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Abstract: Plastic pollution is a global issue that is approaching crisis levels as plastic production
is projected to reach 1.1 GT annually by 2050. The bioplastic industry along with a circular pro-
duction economy are solutions to this problem. One promising bioplastic polylactic acid (PLA)
has mechanical properties comparable to polystyrene (PS), so it could replace PS in its applications
as a more environmentally sustainable material. However, since the bioplastic PLA also suffers
from long biodegradation times in the environment, to ensure that it does not add to the current
pollution problem, it should instead be chemically recycled. In this work, PLA was chemically
recycled via alcoholysis, using either methanol or ethanol to generate the value-added products
methyl lactate and ethyl lactate respectively. Two catalysts, zinc acetate dihydrate (ZnAc) and
4-(dimethylamino)pyridine (DMAP), were tested both individually and in mixtures. A synergistic
effect was exhibited on the reaction rate when both catalysts were used in an equal ratio. The
methanolysis reaction was determined to be two-step, with the activation energy estimated to be
73 k] mol~! for the first step and 40.16 k] mol~! for the second step. Both catalysts are cheap and
commercially available, their synergistic effect could be exploited for large-scale PLA recycling.

Keywords: poly(lactic acid); chemical recycling; alcoholysis; zinc acetate dihydrate; 4-(dimethylamino)
pyridine; synergistic catalytic system

1. Introduction

Petroleum-derived thermoplastics have become indispensable tools in our everyday
lives. Their total production had been projected to reach 1.1 GT annually by 2050, while the
total cumulative weight of plastic production since 1950 is projected to reach 34 GT [1-3].
Their characteristically high mechanical and barrier properties combined with a low bulk
density and inertness make them superior materials for a wide variety of applications.
A downside to petroleum thermoplastics is their extremely long biodegradation time,
which causes unrestricted environmental damage when disposed of incorrectly [3,4]. By
implementing a circular economy the long biodegradation times of petroleum plastics
becomes irrelevant. In theory, postconsumer plastics could all be collected and recycled
to products of equivalent functionality; if done correctly, a circular approach would have
an immense economic and environmental advantage [1,5,6]. A circular approach would
typically involve the less energy-intensive reuse and mechanical recycling stages first; this
could be repeated until the quality of the recycled plastic has diminished to the point
that it can no longer meet the requirements of its application [4,7]. From here, low-grade
plastic should be recycled by a chemical method of the lowest activation energy. Chemical
recycling can be used to generate value-added products or virgin grade monomers. Then,
the pure monomers could be used for repolymerisation, which lowers the requirement of
petroleum for virgin grade polymer synthesis [8].

Unfortunately, a circular economy is still not implemented for the majority of plastics;
by 2025, an estimated 100 MT of plastic will have entered the oceans [6]. In the marine
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environment, non-biodegradable plastics such as high-density polyethylene (HDPE) and
polypropylene (PP) have a maximum weight loss of 0.8% and 0.6% respectively in six
months [9]. Oceanic plastic debris slowly biodegrade and generate microplastics; both
plastics and microplastics cause widespread contamination of marine ecosystems nega-
tively impacting the health of its organisms. Alarmingly, microplastics have been shown
to inhibit the growth of phytoplankton and marine plants, which account for over half of
the atmospheric stock of oxygen. Therefore, oceanic plastic pollution could have a dire
consequences for global warming and climate change [10,11].

The emerging bioplastic industry could act as a possible solution to these
problems [12,13]. Second-generation bioplastics have a smaller carbon footprint than
petroleum plastics; additionally, some bioplastics possess very high biodegradability, mak-
ing them a more environmentally sustainable material [14]. One of the most important
bioplastics, PLA, makes up a growing 10% of the bioplastic market; it has mechanical
properties similar to PS and could replace it in many applications [14,15]. Although PLA is
marketed as a bioplastic, its rate of biodegradation is relatively slow; after one year in the
marine environment, PLA only degrades by approximately 8% [13,16]. In soil, the rate of
weight loss of pure PLA is ~0% per year, which is partly due to the fact that only ~0.04%
of microorganism colonies in soil are capable of degrading PLA [17,18]. However, in a
controlled composting environment with high temperature and humidity, PLA will fully
degrade in less than 90 days [19].

