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Scalable depolymerizing transesterification and
amidation of (poly)lactic acid (PLA) enabled by
resonant acoustic mixing (RAM)+
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This study presents a scalable mechanochemical method for the upcycling of (poly)lactic acid (PLA) into
industrially valuable alkyl lactate esters via organocatalytic depolymerizing transesterification enabled by
resonant acoustic mixing (RAM). The process is characterized by its simplicity, requiring neither grinding
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media nor a co-solvent and utilizing nearly stoichiometric amounts of an alcohol reaction partner in the
presence of an inexpensive, easily accessible catalyst. Additionally, mechanochemistry is successfully
extended to the upcycling of post-consumer PLA for the synthesis of various substituted esters and
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Introduction

The market for (poly)lactic acid (PLA) is experiencing signifi-
cant growth, driven largely by a fundamental shift in consumer
preferences toward more sustainable alternatives to fossil fuel-
derived polymeric materials." PLA, being a bio-based compo-
stable polymer acknowledged for its far greater biocompatibil-
ity compared to conventional plastics,” has been preferentially
used for manufacturing packaging materials and disposable
cutlery.®* Clearly, its integration into such a large sector of
modern economy will inevitably lead to an increase in PLA
waste formation in the near future.

Although considered biodegradable, PLA requires con-
trolled conditions at specialized facilities in order to decom-
pose within reasonable time, which would otherwise take
much longer when simply burred in soil.> High production
expenses, however, make it economically impractical to
compost PLA, nor does the incineration of PLA waste seem
pragmatic.® Mechanical recycling, in its turn, leads to notable
deterioration and thus can only be performed a few times
for a selected amount of PLA-made products.” Consequently,
the most financially feasible way of PLA waste treatment
could be seen in chemical upcycling to produce value-added
chemicals.?

The presence of an ester group in a repeat unit determines
the major pathways for chemical upcycling of PLA. So-called
closed-loop upcycling methods aim at exploiting the chemical
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transformations for accessing initial monomers, namely lactic
acid® and lactide,'® or for direct repolymerization of PLA."*
Conversely, open-loop methods target other chemicals that
usually cannot be directly utilized for polymerization yet find
important applications in other segments of the chemical
industry. Apart from various protocols for PLA conversion into
pyruvic'? and acrylic acids,"? or into propylene glycol,"* depoly-
merizing transesterification of PLA to obtain valuable lactic
acid esters receives marked attention.

Low molecular weight lactic acid esters are recognized for
their biocompatibility and relatively safe levels of toxicity."®
Their low vapor pressure, excellent solubilizing properties, and
water miscibility make certain lactate esters, particularly ethyl
lactate, highly sought after in industries such as food and bev-
erages, pharmaceuticals, agrochemicals, cosmetics, elec-
tronics, and paints and inks, not to mention their use as
“green” solvents for chemical reactions.’® Moreover, alkyl lac-
tates serve as precursors for lactide,"” thereby closing the loop
for the circular economy of PLA.'®

Traditional liquid-phase methods for the conversion of PLA
into alkyl lactates, despite their high efficiency, often require a
large excess of an alcohol™ or addition of a co-solvent,*® or
performing reactions at elevated temperatures, or utilization of
reactive catalysts,”” which might limit their further implemen-
tation within the framework of the basic principles of green
chemistry (Fig. 1a).”*> Very recently, Borchardt and Kim pro-
posed a practical and sustainable approach for the synthesis of
methyl lactate from PLA via ball milling demonstrating that
grinding a sample containing 2.2 g of post-consumer PLA and
20-fold excess of MeOH in a planetary mill with stainless-steel
balls afforded nearly quantitative amount of methyl lactate
within 6 h.>* This result clearly shows that mechanochemistry

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Established strategies for chemical upcycling of PLA into alkyl lactates: (a) liquid-phase methods, (b) mechanochemical method proposed by

Borchardt and Kim, and (c) our method.

does have the potential to become a tool for environmentally
benign and cost-effective recycling of PLA (Fig. 1b).>***

To further expand the mechanochemical toolbox for sus-
tainable production of alkyl lactates from PLA, we directed our
attention to resonant acoustic mixing (RAM), a recently replen-
ished technology that applies a low-frequency, high-intensity
acoustic field to create micro-mixing zones, enabling efficient,
media-free mixing and blending without the need for bulk sol-
vents or grinding agents.”® Apart from its original purposes,
RAM has been tested in organic mechanosynthesis, having
proven to be scalable, economical, and easily manageable to
perform chemical reactions.”” In addition, we recently demon-
strated the use of RAM for mechanochemical High
Throughput Experimentation (HTE).>”®

