12%CaO/MCF 125 2.5 0.1d 8 2 100 96.4 133,137

5 20%CaO-CeO2-ZrO2 100 2 0.05 8 2 100 95.8 134

6 Mg3Al-LDH 110 2 0.03 5 – 100 97.2 134

7 Mg3Al-LDO 110 1 0.03 5 – 100 98.3 135

aCatalyst/PC-BPA weight ratio;
bMeOH/PC-BPA molar ratio;
cTHF/PC-BPA weight ratio;
dCaO/PC-BPA molar ratio.



SCHEME 21 Structures of

the compounds obtained from

PC-BPA depolymerization using

different alcohols as

depolymerization reagents.

TABLE 9 PC-BPA depolymerization with ethylene glycol (b1)

Entry nb1/nPC-BPA Catalyst Cat. Load (mol%) T(�C) Time (min) Yield (%) Ref.

1a 1:1 – – 220 85 BPA (95.6b); d1 (�)c 136

2a 10:1 NaOH 0.1 180 10 BPA (42b); d1 (�)c; e1 (42b); f1 (11b) 137

3a,d 10:1 NaOH 0.1 180 10 d1 (�)c; f1 (100b) 137

4e 20:1 NaOH 2 180 8 BPA (92) 96

5f 10:1 NaOH 3 200 10 BPA (31.8); e1 (36.79); f1 (15.3) 97

6f,g 10:1 NaOH/ZnO 3 200 20 BPA (22.3); e1 (45.5); f1 (15.8) 97

7f 10:1 KOH 3 200 10 BPA (29.7); e1 (39.4); f1 (14.4) 97

8f,g 10:1 KOH/ZnO 3 200 20 BPA (19.8); e1 (48.3); f1 (15.1) 97

9f 10:1 CaO 3 200 10 BPA (33.0); e1 (39.8); f1 (12.2) 97

10f,g 10:1 CaO/ZnO 3 200 20 BPA (1.8); e1 (1.5); f1 (63.2) 97

11f 10:1 Na2CO3 3 200 10 BPA (14.3); e1 (40.0); f1 (26.5) 97

12g 10:1 Na2CO3/ZnO 3 200 25 BPA (0); e1 (3.7); f1 (76.5) 97

13h 10:1 Na2CO3 1.9 180 20 BPA (27); d1 (�)c; e1 (40b); f1 (23b) 138

14g,h 10:1 Na2CO3/ZnO 1.9 180 140 d1 (�)c; e1 (4b); f1 (84b) 138

15i 5:1 TBD 1 30 720 BPA (98; 93a); d1 (92; 75a); 118

16b 6:1 TBD-MSA 15 90 240 BPA (89; 82a); d1 (83; 79a) 141

aUnder N2 atmosphere.
bIsolated yields.
cIt was produced although it then decomposed.
dAdding ethylene carbonate (d1).
eMicrowave heating, 3 min (ramp to 180�C), 5 min (hold at 180�C).
fMicrowave heating, power output 3 kW.
gUrea was added.
hTHF was used as solvent.
i2-Me-THF was used as solvent.



cyclic carbonate decomposed into the linear carbonate and
CO2. In a similar recent study, Quaranta and co-workers
performed the depolymerization reaction of PC-BPA at
180�C but using propylene glycol (b2) as depolymerization
reagent (Table 10, entry 1).114 When the reaction was
stopped after only 110 min, BPA and cyclic carbonate (d2)
were obtained in high yields (95 and 94%, respectively).114

The NaOH-catalyzed depolymerization of PC-BPA
with ethylene glycol (b1) produces a mixture of BPA
(42%) and BPA ethers (e1, 42% and f1, 11%) (Table 9,
entry 2).137 The proposed mechanism of this reaction is
presented in Scheme 22, and it was suggested that ethyl-
ene carbonate (d1) is indeed produced, but that it

subsequently reacts with BPA to produce the alkyl-ethers
of BPA e1 and f1. When d1 was added to the reaction
mixtures, a higher yield of di-hydroxyethyl ether of BPA
(f1) was obtained, further supporting the idea that it is,
in fact, a reaction intermediate. In addition, f1 appears as
an interesting monomer for the synthesis of other poly-
mer, but industrial viability of such reported process
seems to be conditioned to the availability of d1, which is
not yet a commodity.137

Nikje studied the influence of the load of NaOH and
of microwave irradiation on the depolymerization of
PC-BPA with ethylene glycol (b1) (Table 9, entry 4).96

The author reported that BPA yield improved when

TABLE 10 PC-BPA depolymerization with propylene glycol (b2)

Entry
nb2/
nPC-BPA Catalyst

Cat. Load
(mol%) T (�C) Time (min) Yield (%) Ref.

