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Electrochemical depolymerisation of polylactic acid

In this study, we extend the scope of chemical recycling
technigues with an electrochemical depolymerisation of bio-
based polylactic acid. We show the feasibility of the process
not only with lab-made polymers but also with real PLA
waste materials. In addition, first mechanistic insights and the
effects of reaction conditions are discussed.
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Herein, we present electrochemical depolymerisation as a promis-
ing new technique for chemical recycling of polylactic acid. Using
platinum electrodes and a current density of 50 mA cm™2, a
maximum Yyield of 87% lactic acid was obtained. Moreover, first
mechanistic insights, the effect of the reaction conditions, and

application to real waste streams are discussed in the following.

Plastics have revolutionized everyday life and are found in
many products in various industries. They are lightweight,
chemically stable, and easy to mold, making them useful in
everything from healthcare and technology to construction
and clothing." Therefore, production is increasing rapidly,
460 million tons were produced in 2019. However, only 9% of
plastic waste was ultimately recycled demonstrating today’s
linear economy.>

Landfilling and uncontrolled dumpsites go hand in hand
with immense pollution of the environment, particularly
oceans.>* Microplastics are now found everywhere, even in the
human body, posing a threat to the ecosystem and our
health.>” It is therefore extremely important to reduce, reuse
and recycle, as well as take responsibility throughout the
entire life cycle of plastic products. In order to close the plastic
loop and realize a holistic circular economy adhering to the
principles of Green Chemistry,® new approaches, methods,
and resources are required for efficient and environmentally
friendly recycling.’

In addition to contributing to pollution and waste, most
plastics are also derived from fossil feedstocks. To defossilize
the chemical sector, a shift to the use of biomass-based plas-
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tics is needed. Polylactic acid (PLA) has the highest market
share among plastics made from renewable resources."®'" It
has a wide range of uses, including packaging materials
up to biomedical applications."* Life cycle analyses have
shown that PLA has the potential to replace petroleum-based
plastics such as PET.">'® In addition, it is also biodegradable
and thereby offers an intrinsic mistreatment protection in case
of improper release into the enviroment.'”'® However, re-
cycling is a more attractive option for addressing plastic waste,
as it leads to recovery of the material value and preserves
resources. Mechanical recycling is currently the most viable
option, where plastics are ground and melted to be used in the
manufacture of new products. However, single-variety polymer
streams are required and the polymer quality decreases with
the number of recycling runs.’® An alternative is chemical
recycling breaking down plastic polymers into their
monomers>®>! or new commodity chemicals according to the
principle of open loop recycling.?*** Exemplary for the chemi-
cal recycling is the depolymerisation of PLA to lactic acid (LA)
shown in Scheme 1.

The driving force behind such a process is often elevated
temperature, pressure, additives, or special solvents. Well-
known methods for PLA are pyrolysis,>*** acid or base
hydrolysis,*® as well as chemo-catalysis with metal
complexes”®™* or solid catalysts.>* A comparably high energy
consumption, complex synthesis of the catalysts or high costs
for downstream processes unify these methods. In addition to
solvolytic, catalytic, and thermochemical approaches for the
chemical recycling of polymers,**™” it is also possible to break
down polymers using electricity and a catalyst. However,
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Scheme 1
lactic acid.

General reaction equation for depolymerisation of PLA to
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electrochemical recycling is still relatively new and has received
limited research. Shapoval and Pud published a series of
papers on the electrochemical degradation of polytetrafluoro-
ethylene (PTFE),*® polyethylene terephthalate (PET),>**° polyvi-
nyl chloride (PVC),"" and polycarbonate (PC).*> The carbon-
chain of PTFE and PET was reported to break down during
electrolysis when applied as a thin film on a cathode. This
process, known as “surface electrochemical reactions and
reducing degradation” (ECRD), may occur during the appli-
cation of polymer coatings to cathodes or the use of polymer-
modified electrodes.*®*? For the degradation of polycarbo-
nates, a nucleophilic mechanism has been proposed leading
to the production of bisphenol A and CO,.**

More recently, the focus has been on the oxidative depoly-
merisation of lignin. Butylated hydroxytoluene,”® carboxylic
acids,** as well as mixtures of vanillin**"*” with sinapic acid
and guaiacol were produced in electrocatalytic processes.
However, to the best of the authors’ knowledge, electrochemical
recycling of bio-based plastics has not been reported yet.

