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Abstract: Polylactic acid (PLA) is a leading bioplastic of which the market share is predicted to
increase in the future; its growing production capacity means its end-of-life treatment is becoming
increasingly important. One beneficial disposal route for PLA is its chemical recycling via alcoholysis.
The alcoholysis of PLA leads to the generation of value-added products alkyl lactates; this route also
has potential for a circular economy. In this work, PLA was chemically recycled via methanolysis to
generate methyl lactate (MeLa). Four commercially available catalysts were investigated: zinc acetate
dihydrate (Zn(OAc),), magnesium acetate tetrahydrate (Mg(OAc);), 4-(dimethylamino)pyridine
(DMAP), and triazabicyclodecene (TBD). Dual catalyst experiments displayed an increase in reac-
tivity when Zn(OAc), was paired with TBD or DMAP, or when Mg(OAc), was paired with TBD.
Zn(OAc), coupled with TBD displayed the greatest reactivity. Out of the single catalyst reactions,
Zn(OAc); exhibited the highest activity: a higher mol% was found to increase reaction rate but
plateaued at 4 mol%, and a higher equivalent of methanol was found to increase the reaction rate,
but plateaued at 17 equivalents. PLA methanolysis was modelled as a two-step reversible reac-
tion; the activation energies were estimated at: Eay = 25.23 kJ-mol~1, Ea, = 34.16 kJ-mol~! and
Ea = 47.93 kJ-mol 1.

Keywords: methanolysis; poly(lactic acid); chemical recycling; zinc acetate dihydrate; magnesium
acetate tetrahydrate; 4-(dimethylamino)pyridine; triazabicyclodecene; alcoholysis; dual catalysts

1. Introduction

Polylactic acid (PLA) makes up a growing 18.9% of the bioplastic market. PLA is
defined as a bioplastic, as it is biodegradable and its feedstock is a renewable resource [1].
Although PLA has comparable tensile strength and tensile modulus to fossil-based plastics,
it is limited by its low ultimate strain, its high gas permeation, and its relatively expen-
sive production cost [2—4]. Despite these limitations, PLA is still a promising polymer
with the potential to replace poly(styrene) (6% of the total plastic production) as a more
environmentally friendly material [5]. By using blowing agents such as CO,, it is possi-
ble to manufacture low-density expanded PLA as a sustainable alternative to expanded
poly(styrene) [6].

In practice, the rate of biodegradation of PLA in the environment is relatively slow;
after one year in the ocean, PLA only biodegrades with a mass loss of approximately 8% [7].
However, in a controlled composting environment with high temperature and humidity,
PLA fully degrades in less than 90 days [8]. The main disadvantage of biodegrading PLA
is that the imbedded energy of the polymer’s molecular structure is lost. Disposal routes
that retain the polymer’s molecular structure include mechanical and chemical recycling
methods. Comparing the life cycle assessment of these disposal routes, mechanical recycling
shows the lowest environmental impact, followed by chemical recycling and composting [9].
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On the other hand, mechanically recycling PLA causes the degradation of its mechanical
properties, reducing the polymer’s chain length and limiting the number of times that PLA
can be mechanically recycled [10]. Low-grade PLA that can no longer be mechanically
recycled could be chemically recycled instead of composted. Chemical recycling allows for
the generation of value-added products, or to recover monomers that can subsequently be
used for the synthesis of virgin polymer [11,12].

Chemical recycling is a term used to describe a variety of chemical processes, which
convert plastic waste into monomers or directly into other value-added products. De-
pending on the polymer type, each chemical recycling method will have advantages and
disadvantages. The more common chemical depolymerisation methods for PLA include
pyrolysis, hydrolysis, and alcoholysis. Pyrolysis is generally not favored, as it has a rel-
atively high activation energy (E;) = 119 kJ-mol~1 [13]. Recycling PLA via hydrolysis
generates the monomer lactic acid (LA) as the product; this route avoids the relatively
expensive purification costs required to produce LA from glucose fermentation [14,15].
Furthermore, LA production from the hydrolysis of PLA has a lower carbon footprint; the
energy required to generate LA from the fermentation of corn glucose has been estimated
as 55 MJ-kg ! of LA produced, versus only 14 MJ-kg~! of LA produced via hydrolysis [16].

