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The Chemical Recycling of PLA: A Review
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Abstract: Plastics are an indispensable material with numerous benefits and advantages compared
to traditional materials, such as glass and paper. However, their widespread use has caused
significant environmental pollution and most plastics are currently nonrenewable. Biobased polymers
represent an important step for tackling these issues, however, the end-of-life disposal of such
materials needs to be critically considered to allow for a transition to a circular economy for plastics.
Poly(lactic acid) (PLA) is an important example of a biobased polymer, which is also biodegradable.
However, industrial composting of PLA affords water and carbon dioxide only and in the natural
environment, PLA has a slow biodegradation rate. Therefore, recycling processes are important
for PLA, particularly chemical recycling, which affords monomers and useful platform chemicals,
maintaining the usefulness and value of the material. This review covers the different methods of
PLA chemical recycling, highlighting recent trends and advances in the area.
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1. Introduction

The majority of plastics, that as a society we rely on, are sourced from petroleum-based resources,
with only a fraction currently being derived from renewable feedstocks. In 2015, 380 million metric
tons of plastic was produced globally, with less than 1% of this production being derived from a
bio-based source [1]. This is of particular concern as the use of petroleum resources is associated with
global pollution and climate change, as well as being a finite resource [2]. To mitigate these issues,
a transition towards bio-based plastics is needed, especially considering the increasing demand for
such materials. Based on the present rate of growth, plastic production is predicted to double within the
next 20 years [3]. A further issue currently associated with plastic usage is the pollution that is caused
by end-of-life mismanagement. Plastic pollution is particularly a problem in marine environments,
where it has a tendency to accumulate and persist [4-6]. The application of plastics in everyday life
has undeniable advantages and societal benefits [7-9], however, their concerns need to be urgently
addressed to make plastic usage sustainable. Therefore, as well as a shift towards biobased materials,
there is a necessity to consider the end-of-life treatment of these materials and ensure there are efficient
routes of disposal available. The current use of plastics follows a linear model, whereby plastics
are prepared, used, and disposed, and this is especially true, as well as problematic, for single-use
plastics [10,11]. The future of plastic use needs to be based on a circular model, whereby the value of
the material is retained after its useful lifetime [10,12,13].

Poly(lactic acid) (PLA) is a bio-based polymer, which has received extensive attention, both in
academia and industrially in the last 20 years. The main constituent, lactic acid, is derived,
through fermentation, from renewable feedstocks such as food crops (corn) as well as waste
sugars (cellulosic material) [14,15]. Compared to petroleum-based plastics, PLA is currently more
expensive due to increased production costs associated with the fermentation and purification of
LA, which accounts for approximately 50% of the total cost [16,17]. The polymerisation to PLA
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is preferentially achieved from the cyclic dimer, lactide (LA), rather than the polycondensation of
lactic acid, which is limited by the need to remove water and generally leads to the isolation of
PLA with inferior qualities. The formation of LA from lactic acid is traditionally a two-step process,
requiring oligomerisation prior to depolymerisation and “backbiting” processes, which generates
the cyclic molecule. This process can contribute up to 30% of the total cost of the preparation of
PLA [17]. Therefore, to reduce the PLA cost, research has been devoted to the formation of LA,
with the aim to produce the dimer directly, in one step [18-24]. The ring opening polymerisation
(ROP) of LA has the benefit of not releasing water during propagation, potentially allowing for a high
molecular weight (M,;) PLA to be formed. A common mechanism of ROP is the coordination-insertion
pathway, typically facilitated by a metal alkoxide complex [25-28]. Both lactic acid and LA possess
chirality, which is an important consideration in both their respective production and the preparation
of PLA [16].

The properties of PLA make it useful for applications such as food and packaging materials [29-32].
The stability of PLA, towards hydrolysis, has recently been assessed for use in food packaging
applications [33]. PLA is also considered biocompatible, and has found use as biomedical implants
such as stents [34-38]. PLA is a commercially available polymer, being produced on a large scale with
a low carbon footprint [39-42].

Despite the advantageous property of being renewably sourced, the mismanagement of end-of-life
PLA still contributes to plastic pollution. The reports of PLA being biodegradable often lead to a
misunderstanding that such material will degrade readily in the natural environment. The issue is
complicated by the variable test conditions and environments, that can lead to contradictory reports
as to the biodegradability of PLA [43]. In soil or domestic composters, degradation can take up to a
year with temperatures of 20 °C, however, higher local temperatures (>25 °C) can lead to degradation
within 12 weeks [44,45]. The degradation of PLA in marine environments can also be challenging to
study due to a wide range of variables and conditions that need to be considered. Under laboratory
conditions to mimic static seawater no degradation of PLA was observed within a year [46—48], however,
in a simulated dynamic seawater environment, polymer weight loss was observed via mechanical
processes [49]. Under accelerated conditions to mimic an extended time in landfill, PLA does not
degrade at ambient temperatures, and therefore, does not contribute to methane gas emission [50].