In this study, we present a novel method for electro-
chemical recycling of PLA. Feasibility was demonstrated and
underlined by mechanistic experiments. In addition, the
effects of molecular weight, concentration, current density and
electrode material were studied before using real waste such as
cutlery and foil, all made of PLA. Beyond the scientific find-
ings, we aim to expand the range of available recycling strat-
egies and promote the use of waste streams as valuable feed-
stocks in a truly circular polymeric economy.

Feasibility and mechanistic insights

As a starting point for the electrochemical depolymerisation of
PLA, a dioxane/water mixture (volumetric ratio: 9:1) with
lithium perchlorate as the electrolyte at 60 °C was identified as
suitable reaction medium, enabling good solubility of the
polymer, high conductivity, and potential for hydrolysis. More
experimental details can be found in the ESI.{ To demonstrate
the practicality of the method from the outset, PLA from a
commercially available cup (M, = 48300 g mol™") was used
throughout the experiments. A galvanostatic electrolysis on
platinum electrodes at a current density of 50 mA cm™> led to
a maximum yield of 87% using 1000 C (see Fig. 1a). In the
blank experiments under the same conditions without using
electricity no lactic acid was detected as no reaction took
place. The yield is determined by high pressure liquid chrom-
atography (HPLC) measurements and does not equal conver-
sion because higher oligomers as well as gaseous products
cannot be detected. The experiments had an estimated error
range of +3% obtained from a triple determination (more
details in ESIt). Nuclear magnetic resonance (NMR) measure-
ments show that decomposition of dioxane takes place as the
only side reaction (see Fig. S31). Hence, the selectivity is out-
standing compared to other catalytic approaches where side
products such as 1,2-propanediol or propionic acid occur.®*
The yield increased linearly up to around 44% using 300 C,
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then the efficiency decreased as illustrated by the decreasing
slope.

The precipitated polymer residues were analysed with gel
permeation chromatography (GPC) determining the number
average molecular weights M, and their distribution (see
Fig. 1b). Short oligomers (M,, < 5000 g mol~ ") are not included
here. The molecular weight decreased exponentially with
increasing transferred charge and yield, suggesting a random
chain scission mechanism. This is supported by the fast
increase of the polydispersity (PD) emphasizing a broad mole-
cular weight distribution. Electrolysis in a divided cell showed
the cathodic character of the depolymerisation. Two possible
mechanisms for cathodic depolymerisation of PC were dis-
cussed by Pud et al.*®*® A single electron transfer was pro-
posed to the carbonate group leading to decomposition into
bisphenol A and CO, as the anion-radical is extremely
unstable.*>*® In parallel, degradation of PC is reported under
the influence of negatively charged nucleophiles which are
generated upon electrolysis of the supporting electrolyte (tetra-
butylammonium perchlorate (TBAP) in DMF).*> Due to the
similarities in polymer structure and reaction medium, similar
molecular processes can be assumed for PLA in this reaction.
Scheme 2 shows the two assumed depolymerisation pathways
for PLA based on the mechanisms of PC.

In the first pathway, a single electron is transferred from
the cathode to the carboxyl group, resulting in cleavage of the
C-O bond because the radical anion is unstable. In the second
pathway, water splitting occurs as a competitive reaction,
forming hydrogen and hydroxyl ions. These act as nucleo-
philes and lead to alkaline hydrolysis of the polymer. This
hypothesis is supported by further experimental results
(Fig. S4t), which show that lactic acid is not formed in a reac-
tion solution without water but is formed in an alkaline solu-
tion without electricity. Preforming the electrolysis of PLA
resulted in the same lactic acid formation as adding NaOH to
the reaction mixture, but without performing electrolysis. The
lactic acid yield was more than doubled when NaOH was
added to the substrate mixture and electrolysis was performed,
supporting the hypothesized mechanism of alkaline hydro-
lysis. Moreover, lactic acid is the only product which excludes
other nucleophiles. Autocatalytic acid hydrolysis does not
occur because the lactic acid yield does not increase further
after interruption of charge transfer. However, further studies
concerning the details of the depolymerisation mechanism of
PLA are certainly required and will be addressed in future
studies.