Arguably, a more attractive chemical recycling route is alcoholysis, which generates
the value-added product alkyl lactate (AL). ALs are versatile green solvents that are
biodegradable and have low toxicity. ALs have the potential to replace many fossil-based
chemicals in applications, such as pharmaceuticals, agriculture, food, coating, cosmetic
industries, plasticizers, and solvents [3,17,18]. Depending on the alcohol nucleophile used,
different ALs are formed, methanol (MeOH) produces methyl lactate (MeLa); ethanol
produces ethyl lactate, propanol produces propyl lactate, etc. Alcoholysis adds value to the
PLA supply chain; the market price for ethyl lactate is almost double that of PLA [19,20].
It is also possible to convert ALs to lactide, which allows for a circular PLA production
after chemical recycling via alcoholysis [21,22]. Life cycle assessments have shown the
alcoholysis of PLA to have clear environmental benefits when compared to hydrolysis or
incineration [23].

Several catalysed processes for the alcoholysis of PLA have been reported. For ex-
ample, DuPont depolymerised PLA into various ALs using HySOj as the catalyst, while
Whitelaw et al. reported the mild methanolysis of PLA using Zr(IV)/Hf(IV)-Salalen com-
plexes [24,25]. The alcoholysis of PLA at 50-130 °C using Zn Schiff-based complexes has
also been reported in MeOH, ethanol, propanol, and butanol [26,27]. Thus, showing the
versatility of alcoholysis to produce various ALs. Several studies have used ionic liquids
as catalysts for the alcoholysis of PLA. These catalysts have been reported to have a high
activity towards alcoholysis as well other desirable features, such as strong solvent power
for organic and inorganic compounds, non-volatility, good thermal stability, and a high
level of reusability [28-30]. It is also well reported in the literature that the metal acetates
zinc acetate dihydrate (Zn(OAc);), and magnesium acetate tetrahydrate (Mg(OAc),), as
well as the organocatalysts 4-(dimethylamino)pyridine (DMAP), and triazabicyclodecene
(TBD), which are all effective catalysts for transesterification [31-37]. Furthermore, the
recent literature investigated it using dual catalysts (Lewis acid-base pairs) for polyester
recycling and found that they outperformed single catalysis [38—40]. A synergistic effect
has been reported for Zn(OAc); coupled with DMAP, resulting in an increased polyester
depolymerization rate [39,40]. These Lewis acid-base pairs were prepared by simple physi-
cal interactions, allowing for dual catalyst systems to be a scalable process relevant to the
industry [38].

The aim of this work was to further investigate the effect of different commercially
available catalysts and reaction conditions including catalyst loading, MeOH concentration,
stirring speed, and temperature on the overall rate of methanolysis. Reaction kinetic
modeling was carried out by fitting a series reaction model with a reversible second step
to the concentration profiles, Arrhenius plots were derived from the variable temperature
experiments. Four commercial catalysts were investigated: Zn(OAc),, Mg(OAc),, TBD, and



Polymers 2022, 14, 1763

30f13

DMAP. These catalysts were studied individually and in mixtures; the increased reactivity
displayed with Lewis acid-base pairs could be significant for the scaling up of the process
for industrial application.

2. Materials and Methods
2.1. Materials and Apparatus

PLA pellets supplied by NatureWorks (Ingeo™ 6202D, per specification weight av-
erage molecular weight 44350 g-mol ') were used without pre-treatment. Previous work
concluded that the rate of degradation of PLA is independent of molecular weight, thus
only one molecular weight was used for the experiments [26]. All reactants were HPLC
grade; methanol (MeOH) > 99.8%, and tetrahydrofuran (THF) > 99.8% were purchased
from Fisher Scientific, Loughborough UK. Zn(OAc),;, Mg(OAc),, TBD, and DMAP were
purchased from Sigma-Aldrich, Gillingham UK. All chemicals were used as received. He-
lium CP grade (>99.999% purity), nitrogen (oxygen-free, >99.998%) and argon (>99.998%)
were purchased from BOC, Woking, UK.

PLA methanolysis was carried out in a 300 mL stirred autoclave with oil filled heating
jacket (Parr model 4566, SciMed, Stockport, UK). The reactor temperature was controlled
by a refrigerated and heating circulator (IKA CBC5-Control, Oxford, UK), connecting an oil
bath to the reactor’s jacket.