When collected for end-of-life disposal, there are various options for PLA (Scheme 1). However,
the first step is the identification and separation of PLA from other plastics. A common issue is the
contamination of polyethylene terephthalate (PET) and PLA waste streams as these plastics can be
indistinguishable to the naked eye. For PET, the presence of PLA during the recycling process can
severely reduce the resultant material properties of the reformed PET [51-53]. Near infrared imaging
is a potential solution to differentiate between these materials [54].
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Scheme 1. Poly(lactic acid) (PLA) formation and potential end-of-life scenarios. Note: alcoholysis
generates an alkyl lactate (A-La).
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PLA can be efficiently composted under industrial conditions, requiring temperatures around
that of the polymer’s Ty (60 °C) and high relative humidity [55-58]. Degradation can take as little as
30 days under such conditions [55,59]. The products of composting are CO, and water, the amount
of carbon dioxide emitted being offset by the initial uptake in the production of PLA feedstocks [40].
The mechanical recycling of PLA is a process in which the material is collected, washed, and reprocessed
with the aim of maintaining the original properties. Reprocessing is typically achieved thermally and
this can impair the properties of the next generation of the material [60-62]. Through thermo-chemical
degradation pathways, the molecular weight of the polymer is often reduced, preventing the use of the
material in the same application and therefore, downgrading to a less demanding use. A recent study
has considered the reuse of 3D printed PLA material in a closed-loop recycling process [63]. After two
use and reprocessing cycles, it was demonstrated that the material had deteriorated sufficiently to
prevent further use as a printing material. The blending of virgin PLA could allow for further reuse,
but the number of cycles remains limited.

A further option is the chemical recycling of PLA. This process breaks the polymer down into
constituent parts, either for direct repolymerisation or for other applications. An immediate benefit
of this compared to composting is the recovery of valuable chemicals, which would have otherwise
been lost as CO; [64]. A study has shown that it is more energetically favourable to attain lactic acid
from chemical depolymerisation rather than to produce virgin feedstock from the costly fermentation
route [65]. While mechanical recycling can extend the life of manufactured PLA, an efficient chemical
recycling process could potentially immortalise it, allowing for consistent material properties from
consecutive recycling. A further benefit of chemical recycling methods is that the process can be tolerant
to contamination with other plastics, reducing the need for costly separation. For chemical recycling
processes, an important consideration is the stereochemistry of the product. Most studies concern the
use of enantiopure PLA based on the more common L-LA isomer (giving PLLA). It is vitally important
that this stereochemistry is maintained in the product to avoid further separation/purification steps,
which would increase the potential cost of the process. Despite the importance of stereochemistry,
the optical purity of the products is not always measured. Where data is available, the stereochemical
outcome will be highlighted.

This review seeks to summarise the chemical recycling of PLA, with emphasis on the catalysts
and conditions used. The transformations to lactic acid by hydrolysis and alkyl lactates by alcoholysis
are highlighted, as well as transformations to other degradation products.

2. PLA Hydrolysis—To Lactic Acid

Due the solubility of PLA in aqueous media, hydrolysis can require high temperatures and/or
strongly acidic/basic conditions. In aqueous systems, in which PLA has poor solubility, the hydrolysis
can be achieved by bulk or surface erosion (Scheme 2) [66]. Which mechanism operates is dictated
by the rate of water diffusion relative to bond breaking, which in-turn depends on molecular weight,
polymer dimensions, pH, and temperature. For bulk erosion, in which water diffusivity is high,
the polymer loses mass or molecular weight homogeneously across the whole sample whereas surface
erosion involves increased degradation on the surface only. The product, lactic acid, is a platform
chemical that can be transformed into a range of other valuable feedstocks (Scheme 3) [67].
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Scheme 2. Mechanisms of heterogeneous hydrolysis of PLA. Adapted from [66].
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Scheme 3. Hydrolysis of PLA and examples of further transformations. Note: similar transformations
are possible from alkyl lactates. Adapted from [67].

An initial study by Piemonte et al. considered the solubility of PLA in conventional organic
solvents [68]. Between acetone and ethyl acetate, it was suggested that acetone was the most effective
for solubilising the polymer. However, as water concentration increased, dissolution was reduced for
both solvents.

Tsuji et al. have extensively studied the hydrolysis of PLA [69-75]. The initial investigation
considered the hydrolysis of PLLA at a temperature range of 180-350 °C with a 5 wt% solution of
PLA (M, = 170,000 g mol™?!) [69]. The optimum temperature for L-lactic acid yield was found to be
250 °C, achieving around 90% within 20 min. Between 180-250 °C, the activation energy for hydrolysis
was 51.0 k] mol~!. Above this temperature, racemisation became more severe, being complete within
30 min at 300 °C. At 350 °C, there is evidence of lactic acid decomposition to give gases (CO,, CO, CHy).
Regardless of temperature (120-250 °C) and the PLA state, (melt or solid), degradation is via bulk erosion
mechanism, in which the rate of degradation is uniform throughout the material and not limited to the
surface [70]. The activation energies for hydrolysis in the solid phase (120-160 °C, E, = 69.6 k] mol 1)
and melt phase (170-250 °C, E, = 49.6 k] mol~!) have been evaluated. The degradation of stereoblock
PLA and the effect of average block length has also been investigated [72]. This revealed rapid
degradation of atactic segments with a decreased rate of hydrolysis for increasing stereoblock length.
The temperature of hydrolysis could be reduced to 170 °C by the application of microwave heating,
as demonstrated by Ohara et al. [76]. With conventional heating, 800 min are required to achieve the
maximum lactic acid yield, which is achieved within 120 min with microwave irradiation. Under these
conditions, however, only 45% yield of lactic acid is achievable before racemisation reduced its
optical purity. A relatively concentrated solution of PLA was used (M, = 96,000 g mol~!, 75 wt%).
The hydrolysis of PLA (M,, = 23,700 g mol~!) using high pressure steam has also been investigated [77].
At relatively lower temperatures (100-130 °C), kinetic parameters were calculated based on different
size exclusion chromatography analyses, with a universal calibration method giving the most reliable
results (E, = 87.2 k] mol™1).
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Piemonte and Gironi have further studied the kinetics of hydrolytic degradation of PLA from
140-180 °C, with PLA concentrations of 5-50 wt% [78,79]. It is surmised that 95% of PLA is converted
to lactic acid within 120 min between 160-180 °C. A further finding was that the kinetic reaction
rate was not dependent on the PLA concentration. The data collected suggests two distinct reaction
mechanisms, the first being related to a two phase reaction (E; = 53.2 k] mol™!) and the second
due to an autocatalytic effect (E, = 36.9 k] mol™!) of having increased carboxylic acid groups as the
depolymerisation proceeds. This effect has been previously noted for PLA hydrolysis and decreases
the pH of the solution [80]. Further work by this group has modeled the hydrolysis of PLA at higher
temperatures (170-200 °C) [81]. The bulk erosion of PLA and subsequent aqueous oligomer hydrolysis
is described by the kinetic model, allowing conversion and oligomer concentrations to be accurately
predicted. A complete PLA conversion could be achieved within 90 min under these conditions.