The chemical recycling of PLA is a promising alternative to limited mechanical recy-
cling and biodegradation [20]. One of the most promising chemical recycling methods for
depolymerising PLA is via alcoholysis; this route can be carried out at milder operating
conditions than other chemical methods and has the additional benefit of generating a
value-added product alkyl lactate (AL) [21-24]. ALs are employed in several industries
and are considered green solvents due to their biodegradability and low toxicity [25]. ALs
have an estimated market value of £12 billion, and their use is expected to increase in the
future [23,26]. Notably, a circular economy approach is possible, since recovered AL from
postconsumer PLA can be converted to lactide, as shown below in Figure 1 [27,28]. Lactide
is the precursor for ring opening polymerisation, which generates virgin grade PLA. Zn(II)
complexes have previously been shown to be highly active for both the polymerisation
and depolymerisation of PLA [22,29]. It is worth noting that it is possible to chemically
recycle PLA directly to lactide; this is a more useful route if the regeneration of virgin PLA
is desired over obtaining the value-added ALs [30]. In this work, methyl lactate (MeLa)
and ethyl lactate (EtLa) were produced from the catalysed alcoholysis of PLA with the
corresponding alcohol. The aim of this work is to make PLA alcoholysis more applicable
to an industrial setting; to this end, cheap commercially available catalysts were employed.

Zinc acetate dihydrate (ZnAc) has been widely reported for the transesterification
of polyesters, and it has been shown to be effective as a catalyst in both the glycolysis
and methanolysis of polyethylene terephthalate (PET) [21,31-33]. Additionally, ZnAc has
been shown to be highly active for the alcoholysis of PLA, and it can even be used as a
pretreatment to depolymerise unwanted PLA in a PET recycling stream [30,34]. Likewise,
4-(dimethylamino)pyridine (DMAP) has been shown to be an effective transesterification
catalyst and has been employed in PLA alcoholysis [35-37]. As both ZnAc and DMAP are
commercially available, they can be bought instead of synthesised, which is an advantage
over the Zn(Il) catalysts used in our previous paper [22]. Both catalysts were tested
individually and in different mixtures at the same total weight percentage relative to PLA
weight. The mixture of catalysts produced the best results, generating a final conversion of
MeLa in the quickest times; the highest initial reaction rate was achieved using an equal
ratio of both catalysts. Since reactions proceeded faster and with higher selectivity for the
product when both catalysts were employed together instead of either alone, it suggests
that there is a synergistic effect between the two catalysts for PLA alcoholysis.
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Figure 1. General scheme for the circular economy of PLA via chemical recycling. Alcoholysis allows
for the generation of the value-added product AL.

Over the past two decades, the use of dual catalyst systems consisting of transition
metal complexes alongside an organocatalyst has received increasing attention [38-40].
Careful selection of synergistic catalysts can cause unprecedented reactivities, which would
not be accessible using either catalyst alone. Romiti et al. discussed that there are four types
of dual-catalytic reactions: Type I is for fully cooperative catalysts, where each catalyst
reacts exclusively with only one substrate; Type 1l is for partially cooperative catalysts,
where using either of the catalysts alone would result in the formation of the desired
product, but at a significantly slower rate and/or with lower stereoselectivity compared to
using both catalysts; Type Ill is for partially cooperative catalysts, but in this case, one of
the catalysts used alone would result in slow and/or minimally enantioselective reaction,
while the other catalyst alone would cause substrate decomposition and the formation of
undesirable side products; Type IV is for non-cooperative catalysts that require correct
synchronisation in order to be useful [40].

In this work, we present the synergistic effect of ZnAc and DMAP. Specifically, we
found that the highest initial reaction rate is achieved when the two catalysts are used in
an equal ratio; at the same temperature, the methanolysis of PLA achieves a final yield of
AL > 97% in a shorter time in comparison with ethanolysis of PLA; a higher temperature
improves both the selectivity and yield of AL; the activation energy for step 1 and 2 of PLA
methanolysis was estimated at 73 k] mol~! and 40.16 k] mol~!, respectively.

2. Materials and Methods
2.1. Materials

PLA pellets, supplied by NatureWorks (Ingeo™ 6202D, average molecular weight
number 44,350 (g mol~1)) were used without pretreatment. All reactants were HPLC
grade: Methanol (MeOH) > 99.8%, ethanol (EtOH) > 99.8%, tetrahydrofuran (THF, HPLC
grade, >99.9% without inhibitor) were purchased from Fisher scientific. ZnAc and DMAP
were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used as
received. Helium CP grade (>99.999% purity), nitrogen (oxygen-free, >99.998%), and
argon (>99.998%) were purchased from BOC.

2.2. Apparatus and Procedure

The experiments were carried out in a 300 mL stirred autoclave (PARR model4566).
The temperature inside the reactor was controlled by an oil bath heating circulator (IKA
CBC5-Control) connected to the reactor’s jacket. Previous work investigated different
molecular weights for PLA methanolysis and concluded that the rate of degradation is
independent of molecular weight [24]. Therefore, only one molecular weight of PLA was
used for the reactions (Ingeo™ 6202D).
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For the mixed catalyst methanolysis experiments in Section 3.1, 2 g of PLA, 10 mL of
MeOH, 40 mL of THF, and various ratios of ZnAc and DMAP ranging from 0 to 0.1 g (total
5wt %) were charged in the reactor. Various stirring speeds ranging from 0 to 700 rpm were
also investigated. Once the reactor was charged, the autoclave was sealed and degassed
with N for at least 10 min before bringing the reactor to the desired working temperature
(130 °C) at stirring speed ranging from 0 to 700 rpm. The reactor was left at 130 °C for a
further 10 min to ensure all the PLA pellets were dissolved before 10 mL of MeOH was
fed into the reactor via an HPLC pump at a rate of 10 mL min~!. Samples were taken
periodically and tested by gas chromatograph (GC).