2.2. Procedure for Experiments Reported in Section 3.1

The procedure for the process optimization of PLA methanolysis using Zn(OAc);
experiments was as follows: 2 g of PLA, 2 mol% of Zn(OAc); (relative to mol of PLA), and
THF were added to the autoclave, which was then sealed and degassed with N for 5 min.
The amount of THF depended on the amount of MeOH; enough THF was added so that
each reaction volume was 50 mL total. Afterward, the temperature was brought to 130 °C
for a further 10 min to ensure that all the PLA pellets had dissolved. Several stirring speeds
were tested (0 rpm, 300 rpm, 600 rpm). Various amounts of MeOH (5.6 mL ~ 5 equivalents,
10 mL ~ 9 equivalents, 15 mL ~ 13 equivalents or 19 mL =~ 17 equivalents) in different
runs were then fed into the reactor via an HPLC pump at a rate of 10 mL-min~!. Reaction
samples were taken periodically and tested via Agilent 6890N gas chromatograph (GC,
Agilent Cheadle, UK).

2.3. Procedure for Experiments Reported in Section 3.2

The procedure for PLA methanolysis using mixed catalysts was as follows: 2 g PLA,
various ratios of catalysts (Zn(OAc),, Mg(OAc),, TBD and DMAP) always totaling 2 mol%
(relative to mol of PLA), and either 40 mL or 31 mL of THF (depending on MeOH amount)
to make up the reaction volume to 50 mL, was added to the autoclave, which was then
sealed and degassed with N for 5 min. Afterwards, the temperature was brought to 130 °C
for a further 10 min to ensure that all the PLA pellets had dissolved. Two stirring speeds
were tested: 300 rpm or 600 rpm. Two MeOH amounts were tested; 10 mL ~ 9 equivalents
and 19 mL ~ 17 equivalents, which were fed into the reactor via an HPLC pump at
a rate of 10 mL-min~!. Reaction samples were taken periodically and tested via gas
chromatograph (GC).

2.4. Procedure for Experiments Reported in Section 3.3

The procedure for PLA methanolysis using Zn(OAc), described was as follows: 2 g of
PLA, 2 mol% of Zn(OAc),, and 31 mL of THF were added to the autoclave, which was then
sealed and degassed with N; for 5 min. A stirring speed of 600 rpm was used. A range
of temperatures were investigated 90-130 °C. Once the reactor had reached the desired
temperature, 19 mL ~ 17 equivalents of MeOH were fed into the reactor via an HPLC
pump at a rate of 10 mL-min~!. Reaction samples were taken periodically and tested by
H NMR spectroscopic analysis.
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2.5. GC and NMR Spectroscopy

Methyl lactate (MeLa) concentration was assessed by a GC coupled with a Flame-
Ionization Detector (FID) (Agilent Technologies, 6890N, Cheadle, UK). Samples were in-
jected by an autosampler (Agilent Technologies, 7683B. Cheadle, UK), to a 30 m x 0.32 mm
ID, 0.25 pum film thickness HP-5 Agilent capillary column using helium as a carrier and
make-up gas with the following conditions: inlet temperature of 150 °C, 1 uL injection
volume, 1:400 split ratio, 250 °C detector temperature, with an initial oven temperature of
65 °C (held for 4 min), then 100 °C-min ! ramp to 195 °C (held for 1 min), followed by
100 °C-min—! ramp to 230 °C (held for 5 min). The initial flow rate was 0.8 mL-min—! (held
for 5 min), then 100 mL-min~! ramp to 3 mL-min~! (held for 5 min). A multiple-point
external standard calibration curve was prepared using standard solutions covering the
range of MeLa concentrations. A linear response of the detector was determined for MeLa
(R? = 0.998).

"H NMR spectra were measured using a 400 MHz Bruker Avance II spectrome-
ter(Bruker Coventry UK). Samples were dissolved in CDCl; and chemical shifts were
referenced against tetramethylsilane (TMS). The experiments were monitored by determin-
ing the relative concentrations of methine functional groups calculated from NMR spectra.
The methine protons were in one of three different environments: internal methine (Int)
(6 =5.09-5.21 ppm), chain-end methine (CE) (¢ = 4.30—4.39 ppm/5.09—5.21 ppm), or MeLa
methine (6 = 4.23—4.29 ppm). Selectivity and yield of MeLa as functions of temperature are
presented, as well as the estimated kinetic parameters of the reaction.