The use of water-ethanol mixtures as a medium for PLA hydrolysis has been studied by
Auras et al. [82,83]. This study was carried out above the T, of PLA (40-90 °C) with a 50% ethanol
solution. The inclusion of ethanol causes the polymer to swell, facilitating the sorption of water for
hydrolysis. Hydrolytic degradation occurred by bulk hydrolysis with the activation energy being
lower than for the use of water alone (EtOH/H,O, E, = 93.4 k] mol~!; H,O, E, = 101.4 k] mol~1). It was
estimated that 41 h would be required to achieve a 95% yield of lactic acid at 90 °C, whereas to form
oligomers suitable for repolymerisation, 29 h should be sufficient.

The pH dependence on PLA hydrolysis has also been reported [71,84-91]. The use of acid
and base provides alternative mechanisms for the depolymerisation (Scheme 4a,b). Under acidic
conditions, the PLA hydrolysis has been shown to be dominated by a chain-end scission, whereby the
terminal hydroxyl group is activated by protonation and is hydrolysed directly to lactic acid [84,87,88].
In keeping with this mechanism, the rate of degradation was observed to be independent of chain
length and this preference was due to the hydrophobicity of the polymer chain compared to the
increased hydrophilicity of the chain end. In contrast, the use of basic conditions leads to a random
chain scission via back biting reactions to generate LA, which is subsequently hydrolysed [86,89].
Accordingly, the nature of the hydroxyl terminal can dictate the kinetics of this process, with capping
of the alcohol preventing this mechanism from operating. In acidic conditions, hydrolysis has been
described by bulk erosion and for basic conditions, by surface erosion [91].
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Scheme 4. Mechanisms for PLA hydrolysis via (a) acid catalysis and (b) base catalysis [86].

Relatively mild hydrolysis conditions have been achieved by Fusheng Liu et al., employing
a range of ionic liquids as both solvent and catalyst [92]. [Bmim][OAc] was found to be the best
candidate, allowing for a high conversion to lactic acid (up to 94%) at 130 °C within 2 h (Scheme 5).
This ionic liquid has also been demonstrated for the glycolysis of PET [93]. The ionic liquid could
partially solubilise the PLA (up to 40%; M, = 102,000 g mol~!) with the ions potentially assisting
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in the hydrolysis mechanism. To isolate the product, calcium carbonate was added to precipitate
calcium lactate (up to 76%) and the ionic liquid could be reused up to seven times with no decrease in
performance. This hydrolysis of PLA in the presence of [Bmim][OAc] had a relatively high activation
energy (120-135 °C, E, = 133.9 k] mol}).

0
AN

S~~~ N o)
[Bmim][OAC]

/[Bmim]@

0]

I
~ 0 @)

:OH,
Scheme 5. Structure of [Bmim][OAc] used for PLA hydrolysis and activation of PLA [92].

Several patents with respect to PLA hydrolysis have been filed, the first example being in 1993.
These have recently been reviewed by Niaounakis [94]. The reported procedures generally involve
acid (H,SOy4) or basic (NaOH, Ca(OH);) catalyst, which can allow for depolymerisation under 100 °C.
In the absence of catalyst, temperature can be as high as 350 °C. Water/alcohol mixtures and alkyl
lactates are also reported as solvents.

3. Alcoholysis—To Alkyl Lactates

Alcoholysis of PLA has been most commonly performed with methanol to give methyl lactate
(Me-La) (Scheme 6). Ethyl lactate is afforded by the alcoholysis of PLA with ethanol, and therefore,
has the potential to be fully renewable. Methyl and ethyl lactate can be used as green solvents [95-100],
with good biodegradability and low toxicity, [101] or as a potential platform to other chemicals.
For example, alkyl lactates can be transformed into lactide [18,21,22], thus “closing the loop” on the
PLA life-cycle. Indeed, transformations that can be applied to lactic acid can also be applied to alkyl
lactates (Scheme 3) and in some cases better yields can be afforded by the initial use of esters [67].
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Scheme 6. Alcoholysis of PLA to give alkyl lactates.

In the patent literature, there are several examples of alcoholysis reactions of PLA [94]. Examples
of catalysts include acid (H,SO4) and solid acids (Montmorillonite K10, Nafion-H, CaO). A range of
solvents have been disclosed including ionic liquids, alcohols, toluene, alkyl lactates, and chloroform.