1 12:1 – – 180 110 BPA (95); d2 (94) 114

2a,b 14:1 NaOH 5 100 420 d2 (75) 105

3c 10:1 Na2CO3 3 200 10 BPA (45.3); e2 (38.2); f2 (6.8) 97

4c,d 10:1 Na2CO3/ZnO 3 200 20 BPA (14.2); e2 (41.2); f2 (30.5) 97

5b 10:1 Na2CO3 7.9 180 30 BPA (23e); d2 (�)f; e2 (54e); f2 (23e) 138

6b,d 10:1 Na2CO3/ZnO 7.9 180 210 d2 (�)f; e2 (1e); f2 (95e) 138

7a,b 14:1 ZnO-NPs/NBu4Cl 5 100 420 d2 (98) 105

8a,b 14:1 Pyridine 5 140 180 d2 (30) 105

9a 12:1 DBU 10.4 180 5 BPA (82); d2 (84) 114

10a,b 1:1 DBU 10 100 150 BPA (>90); d2 (99) 114

11a,g 5:1 TBD 1 30 720 BPA (93; 92e); d2 (97; 83e) 118

12a 3:1 TBD-MSA 15 130 180 BPA (86); d2 (90; 87e) 141

aUnder N2 atmosphere.
bTHF was used as solvent.
cMicrowave heating, power output 3 kW.
dUrea was added.
eIsolated yields.
fIt was produced although it then decomposed.
g2-Me-THF was used as solvent.

TABLE 11 PC-BPA depolymerization with glycerol (b3)

Entry nb3/nPC-BPA Catalyst Cat. Load (mol%) T (�C) Time (min) Yield (%) Ref.

1a 3:1 KOH 6 100 25 BPA (100); d3 (97) 140

2 4:1 Na2CO3 0.4 170 90 BPA (60.1); e3 (6.3); f3 (31.5) 139

3b 4:1 Na2CO3/ZnO 0.4 170 90 BPA (4.2); e3 (81.9); f3 (12.3) 139

4c,d 1:1 DBU 5 60 150 BPA (97); d3 (>90) 114

5c,d 14:1 ZnO-NPs/NBu4Cl 5 100 840 d3 (>99; 97e) 105

6c 3:1 TBD-MSA 15 160 120 d3 (90; 86e) 141

aDioxane was used as solvent.
bUrea was added.
cUnder N2 atmosphere.
dTHF was used as solvent.
eIsolated yields.



increasing catalyst concentration and reaction time. In
addition, given the short reaction times required, the
authors suggested that microwave energy could be con-
sidered as energy source for depolymerization
processes.

Dai and co-workers reported the use of Na2CO3 as
basic catalyst for the depolymerization of PC-BPA using
both ethylene glycol (b1) and propylene glycol (b2)
(Table 9, entries; Table 10 entry 5).138 Similarly to what
is described above, cyclic carbonates d1 and d2 were also
formed as reaction intermediates. With the aim of
increasing the yields of di-ether compounds, after depoly-
merization, the reaction mixtures were further treated
with urea using zinc oxide (ZnO) as catalyst (Table 9,
entry 14; Table 10 entry 6). Two possible mechanisms
have been proposed to explain the formation of cyclic
carbonates (d1 and d2) by the addition of urea, both
implying the formation of a carbamate intermediate
(Scheme 23). The intermediate could be achieved by the
attack of b1 or b2 on the carbonyl carbon of urea; or by
the thermal decomposition of urea to produce isocyanic
acid (HNCO) as an initial step. The cyclic compounds d1
and d2 were obtained after an intramolecular reaction;

and could further react with BPA and mono-alkyl ethers
of BPA (e1 or e2) in order to increase the yields of di-
alkyl -ethers of BPA (f1 or f2).138