2.6. Kinetic Modelling

The 'H NMR spectroscopic data were modeled using the reaction mechanism shown
in Equation (1), previously discussed in Reference [26]. The alcohol nucleophile was in
excess so was not included in the model. In Equation (1), the internal methine protons along
the PLA chains are represented by (Int), the chain-end methine protons of the oligomer
fragments are represented by (CE), and the methyl lactate methine protons of the product
are represented by (MeLa). The differential Equations (2)—(4) were solved in MATLAB. PLA
was depolymerized through a two-step reaction, with the second step being reversible. The
coefficient k1 represents the random attack of an ester linkage by a MeOH nucleophile; each
cleavage results in the generation of two CE oligomers. The coefficient k, represents the
forward equilibrium step, which is the formation of the product MeLa from CE oligomers;
this step occurs when MeOH attacks an ester linkage of an oligomer adjacent to its CE. The
reverse equilibrium step represented by coefficient k-5, occurs when the alcohol group of
MeLa attacks an ester linkage of the CE oligomer, and itself becomes a larger oligomer.

k

Int % CE 2 MeLa (1)
k>
d
[é’:t] — _ki[Inf] @
% = ki[Int] — ko[CE] + k_»[MeLa] ®)
”Z[MT?J“] = kp[CE] — k_p[MeLa] (4)

3. Results and Discussion
3.1. PLA Methanolysis Using Zn(OAc),

These experiments were carried out to optimize PLA methanolysis in the Parr reactor;
parameters such as catalyst loading, stirring speed and MeOH molar equivalents were
explored. It was decided to use Zn(OAc);, for these optimization experiments, as the
literature often reports Zn(OAc), as having the best performance among metal acetates [41].
First, the effect of catalyst loading on the MeLa concentration was investigated as shown in
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Figure 1. Methanolysis was carried out at 300 rpm. A higher mol% of Zn(OAc); resulted in
shorter reaction times in order to reach a MeLa concentration of >0.05 g-mL~!. Increasing
the catalyst loading from 1 mol% to 2 mol% resulted in the largest increase of MeLa
production rate. Increasing the catalyst loading from 2 mol% to 3 mol% also increased
the MeLa production rate but less so, while changing the loading from 3 mol% to 4 mol%
increased the MeLa production rate the least. A higher mol% of Zn(OAc); resulted in a
smaller standard error between the repeats (24 repeats) for each experiment, probably due
to human error, as weighing out smaller amounts of catalyst has more inaccuracy. For the
mixed catalyst experiments, it was therefore decided to use 2 mol% of the catalyst, as it was
assumed that the other catalysts would behave similarly in terms of catalyst loading and
their effect on reactivity. Moreover, 2 mol% loading of Zn(OAc), was a balance between
using the least amount of catalyst, while still obtaining the higher MeLa production rate
from higher loadings.
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Figure 1. Methanolysis of 2 g of PLA at 130 °C, 300 rpm and 9 equivalents of MeOH. Effect of mol%
of Zn(OAc), (Relative to mol of PLA) on the MeLa concentration (g-mL~1) vs. Time (min).

In order to further optimize the methanolysis of PLA using Zn(OAc),, the effect of
stirring speed on the rate of MeLa production was studied (The range of stirring speeds
tested are shown in Figure S1). A higher stirring speed of 600 rpm resulted in a MeLa
concentration of >0.05 g-m1~! in the shortest times, likely owing to better dispersion of
catalyst throughout the vessel, improved rates of mixing, and mass transfer. A higher
stirring speed also resulted in a smaller standard error between the repeats (24 repeats) for
each experiment. Even without stirring (at 0 rpm), the reaction reached completion at 4 h. It
was assumed that the other catalysts would behave similarly in terms of stirring speed and
its effect on reactivity, so it was decided to use 600 rpm for the mixed catalyst experiments.

The final parameter investigated to optimize the reaction was the molar equivalent
of MeOH, Figure 2. A higher equivalent of MeOH resulted in shorter reaction times in
order to reach a MeLa concentration of >0.05 g-mL~!. Increasing the molar equivalents of
MeOH from 5 to 9 resulted in the largest increase in MeLa production rate. Increasing the
equivalents from 9 to 13 also increased the MeLa production rate but by a smaller amount,
while increasing the equivalents from 13 to 15 increased the MeLa production rate the
least. The classic Lewis acid mechanism for transesterification using Zn(OAc),, involves
the polarization of an ester carbonyl group to the Zn?* center, which helps facilitate the
nucleophilic attack [35]. Another study reported that Zn(OAc), initiates transesterification
through a mechanism that involves the initial coordination of the alcohol nucleophile to
the metal center, followed by a carboxylate shift and coordination to the ester group [42].