The utility of degrading PLA to lactates has been noted as early as 1945 [102]. In this study, a range
of acid catalysts were used as well as ZnCl, with temperatures up to 150 °C. In the absence of catalyst,
Ohara et al. have demonstrated the alcoholysis of PLLA (M, = 96,000 g mol~!) with the assistance
of microwave heating [103]. Both ethanol and butanol were used to produce ethyl and butyl lactate,
respectively with a temperature range of 130-210 °C. A greater reaction rate was achieved compared
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to conventional heating, but the activation energies and mechanisms are judged to be identical (EtOH,
o = 113.1 k] mol™!). While increasing the rate, the use of microwave irradiation did not increase the
amount of racemisation.

Arange of studies have been performed using commercially available metal salts for the alcoholysis
of PLA. Carné Sanchez and Collinson have demonstrated the use of Zn(OAc); for the alcoholysis of
PLA [104]. Both methanolysis and ethanolysis were performed at the boiling point of the respective
alcohols. The formation of Me-La was observed to be more facile, with a 70% yield after 16 h.
The formation of Zn(lactate), during the degradation was indicated by IR spectroscopy. In the presence
of an equal mass of PET, the degradation of PLA proceeded to a similar yield (65%) with PET remaining
unreacted and amenable to separation by filtration.

Fusheng Liu et al. have applied ferric chloride (FeCls) to the methanolysis of PLA pellets
(M, = 102,000 g mol~!) [105]. The process was performed in the absence of solvent at 130 °C for 4 h.
After removal of methyl lactate by distillation, the catalyst residue was reused directly. The PLA
conversion and Me-La yield was maintained with up to six reuses of the catalyst. A relatively
low activation energy was found for this system (110-135 °C, E, = 32.4 k] mol™!). The authors
also report the use of ZnCl,, Zn(OAc),, Zn(Octanoate),, AlCl3, NaOAc, NaOH, and NaOMe under
identical conditions and these catalysts also generally achieve a high PLA conversion and lactate yield.
Sobota et al. have also tested a range of commercial metal catalysts for the solvothermal alcoholysis
of PLA (M, = 64,200-115,700 g mol_l) [106]. In the first instance, the reaction was performed in
the absence of a catalyst, with a temperature range of 220-260 °C being recommended for efficient
alcoholysis in the presence of 4 equivalents of ethanol per repeat unit. The authors note that the
residual tin content (up to 16.5 mg/kg PLA), from polymer synthesis, could have mediated this
degradation. With magnesium reagents, magnesium metal or Mg("Bu),, efficient alcoholysis is
achieved at lower temperatures (200 °C) with a wide range of linear and branched alcohols. Further to
this, the alcoholysis with ethanol could be scaled up to 1.5 kg and the polymer stereochemistry was
retained for the resultant lactates, as measured by optical rotation measurements. At 200 °C with
a reaction time of 1 h, ethanolysis was performed with a range of commercial reagents including
alkali/alkaline metals (Li-K/Mg-Ba) and selected alkoxides {Na(OEt), K(OEt), Ca(OMe),}, as well as
organometallic/chlorido zinc, tin, and aluminium reagents. All reagents demonstrated the activity
for this process. The formation of calcium lactate was observed for calcium mediated alcoholysis,
potentially implicating such complexes as the active species for other metal precursors.

Enthaler et al. have explored the use of tin (II) ethylhexanoate for the methanolysis of end-of-life
PLA samples (M, = 43,600-150,400 g mol~?), with up to 50 g of a cup degraded in one experiment [107].
High yields of Me-La were achieved between 140-180 °C with a low catalyst loading (0.05-0.25 mol%).
The amount of MeOH was critical, with the yield going from quantitative to negligible when
reducing equivalents from 15.4 to 11.6. At 180 °C, a turnover number of 39,600 h~! was reported.
Plichta et al. have described the partial alcoholysis of PLA (M, = 217,000 g mol~!) with various
protic reagents including diols, di-acids, and macromolecules [108]. Tin(Il) ethylhexanoate was
used as a catalyst with temperatures of up to 200 °C applied. The aim of this study was to reduce
the molecular weight of the initial PLA sample with the further aim of creating block copolymers.
Butane-1,4-diol, propane-1,3-diol, dipentaerythritol, and adipic acid were successfully used, as well as
PEG, poly adipates, and terephthalates, the latter macromolecules generating triblock copolymers.

Enthaler et al. have tested simple alkali halide salts for the methanolysis of PLA
(M, = 43,600-150,400 g mol~!) [109]. With microwave assisted heating (140-160 °C), potassium
fluoride, KF, was shown to facilitate high yields of Me-La within 10 min. The potassium cation was
suggested to activate the carbonyl group to attack with the fluoride anion assisting proton transfer.
The catalyst residue could be used up to three times before a noticeable decrease in the Me-La
yield. A range of end-of-life PLA samples were tested, without rigorous cleaning, and moderate
to high yields (43%—-97%) were generally achieved. The presence of plastic contaminants was also
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considered. Poly(bisphenol A carbonate) underwent concomitant degradation with PLA whereas PET
and polyamide 6 remained intact under the degradation conditions but did reduce the yield of Me-La.