Frediani and co-workers performed a detailed
study of the microwave-assisted depolymerization of
PC-BPA using various catalysts and depolymerization
reagents (Table 9, entries 4, 5, 7, 9, and 11; Table 10,
entry 3; Table 12, entries 15 and 19).97 In all cases
mono-alkyl-ethers of BPA (e1, e2, e16, and e17) and
di-alkyl-ethers of BPA (f1, f2, f16, and f17), BPA and
BPA degradation products, were obtained. The effect
of the addition of ZnO and urea to the depolymeriza-
tion reactions in the yield of alkyl-ethers of BPA com-
pounds (en and fn) was also studied (Table 9, entries
6, 8, 10, and 12; Table 10 entry 4; Table 12, entries
16 and 20).

Glycerol (b3) has also been used for PC-BPA depoly-
merization, and the effect of the addition of ZnO and
urea at the beginning of the reaction was studied.139

Yields of BPA (4.2%), mono-dihydroxypropyl ether (e3,
81.9%) and di-dihydroxypropyl ether (f3, 12.3%) of BPA
have been obtained under the set of optimized experi-
mental conditions given in Table 11 (entry 3).

SCHEME 22 Base-catalyzed depolymerization of PC-BPA and the formation of alkyl-ethers of BPA137

SCHEME 23 Formation of cyclocarbonate

compounds by urea addition138



TABLE 12 PC-BPA depolymerization with alcohols

Entry nbn/nPC-BPA Catalyst Cat. Load (mol%) T (�C) Time (min) Yield (%) Ref.

(b4) Phenylethylene glicol

1a 5:1 TBD 1 30 720 BPA (99b); d4 (92b) 118

(b5) 3,3-dimethylbutane-1,2-diol

2a 5:1 TBD 1 30 720 BPA (99b); d5 (96b) 118

(b6) Cyclopentane-1,2-diol

3a 5:1 TBD 1 30 720 BPA (95b); d6 (89b) 118

(b7) Glucose

4c 3:1 NaOH 30 110 120 BPA (40); d7 (38) 140

5d 3:1 NaOH 30 110 180 BPA (42); d7 (40) 140

(b8) αα0-diglycerol

6e 3:1 TBD-MSA 15 160 480 BPA (83b); d8 (84b) 141

(b9) butane-1,3-diol

7e,f 14:1 ZnO-NPs/NBu4Cl 5 100 420 d9 (>99) 105

8e 3:1 TBD-MSA 15 130 60 BPA (97); d9 (97) 141

(b10) 3-methylbutane-1,3-diol

9e 3:1 TBD-MSA 15 130 180 BPA (98); d10 (79) 141

(b11) 3-methylpentane-2,4-diol

10e 3:1 TBD-MSA 15 130 60 BPA (85); d11 (86) 141

(b12) 2,2-diethylpropane-1,3-diol

11e 1.5:1 TBD-MSA 15 130 180 BPA (98); d12 (79) 141

(b13) 2-methyl,2-propyl- propane-1,3-diol

12e 1.5:1 TBD-MSA 15 130 180 BPA (98); d13 (77) 141

(b14) 2-([allyloxy]methyl)-2- ethyl-1,3-propanediol

13e 3:1 TBD-MSA 15 130 60 BPA (82b); d14 (97;88b) 141

(b15) benzyl 3-hydroxy-2-(hydroxymethyl) -2-methylpropanoate

14e 3:1 TBD-MSA 15 130 180 BPA (97); d15 (96) 141

(b16) 1,3 propanediol

15g 10:1 Na2CO3 3 200 10 BPA (43.3); e16 (41.7); f16 (6.5) 97

16g,h 10:1 Na2CO3 3 200 20 BPA (39.5); e16 (38.6); f16 (10.6) 97

17e 6:1 TBD-MSA 15 130 60 BPA (97); g16 (97) 141

18e 6:1 TBD-MSA 15 160 150 BPA (>99;92b); g16 (98; 67b) 143

(b17) 1,4 butanediol

19g 10:1 Na2CO3 3 200 10 BPA (66.4) 97

20g,h 10:1 Na2CO3/ZnO 3 200 20 BPA (40.9); e17 (10.2); f17 (14.8) 97

21e 6:1 TBD-MSA 15 160 1440 BPA (94); g17 (4)i 143

(b18) 1,5 pentanediol

22e 6:1 TBD-MSA 15 160 45 BPA (>99; 79b); g18 (>99; 64b) 143

a2-Me-THF was used as solvent.
bIsolated yields.
cDMF was used as solvent.
dPyridine was used as solvent.
eUnder N2 atmosphere.
fTHF was used as solvent.
gMicrowave heating, power output 3 kW;
hUrea was added;
iTHF was obtained as product.