For the experiments in Section 3.2, for each MeOH experiment, 2 g of PLA, 10 mL of
MeOH, 40 mL of THEF, and 0.05 g ZnAC + 0.05 g DMAP (total 5 wt %) were charged in
the reactor. In each EtOH experiment, 2 g of PLA, 14.5 mL of EtOH, 35.5 mL THEF, and
0.05 g ZnAC + 0.05 g DMAP (total 5 wt %) were charged in the reactor. Once the reactor
was charged, the autoclave was sealed and degassed with N, for at least 10 min before
bringing the reactor to the desired working temperature (100-130 °C) at a stirring speed
of 300 rpm. The reactor was left at the desired temperature for a further 10 min to ensure
that all the PLA pellets were dissolved; then, either 10 mL of MeOH or 14.5 mL EtOH was
fed into the reactor via an HPLC pump at a rate of 10 mL min~!. The volume of the two
alcohols was varied to ensure both MeOH and EtOH experiments have ~9 equivalents
of alcohol per ester bond of PLA. Then, the volume of THF was adjusted to ensure the
same concentration of PLA in both MeOH and EtOH experiments. Samples were taken
periodically and tested by GC.

The experiments in Section 3.3 followed the same protocol as the MeOH experiments
in Section 3.2. Samples were taken periodically and tested by 'H NMR analysis.

2.3. GC and NMR

AL concentration was assessed by a GC coupled with Flame-Ionisation Detection
(FID) (Agilent Technologies, Santa Clara, CA, USA, 6890N). Samples were injected by an
autosampler (Agilent Technologies, 7683B), to a 30 m x 0.32 mm ID, 0.25 pum film thickness
HP-5 Agilent capillary column using helium as the carrier and make-up gas with the
following conditions: inlet temperature of 150 °C, 1 uL of 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 flowrate was 0.8 mL min~! (held for 5 min);
then, it was 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
AL concentrations. A linear response of the detector was determined for MeLa and EtLa
(R? = 0.998 and 0.998, respectively).

'H NMR spectra were measured using a 400 MHz Bruker Avance II spectrometer.
Samples were dissolved in, and referenced to, CDCl;5. The experiments were monitored by
determining the relative concentrations of methine functional groups calculated from NMR
spectra. The methine protons were considered to be in one of three different environments:
internal methine (Int) (5.09-5.21 ppm), chain-end (CE) (4.30—4.39 ppm/5.09-5.21 ppm), or
methyl lactate (MeLa) (4.23—4.29 ppm). Selectivities and yields of MeLa as a function of
temperature are presented as well as the estimated kinetic parameters of the reaction.

2.4. Kinetic Modelling

The experimental data were modelled using the simplified two-step reaction mecha-
nism shown below in Equation (1). The model is simplified from the previous paper by not
assuming an equilibrium for the second step [22]. The equilibrium only becomes significant
at temperatures below 90 °C, as lower temperatures favor the reverse equilibrium step.
The alcohol in excess was not included in the model. Int represents the internal methines
along the PLA chains, CE represents the chain end methines of the oligomer fragments
from cleaved PLA chains, and AL represents the alky lactate methines of the product. The
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rate equations were solved analytically and fitted to the experimental data using SigmaPlot.
The ester groups along PLA chains are rapidly cleaved by the alcohol nucleophile into
chain end molecules, which are represented by the rate constant ki, Then, ester groups
along the chain end molecules are continually cleaved by the alcohol nucleophile into
smaller fragments. When the alcohol attacks an ester group adjacent to the chain end, the
product AL forms (MeOH produces MeLa, EtOH produces EtLa), which is represented by
the rate constant k.

mt % cE 8B AL )
At — 1 @
A — ks ant] ~ kafcE] )
dAL]
WAL _ yicr @

3. Results
3.1. Mixed Catalyst Methanolysis

Table 1 shows the results obtained from the methanolysis of PLA using mixtures of
DMAP and ZnAc. Various amounts of catalyst (ZnAc and DMAP) were investigated as
well as the stirring speed. The total weight of catalyst/s used in each experiment was kept
constant at 0.1 g (5 wt % relative to PLA) and a constant temperature of 130 °C was used
to allow for comparison for different catalyst mixtures. The weight of catalyst ZnAc and
DMAP was tested at 0, 0.025, 0.05, 0.075, and 0.1 g. When both catalysts were used in a
single experiment, the total weight was 0.1 g. MeLa conversions (%) were calculated from
GC concentration of MeLa and the theoretical max concentration of MeLa. Initial rates of
production of MeLa were calculated from the concentration of MeLa divided by time taken
at 60 min.