Fusheng Liu et al. have also tested a range of ionic liquids for the methanolysis of PLA
(M, = 400,000 g mol~1) [110]. As for PLA hydrolysis, [Bmim][OAc] was found to be the most efficient
for this process (Scheme 5, with MeOH). At 115 °C, a high PLA conversion (97%) was achieved within
3 h and the ionic liquid could be reused up to six times without a reduction in activity. The activation
energy was also evaluated for this system (90-115 °C, E, = 38.3 k] mol~!). A combination of the
ionic liquid and metal salts has been shown to enhance the activity of both components, allowing for
milder degradation conditions for PLA (M, =79,850 g mol~1) [111]. With 2[Bmim][OAc]-Zn(OAc),,
efficient methanolysis is achieved after 1-2 h (110 °C). A lower activation energy was calculated
compared to using just the ionic liquid (90-105 °C, E, = 21.0 k] mol~!). This catalyst was also amenable
to recycling, able to perform five further reactions with no loss of activity. Similarly, [Bmim][FeCl4]
was demonstrated to have a superior activity for PLA methanolysis (M, = 159,566 g mol~1; 3 h, 120 °C)
than the component groups, FeCls and [Bmim][Cl] [112]. Compared to FeCls, a lower activation energy
was observed (100-125 °C, E, = 21.3 k] mol_l). These enhancements are likely due to the ionic liquids
acting to solubilise the PLA, allowing for the Lewis acidic metals to activate the carbonyl group more

readily (Scheme 7).
ML,
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Scheme 7. General activation of PLA via Lewis acidic metal centres.

Organocatalysts have also been applied to the alcoholysis of PLA [113]. Hedrick et al.
demonstrated the use of 4-pyrrolidinopyridine (PPY) and 4-dimethylaminopyridine (DMAP) for
PLA transesterifcation, though the target of this work was to controllably reduce molecular weight
rather than complete degradation to lactates (Figure 1a,b) [114]. Enthaler et al. have recently revisited
DMAP for PLA methanolysis with microwave assisted heating (Figure 1b) [115]. In the absence of
solvent, at 180 °C, high yields of Me-La could be achieved within 20 min. In this study, a range of
PLA waste samples were investigated, and the catalytic system demonstrates a reasonable tolerance
to plastic contaminants and additives. 1,8-Diazabicyclo [5.4.0Jlundec-7-ene (DBU) was also shown to
afford a good yield of Me-La under the same conditions (Figure 1c) [115].

a. b. C.
~L Q. OO
N ~
| N

PPY DMAP DBU

Figure 1. Organocatalysts for PLA alcoholysis; (a) PPY, (b) DMAP, (c) DBU [114,115].
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In the same year, Fusheng Liu et al. reported the use of DBU-based protic ionic liquids for the
degradation of PLA (M, = 400,000 g mol~!) [116]. Protonated DBU cations with carboxylate anions
such as acetate, lactate, and propionate allowed for higher degradation yields under milder conditions
(100 °C, 5 h) compared to using DBU alone (Figure 2a). A range of alkyl alcohols were tested and
the potential for catalyst reuse was demonstrated. A proposed mechanism involved the [DBU-H]
cation activating the polymer carbonyl with the attack of the alcohol assisted by the carboxylate
anion through hydrogen bonding/transfer. The use of imidazole-based anions in conjugation with
[DBU-H] afforded a versatile system ([DBU-H][Im]) capable of degrading a range of polyesters and
polycarbonates (Figure 2b) [117]. At a reduced temperature of 70 °C, a complete PLA degradation to
Me-La was achieved in 1 h.

GO,

[DBU-H]

@J\ )K(OH )K/\
[Im]

Figure 2. DBU-based protic ionic liquids used of PLA alcoholysis; (a) carboxylate anions, (b) imidazole
anion [116,117].

1,5,7-Triazabicyclo[4.4.0] dec-5-ene (TBD) was shown to be an extremely efficient catalyst for PLA
degradation at room temperature in CH,Cl, (Scheme 8) [118]. Leibfarth et al. employed TBD with a
range of primary alcohols (including MeOH, EtOH, BuOH, and BnOH), achieving complete degradation
within minutes (M, = 76,700 g mol~!). The organocatalyst is predicted to facilitate degradation via
a dual-activation mechanism (Scheme 8a), with both incoming alcohol and PLA carbonyl groups
being hydrogen bonded to TBD in the transition state. Interestingly, the transesterification of an ethyl
lactate dimer was found to be much slower than expected based on the efficient degradation of PLA.
This was suggested to be due to intramolecular binding of this dimer to TDB, preventing the activation
of a further ethanol molecule (Scheme 8b). On degradation, the stereochemistry was shown to be
maintained, with >95% enantiomeric excess (ee) measured for the lactate product formed from PLLA.

oo

a TBD b
o9 ()
— |
N- N l N/)\N
| ! ! |
M " | o
. : | ‘\
ROT ] o 0
N O I >_/<
(@) I
0
A 4§/~70Et
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Scheme 8. TBD catalyst for PLA alcoholysis. (a) Dual-activation of alcohol and polymer; (b) intramolecular
binding of lactate dimer to TDB, hindering reaction [118].