We theorized that performing the depolymerizing transes-
terification of PLA under RAM conditions could significantly
decrease the amount of alcohol required as a reaction partner,
eliminate the need for a co-solvent, reduce the risks associated
with the potential uncontrollable impact of grinding media on
the reaction progress, and remove the need for post-use treat-
ment of the media (Fig. 1c). Herein, we report our results
aimed at developing an ecological, expeditious, and scalable
method for upcycling PLA into alkyl lactate esters facilitated by
RAM, which could further be extended to access alkyl amides
of lactic acid.

Results and discussion

We commenced our research with the optimization of a model
reaction of a commercially available sample of virgin PLA (M,

65000, D 2.10) with EtOH on a 0.1 mmol scale under RAM
conditions (Table 1). Triazabicyclodecene (TBD) was quickly
identified as a suitable catalyst that afforded an acceptable
degree of PLA (1) conversion into ethyl lactate (2a) at various
alcohol loadings.*® TBD is recognized for its ability to promote
transesterification reactions via a dual activation mode, acting
as both a proton donor and proton acceptor due to the pres-
ence of sp” and sp’ nitrogen atoms positioned at an optimal

This journal is © The Royal Society of Chemistry 2025

Table 1 Summary of the optimization studies on a 0.1 mmol scale®

o 13 mol% TBD o
1.2 equiv. EtOH
No grinding media HO\HJ\OE'
Me n RAM, 99g, 6 h Me
1 Standard reaction conditions 2a
0.1 mmol
based on the mass of a repeat unit
Entry Deviation Yield of 2a,” %
1 No deviation 92
2 Base = MTBD 77
3 Base = BTMG 71
4 Base = DBU 34
5 Base = TMG 30
6 Base = guanidine 21
7 No base 0
8 12 mol% TBD 85
9 14 mol% TBD 92
10 1.1 equiv. of EtOH 80
11 1.3 equiv. of EtOH 92
12 Reaction time =5 h 85
13 Acceleration =90 g 74

“Reactions were performed in standard GC-vials, the temperature of
the reaction content was 25-30 °C accordlng to infrared thermometer
readings taken after RAM stopped. b GC yields, internal standard -
dodecane.

distance from each other to effectively interact with an ester
group. This activation mechanism is thought to facilitate the
nucleophilic addition and proton transfer steps in the depoly-
merizing transesterification of PLA as well.?® Tuning the
process parameters led us to spot highly effective conditions
for the formation of ethyl lactate at the selected reaction scale:
mixing the suspension of PLA, 1.2 equiv. of EtOH and
13 mol% TBD at 99 g for 6 h provided ethyl lactate with a 92%
analytical yield (entry 1). Close structural analogs of TBD, such
as 7-methyl-triazabicyclodecene (MTBD) and 2-tert-butyl-tetra-
methylguanidine (BTMG), appeared to be slightly less
effective, providing the target ester 2a with a yield of around
75% (entries 2 and 3). Switching to DBU, tetramethylguanidine
(TMG), or guanidine decreased the yield of ethyl lactate dra-
matically (entries 4-6), whereas, in the absence of a base, the
reaction did not proceed at all (entry 7). Neither altering TBD
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and EtOH loadings (entries 8-11) nor reducing the accelera-
tion or shortening the reaction time (entries 12 and 13)
improved the yield of ethyl lactate.

As a further step in our research project, we moved on to
scaling up the process. The possibility of reducing TBD and
EtOH loadings was questioned upon tuning the reaction con-
ditions on a 1 mmol scale (Table 2).