In addition to BPA and BPA ethers, valuable organic
carbonates can also be obtained from the depolymerization
of PC-BPA. Several authors have studied the depolymeriza-
tion reaction using different alcohols as depolymerization
reagents. In this regard, Oku and co-workers used glycerol
(b3) and glucose (b7) as reagents to afford glycerol carbon-
ate (d3) (Table 11, entries 1 and 2) and glucose di-cyclic car-
bonate (d7) (Table 12, entries 4 and 5).140

Despite being inexpensive, alkaline bases cannot be
recycled after the depolymerization process, a disadvan-
tage from an environmental viewpoint. In this line, Nacci
and co-workers reported a method using IL catalysts.105

The acid/base catalyst employed consisted of ZnO nano-
particles (ZnO-NPs) as Lewis acid, and tetrabutylammo-
nium (NBu4Cl) (Table 10, entry 7; Table 11, entry 6; and
Table 12, entry 7). The reaction was carried out using
THF as solvent, and a high excess of 1,2-diols (b2, b3)
and 1,3-diol (b9) as depolymerization reagents, obtaining
5-membered (d2, d3) and 6-membered (d9) cyclic car-
bonates, respectively. It was found that an increase in
temperature led to higher conversions, but with lower
selectivity. Regarding the catalyst recyclability, ZnO-NPs
could be reused up to five 5 times, whereas NBu4Cl had
to be added before each run. For comparative purposes,
the use of b2 as depolymerization reagent and NaOH or
pyridine as catalyst, was also studied achieving lower
yields (Table 10, entries 2 and 8).105

Organic bases proved to be extremely promising cata-
lysts for PC-BPA depolymerizations. For example, DBU
successfully catalyzed the depolymerization of PC-BPA
using b2 as depolymerization reagent, with and without
solvent (Table 10, entries 9 and 10).114 In the absence of
solvent, the depolymerization proceeded faster and by an
heterogeneous reaction due to the low solubility of the
polymer in the reaction medium. As expected, when the
catalyst load was decreased, longer reaction times were
required. Cyclic carbonate (d2) appears to be stable under
the depolymerization reaction conditions and could react
with BPA to form the alkyl-ether of BPA compounds (e2
and f2), although only to a smaller extent. Moreover, it
was indicated that the catalyst can be recovered and
reused. Glycerol (b3) can also be employed as depolymer-
ization reagent, which may increase the economic appeal
of the process (Table 11, entry 5).

Kim and co-workers explored the use of a guanidine
base, TBD, for the mild depolymerization of PC-BPA
(Table 9, entry 15; Table 10, entry 11; Table 12, entries
1–3).118 It was found that the donor and acceptor capabil-
ity of the guanidine functionality of TBD plays an impor-
tant role in the acceleration of the depolymerization
reaction. In this work good yields were achieved for dif-
ferent 5-membered cyclocarbonates such as: ethylene car-
bonate (d1, 89%), propylene carbonate (d2, 87%), styrene
carbonate (d4, 92%), 1-terbutyl-propylene carbonate (d5,
96%), and cyclopentene carbonate (d6, 89%).