Sustain. Chem. 2020, 1, 1 10 of 22

Perhaps the less studied area of PLA is the alcoholysis by discrete metal complexes. This is despite
the fact that a wide range of complexes are reported for the ROP of lactide, which requires similar
reaction characteristics to alcoholysis. Whitelaw et al. reported zirconium and hafnium (IV) salalen
complexes, which facilitate both lactide polymerisation and PLA degradation (Figure 3). During the
preparation of PLA, it is common to add catalytic amounts of methanol to remove the growing
polymer chain from the metal centre and terminate the reaction. Excess methanol is often added to
purify the polymer by removing unreacted monomer and catalytic species. With the group 4 salalen
complexes, such a polymer purification procedure afforded Me-La rather than PLA, as confirmed
by NMR spectroscopy and GC-MS analysis. The excess MeOH is suggested to form a bismethoxide
complex, which catalyses extensive degradation of the PLA. Controlled degradation of PLA samples
(various tacticities; M,, = 10,000-200,000 g mol ™) was demonstrated for the Hf(IV) salalen analogue
(R = Me) at room temperature in CH,Cl, within 24 h.
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Figure 3. Group 4 salalen complexes for PLA methanolysis [119].

Zinc complexes are perhaps currently the most studied for PLA recycling. Fliedel et al. reported
the use of a dinuclear zinc-carbene complex for both the ROP of lactide and the first example of
Zn(II) complexes for the controlled degradation of PLA (Figure 4) [120]. On the quenching of the
ROP with methanol, "H NMR resonances were observed for Me-La suggesting further extensive
transesterification reactions to be occurring. The authors then sought to demonstrate this in a
controlled manner, degrading a commercial sample of PLLA (M,, = 18,410 g mol™!). After 24 h at room
temperature, only oligomeric PLA (M,, ~2000 g mol~1) and methyl lactate (~30%) were present in the
solution. Under these degradation conditions, the benzyl alkoxide (Figure 4a) at the zinc centre is
substituted with a methoxide (Figure 4b) with minor degradation of the carbene complex. With the
initial (NHC)ZnEt(Cl) complex, protonolysis of the zinc ethyl group occurred on addition of PLA,
affording a Zn-PLA species (Figure 4c).

[\ ™\ —
: b. : =\
a /N\/N\/\SPh /N\/N\/\SPh c /NYN\/\SPh

| |
Bn(:)—Z:n—CI Mecg—z:n—c:l 5 2
I
Cl—Zn—OBn Cl—Zn—OMe - of “c
I I o
PhS\/\N/\N/ PhS\/\N/\N/
\—/ \—/ "

Figure 4. Dinuclear zinc N-heterocyclic carbene complexes active in PLA methanolysis; (a) Benzyl
alkoxide species, (b) methoxide species, (c) coordinated PLA species [120].

In 2015, Ejfler et al. described a homoleptic Zn{ON}, complex for the controlled synthesis of
a low molecular weight PLA (Figure 5a) [121]. The precipitation of the oligomers by alcohol after
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reaction led to transesterifcation to lactate products. However, it is noted that this degradation was not
evident for the higher molecular weight PLA. Payne et al. have reported Schiff base Zn{ON} complexes
for lactide polymerisation and PLA methanolysis (Figure 5b,c) [122]. In THF at 80 °C, a PLA cup
(M, = 45,150 g mol™') could be degraded to high Me-La yields after 8 h. The rate of consumption of
PLA was observed to follow a first order kinetic profile. For this system, the activation of the carbonyl
group of PLA by the Lewis acidic Zn(Il) centre is anticipated (Scheme 7).

Bu R
N N
O ; ‘Bu @ N R R oO—2p—-
\\ /O \\ /O \\\ \\ /
/Zn /Zn \ \\
@) \ 0 \ \ \
Bu . /O R Y /© N —© R
\©/\T \©/\N @ £t
—t
tBU R R=tBU, ClorH R ="Bu, ClorH

Figure 5. Zn(II) {ON} complexes for PLA alcoholysis; (a) Zn{ON}, complex for synthesis of low
molecular weight PLA, (b) monomeric Zn{ON}, complex for PLA degradation, (c) dimeric ({NO}ZnEt),
complex for PLA degradation [121,122].

McKeown et al. studied a series of aminopiperidine-based {ONN} Zn(II) and Mg(II) complexes for
LA polymerisation (Figure 6a) [123]. As with previous polymerisation catalysts, polymer purification
was observed to cause extensive transesterification, with the reduction of PLA molecular weights
being caused by both complexes. Due to the complexity of the ligand system, a full degradation
study was not performed. Roman-Ramirez et al. have performed an in-depth kinetic study of PLA
degradation with a homoleptic Zn(II) complex (Figure 6b) [124]. This complex demonstrated high
activity towards the ROP of LA, displaying robustness and immortal characteristics, which are good
properties for a degradation catalyst [125]. The stability of the Zn(II) complex towards the degradation
medium was demonstrated through NMR spectroscopy and commercial PLA samples, including a cup,
were systematically degraded(M,, = 44,350-71,900 g mol~!). Of the solvents tested, THF was found to
give the best results in terms of PLA conversion and Me-La formation. Experimental design suggested
there was no dependence on the PLA type/molecular weight with temperature (40-130 °C) and catalyst
loading (4-16 wt%) being the main reaction variables. Kinetic parameters for a consecutive reaction
mechanism, with equilibration between Me-La and lactate oligomers, and activation energies were also
reported (E; = 39-65 K] mol ™). A minor variation in the ligand backbone afforded Zn(Il) complexes,
which demonstrated different coordination geometries (Figure 6c; R = N(H)Me or N(H)Me) [126].
Rapid degradation was observed at 50 °C in THF and methanol, with a complete PLA consumption
within 1 h. The reaction was also successfully demonstrated for up to 12.5 g of PLA. Ethyl lactate could
also be produced, albeit with a slight reduction in activity, requiring 1.5 h. This Zn(II) system was also
demonstrated to be tolerant to the contamination of other plastics, such as PET. The kinetics of these
complexes has also been studied, with kinetic parameters and activation energies being calculated
for PLA methanolysis [127]. These complexes demonstrated an unusual behaviour, with a curved
Arrhenius plot and variable activation energies, with the formation of MeLa being observed at —20 °C.
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Figure 6. Zn(II) and Mg(II) homoleptic {ONN} complexes for PLA alcoholysis; (a) aminopiperidine
Zn(I)/Mg(II) complexes, (b) Ethylenediamine Zn(II) complex, (c) propylamine Zn(II) complexes [123-127].

