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Chemical recycling of polymer waste to the original monomer (CRM)
forms an important concept for a circular plastic economy. For pol-
yl(lactic acid) (PLA) this is often neglected as a result of PLA's known
biodegradability. However, such degradation leads to the undesired
generation of CO,, associated with a poor energy efficiency and
a missed opportunity for fast circular reuse. In this work, we develop
a system to recycle post-consumer PLA into either acrylic acid (AA) or
lactide (LAC), depending on the presence/absence of an acidic
cocatalyst and the applied reaction conditions. A detailed time profile
showed that PLA is first converted into LAC and subsequently rear-
ranged to AA under acidic conditions. Up to 50% of monomer yield
was achieved in a single step, using a phosphonium ionic liquid
(Bu4PBr) as the active solvent and only 5 mol% of organic cocatalyst.

Introduction

Recycling our polymer waste will be a key step in the transition
towards a green and sustainable future. Currently, most poly-
mers are burned for energy recuperation or simply disposed in
landfills, only then followed by mechanical recycling and
chemical recycling."” For chemical recycling, different strate-
gies are known to date, but the most promising one is chemical
recycling to the original monomer (CRM).? Polymers produced
from recycled monomers may emulate the physicochemical
properties of their virgin relatives.®* Unfortunately, CRM does
not apply to abundant polymers such as poly(olefins) or PVC,
since breaking down the all-carbon polymer backbone in
a controlled way to the original monomers is both
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Poly(lactic acid), in short PLA, is a biobased plastic with increasing impact
in the polymer industry as it is readily produced from sustainable
resources and has a known biodegradability. However, polymer degrada-
tion in landfills or nature is often very slow and still results in the unde-
sired release of CO,, which implies significant loss of valuable materials
and a missed opportunity for a fast circular reuse. In this work, we propose
a simple system to recycle post-consumer PLA directly into valuable
polymer precursors, namely lactide and acrylic acid, using a thermally
stable ionic liquid in the absence/presence of an acidic cocatalyst. This
unprecedented valorization of plastic waste into valuable building blocks
further improves PLA's sustainability profile.

thermodynamically and kinetically problematic. Some poly(-
esters) or poly(amides) on the other hand may more easily be
transformed to the original monomers or to fairly similar small
molecule products.*® Poly(lactones) are an interesting subcat-
egory of poly(esters) which, in the presence of a suitable catalyst
and under the right conditions, can undergo ring closing
depolymerization (RCDP) back into the original lactone.® The
most established process involves the CRM of poly(-
caprolactone) (PCL) to e-caprolactone using Zn or Sn catalysts
which remained present in the bulk PCL matrix after polymer-
ization by ROP (ring opening polymerization).>** Similar recy-
clability is reported for poly(butyrolactones),”>** leading to C,
(or Cg in case of the dimer) lactone monomers.

For polymers derived from smaller lactones, like poly(B-
propiolactone) and poly(lactic acid) (PLA), direct CRM is not
obvious due to high ring strain in the original monomer (for B-
propiolactone) or to undesired side reactions at elevated depo-
lymerization temperatures (for both B-propiolactone and lac-
tide). Therefore, these polymers are often incinerated for energy
recuperation or disposed in landfills/nature to degrade via
natural processes. However, the biodegradability of PLA in
nature is fairly limited, as industrial conditions and specialized
enzymes are required for sufficiently fast degradation.>® For
abovementioned polymers, CRM to the lactone monomer is
only possible via a multi-step procedure requiring additional
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separation and purification."** Alternatively, controlled depo-
lymerization could lead to different but inherently valuable
monomers e.g. acrylic acid (AA)."*"” In the case of poly(B-pro-
piolactone), thermolysis in the presence of a tertiary amine (e.g.
pentamethylenediethylenetriamine) produces AA in up to 95%
yield."® Unfortunately, production of poly(B-propiolactone) as
a source of sustainable AA has not reached full commerciali-
zation due to fermentation issues.”