Comparing the initial rate of production of MeLa for both single catalyst reactions,
using ZnAc outperformed DMAP by more than double the rate of MeLa production:
553 x 107* g mL~! min~! and 2.45 x 10~* g mL~! min~!, respectively. If DMAP is used
alongside ZnAc, the reaction rate increases significantly, suggesting a synergetic effect of
the catalysts working together. This is considered a type II transformation, as either of
the catalysts alone will lead to the formation of the final product but at a slower rate [40].
It is interesting to note that the 0.075 g ZnAc + 0.025 g DMAP experiment had a higher
initial rate of production of MeLa than the 0.075 g DMAP + 0.025 g ZnAc experiment
(8.38 x 107* gmL ! min~! and 8.2 x 10~* g mL~! min~! respectively). This observation
along with the single catalyst results suggests that ZnAc is a more active catalyst for PLA
methanolysis than DMAP. Using an equal amount of both catalysts elicited the highest
initial rate of production of MeLa, and it achieved an 86% MeLa conversion in the quickest
time, suggesting that the synergetic effect is strongest when there is an equal ratio of both
catalysts. Both catalysts work by coordinating with the nucleophilic alcohol and the ester
groups along PLA. They are partially cooperative as they both compete to coordinate with
the alcohol molecules and ester groups. Since there is a surplus of alcohol and ester groups
in comparison to catalyst molecules, their competition to coordinate becomes negligible.
The catalyst mechanisms and economic benefit of using a dual catalyst system will be
described further in the discussion.
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Table 1. Methanolysis of PLA at 130 °C and 300 rpm, effect of different amounts of catalyst on final time (min), final MeLa
conversion (%), time taken to reach 86% MeLa conversion, and initial rate of production of MeLa (g mL~! min—1).

Catalyst (Total 0.1 g, 5 wt %) Final Time Final MeLa Time Taken to Reach 86% Initial Rate of Production
DMAP ZnAc (min) Conversion (%) MeLa Conversion (min) of MeLa (g mL~1 min—1)
0.1 0 300 86 300 245 x 1074
0.075 0.025 80 94 63 820 x 1074
0.05 0.05 80 97 57 8.50 x 10~4
0.025 0.075 120 99 59 8.38 x 1074
0 0.1 180 89 168 5.53 x 1074

Table 2 shows the results obtained from the methanolysis of PLA using 0.025 g DMAP
and 0.075 g ZnAc at 130 °C at different stirring speeds. MeLa conversions (%) were
calculated from GC concentration of MeLa and the theoretical max concentration of MeLa.
Initial rates of production of MeLa were calculated from the concentration of MeLa divided
by time taken at 60 min. A stirring speed of 0 rpm generated a higher initial production of
MeLa 7.15 x 10~* g mL~! min~! than 200 rpm and 400 rpm 4.95 x 10~* g mL~! min~!
and 6.27 x 10~* g mL~! min~! respectively. Increasing the stirring speed above 400 rpm
to 700 rpm increased the reaction rate to 7.3 x 10~* g mL~! min~!; however, the highest
rate was achieved at 300 rpm 8.38 x 10~* g mL~! min~!. In the case of stirring speed
0 rpm, there could be a large temperature gradient from the walls of the reactor to the
reaction mixture; then, the chemical reaction would proceed faster near the reactor walls.
This could explain the relatively short time taken to reach 86% MeLa conversion at 0 rpm.
There was no clear trend with the effect of stirring speed on the reaction, so we decided
to use 300 rpm for the proceeding experiments as it reached 86% MeLa conversion in the
shortest time.

Table 2. Methanolysis of PLA at 130 °C 0.025 g DMAP + 0.075 g ZnAc, effect of different stirring speeds on final time (min),
final MeLa conversion (%), time taken to reach 86% MeLa conversion, initial rate of production of MeLa (g mL~! min~1).

Stirring Speed Final Time Final MeLa Time Taken to Reach 86% Initial Rate of Production of
(rpm) (min) Conversion (%) MeLa Conversion (min) MeLa (g mL~1 min—1)
0 120 93 92 7.15 x 104
200 180 87 175 4.95 x 10~*
300 120 99 59 8.38 x 10~*
400 120 95 96 627 x 107*
700 90 93 78 7.30 x 1074

3.2. Rate of Production of Alkyl Lactate

Table 3 shows the GC results of PLA alcoholysis experiments using MeOH and EtOH
as the alcohol nucleophile. First, 0.05 g of each catalyst ZnAc and DMAP (total 5 wt %
relative to PLA) were used in each experiment as well as a stirring speed of 300 rpm. AL
conversions (%) were calculated from the GC data, and the theoretical max of concentration
of MeLa/EtLa. The initial rate of production of AL was calculated from the concentration
of AL divided by time taken at 60 min.