For comparison, a Zn-{ON}, Schiff base analogue was prepared and tested for degradation activity
(Figure 6¢; R = H) [126]. A much reduced activity under identical conditions potentially implicates the
additional amine group as having a role in the reaction, possibly activating the incoming alcohol while
the Zn(II) centre activates the carbonyl group.

4. To Other Products

The chemical recycling of PLA can also be achieved thermally, in the absence of exogenous
reagents. While potentially affording depolymerisation products such as LA, high temperatures are
required, which can lead to racemisation/epimerisation and side reactions to products other than
LA. Early work was performed by McNeill and Leiper, heating PLA samples up to 450 °C [128,129].
Under programmed heating conditions (10 °C min~!), PLA breaks down in one step between
250-450 °C [128]. Carbon dioxide is the main product, with lactide and cyclic oligomers also
being observed. Isothermal studies demonstrated different product distributions at different
temperatures [129]. As well as lactide and oligomers, acetaldehyde is observed at 230 °C through cis
elimination (Scheme 9), with CO,, ethylene, propylene, and methyl ketene being observed at higher
temperatures. Capping the hydroxyl group with an acetyl group stabilised the polymer towards
thermal degradation, suggesting the operation of a backbiting mechanism (Scheme 9).

Subsequent work has focused on the addition of metal salts with the aim of controlling the
selectivity and determining the effect of a residual metal catalyst during polymer processing [130-141].
The presence of metal contaminates often decreases the thermal stability, reducing the onset temperature
for degradation. Tin complexes are very common for the ROP of LA, therefore, residual Sn(II) species
in the polymeric material is a possibility. Nishida et al. demonstrated that the presence of tin favoured
extensive intramolecular unzipping depolymerisation of PLLA to selectively give L-LA rather than the
random intermolecular transesterification (Scheme 9) [131,140]. The presence of Sn(Il) carboxylate
end groups and the operation of this mechanism caused a reduction in the activation energy (from
175 to 85 k] mol~!, depending on the amount of tin) and therefore, an earlier onset of weight loss with
respect to temperature (150 °C). In the absence of Sn(Il), the depolymerisation was less controlled
with oligomers being the major products and with meso-LA also being formed. The same group have
also studied the effect of calcium and magnesium oxides on this process, demonstrating a similar
trend in activation energies and the operation of an unzipping mechanism facilitated by the metal
centres [135,137,139]. The extent of racemisation was highly dependent on temperature, with CaO
causing extensive formation of meso-LA below 250 °C but being more selective to L-LA at higher
temperatures (<300 °C). For MgO, racemisation was less prevalent and a high selectivity towards
L-LA could be achieved at temperatures lower than 270 °C. The effect of Zn(Il), Fe(IIl), and AI(III)
cations has also been tested for PLA pyrolysis [133,141]. The partial pyrolysis of PLA with a residual
organocatalyst, DBU, has also been investigated [142].
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Scheme 9. Possible thermal degradation mechanisms [130,131].

The above examples of PLA degradation maintain the carbonyl functionality, either as a carboxylic
acid or ester group. However, there is scope to reduce this functionality and form alcohols and alkanes.
Krall et al. have employed ruthenium (II) PNN pincer complexes for the hydrogenative degradation of
polyesters and polycarbonates (Scheme 10a) [143]. In this study, a PLA cup was successfully degraded
to propylene glycol (PG) in the presence of a catalyst and H; (55 bar). The reaction was performed at
160 °C with a solvent mixture of THF and anisole. The quantitative conversion to PG was achieved
after 24 h.
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Scheme 10. Ruthenium (II) complexes used for PLA hydrogenation and degradation to propylene glycol
(PG); (a) Ru(I) PNN pincer complex, (b) Ru(II) triphos complex, (c) Ru-MACHO-BH complex [143-145].

More recently, Klankermayer et al. have applied a Ru(ll) triphos complex to the recycling of
polyesters and polycarbonates (Scheme 10b) [144].Under relatively milder conditions (100 bar Hy,
140 °C, 16 h) a PLA cup could be quantitatively and selectively transformed into PG. Either 1,4-dioxane
or PG was used as the solvent in this process with a bis(trifluoromethane)sulfonimide (HNTf,)
co-catalyst. Investigations were also carried out into the selective degradation of PLA in the presence
of PET (achieved by choice of solvent and temperature) and the potential for reaction scale up (up
to 11.4 g PLA). Enthaler et al. have applied a commercially available Ru-MACHO-BH complex for
this process (Scheme 10c) [145]. In this work, milder conditions are used with a shorter reaction time
(120-140 °C, 3045 bar Hy, <6 h). A range of used PLA samples were successfully degraded to PG
despite the presence of dyes and additives. Polycarbonates were also degraded by this system, with a
mixture of PLA and poly(propylene carbonate) affording PG and MeOH. The degradation of PLA was
coupled with the breakdown of poly(oxymethylene) to give a cyclic acetal with the second process
being catalysed by Bi(OTf);.