PLA on the other hand is nowadays widely spread in plenty of
consumer products, despite its problematic biodegradation.
However, if collected and sorted properly, post-consumer PLA
could be an ideal renewable resource for the synthesis of bio-
based AA. This requires a chemical recycling method that would
tolerate impurities/additives present in post-consumer PLA, e.g.
hardeners like talc, which are often added for improved thermal
stability for food applications. Unfortunately, such reactions are
relatively unexplored in literature; the best performing system
hitherto was reported by Bouwman and coworkers (2017) as part
of their study of the lactide (LAC) to AA reaction.'”* In their
research, PLA was dissolved together with an active tetraphe-
nylphosphonium bromide salt (Ph,PBr, mp 300 °C) in sulfolane
at 150 °C, yielding only a modest yield of 25% AA after 16 h. In
addition, a large amount of cocatalyst (42 mol% meth-
anesulfonic acid, relative to the monomeric unit of PLA) was
required to ensure sufficient depolymerization. Other studies
focused on producing AA starting from lactide, achieving yields
up to 70% in batch®' and 80% in continuous flow,** but without
any reference to PLA recycling.>** In this work, we study the
catalytic conversion of end-of-life PLA to acrylic acid, with
a special focus on the impact of the reaction conditions on the
product distribution. Careful modifications of the reaction
conditions uncovered a new way to synthesize the even more
valuable lactide monomer in a single step, directly from PLA,
thus creating an unprecedented CRM for recycling post-
consumer waste PLA.

Results and discussion
Variation of the reaction conditions

Our first attempt to convert pure PLA to acrylic acid (AA) used an
organic phosphonium bromide combined with an acid co-
catalyst, like in Bouwman's work."”” However, instead of
CH3;SO;H, a much smaller amount of the cheap H,SO, was
used; and the high melting aromatic phosphonium bromide
was replaced by Bu,PBr, which we previously used to produce
AA from the dilactone lactide (LAC).>* After 2 h at 200 °C in
sulfolane as the cosolvent, conversion of PLA was complete, and
a mixture of products was obtained (Table 1, entry 1). AA was
obtained as the major product in higher yields compared to
literature, even if the acid concentration was much lower and
the reaction time shorter.”” Remarkably, a mixture of lactides is
obtained as the second major product, representing almost one
quarter of the total mass balance. Notably, as a result of the
expected racemization in this bromide-mediated depolymer-
ization, all three forms of lactide (p/i/pL) were observed in
similar amounts, and therefore combined in one product yield
(ESI, product analysist).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Starting from this benchmark reaction (2 h at 200 °C), we
varied reaction time and temperature to study their effect on the
product distribution (entry 1-3). Special attention was given to
the formation of AA or LAC, since these two products have the
highest added value for future polymer applications, namely as
biobased poly(acrylates) or as recycled PLA through CRM. After
longer reaction times or at higher temperatures (4 h at 200 °C or
2 h at 220 °C), all observed products, including lactide, but with
the exception of lactic acid, were fully converted into AA, or lost
as volatiles, e.g. acetaldehyde, ethylene or CO,. These undesired
fragmentation products are not further considered in this work.
As will be confirmed by the time-dependent data in Fig. 1, this
indicates that at least part of the starting material first reacts to
lactide, which is consecutively transformed to AA.** The
enhanced production of AA at higher temperatures is in
agreement with literature;*® at lower temperatures the PLA
conversion was found almost complete, but more intermediate
products were observed and yields of AA and lactide are lower.

Before addressing in detail the reaction network, first the
role and necessity of several constituents of the reaction mixture
were briefly examined. The addition of sulfolane as cosolvent is
not strictly necessary if AA is the desired product, as lowering
the amount actually leads to gradually increasing AA yields of
up to 50% (entry 4-6). The fact that the reaction performed well
in the absence of sulfolane (entry 6) could be beneficial when
considering scale-up, since the yield of AA could be increased by
continuous evaporation of AA from the non-volatile ionic
liquid.”* On the other hand, higher mass balances observed in
the presence of sulfolane indicate partial stabilization of the
reaction intermediates, retarding the formation of undesired
volatile dead end products. Lowering the amount of IL (which is
a reactive solvent) with constant cosolvent volume, resulted in
a drop in AA yield, associated with an increase in lactide
intermediates remaining after 2 h at 200 °C (entries 1, 7-9).
Changing the type of IL did not yield better results, with the use
of tetraethylphosphonium bromide resulting in high amounts
of lactic acid, presumably due to the higher water content of the
IL (entry 10). In the presence of tetrabutylphosphonium chlo-
ride large amounts of chloropropanoic acids were detected due
to insufficiently fast dehydrochlorination of these intermedi-
ates to AA (entry 11).