Comparing the results for both types of alcoholysis reactions at the same temperature,
MeOH reactions have both a higher initial AL production rate and reach final conversions
of AL in shorter times than for EtOH. The lower reactivity of EtOH can be explained by
its increased steric hinderance of its nucleophilic attack in comparison to MeOH [41,42].
There is also a clear relationship in both types of alcoholysis reactions in that a higher
temperature has a higher initial rate of AL production and reaches final AL yields in quicker
times. This can simply be explained by the increased kinetic energy of the molecules at
a higher temperature, so greater rates of successful collisions between molecules and a
faster overall reaction. There is a greater difference in the initial rate of production of AL at
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higher temperature repeats in comparison to lower temperature repeats; e.g., the difference
between the initial rates of MeOH reactions at 130 °C is 0.73 x 10~* g mL~! min~!, whereas
the difference between MeOH reactions at 110 °C is only 0.27 x 10~% g mL~! min~! and
the difference between 100 °C reactions is 0.

Table 3. PLA alcoholysis using MeOH and EtOH, 0.05 g of DMAP, and 0.05 g of ZnAc at 300 rpm.
Table shows initial rate of production for AL and time taken to reach final AL conversion (%) at
different temperatures.

Initial Rate of

Alcohol Temlzerature Final .Time Final. AL Production of AL

Q) (min) Conversion (%) (¢ mL—1 min-1)
gm min
MeOH 130 80 97 8.10 x 1074
MeOH 130 120 99 7.37 x 1074
MeOH 120 140 99 5.27 x 1074
MeOH 120 120 9% 6.30 x 1074
MeOH 110 180 9% 445 x 1074
MeOH 110 240 90 418 x 1074
MeOH 100 420 83 243 x 1074
MeOH 100 420 81 243 x 1074
EtOH 130 180 99 5.15 x 1074
EtOH 130 180 99 493 x 1074
EtOH 120 240 99 450 x 10~4
EtOH 120 240 99 458 x 1074
EtOH 110 420 78 1.81 x 104

3.3. Conversion, Selectivity, and Yield of Methyl Lactate during PLA Methanolysis

Reaction progress was determined by the relative concentration of each methine func-
tion group; this was achieved via 'H NMR spectroscopy where reaction samples were
dissolved in CDCls. Each methine functional group was in one of three different environ-
ments, Int (5.09-5.21 ppm), CE (4.30-4.39 ppm/5.09-5.21 ppm), or MeLa (4.23-4.29 ppm).
Figure 2 below shows stacked spectra for a 120 °C methanolysis experiment. The CE
methine will always have two different chain ends of equal concentration. This allowed for
the determination of the CE in the shared integral with the Int methine at 5.09-5.21 ppm,
since it will be the same percentage as the lone CE integral at 4.30—4.39 ppm.

Table 4 shows the results of 'H NMR methanolysis experiments at 60 min. Conversion
of Int groups (Xj,;), MeLa selectivity (Sprr,), and MeLa yield (Ypsr,) were calculated
according to

Inty — Int
Xin = o p )
MeLa
S = — 6
MeLa Inty — Int ( )
YMera = SMmeraXint ()

where Int is the initial concentration of the Int groups (100%). Averages for Int conversion,
MeLa selectivity, and MeLa yield were taken for the same temperature experiments to allow
for easier comparison. Although there is some variation in the results at each temperature,
there is a clear trend that as temperature increases, so does the percentage of Int conversion,
MeLa selectivity, and MeLa yield. The trend is clearer when looking at the averaged
results. This can simply be explained since a higher temperature will raise the average
kinetic energy of the reactant molecules; thus, a greater proportion of molecules will have
sufficient energy to overcome the activation energy of the reaction, which is in accordance
with the Arrhenius effect. By 130 °C, conversion of Int methine groups of the PLA chains
into oligomers with chain end methines had reached ~100%. The selectivity and yield of
MeLa is ~=70% at 130 °C, meaning that the remaining 30% is chain-end methine oligomers.
As the temperature decreases, the difference between MeLa selectivity and yield increases.
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Figure 2. TH NMR (CDCI3, 400 MHz) stacked spectra of a methanolysis reaction at 120 °C and the relative percentage of
each methine Int, CE, and MeLa (blue spectrum 11 min, red spectrum 60 min, green spectrum 140 min).

Table 4. PLA methanolysis at 300 rpm with 0.05 g DMAP and 0.05 g ZnAc, conversion of Int groups, MeLa selectivity, and
MelLa yield at different reaction temperatures.