A mixture of TBD and methanesulfonic acid (TBD-
MSA) has been used recently for the preparation of
5-membered (d1, d2) and 6-membered (d9, d10, d11, d12,
d13, d14, and d15) cyclic carbonates and BPA with excel-
lent yields, using PC-BPA and 1,2-diols and 1,3-diols as
starting materials (Table 12).141 Indeed, a 5-membered di-
cyclic carbonate d8 was obtained when a di-1,2-diol b8
was used. It was found that, when the reaction was carried
out using 1,3-propanediol (b16) as depolymerization
reagent, only linear carbonate g16 was obtained. Instead,
when a diol containing a bulky substituent was used as
depolymerization reagent, the cyclic product was obtained.
On these grounds, two possible routes for depolymeriza-
tion using 1,3-propanediol derivatives were proposed
(Scheme 24). In agreement with the Thorpe-Ingold effect,
the presence of bulky substituents would lead to a confor-
mational distortion that promotes the carbonate intramo-
lecular six-membered ring closure (Scheme 24, route
1).141,142 In contrast, the use of no substituents containing
1,3-propanediol b16, seems to allow an intermolecular
attack of a second molecule of diol producing the linear
carbonate g16 (Scheme 24, route 2).141

Based on these findings, Sardon and co-workers
extended the scope of the reaction of PC-BPA to the
depolymerization with different aliphatic 1,n-diols, such
as 1,3-propanediol, 1,4-butanediol, and 1,5-pentanediol,
to obtain bis(3-hydroxypropyl) carbonate (g16, 98%), bis
(4-hydroxybutyl) carbonate (g17, 4%), and bis(5-hydroxy-
pentyl) carbonate (g18, >99%) and BPA.143 In this work,
it was confirmed that a double attack on the carbonate
group of PC-BPA (Scheme 24, route 2), is responsible of
the formation of linear carbonates (g16, g17, and g18)
instead of cyclic ones. Furthermore, an intramolecular

SCHEME 24 Routes for depolymerization

of PC-BPA using 1,3-propanediol derivatives as

depolymerization reagents141



backbiting reaction on the α-carbon of the carbonate
group, to afford THF, accounts for the low the yield of
the linear carbonate g17 obtained in the reaction with
1,4-butanediol.

6 | DEPOLYMERIZATION BY
AMINOLYSIS AND THIOLYSIS
REACTIONS

In order to produce compound with urea (-NC[O]N-),
carbamate (-NC[O]O-), thiourea (-NC[O]S-), dithiocarbo-
nate (-SC[O]S-) and thiocarbonate (-SC[O]O-) groups, dif-
ferent depolymerization reagents such as monoamines,
diamines, aminoalcohols, aminothiols, dithiols and mer-
captoalcohols have all been used in the depolymerization
reaction of PC-BPA (Scheme 25). The results of these
studies are summarized in Table 13.

In a pioneering study, Oku and co-workers performed the
reaction employing secondary amines (dimethylamine and
diethylamine) as depolymerization reagents, and different cat-
alysts, such as NaOH, ZnCl2, Zn(CH3COO)2, AlCl3 and
Al(OC2H5)3, producing a mixture of BPA and carbamates in
low yields.144 They concluded that the transformation of inter-
mediate carbamate into the required tetralkylureas was too
slow, and therefore that more drastic reaction conditions
would be needed.

The depolymerization reaction was also carried out
employing N,N´-dimethyl-1,2-diaminoethane (b26) in
absence of catalyst (Table 13, entries 9 and 10) and
using aqueous solutions of Na2CO3 and K2CO3

(Table 13, entries 11–14).144 In this case, BPA and

1,3-dimethyl-2-imidazolidinone (d26) were obtained
in good yields. Indeed, d26 is versatile polar solvent. The
reactions were also carried out employing d26 itself as reac-
tion medium, avoiding the use of conventional solvents. In
addition, when N,N´-dimethyl-1,3-diaminopropane (b27)
was used, the corresponding 6-membered cyclic urea d27
was obtained (Table 13, entry 15). Regarding the depoly-
merization mechanism, the authors proposed that the first
step of the process consists of a bimolecular aminolysis of
PC-BPA with the diamine (b26, b27) to produce an inter-
mediate monoaminocarbamate. An intramolecular nucleo-
philic attack leads to the formation of the corresponding
cyclic urea (Scheme 26, route 1); while an intermolecular
attack (Scheme 26, route 2), gives di-carbamate products
(i26, i27).