Polymers 2022, 14, 1763

6 of 13

This mechanism could explain the results that a higher equivalent of MeOH results in
greater reactivity. Since Zn(OAc), coordinates the alcohol nucleophile, it could be reasoned
that a higher equivalent of MeOH means Zn(OAc), will have more MeOH molecules in
closer proximity, thus increasing the probability of coordination and overall reactivity. This
reasoning could also be used to explain why increasing the equivalents of MeOH up to
17 causes the increase in MeLa concentration to plateau. At 17 equivalents, Zn(OAc), is
fully saturated with MeOH molecules in close proximity; increasing the number of MeOH
molecules beyond this limit does not increase the probability of coordination.
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Figure 2. Methanolysis of 2 g of PLA at 130 °C, 300 rpm and 2 mol% Zn(OAc),. Effect of MeOH molar
equivalents (Relative to mol of ester bonds) on the MeLa concentration (g-mL~!) vs. Time (min).

3.2. PLA Methanolysis Using Mixed Catalysts

It was decided to test four commercial catalysts for the methanolysis of PLA us-
ing the optimized parameters. Mg(OAc), was selected as it would allow for a good
comparison with Zn(OAc);. DMAP and TBD were also chosen as both organocatalysts
have been reported to be effective for transesterification. Table 1 shows the results for
the Methanolysis of PLA using the selected catalysts. Each catalyst was tested at both
9 and 17 equivalents of MeOH and stirring speeds of 300 and 600 rpm. Comparing the
catalysts at 9 equivalents of MeOH: Zn(OAc), and TBD displayed the highest average
initial rate of MeLa production (both 5.37 x 10~% g-mL~!-min~1), followed by Mg(OAc),
(5.39 x 1072 g-mL’Lmin’l), and then DMAP (3.09 x 107 g~mL’1-min’l). Compar-
ing the catalysts at 17 equivalents of MeOH and 300 rpm: Zn(OAc), again displayed
the highest average initial rate of MeLa production (1.42 x 1073 g-mL~!-min~!), fol-
lowed by TBD (5.27 x 104 g-mL’l-min’l), Mg(OAc); (9.09 x 105 g~mL’1-min’1), and
DMAP (4.65 x 10~° g-mL~!-min~!). TBD is the only catalyst that did not display an
increase in rate of MeLa production when the equivalent of MeOH was increased. Of
the four catalysts Zn(OAc); exhibited the largest increase in rate of MeLa production
when the equivalent of MeOH was increased. When increasing the stirring speed from
300 to 600 rpm at 17 equivalents of MeOH both Zn(OAc), and DMAP displayed a decrease
in rate of MeLa production, whereas Mg(OAc), and TBD showed an increase in rate of
MeLa production. However, at these conditions Zn(OAc), again displayed the highest
rate of MeLa production (1.19 x 10~ g-mL~!-min~!), closely followed by Mg(OAc),
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(1.09 x 1073 g-mL~!-min '), then TBD (6.43 x 10~* g-mL~!-min~!), and DMAP signifi-
cantly slower (2.03 x 10~° g-mL~!-min~1).

Table 1. Methanolysis of 2 g PLA at 130 °C and 2 mol% of catalyst, 9-17 equivalents MeOH. Repeats
(3—4 repeats) were averaged.

Average Initial Rate of MeLa

Molar Average Final Average Final MeLa Production
2mol% Catalyst Speed (rpm) Equivalents of Time Concentration .
MeOH (min) (gmL-1) at40 min
(gmL-1-min—1)

ZnAc 300 9 173 0.0538 537 x 107*
ZnAc 300 17 48 0.0593 1.42 x 1073
ZnAc 600 17 70 0.0577 1.19 x 1073
DMAP 300 9 360 0.0437 3.09 x 107°
DMAP 300 17 340 0.0510 4.65 x 107°
DMAP 600 17 200 0.0257 2.03 x 107>
MgAc 300 9 360 0.0449 5.39 x 1072
MgAc 300 17 107 0.0562 9.09 x 1075
MgAc 600 17 83 0.0624 1.09 x 1073
TBD 300 9 160 0.0501 537 x 107*
TBD 300 17 140 0.0534 5.27 x 1074
TBD 600 17 135 0.0557 6.43 x 1074