Experiment o o o o o Average Average
Number Temperature (°C) Xint (%) SMeLa (%) Yrera (%) Average Xy, (%) Stera (%) Yatora (%)
1 130 100 72 72
5 130 99 68 67 99.5 70.0 69.5
3 120 93 55 51
4 120 97 58 56 95.0 56.5 53.5
5 110 90 50 45
6 110 87 44 38 90.0 47.3 427
7 110 93 48 45
8 100 70 36 25
9 100 90 48 43 79.0 40.0 32.0
10 100 77 36 28

Xint, SMeLa, Y MeLa are determined at 60 min of reaction.

3.4. Arrhenius Temperature-Dependent Parameters

Relative concentrations of Int, CE, and MeLa methine groups were generated from
'H NMR spectra for each experiment. Using SigmaPlot, the relative concentrations of
the methine groups were fitted to the simplified kinetic model described in Equation (1).
Two typical reaction profiles are shown in Figure 3. The resulting rate constants from
the fitted 'H NMR plots are shown Table 5. At all temperatures, k; is greater than k;
therefore, Int methines are rapidly converted into CE methines, which slowly forms MeLa
methines; step 2 is the rate-determining step of the overall reaction. Step 1 appears to be
more sensitive to temperature change than step 2; there is a greater range in values for k;
than ky. Decreasing the temperature decreases the difference in value between kj and k.
The kinetic fits are well matched with the fits from previous work of the authors, and the
rate constants have the same order of magnitude [22].
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Figure 3. Reaction profiles obtained from 'H NMR data for methanolysis fitted in SigmaPlot. (A) 130 °C R? = 0.9943
(B) 120 °C R? = 0.9954.

Table 5. Rate coefficients for each experiment, catalysed by ZnAc and DMAP.

Experiment Number Temperature (°C) k1 (min—1) ky (min—1)
1 130 0.0858 £ 0.0078 0.0274 + 0.0017
2 130 0.0445 £ 0.0020 0.0275 £ 0.0007
3 120 0.0717 £ 0.0137 0.0175 £ 0.0024
4 120 0.0378 £ 0.0013 0.0203 £ 0.0005
5 110 0.0289 £ 0.0028 0.0143 £ 0.0010
6 110 0.0224 £+ 0.0013 0.0111 £ 0.0004
7 110 0.0217 £ 0.0021 0.0122 £ 0.0010
8 100 0.0114 £ 0.0015 0.0079 £ 0.0008
9 100 0.0152 £+ 0.0017 0.0103 £ 0.0006
10 100 0.0138 £ 0.0016 0.0070 £ 0.0005

The rate coefficients selected from Table 5 were used to generate the Arrhenius plots
for PLA methanolysis shown in Figure 4. The entries selected from Table 5 were as follows:
entry 1, the average of entry 3 and 4, entry 5, and entry 9, as they produced the best fit and
R? value for the resulting Arrhenius plots. According to Equation (1), the alcoholysis of
PLA occurs in two steps: first, the PLA ester groups are cleaved by the alcohol into two
chain end molecules with a rate coefficient of k1. The second step involves the alcohol
nucleophile attacking ester groups of the chain end molecule until the product alkyl lactate
is formed with a rate coefficient of k;. The activation energies for each step were obtained
from the gradients of the Arrhenius plots.

20 33
A B
4
36 - °
2.8 4
L 39
= = L
X 32 =2
1= 5
42
-36 4
451
4.0
44 . . . . 48 = . . .
0.00245 0.00250 0.00255 0.00260 0.00265 0.002 0.00245 0.00250 000255 0.00260 0.00265 0.00270
1T 1UT

Figure 4. Arrhenius plots for methanolysis reactions at 130 - 100 °C, the best rate coefficients were selected from Table 4.
(A) = k; y = -8784.9x + 19.379 R? = 0.9963 (B) = k, y = -4829.9x + 8.357 R = 0.9953.
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Table 6 below shows the activation energy for each reaction step generated from
the gradient of the Arrhenius plots; the values are comparable to literature values [24].
Figure 4A has a steeper slope than 4B; the reaction rate of step 1 is more sensitive to
temperature change than step 2. This can be explained, since the nucleophilic attack of the
alcohol towards the PLA ester groups is more sterically hindered by large PLA chains in
comparison to nucleophilic attack towards chain end esters, which are smaller molecules.
Thus, a higher temperature is required to give the alcohol sufficient kinetic energy for
collision to overcome the steric hindrance of a larger chain, so step one has the larger
activation energy. It is important to consider that the catalysts need to coordinate to both
the alcohol and the ester groups for transesterification to occur; a less sterically hindered
ester group will be easier to coordinate to and will then allow the catalyst to bring the
alcohol in closer for nucleophilic attack.

Table 6. The activation energies for each step of PLA methanolysis.