Shuklov et al. investigated the heterogeneous transformation of PLA and lactide into PG using
barium promoted copper chromite (Cu/Cr/Ba) and H; (150 bar) [146]. The process is described as a
tandem reaction whereby the Me-La is formed by methanolysis followed by hydrogenation to the diol.
The reaction in the presence of ethanol was reported to be much slower. The process was performed at
temperatures up to 150 °C, however, severe racemisation of the stereocentre was observed. At 100 °C,
a 90% ee was measured for the PG, but a reduced yield resulted (50%). A high catalyst loading
was employed (133 wt%), however, the catalyst was readily separated from the reaction mixture by
centrifugation and catalyst reuse was demonstrated for the lactide transformations.

Cantat et al. have utilised both an organocatalyst and Brookhart’s iridium (III) hydrosilylation
catalyst on a range of polymers including PLA (coloured 3D printing material) to give silyl ethers
or propane (Scheme 11a,b) [147,148]. With B(C¢Fs)3, this could be achieved at room temperature,
in CH,Cl,, with triethylsilane (Et3SiH) giving silylated propylene glycol (16 h, <65% yield) and
1,1,3,3-tetramethyldisiloxane (TMDS) yielding propane (1 h, >99%) [147]. For the Ir(Ill) catalyst,
a mixture of silylated propylene glycol and propanol were formed at 65 °C in chlorobenzene after
60 h [148]. At 90 °C with excess silane, silylated propanol was selectively formed. PLA degradation
was observed to occur despite the presence of additives such as dye and with a lower catalytic loading
compared to B(C¢Fs)3 alone (<1 mol%). In the presence of a hydridic silane source (TMDS), PLA could
be further degraded and reduced to propane (110 °C, 12 h). The formation of polydimethoxysilane
(PDMS) as a by-product can add further value to the process.



Sustain. Chem. 2020, 1, 1 15 of 22

®
O—P(th

a. b. | THF
(CeF5)3B ISy

2 -10 mol% O_P(tBu)z

©
(CeF5)4B
0.3-1mol%

TMDS 0 o Et,SiH O/\f SiEts

O...
" NS,

Propane

Scheme 11. Catalysts used for hydrosilylation of PLA and degradation products; (a) Organocatalyst,
(b) Brookhart’s Ir(IIT) complex_ [147,148].

Recently, Fernandes et al. have demonstrated the use of an air-stable oxo bridged
molybdenum complex for PLA reductive degradation [149]. In the presence of reductive silanes
(polymethylhydroxysilane or PhSiH3) and MoO,Cl;(H,O),, PLA was transformed into propane
(toluene, 110 °C, 2040 h). The authors demonstrated PG to be a possible intermediate in the reaction,
which would be further reduced under the reaction conditions. The degradation of 3D printing material
and a PLA cup were demonstrated in the study.

5. Conclusions

Renewable bio-based polymers represent an important step towards a circular economy for
plastics. However, it is equally important that the end-of-life scenarios are critically assessed and
infrastructure is in place to dispose of these materials efficiently. PLA is a promising bio-based
polymer, which is applicable to packaging and biomedical uses. Despite being compostable under
high temperature, industrial conditions, there is greater incentive for the chemical recycling of PLA,
which could potentially reduce production costs to a level competitive with petrochemical-based
plastics. The chemical recycling of PLA can be achieved by three main methods: Hydrolysis, alcoholysis,
and pyrolysis. The hydrolysis of PLA yields lactic acid in a process, which could potentially be more
cost effective than the fermentation of sugars. Lactic acid is a biobased platform to other value-added
chemicals and a precursor to the PLA monomer, lactide. High temperatures (100-200 °C) are required for
this heterogeneous process, which is also influenced by pH and PLA morphology. Alcoholysis affords
alkyl lactates, which can be transformed to useful chemicals or useful as benign solvents. Methyl or ethyl
lactate are degradation products via methaholysis or ethanolysis, respectively. The use of a cosolvent
and catalyst can allow for this process to occur at ambient temperatures. A range of commercial
metal salts and organocatalysts have been applied to the alcoholysis of PLA. More recently, the use of
discrete metal complexes have been demonstrated for methanolysis, with Zn(II) catalysts being the
most common. In the absence of protic reagents, PLA can be thermally depolymerised by pyrolysis
(200-300 °C). The addition of metal catalysts, for example Sn(I), is necessary for the selective formation
of lactide via an unzipping depolymerisation mechanism. The selective, one-step transformation of
PLA into alcohols and alkanes is a relatively new direction of PLA recycling. Several Ru(Il) complexes
have been demonstrated for the formation of PG via hydrogenation reactions. An organocatalyst and
complexes of Ir(IlI) and Mo(VI) have also been used to convert PLA to silyl alchohols and propane.

To be successful, chemical recycling processes need to be efficient and quantitative to compete with
other disposal methods. A further advantage to chemical recycling is the potential to act selectively
on a mixture of different plastics and allow for polymer additive separation. The use of chemical
recycling methods strongly aligns with a circular economy approach. For PLA, as the scale of demand
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and production increases, warranting increased attention to the recycling of end-of-life products, it is
imperative that such processes are available in the near future.
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