Influence of the reaction conditions

Reaction conditions were varied to gain a better understanding
of the governing parameters and their impact on the depoly-
merisation. First, the PLA concentration was varied between
1.0 and 15 mg mL™". The charge was adjusted accordingly to
reach a comparable transferred charge per monomer unit, and
a medium theoretical conversion was chosen for good compar-

This journal is © The Royal Society of Chemistry 2024
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(a) Yield of lactic acid determined with HPLC over the transferred charge and (b) molecular weight and PDI of the precipitated polymer resi-

dues with increasing charge. Conditions: Pt cathode, Pt anode, 40 mA cm~2, dioxane/water (vol. 9:1), 0.25 M LiClO,4, 60 °C, 5 mg mL™* PLA

(48300 g mol™).
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Scheme 2 Proposed reaction pathways of electrochemical PLA depoly-
merisation according to (a) single electron transfer to carboxyl group
and (b) hydroxyl ions from water splitting as nucleophiles.

ability. For concentrations higher than 5 mg mL™", a suspen-
sion was present due to the limited solubility of the polymer
in the dioxane/water mixture. Fig. 2a shows an increase of the
lactic acid yield from 22% for 1 mg mL™" up to 36% for 5 mg
mL~" which suggests mass transfer limitations.

Yields of about 26% for higher concentrations show that
the electrolysis of a suspension is possible but is also
accompanied by mass transfer challenges potentially causing
the low influence of polymer concentration on yield. Polymer
solubility, particle size as well as mixing and optimum elec-
trode contact could be the limiting factors here.

Increasing the current density from 5 to 10 mA cm™> led to
a corresponding increase of the lactic acid yield from 14% to

This journal is © The Royal Society of Chemistry 2024

28%, respectively. Here, the reaction is not limited by mass
transfer and a linear increase of the reaction occurred. Further
increase of the current density to 40 mA cm™> led only to a
slight increase to 36% lactic acid yield, again suggesting mass
transfer limitations. This low correlation between yield and
current densities suggests again the need for tailored reactor
design. In this context, another important factor relates to the
availability and costs of electrode materials. Titanium, graph-
ite, and steel were tested as alternative cathode materials to
replace expensive platinum. Fig. 3a shows the performance of
these materials in the depolymerisation of PLA. A lactic acid
yield of 32% was obtained using graphite and 28% with steel.
The slightly lower performance of the graphite electrode com-
pared to platinum (36%) may be due to its instability under
the applied conditions, which is underlined by visible degra-
dation of the electrode. Titanium yielded with 35% an equi-
valent amount of lactic acid as platinum and appeared there-
fore to be a cheap alternative cathode material for this depoly-
merisation reaction.

The strongest influence on the reaction was observed when
varying the chain length of the polymer (Fig. 3b). Therefore,
two samples with lower (M,, = 7700 and 40 900 g mol™") and
one sample with higher molecular weight (M, = 78800 g
mol™") compared to the plastic cup (M, = 48 300 g mol ") were
prepared as described in the ESI.1 All materials were tested in
a benchmark reaction under the same conditions without
charge transfer for one hour. Formation of lactic acid was not
observed for any of the samples. Using 150 C transferred to
the solution within 50 min, the highest lactic acid yield of 60%
was obtained for the polymer with the shortest chain-length.
Extending the chain length by a factor of ten from a molecular
weight of 7700 to 78800 g mol™" resulted in approximate
halving of the yield to 25%. This can be explained by a better
accessibility of the short polymers due to a higher solubility
and increased molecular mobility. However, one has to con-
sider the current analytical limitations both for the experi-
ments with varying PLA concentrations and the investigation
concerning the impact of molecular weight. Indeed, the cur-