With the aim of demonstrating the versatility of the
methodologies proposed, and that PC-BPA can be utilized
as a phosgene equivalent for industrial purposes, the use of
different thiols have been studied as depolymerization
reagents.141,145 Furthermore, the thiol-contained com-
pounds obtained are important intermediates in organic
and polymer sciences.32,146,147 In this line, the use of alkane-
dithioles (1,2-ethanedithiol b29 and 1,3-propanedithiol b30)
employing NaOH as catalyst has also been published
(Table 13, entries 18, 19, and 21). BPA, as well as the corre-
sponding cyclic (d29, d30) and linear (g30) dithiocarbonates
were obtained in these reactions. The authors proposed dif-
ferent depolymerization routes (Scheme 27). The first step
implies the reaction of PC-BPA with the conjugate base of
the dithiol (b29, b30) to produce the intermediate products.
Cyclic compounds (d29, d30) are obtained by an intramo-
lecular cyclization of the intermediate (Scheme 27, route 1).

SCHEME 25 Structures of
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TABLE 13 PC-BPA depolymerization with monoamines, diamines, aminoalcohols, dithiols, aminothiols and mercaptoalcohols

Entry nbn/nPC-BPA Catalyst Cat. Load (mol%) T (�C) Time (min) Yield (%) Ref.

(b19) Cyclohexanamine

1a,b 28:1 ZnO-NPs/NBu4Cl 5 100 420 g19 (>99) 105

(b20) Aniline

2a,b 28:1 ZnO-NPs/NBu4Cl 5 100 420 g20 (>99) 105

(b21) Imidazole

3a,b 28:1 ZnO-NPs/NBu4Cl 5 100 420 g21 (>99) 105

(b22) 1,2-ethylene diamine

4a 6:1 TBD-MSA 15 90 5 BPA (86c); d22 (96; 92c) 141

(b23) Propane-1,2-diamine

5a,b 14:1 – – 100 420 d23 (83) 105

6a,b 14:1 ZnO-NPs/NBu4Cl 5 100 420 d23 (>99) 105

(b24) propane-1,3-diamine

7a,b 14:1 ZnO-NPs/NBu4Cl 5 100 420 d24 (>99) 105

(b25) 2-aminopropan-1-ol

8a,b 14:1 ZnO-NPs/NBu4Cl 5 100 420 d25 (>99) 105

(b26) N,N´-dimethyl-1,2-diaminoethane

9d 1:1 – – 100 30 BPA (87); d26 (88) 144

10e 1:1 – – 100 30 BPA (91); d26 (93) 144

11d,f 1:1 Na2CO3 5 100 30 BPA (95); d26 (94); i26 (<5) 144

12e,f 1:1 Na2CO3 5 100 30 BPA (91); d26 (91) 144

13d,f 1:1 K2CO3 5 100 30 BPA (90); d26 (93) 144

14e,f 1:1 K2CO3 5 100 30 BPA (92); d26 (92) 144

(b27) N,N´-dimethyl-1,3-diaminopropane

15d 1:1 – – 100 90 BPA (91); d27 (94); i27 (<4) 144

(b28) N-methylaminoethanol

16d 1:1 – – 100 90 BPA (11); d28 (9); j28 (89) 145

17d 1:1 NaOH 3 100 60 BPA (97); d28 (88) 145

(b29) 1,2-ethanedithiol

18d,f 1:1 NaOH 1.5 40 30 BPA (90); d29 (100) 145

19g 1:1 NaOH 5 80 210 BPA (97); d29 (94) 145

20a 3:1 TBD-MSA 15 90 30 BPA (79c); d29 (89;87c) 141

(b30) 1,3-propanedithiol

21d,f 1:1 NaOH 1.5 100 180 BPA (96); d30 (75); g30 (14) 145

(b31) Mercaptoethanol

22d 1:1 NaOH 1 100 180 BPA (92); d31 (87) 145

23d 1:1 KOH 1 100 60 BPA (100); d31 (47) 145

(b32) 2-aminoethanethiol

24d 1:1 – – 100 90 BPA (46); d32 (47); j32 (54) 145

25d 1:1 NaOH 1 100 60 BPA (100); d32 (100) 145

aUnder N2 atmosphere.
bTHF was used as solvent.
cIsolated yields.
dDioxane was used as solvent.
e1,3-dimethyl-2-imidazolidinone (d26) was used as solvent.
fAqueous solution.
g1,3-dithiolan-2-one (d29) was used as solvent.



Whereas when using b30 as depolymerization reagent a lin-
ear compound g30 would also be produced by an intermo-
lecular attack (Scheme 26, route 2).