It was decided to investigate the effect of catalyst mixtures on the rate of methanol-
ysis. The motivation for this was to find catalyst pairs that have enhanced reactivity in
comparison to either catalyst alone. This would unlock the potential to exploit the en-
hanced reactivity from dual-catalyst systems for industrial chemical recycling, as a greater
rate of MeLa production makes PLA alcoholysis more economically feasible. Table 2
shows the results for Methanolysis of PLA using multiple catalysts. In each reaction
only 2 mol% total of catalyst was used, all catalysts were dissolved homogenously in the
solvent. The initial rate of MeLa production for the dual catalyst Zn(OAc),/TBD exper-
iment (1.34 x 1073 g-mL~!-min~!) was greater than the rate of MeLa production for the
Zn(OAc); experiment (1.19 x 1072 g-mL~!-min~') in Table 1 at the same conditions. The
higher rate could be explained by a Lewis acid-base interaction between the two catalysts,
this interaction increases the activation of PLA ester carbonyls which helps facilitate the
nucleophilic attack needed for depolymerisation [39]. A faster rate is also seen for the
dual catalyst Zn(OAc), /DMAP experiment which had a higher MeLa production rate
(1.29 x 1073 g-mL’l-min’l) than Zn(OAc), alone (1.19 x 1073 g-mL’l-min’l), the faster
rate for the dual experiment could again be explained by a Lewis acid-base interaction that
aids the reaction.

The Lewis acid-base interaction is not present for the dual Zn(OAc), /Mg(OAc); experi-
ment which had a slower MeLa production rate (6.87 x 1074 g-mL’1 -min~!) than Zn(OAc),
alone (1.19 x 1072 g-mL~!-min~1), or Mg(OAc); alone (1.09 x 1073 g~mL_1-min_1). Like-
wise, the beneficial Lewis acid-base interaction is not present for the dual TBD/DMAP
experiment; its MeLa production rate (2.84 x 10~* g-mL~!-min~!) was slower than the
MeLa production rate for TBD alone (6.43 x 10~* g-mL~!-min~!). If the pK, difference
between the two catalysts is great enough then proton transfer occurs, forming a stable
acid-base complexion capable of enhancing the reaction [38]. As Zn(OAc); and Mg(OAc),
have a similar pK; (4.54 and 8 respectively) no stable complexion forms, which explains
why the dual Zn(OAc), /Mg(OAc), experiment displayed a slower MeLa production rate
than Zn(OAc), alone. Likewise, TBD and DMAP have a similar pK, (15.2 and 9.6 respec-
tively) so no stable acid-base complexion forms, thus the dual TBD/DMAP experiment
had a slower MeLa production rate than TBD alone.
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Table 2. Methanolysis of 2 g PLA at 130 °C, 600 rpm, 2 mol% catalyst total and 17 eq MeOH. Repeat
(2—4 repeats) were averaged.

Average Initial Rate of MeLa

Catalyst (2 mol% Total) Average Fl nal Time Average lj"mal MeLil Production at 40 min
(min) Concentration (g-mL—1) i1
(gmL~1-min—1)
Zn(ojac.)ﬁ/TBD 60 0.0584 134 x 1073
Z“(OA(Cl)?l/)DMAP 80 0.0608 129 x 1073
Mg(Oé%/TBD 80 0.0617 136 x 1073
Mg(OA(Cl)ig DMAP 110 0.0602 8.44 x 10~
TBD(/lpll)V[AP 180 0.0531 2.84 x 107*
Z“(OAC)(ZI/, i\;[g(OAC)z 120 0.0561 6.87 x 1074
Zn(OAc),/TBD/
DMAP 90 0.0600 1.27 x 1073
(1:0.5:0.5)
Mg(OAc),/TBD/
DMAP 105 0.0591 8.72 x 10~*
(1:0.5:0.5)
TBD/Zn(OAc), /Mg(OAc), 4
(1:05:0.5) 120 0.0529 5.46 x 10
DMAP/Zn(OAc); /Mg(OAc); 4
(1:05:0.5) 90 0.0581 9.22 x 10
Zn(OAc)2/Mg(OAc),/TBD/DMAP 120 0.0626 741 x 1074

(1:1:1:1)

The dual catalyst Mg(OAc), /TBD experiment displayed a higher rate of MeLa produc-
tion (1.36 x 1073 g-mL’l-min’l) compared to Mg(OAc); alone (1.09 x 103 g-mL’l-min’l)
in Table 1 at the same conditions. Mg(OAc), and TBD have a great enough difference
in pK; (8 and 15.2 respectively) to form a stable acid-base complexion. This complexion
enhances the reactivity, which is why the dual Mg(OAc),/TBD experiment showed a
higher MeLa production rate than Mg(OAc), alone. However, the enhancing catalyst
complexion is not present for the dual catalyst Mg(OAc),/DMAP experiment, which
displayed a slower MeLa production rate (8.44 x 104 g~mL’1-min’l) than Mg(OAc);
alone (1.09 x 1073 g~mL’1~min’1). As Mg(OAc), and DMAP have a similar pK, (8 and
9.6 respectively) no stable catalyst complexion can form. None of the experiments that use
three or four catalysts displayed higher rates when compared to dual catalyst experiments.