Green Chem., 2024, 26, 6423-6428 | 6425
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Fig. 2 Yield of lactic acid determined with HPLC for (a) different concentrations (40 mA cm™2) and (b) different current densities (5 mg mL™).
Conditions: Pt cathode, Pt anode, dioxane/water (vol. 9: 1), 0.25 M LiClO,4, 60 °C, PLA (48 300 g mol™).
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Fig. 3 Yield of lactic acid determined with HPLC for (a) different cathode materials (M,, = 48 300 g mol™) and (b) different molecular weights (Pt
cathode). Conditions: Pt anode, 40 mA cm™2, 150 C, dioxane/water (vol. 9 : 1), 0.25 M LiClO,, 60 °C, 5 mg mL™* PLA.

rently analytically available analysis of yield and molecular
weight does not provide comprehensive insights concerning
the number of chain scissions achieved under the different
conditions, which, however, would be the required direct
measure of reaction rate. Future studies will aim for appropri-
ate reaction models.

Recycling of real waste

Regarding recycling of PLA waste, it must be considered that
the materials may contain stabilizers, plasticizers, lubricants,
and flame retardants. Therefore, real PLA waste materials were
tested in the reaction. Fig. 4 demonstrates that electrolysis of
real waste materials is indeed possible. Compared to the cup
(Y(LA) = 35%, M, = 48300 g mol "), the yield of lactic acid
from the cutlery (M, = 41300 g mol™") reached 30% and the
one from the packaging foil (58 300 g mol™") 39%, respectively.
The molecular weights of the residues after electrolysis
obtained from GPC analyses were both 7000 g mol ™" similar to
8000 g mol " for the cup. This shows that additives such as
colour pigments (cutlery) and plasticizers (packaging) may
have a certain effect beyond the molecular weight correlation

6426 | Green Chem., 2024, 26, 6423-6428
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Fig. 4 Yield of lactic acid determined with HPLC for the depolymerisa-
tion of real waste materials. Conditions: Pt cathode, Pt anode, 40 mA
cm™2, 150 C, dioxane/water (vol. 9:1), 0.25 M LiClO,, 60 °C, 5 mg mL™*
PLA.

discussed previously. However, all results are in a comparable
range concluding that the overall impact of additives on the
reaction is low. This is an important finding for potential
industrial applications. Nevertheless, long term studies con-
cerning electrode stability in presence of the different com-
pounds are certainly required towards technical feasibility of
the presented technological approach.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

In this study, we present the first approach of electrochemical
depolymerisation of PLA. A maximum yield of lactic acid of
87% was obtained in the electrolysis on platinum electrodes in
dioxane/water mixture (vol: 9:1) using a current density of
50 mA cm . First mechanistic insights were determined pro-
posing a cathodic process with a random chain scission sup-
ported by GPC analyses. A combination of direct single elec-
tron-transfer to the polymer chain and formation of nucleo-
philes from the electrolyte attacking the carbonyl group was
assumed based on literature and supported by experimental
data. Moreover, the effect of the reaction conditions on the
electrochemical depolymerisation of PLA was studied.
Variation of the concentration showed that the reaction can be
carried out using suspensions. In addition, titanium was
found as a low-cost alternative to platinum as a cathode
material, resulting in comparable yields. The highest impact
was observed for the molecular weight. Extending the polymer
chain by a factor of ten resulted in approximate halving of the
yield. This was explained by a better accessibility of the short
polymers due to a higher solubility and increased molecular
mobility. Finally, the potential of this reaction to be applied to
real waste materials such as plastic cutlery and packaging was
demonstrated by obtaining similar yields regardless of the
presence of additives like colour pigments, plasticizers, or
stabilizers. Overall, this work introduces electrochemical depo-
lymerisation of a renewable polymer as a promising new meth-
odology to expand the options of chemical recycling and
encourage the use of waste streams as valuable feedstocks in a
closed or open loop circular polymer economy.
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