We found that the amount of TBD could be reduced up to
5 mol% while maintaining the chemoselectivity at the same
level (entries 1-3). Apparently, the presence of a larger quantity
of the substrate creates additional mechanical friction in the
reaction mixture, peeling the PLA particles and facilitating the
reaction. Reducing the amount of EtOH in the presence of 10
or 5 mol% TBD resulted in a non-significant decrease in ethyl

Table 2 Optimization of a target reaction on a 1 mmol scale”

i Eon i
HO.
No grinding media Et
Me n RAM,99¢ 6h Me

1.0 mmol
based on the mass of a repeat unit

Entry TBD loading, mol%  EtOH loading, equiv.  Yield of 2a,” %
1 13 1.2 93
2 10 1.2 92
3 5 1.2 94
4 10 1.0 81
5 10 1.05 80
6 10 1.1 84
7 5 1.0 80
8 5 1.05 79
9 5 1.1 82

“Reactions were performed in standard GC-vials, the temperature of
the reaction content was 25-30 °C according to infrared thermometer
readings taken after RAM stopped. ” NMR yields, internal standard -
TBD.
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lactate yield (entries 4-9). To our delight, even with just 1
equiv. of EtOH per repeat unit, the yield of ethyl lactate
remained practical.

The reaction run on a 10 mmol scale took 3 hours and pro-
vided ethyl lactate with 94% analytical yield. However, we
obtained different yields when we attempted to isolate the
target ester. It seemed likely that TBD, known for initiating
ring-opening polymerization of lactide,’® can catalyze oligo-
merization of ethyl lactate. This effect might become particu-
larly significant when the reaction mixture is heated and con-
centrated during distillation. Indeed, when a sample of pure
ethyl lactate was subjected to RAM for 3 h in the presence of
5 mol% TBD, the resulting mixture contained a detectable
amount of dimer 3 alongside EtOH (Fig. 2). Ethyl lactate con-
version was estimated to be ca. 5-10% based on NMR data.
The obtained data may represent the state of the system under
equilibrium. Factors driving the observed process, including
the presence of PLA or short-chain oligomers, as well as reac-
tion time, have not been thoroughly investigated thus far.

In order to prevent ethyl lactate oligomerization, the reac-
tion was quenched with acetic acid upon completion, which
led to generating rather consistent reproducible quantitative
results. Following the established protocol, we ran a set of pre-
parative experiments utilizing both pure and post-consumer
samples of PLA (Table 3). On a 10 mmol scale, a sample of
virgin PLA was converted into ethyl lactate with 91% isolated
yield (entry 1). The other samples obtained from PLA cups (M,
179000, P 2.01) and a 3D printing filament (M, 205 000, D
1.85) provided comparable results (entries 2 and 3). The
process demonstrated excellent scalability: we were able to
obtain the target product with about 90% isolated yield from
both the cups and the filament on a 100 mmol scale (entries 4
and 5). Finally, when we performed the reaction on a 1 mol
scale, we did not observe any decrease in the yield of ethyl
lactate (entry 6). Notably, in this case, the reaction took only

2a

o]
a Hoj)J\OEt
Me
2a
5.0 45 4'.0 35 3.0 25 Z‘.D 1‘5 l'.O dS
b
O  Me HO. 2
How)l\ OJm/OEt EtOH j)kOEt
Me o Me
p 8

.0 4.5 4.0 35 3.0

25 20 15 0 0.5

Fig. 2 *H NMR spectra of (a) ethyl lactate and (b) reaction mixture containing 1 equiv. of ethyl lactate and 5 mol% TBD after mixing at 99 g for 3 h

under RAM conditions (400 MHz, CDCls).
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Table 3 Results of the preparative experiments?

o 5 mol% TBD o
1.2 equiv. EtOH
e e . H
RAM, 99 ¢, 3 h OEt
n

Me Me
1 2a

Entry Scale Material Yield of 2a,” %
1° 10 mmol Virgin PLA 91
2¢ 10 mmol PLA cups 90
3¢ 10 mmol PLA 3D printing filament 90
44 100 mmol  PLA cups 89°
54 100 mmol PLA 3D printing filament 88
6/¢ 1 mol PLA cups 91"

“Reactions were performed in 5 mL PTFE jars (10 mmol), 100 mL
PTFE jars (100 mL) and 250 ml glass jars (250 mL); the reaction
mixture was treated with acetic acid (5 mol%) upon completion.
bIsolated yield. °Temperature upon completion was 30-35 °C.
4 Temperature upon completion was 35-40 °C. ° When the reaction was
quenched with TFA instead of AcOH, TBD-TFA was isolated with 90%
yield. /Temperature upon completion was 45 °C. € Reaction time -
30 min.  When the reaction was quenched with TFA instead of AcOH,
TBD-TFA was isolated with 92% yield.