3.3. Conversion, Selectivity, and Yield of MeLa

Out of the four catalysts, Zn(OAc); produced the highest concentration of MeLa in the
shortest time when tested individually, further studies were performed using Zn(OAc),
alone to investigate the reaction kinetics. According to Equation (1), there are three possible
environments for methine functional groups during the reaction: Int (5.09-5.21 ppm), CE
(4.30-4.39 ppm/5.09-5.21 ppm), or MeLa (4.23-4.29 ppm). This enabled the determination
of the reaction progress, by monitoring the relative concentration of each methine environ-
ment via 'H NMR spectroscopy. Reaction samples were dissolved in CDCl. Figure 3 shows
the stacked spectra of a methanolysis experiment at 120 °C, the relative concentration of
each methine environment is displayed at 10 min, 40 min, and 90 min.
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Figure 3. '"H NMR (CDCl3, 400 MHz) stacked spectra of a methanolysis reaction at 120 °C and the
relative percentage of each methine proton Int, CE and MeLa. (Blue spectrum 10 min, Red spectrum
40 min, Green spectrum 90 min).

Conversions of Int groups (Xj,,;), MeLa selectivity (Sper,), and MeLa yield (Yajers)
were calculated according to Equations (5)—(7),

Inty — Int
Xpy = g ©)
MeLa
SMela = ————— 6
MeLa Inty — Int ( )
YMeLa = SMeLaXInt (7)

Inty is the initial concentration of the Int groups (100%). Conversion selectivity and
yield of MeLa were calculated at 60 min. Averages for Xp,, Spers and Y1, at each
temperature were determined to allow for an easier comparison, as shown in Table 3. When
comparing the averages, there is a clear trend that a higher temperature results in a higher
Int conversion, a higher MeLa selectivity, and a higher MeLa yield. The result concurs with
the Arrhenius model; a higher temperature increases the average kinetic energy of the
reactant molecules, hence a larger proportion of molecules will overcome the activation
energy barrier to form the product MeLa. At 130 °C the average Int conversion is 100% and
the average MeLa selectivity and yield is 81%, the remaining 19% are CE oligomers.

Table 3. PLA methanolysis at 600 rpm with 2 mol% ZnAc. Conversion of Int groups, MeLa selectivity
and MelLa yield was calculated at 60 min for different reaction temperatures.

Temperature Average Average Average
Xint (% S % Y, %

Q) Int (%) MeLa (%) ‘MeLa (%) Xint (%) SMeLa (%) YaieLa (%)
130 100 84 84
130 100 78 78 100 81 81
120 100 68 68
120 99 76 75 99.5 72 71.5
110 97 75 73

96 73 70
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Table 3. Cont.
Temperature Average Average Average
Xt (% S % Y, Y%
Q) Tnt ( ) MeLa (%) MeLa (%) Xt (%) SMeLa (%) YMeLa (%)
110 95 71 67
100 92 68 63
100 89 61 54 90.5 64.5 58.5
90 88 64 56
90 38 65 57 88 64.5 56.5

Concentration / %

Xint, SMeLa, YMeLa are determined at 60 min of reaction.

3.4. Arrhenius Temperature-Dependent Parameters

'H NMR spectroscopy was used to determine the relative concentrations of Int, CE,
and MeLa methine groups during each experiment. The concentrations were fitted to the ki-
netic model described in Equation (1), the resulting rate equations were solved numerically
in MATLAB producing estimates for the rate coefficients. Two typical reaction profiles are
shown in Figure 4. Figure 4a highlights that methanolysis at 130 °C generates maximum
concentration of 40% for CE intermediates at 15 min, while 100% conversion of Int groups
is reached at 60 min. Figure 4b shows that methanolysis at 120 °C produces a maximum
concentration of 39% for CE intermediates at 15 min, while 100% conversion of Int groups
is not reached until 90 min. The resulting rate coefficients k; = 0.08433, 0.06672 (min~!),
ky = 0.06757, 0.06492 (min~!), and k., = 0.01184, 0.01037 (min '), for 130 °C and 120 °C
respectively (Table S1 in Supplementary Material shows fitted rate coefficients at all tem-
peratures investigated). Both reaction profiles show good fits for the experimental data to
the kinetic model.