In an attempt to further improve the AA yields, Brensted and
Lewis acidic cocatalysts were screened (entry 12-15). Organo-
bromides were also tested as they are known to in situ generate
HBr via dehydrobromination.”*** For HBr, similar balanced
product distributions are observed as for the initial H,SO,
benchmark reaction (entry 1 vs. 12). Remarkably, in the pres-
ence of organobromides (entry 13-14), significantly higher
amounts of AA are observed than with the inorganic Brgnsted
acids. The slow release of anhydrous HBr via dehydrobromi-
nation allows for milder rearrangement conditions in the initial
stage and stronger acidity towards the end of reaction (vide infra
for the time profile of the reaction, Fig. 1A). The Lewis acid
ZnBr, was also tested in a 5 mol% cocatalyst concentration, to
verify whether it could play a similar role as in the reverse RCDP
of poly(caprolactone). However, it had no added benefit
compared to the reaction in the absence of an acid cocatalyst

RSC Sustainability, 2023, 1, 83-89 | 85
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Fig. 1 Time profile for PLA depolymerization in the presence (A) or absence (B) of cocatalyst (based on Table 1, entry 13 and 16). Reaction
conditions: 0.5 mmol PLA (based on monomer), (A) 5 mol% CygH=3Br cocatalyst, (B) no cocatalyst, 1.5 mmol Bu4PBr, 2.5 mL sulfolane, 0—-4 h,
200 °C, Ar flushed. Product yield, determined via *H NMR of the crude reaction mixture, expressed relative to monomeric unit of PLA. LAC =
combined yield of lactides. Bromo PA's = combined yield of 2/3-bromopropanoic acids. Detailed product distributions can be found in Fig. S6
and S7.t Reactions in A were performed in 5 fold, indicating high reproducibility.

(entry 15). In fact, the reaction without added acid co-catalyst
yielded the largest amount of lactides (50%, entry 16) of all
reactions reported in Table 1. Varying the cocatalyst concen-
tration did not lead to significant improvements in AA yield; the
observed 50% AA yield in the parameter variation was not
exceeded even with twice the amount of acid cocatalyst (entry
18).

Time profile & proposed reaction network

In a second stage, we performed a detailed time profile in
combination with the supplementary analysis of putative
intermediates to propose the overall reaction network and
depolymerization mechanism (Fig. 1, Scheme 1). To acquire
more insight in the relations between the lactide and acrylic
acid yields, the time profile of the reaction at 200 °C was
analyzed in detail, based on the optimized results in the

86 | RSC Sustainability, 2023, 1, 83-89

parameter variation, both in the presence of 5 mol% hexadecyl
bromide and in the absence of an acid releasing cocatalyst
(Table 1, entry 13 and 16 - Fig. 1, S5 and S61). At the early stages
of the depolymerization, PLA is mainly converted to lactides
(LAC, yellow), followed by a second reaction step to acrylic acid
(AA, dark blue). Neither product exceeds the 50% yield cap as
they can be subsequently converted: whereas LAC is converted
to AA, AA itself further degrades to smaller compounds like
acetaldehyde, ethylene, CO/CO,.**** Presumably, the organo-
bromide slowly decomposes to HBr and the corresponding
hexadecene, thus allowing for mildly acidic conditions at the
start of the reaction, which accelerates the depolymerization
compared to the case in the absence of cocatalyst. In a later
stage, dehydrobromination is complete, resulting in a higher
overall acidity in the reaction medium, which aids in the
conversion of the lactide intermediates to acrylic acid. In the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed reaction network. (1) oligomers, (1*) oligomers in deprotonated form, (2) bromopropionates, (3) lactates. The proposed
network was partially based on the literature of the LAC to AA reaction, adapted from multiple resources 2232627