Mercaptoethanol (b31) has been used as depolymeri-
zation reagent in combination with different bases as
catalyst to yield the corresponding heterocycle

SCHEME 26 Depolimerization reaction of

PC-BPA using diamines as depolimerization

reagents144

SCHEME 27 Depolimerization reaction of PC-BPA using alkanedithioles as depolimerization reagents145



compound (1,3-oxathiolan-2-one d31) (Table 13, entries
22 and 23).145

The use of aminothiols and aminoalcohols has also
been investigated. N-methylaminoethanol (b28) and
2-aminoethanethiol (b32) were used as depolymerization
reagents in the reaction with and without catalyst
(Table 13, entries 16, 17, 24, and 25). In the absence of cata-
lyst linear compounds (j28, j32) were obtained.145 It was
reported that the corresponding heterocyclic compounds
(N-methy1-1, 3-oxazolidine-2-one d28 and 1,3-thtiazolidine-
2-one d32) were obtained in good yields when NaOH was
used as catalyst.

Acid/based mixture ZnO-NPs/NBu4Cl has been used as
catalyst employing monoamines (b19, b20), imidazole
(b21), 1,2-diamines (b23) and 1,3-diamines (b24) as depoly-
merization reagents (Table 13, entries 1–3 and 6–8). Linear
ureas (g19, g20, and g21), 5-membered cyclic ureas (d23)
and 6-membered cyclic ureas (d24) were obtained. The
reported method was also successful with 2-aminopropan-
1-ol (b25) affording carbamate cyclic d25 as product.

The TBD-MSA couples were evaluated for the depoly-
merization of PC-BPA using 1,2-ethylene diamine (b22)
and 1,2-ethylene dithiol (b29) (Table 13, entries 4 and 20)
as acyl group acceptor. Thus, BPA, imidazolidin-2-one
(d22) and 1,3-dithiolan-2-one (d29) were obtained in
good yields.141

7 | CONCLUSIONS

Polycarbonate waste can be chemically recycled by sev-
eral routes, offering an advantageous alternative over
mechanical compounding. The resulting products and
their yields vary between each route and sub route,
depending on the corresponding operating conditions.

Pyrolysis can convert disposed PC into useful chemical
products. This process turns the material into different gases,
liquid oil and char fractions, which could be employed in
several areas, including polymeric industries. Conversion,
yields and properties of the obtained products depend on PC
composition and pyrolysis conditions, such as reactor type,
temperature, heating rate, residence time, and the absence or
presence of catalyst (and type). Pyrolysis reaction time and
temperature could be lowered, and product distribution
could be narrowed by adding a suitable catalyst. However,
yields for specific products are still low and several appropri-
ate separation and purification operations are required in
order to obtain commercial chemical compounds, thus
increasing energy and costs. Apart from BPA and useful sol-
vents, polyphenols may also be obtained with this mecha-
nism, which can be further employed as polymer precursors.

In relation to the hydrogenolysis, excellent results
were achieved on the development of new catalytic

systems that are not derived from precious metals. How-
ever, most of the hydrogenative depolymerization reac-
tions still require relatively harsh reaction conditions and
high H2 pressures to reach complete polymer conver-
sions, even using the most reactive catalysts. Although
reactions under such conditions are still amenable for the
synthesis of high value chemicals, the scaling up of such
processes at the ton-scale required to recycle even a small
proportion of PC waste appears to be a very challenging
task. Thus, further research is needed to develop more
amenable processes that are also less energy-demanding
and more easily scalable.

After describing the different depolymerization mech-
anisms in detail, it is concluded that successfully recover-
ing BPA and the carbonate group by hydrolysis,
alcoholysis, aminolysis and thiolysis is entirely possi-
ble. This way, using PC-BPA waste as a carbonate
source (avoiding phosgene and the release of CO2 into
the environment) becomes an interesting possibility.
Moreover, the use of alcohols, amines, and thiols as
depolymerization reagents can lead to the production
of different taylor-made compounds (linear and cyclic
carbonates of high value such as dimethyl carbonate,
ethylene carbonate and glycerol carbonate; ureas, car-
bamates, thioureas, dithiocarbonates, and thiocarbo-
nates), that can be used for polymer synthesis or as
chemical reagents.
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