100 100
N B|
90 f 90 - ‘
80 f . 80 \
70r * Int | nr ¥ Int ]
*®
60 - ¢ CE = 60 e CE |
Mela | 5 MelLa
50 B 50 .
c
@
40+ 2 40 R\
[=]
(@] ol ¢
307 ° 30+
20t A 200
/ - — / —e
10 f ° 10 »
0o ! . . ‘ 0 ‘ . 4 ‘
0 40 50 60 70 80 90 0 20 40 60 80 100 120
time / min time / min

Figure 4. Reaction profiles obtained from 'H NMR spectroscopic data for methanolysis fitted in
MATLAB. (A) 130 °C (B) 120 °C.

The rate coefficients were used to generate the Arrhenius plots shown in Figure 5.
The Arrhenius plots Figure 5B and C only include the temperature range 100-130 °C as
this produced the best fit. The activation energies for each reaction step were estimated as
Ea; =25.23 + 6.16 kJ-mol~1; Eay = 34.16 + 12.2 kJ-mol ! and Ea_, = 47.93 4 22.84 kJ-mol 1.
The estimated activation energies highlight that Ea; has the smallest barrier for the initial
cleavage of a PLA chain to an intermediate CE. As k; > ky, PLA chains are rapidly converted
to CE oligomers which then slowly forms the product MeLa, step 2 is the rate determining
step of the overall reaction. Since Ea_ has a higher barrier than Eay, it indicates that
the reverse reaction MeLa to CE occurs slower than CE to MeLa; the equilibrium lies
further to the right confirmed by the maximum relative concentration of MeLa reaching
approximately 90% at reaction completion.
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Figure 5. Arrhenius plots for Methanolysis of 2 g PLA, at 600 rpm, 17 equivalents MeOH and 2 mol%
Zn(OAc),. (A) = ki y = —3035.9x + 5.01 R? = 0.9176. (B) = ky y = —4111.2x + 7.6487 R? = 0.8867.
(C)=k_, y = —5767.6x + 10.05 R? = 0.8147.

Comparisons for the estimated Ea; in this study can be made with literature values.
Song et al. reported the methanolysis of PLA using ionic liquid 1-butyl-3-methylimidazolium
acetate ([Bmim][Ac]) as the catalyst, depolymerisation was considered to proceed by first-
order kinetics with an activation energy of 38.29 kJ-mol~! [28]. Also reported is the
methanolysis of PLA using [Bmim][OAc]-Zn(OAc),, proceeding by first-order kinetics but
with a lower activation energy 20.96 kJ-mol~1 [29]. The higher reactivity in the presence of
the Lewis acid Zn(OAc); is likely caused by the enhanced activation of the PLA carbonyls,
making the polymer more susceptible to nucleophilic attack [3,39]. Similar to the research in
this paper, methanolysis has also been reported using commercially available metal-based
catalysts. FeCl; was found to be the most activating, achieving a 87% conversion to MeLa
in 4 h at 130 °C, the first-order activation energy was reported at 32.41 kJ-mol ! [30]. Our
results estimated Ea; = 25.23 kJ-mol~! which is lower than some of the above literature
values. Although ionic liquid [Bmim][OAc]-Zn(OAc), has a lower activation energy, its
scalability is limited by its high costs and viscosity making it less feasible for industry uses
in comparison to Zn(OAc); [3,43].

4. Conclusions

The methanolysis of PLA was carried out using four commercially available catalysts:
Zn(OAc),, Mg(OAc),, TBD and DMAP. When tested individually, Zn(OAc), exhibited
the highest catalytic activity. For Zn(OAc); methanolysis, a higher mol% was found to
increase the reaction rate, but plateaued at 4 mol%; increasing the equivalent of MeOH
was found to increase the reaction rate but plateaued at 17 equivalent. The activation
energies were estimated to be: Fay = 25.23 4- 6.16 k]-mol !, Ea, = 34.16 + 12.2 k]-mol !
and Ea, =47.93 4 22.84 k]-mol~!. For mixed catalyst reactions, an enhancing polymer
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activation was found when Zn(OAc), was coupled with TBD or DMAP, or when Mg(OAc),
was coupled with TBD. A great enough difference in pK, for the dual catalysts is required
to form a stable catalyst complexion; this complexion can enhance the reaction. Further
research is needed to fully explore synergistic Lewis acids-base pairs; an understanding
of their coordination and mechanism is required in order to fully exploit dual-catalysts
systems for enhanced chemical recycling. The chemical recycling of PLA via alcoholysis
is a promising end-of-life solution, adding value to the PLA supply chain through the
generation of value-added ALs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14091763/s1, Figure S1. Effect of Stirring speed on the
MeLa concentration and Table S1. Rate coefficients for each experiment are available to download
from the publisher.
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