absence of a cocatalyst, the depolymerization of PLA is signifi-
cantly slower and only lactides are formed with a slight
decomposition to AA after 4 hours. A similar plateau in LAC
yield is observed, with no increase in LAC after 2 h, accompa-
nied by a slow decomposition into lactic acid and acrylic acid.
*IP-NMR of the reaction mixture before and after 4 h (both in
the presence and absence of acid cocatalyst) at 200 °C showed
no significant changes, indicating high thermal stability of the
ionic liquid for long reaction times (Fig. S4t).>*2*

Control experiments on the formation of lactic acid proved
that its formation predominantly takes place via a hydrolytic
ring opening of the lactide, as the depolymerization in the
presence of additional water leads to an increased lactic acid
formation (Fig. S8-At), while rehydration of the acrylic acid is
not possible (Fig. S8-Bt). Remarkably, while lactic acid is readily
dehydrated using acid zeolites," its dehydration is actually
much more impaired in Bu,PBr in the presence of an acid
cocatalyst. It is assumed that the water formed throughout
dehydration actually hampers subsequent dehydration reac-
tions (Fig. S97), as was previously observed for the dehydration
of polyol waste streams (containing up to 20 wt% water) in the
same ionic liquid.”® Therefore, it is suggested to perform PLA
recycling as much as possible in the absence of water or under
continuous removal of water to avoid undesired hydrolysis
towards the kinetically more inert lactic acid. Verification of the
dehydrobromination mechanism using putative intermediates
indicates a fast decomposition of both 2- and 3-bromopropa-
noic acid, with 3-BrPA reaching a thermodynamic equilibrium
with AA after 5 minutes (Fig. S107). Our observations from the
time profiles and reactions with putative intermediates are in
line with the known insights in the conversion of LAC to AA
(Scheme 1).2*** In the absence of water, reaction is predomi-
nantly catalyzed by the anhydrous HBr, where the Br~ is ex-
pected to function as a nucleophile to perform a substitution at
the C, position, facilitated by the protonation of the acyloxy
group. This results in a cleaved polymer chain with a carboxylic
acid and a 2-bromopropionate polymer. Subsequent dehydro-
bromination results in the observed acrylates. If the acid

© 2023 The Author(s). Published by the Royal Society of Chemistry

cocatalyst is absent, Br~ substitution might result in a carbox-
ylate, which could perform backbiting into LAC like in the base
catalyzed hydrolysis of PLA reported in literature (1*).2%*” The
key difference here would be the use of an anhydrous nucleo-
phile (Br~ vs. OH "), providing a more stable environment for
LAC, making it less prone to subsequent ring opening. If water
would be present in the system, this would lead to hydrolysis
leading to lactic acid derivates which would only partially be
transformed into the desired acrylic acid (Fig. S9t). Cascade
reactions in the presence of an acid cocatalyst will result in HBr
substitution followed by fast dehydrobromination (Fig. S10t)
and eventually lead to AA as the final product. Extending the
reaction time or increasing the reaction temperature will result
in further fragmentation of the products into undesired end-
products through decarbonylation or decarboxylation.”® An
overall reaction network for the depolymerization of PLA is
proposed in Scheme 1.

Post-consumer PLA & reaction scale-up

The optimized catalytic systems were subsequently applied to
the direct valorization of post-consumer PLA waste. As
mentioned previously, depending on the application, additives
are often present in the PLA product to achieve the desired
physicochemical properties, e.g. to increase their thermal
stability. Here, we valorized post-consumer PLA, containing
approximately 70 wt% PLA and 30 wt% mineral filler (talc), as
was determined by thermogravimetric analysis (TGA, Fig. S2+t)
and powder X-ray diffraction (PXRD, Fig. S31). The waste PLA
was subjected to depolymerization in the absence of a cocatalyst
in order to maximize LAC yield, and in the presence of hex-
adecyl bromide (C;¢Br) or 2-bromopropanoic acid (2-BrPA) to
obtain AA in high quantities (Fig. 2). In the ideal scenario, it
would be beneficial to work with the Bu,PBr IL as the only
solvent. This would simplify the system, allowing for efficient
work-up through distillation of the desired products under
reduced pressure (as the IL has no vapor pressure). Keeping in
mind that for future applications it would be ideal to work in