Catalysts Temperature (°C) Ea; (k] mol—1) Ea, (k] mol—1)
0.5 g ZnAc + 0.5 g DMAP 100-130 73.00 + 13.57 40.16 + 8.41

4. Discussion

Alcoholysis of PLA via MeOH has higher initial rates of reaction than alcoholysis via
EtOH. The lower reactivity of EtOH can be explained by the increased steric hindrance of
its longer carbon chain, which impedes its coordination to the catalysts and its nucleophilic
attack towards the ester groups along PLA [41,42]. A higher reaction temperature was
found to increase the initial rate of production of AL, as shown in Table 3. A higher
reaction temperature will raise the average kinetic energy of the reactant molecules; thus,
a greater proportion of molecules will have sufficient energy to overcome the activation
energy barrier, which explains the increases in production of AL with temperature. A
higher reaction temperature was also shown in Table 4 to increase the average Xj,; (%),
average Sy, (%), and average Y1, (%). An increase in Xy, (%) with temperature is
straightforward; greater kinetic energy of reactant molecules leads to more collisions with
PLA ester groups, and thus, Xp,; (%) increases with temperature. Although the simplified
two-step mechanism shown in Equation (1) has been used to obtain the activation energy, it
fails to explain why Sae1, (%) increases with temperature. If the second step is considered
to be an equilibrium step, then the reverse reaction is favored at lower temperatures, while
the forward reaction is favored at higher temperatures [22]. Therefore, as temperature
increases, the forward equilibrium step is favored, increasing the production of MeLa and
thus increasing the Spfer, (%).

Organocatalysts such as DMAP have previously been shown to exhibit their catalytic
activity through hydrogen bonding interactions involved in the depolymerisation mech-
anism [37,43-45]. Figure 5 shows how DMAP activates the alcohol nucleophile through
hydrogen bonding while also coordinating to a PLA ester group. ZnAc has been shown
to initiate transesterification reactions through a mechanism that involves the initial coor-
dination to the alcohol nucleophile: a carboxylate shift followed by coordination to the
ester group [46,47]. Figure 6 shows that this mechanism, ZnAc takes on a six-coordinate
structure with its ligands approximately octahedral around the Zn(II) ion [48].
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Figure 5. DMAP coordination to methanol and a PLA ester group during methanolysis.
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Figure 6. ZnAc coordination to methanol followed by a carboxylate shift and coordination to a PLA
ester group during methanolysis, adapted from [46].

According to Equation (1), the first step of the alcoholysis reaction is the initial cleavage
of the PLA chain; this step is represented by the coefficient k;. The alcohol nucleophile
randomly attacks an ester group along the PLA chain, causing a transesterification reaction
that generates two CE oligomer molecules for each cleavage. After the initial cleavage,
multiple chain scission reactions occur where the alcohol nucleophile continues to cleave
ester linkages along PLA chains and the oligomer fragments. When the alcohol nucleophile
attacks an ester linkage adjacent to a CE group, the value-added product AL forms; this
is step two of the overall reaction and is represented by k,. The reaction scheme for PLA
methanolysis using both catalysts is shown below in Figure 7.

McOH %‘Y %(L
DMAP

MeQOH
DMAT
0.5n -1
o ZnAc " ZnAc 2 oH
MeOJY
ky

O - >
K, o
(o)
n MEO\H/LO
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Figure 7. Reaction scheme for methanolysis of PLA, using DMAP and ZnAc as catalysts.

0.5n -1

At all temperatures, kj is greater than k; this means that the ester groups of the PLA
chains are rapidly cleaved into CE oligomers, which then build up in the system. Over a



Processes 2021, 9, 921

12 of 15

period of time, the CE oligomers are slowly converted into the product AL, as this step is
the rate-determining step of the overall reaction. Step 1 appears to be more sensitive to
temperature change, and as the temperature decreases, the difference between k; and kp
decreases. The greater sensitivity to temperature is shown by the activation energy for step
1(73.00 + 13.57 k] mol~!) being higher than that for step 2 (40.16 & 8.41 k] mol~1).

The higher activation energy of step 1 is also expected when considering the mech-
anism. For catalytic alcoholysis to occur, either catalyst will need to coordinate to both
the alcohol nucleophile and the ester group of either a PLA chain or an oligomer chain.
Coordination to an ester group belonging to PLA can be thought to be more sterically
hindered than an ester group belonging to a smaller chained oligomer fragment. There-
fore, a higher temperature will be needed in order for the alcohol nucleophile to have a
successful collision with the ester group of PLA, and thus, step 1 has the higher activation
energy barrier. Although DMAP and ZnAc differ in mechanism—DMAP exhibiting its
catalytic activity through hydrogen bonding interactions and ZnAc carboxylate shifting
before coordinating to the ester groups—both catalysts need to coordinate to the ester
group [43,44,46,47]. Despite both catalysts competing to coordinate to the same alcohol
molecules and ester groups, their competition is negligible, since these are both in excess in
comparison with the fewer catalyst molecules. After an alcohol ligand on ZnAc carboxylate
shifts, it becomes a stronger nucleophile in comparison to an alcohol hydrogen bonded to
DMAP, which explains the results that ZnAc is more activating towards PLA alcoholysis
than DMAP [46].