30 minutes. We believe that factors such as increased particle
friction in the reaction media and a moderate rise in tempera-
ture mutually influenced the reaction kinetics. We presume
that it may be possible to further decrease the reaction time
and TBD loading when scaling up the process to larger
volumes. The base could be quenched with trifluoroacetic acid
to provide a stable solid salt that could be easily separated
after distillation of the main reaction content and used for
regeneration (see the ESIf for details).

We studied the reaction progress under RAM conditions
compared to conventional stirring on a 10 mmol scale. The
shape of the reaction vessels, as well as their contents, was
identical, with the only difference being the mixing mode.
The reactions under conventional stirring were maintained at
35 °C throughout the entire experiment to replicate the temp-
erature conditions observed during the RAM experiments. As
can be seen from Fig. 3, the formation of ethyl lactate pro-
ceeds at a significantly slower rate throughout the duration
of the experiment in the case of conventional stirring.
Considering the particularly low solubility of PLA in EtOH or
ethyl lactate,® the overall process most likely proceeds
through surface erosion of the PLA sample,*” which is heavily
dependent on the extent of contact between PLA, EtOH, and
TBD. Accounting for the proposed mechanism, the shape of
the reaction vessel may have a substantial impact on the reac-
tion rate upon conventional stirring. However, under RAM
conditions, where the formation of micro-mixing zones
across the entire vessel promotes the bulk movement of
materials, the shape of a reaction vessel seems to be not
relevant.

To assess the potential sustainability and economic
impact of the described method, we calculated the process
mass intensity (PMI) for our protocol in comparison with
one of the reported purely liquid-phase protocols for PLA
upcycling into alkyl lactates.’®® PMI is one of the environ-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Ethyl lactate formation over time under RAM conditions vs. con-
ventional stirring, monitored by *H NMR.

mental process metrics®® that is defined as the total mass
(in kg) of raw materials used to produce 1 kg of the product.
When comparing two processes, the one with a lower PMI
reflects greater environmental benefits and efficiency, identi-
fying it as the greener option. The PMI value for our process
is 1.3, compared to 10.5 for the previously reported method,
indicating the advantage of the RAM protocol from both
environmental and economic perspectives (see the ESI{ for
details).

The established conditions were proven to be applicable for
the synthesis of some other industrially important alkyl lac-
tates. By engaging the respective alcohols, we synthesized
methyl, iso-propyl, butyl, iso-butyl and pentenyl esters in high
isolated yields without changing any reaction parameters or a
reactants-to-catalyst ratio starting from the post-consumer PLA
sample (Table 4, compounds 2b-f).

We also found that the method could be further extended
toward substituted lactamides. Thus, mixing PLA with butyl-,
iso-propyl-, iso-butyl-, cyclopropyl-, or allylamine in the pres-
ence of TBD led to the high-yielding formation of the corres-
ponding products (Table 4, compounds 4a-e).

Table 4 Scope of alkyl lactates and substituted lactamides?

5 mol% TBD o
1.2 equiv. ROH or RNH,
HO. HO.
%/ﬁ\% RAM,99g, 3h \(&OR or ﬁ)LNHR
Me n  quenched w/AcOH (5 mol%) Me Me
1 2b-f 4a-e

(o] (o] (o] (o] o
Mefl\)Me Mefk ipr Mefl\osu Me\fkoiBu Me.
H H H H OH X

2b, 94% 2c, 82% 2d, 83% 2e, 81% 2f, 84%

o] o] o] o] ﬁ
Me\HLNHBu Me\HkNHiPr Me\HLNHiBu Mej)J\N’ Mefﬁ\N
OH OH OH on H M

4a, 87% 4b, 79% 4c, 86% 4d,85% 4e,91%

@ All reactions were performed on a 10 mmol scale; the yields of the
product refer to isolated yields.
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Conclusions

In summary, we demonstrated that resonant acoustic mixing
can be efficiently adopted for the economical and scalable
upcycling of (poly)lactic acid into industrially valuable alkyl
lactate esters via organocatalytic depolymerizing transesterifi-
cation. The process does not require any grinding media or co-
solvent and utilizes nearly stoichiometric amounts of an
alcohol reaction partner along with an inexpensive, one-step
accessible catalyst. We also demonstrated that the method can
be employed to access substituted lactamides. Our findings
suggest that this method holds the potential for the develop-
ment of sustainable industrial technologies aimed at produ-
cing low molecular weight esters and amides from post-
consumer PLA, providing a versatile platform for green chem-
istry and circular economy initiatives.
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