RSC Sustainability, 2023, 1, 83-89 | 87
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Fig. 2 Post-consumer PLA depolymerization with different cosolvent amounts, including gram scale experiment. Reaction conditions:
0.5 mmol post-consumer PLA (70 wt%), 5 mol% cocatalyst, 3 equivalents BusPBr, 0-2.5 mL sulfolane, 3 h, 200 °C, Ar flushed. * Reaction in the
absence of cocatalyst, for 2 h, 200 °C. ** Scale-up experiment (50 mmol PLA, 5.14 gram), 25 mL sulfolane (in the absence of cocatalyst),
performed in a 100 mL flask. Product yield, determined via *H NMR of the crude reaction mixture, expressed relative to monomeric unit of PLA

(selected time profiles can be found in Fig. S117).

a continuous setup, the amount of sulfolane cosolvent was
reduced drastically. In all three cases the cosolvent amount
could be lowered by a factor 5 (Fig. 2). However, the CRM of PLA
to LAC does require some cosolvent to ensure enough stability
of the lactides and to avoid undesired ring opening to lactic/
bromopropanoic acid. In the presence of the organobromide
cocatalysts, on the other hand, a maximum of 42% AA yield is
obtained directly from PLA waste, even in the absence of
cosolvent. Similarly to previous observations on virgin PLA,
high amounts of sulfolane tend to stabilize the lactide inter-
mediates, while lactic acid should be considered as an unde-
sired end product, only partially and slowly dehydrating to the
desired AA (vide supra, Fig. S97). In order to even further
simplify the overall reaction mixture, the use of 2-BrPA is the
most convenient as it will not lead to build-up of new side
products when scaling up, since its dehydrobromination yields
an additional acrylic acid. Vacuum distillation allows for the
continuous extraction and isolation of AA, directly from the
reaction matrix, in high purity (>95% selectivity, Fig. S57).
Unfortunately, this isolation technique was found too chal-
lenging for LAC due to its low vapor pressure and unstable
nature in the absence of sulfolane. A potential alternative could
be the continuous extraction with an apolar antisolvent, e.g.
dodecane or toluene.**

Lastly, as the goal is to recycle plastic waste, the system
should be able to run on a large scale. For this, the reaction was
also performed in a batch setup on a 100-fold increased scale,
converting over 5 g of polymer waste into new monomers. To
our delight, this resulted in virtually identical results as those
obtained on a smaller scale, with similar time profiles as for
virgin PLA (Fig. S11f). In a first stage, the PLA is rapidly

88 | RSC Sustainability, 2023, 1, 83-89

converted into lactide, followed by a subsequent rearrangement
towards the acrylic acid reaching the highest acrylic acid yield of
41% after 3 h. On the other hand, in the absence of cocatalyst
the lactide is slowly formed with a maximum yield of 38% after
2 h at 200 °C. Current efforts are devoted to expanding this
unprecedented CRM technology of PLA recycling from a batch
towards a continuous process at industrial scale.

Conclusion

In conclusion, we have developed a method to recycle post-
consumer poly(lactic acid) (PLA) towards high value mono-
mers by carefully balancing the reaction parameters. Depend-
ing on the applied conditions, it is possible to produce either
acrylic acid (AA) or lactide (LAC) in 50% yield via a one pot
conversion of PLA using a BuyPBr ionic liquid as the active
solvent, in the presence or absence of an acid cocatalyst,
respectively. With this work we have uncovered an unprece-
dented way to perform chemical recycling of waste PLA directly
back into the original monomer on a 5 gram scale. Future
efforts on this technology should be dedicated to scaling up this
technology from a batch setup to a high throughput, contin-
uous process.
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