Out of the two product lactates, EtLa is considered the more useful and has the
highest demand; however, MeLa has a greater commercial value [49,50]. Since MeLa is
more valuable than EtLa, we have done an estimation, which shows that dual catalytic
methanolysis of PLA is more economically advantageous than single catalyst methanolysis.
To simplify the estimation, the cost of product purification is ignored. The process is
economically valuable as long as the cost of regents and operating costs is less than the
yield and value of the product. At the time of publication, the chemical prices listed on
Sigma Aldrich were as follows: Methyl DL-lactate 5 mL (5.45 g) = £45, DMAP 5 g = £11.6,
ZnAc 250 g = £34, MeOH 1 L = £24. NatureWorks PLA pellets can be purchased online
through a third party at 1 kg = £3.55. The cost of regents for a single experiment: DMAP
0.05 g =£0.116, ZnAc 0.05 g = £0.0068, MeOH 10 mL = £0.24, PLA 2 g = £0.0071. The total
costs of regents for a single ZnAc/DMAP experiment is ~2£0.37. The oil bath heater has a
power usage of 3 kWh and electricity costs ~215p per kWh. 2 g (PLA)/72.06 g mol~! (ester
repeat unit) = 0.0278 mol of ester groups, 0.0278 mol x 104.1 g mol~! (Molecular weight of
MelLa) = 2.89 g MeLa (100% yield).

According to Table 4, at 130 °C, 100% conversion of ester groups gives an MeLa
yield of ~70%. Comparing two experiments from Table 1 using only ZnAc achieved 89%
ester conversion in 180 min, whereas, using an equal ratio of ZnAc and DMAP achieved
97% ester conversion in 80 min. Assuming that the MeLa yield scales equally with ester
conversion; the ZnAc experiment at 89% ester conversion would have an MeLa yield of
~59%, the equal ratio of ZnAc and DMAP experiment at 97% ester conversion would have
an MeLa yield of ~67%. The ZnAc experiment would have an input cost of £0.26 (Reagents)
+ £1.35 (9 kWh) to generate a 59% yield MeLa ~ 1.71 g (£14.12), which is a profit of £12.51.
The ZnAc/DMAP experiment would have an input cost of £0.37 (Reagents) + £0.60 (4 kWh)
to generate a 67% yield MeLa ~ 1.94 g (£16.02), which is a profit of £15.05. Although the
ZnAc/DMAP is only slightly more profitable than ZnAc alone, the fact that the reaction is
much quicker means over time it will be much more profitable. ZnAc/DMAP has a profit
per hour of £11.29 vs ZnAc alone which has a profit per hour of £6.26.

In order for this reaction to be industrially viable, the reaction would have to be scaled
up in order to increase the yield of MeLa. Both catalysts would need to be immobilised
onto a solid support; thus, recovery of the catalysts from the product no longer becomes an
issue [51,52]. Additionally, distillation would need to be used in order to recover THF and
the remaining MeOH once the reaction has completed, after which MeLa would remain
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in the reactor with oligomers. Since MeLa has a lower boiling point than the oligomers,
it could be purified with further distillation. As long as the total cost of purification
is less that the estimated profit, then this reaction is industrially viable, for recycling
postconsumer PLA and for upscaling virgin PLA. Both ethanolysis and methanolysis are
suitable for a circular economy approach as postconsumer PLA could be turned into a value-
added product AL; additionally, ALs could be converted to lactide and repolymerised to
PLA [27,28]. Both routes would be much better than landfilling and better than composting
PLA as the energy stored in its molecular structure would be recovered [21].

5. Conclusions

This work has shown that there is a synergistic effect of using two transesterification
catalysts together, ZnAc and DMAP, for the alcoholysis of PLA. Although ZnAc has a
higher activity for the reaction than DMAP, together in an equal ratio produces the highest
reaction rate. This synergistic effect could be exploited on an industrial scale as both
catalysts are cheap and commercially available. Alcoholysis of PLA proceeds faster in
MeOH than EtOH, MeOH is the stronger nucleophile, as it is less sterically hindered due to
its smaller carbon chain. Chemically recycling via alcoholysis provides an excellent route to
recycle the end-of-life PLA to obtain value-added ALs. Of the two ALs produced, EtLa has
the highest demand; however, methanolysis proceeds much faster and MeLa has a greater
commercial value. Either route would be utilising a circular economy as postconsumer
PLA would be recycled into products of equivalent functionality. Additionally, either of
the lactates could be converted into lactide for the repolymerisation of virgin PLA if it were
desired. The estimated activation energy for the first and second step of methanolysis was
calculated at 73.00 k] mol~! and 40.16 k] mol~! respectively.
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