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Abstract

:

Alkyl lactates are green solvents that are successfully employed in several industries such as pharmaceutical, food and agricultural. They are considered prospective renewable substitutes for petroleum-derived solvents and the opportunity exists to obtain these valuable chemicals from the chemical recycling of waste poly(lactic acid). Alkyl lactates (ethyl lactate, propyl lactate and butyl lactate) were obtained from the catalysed alcoholysis reaction of poly(lactic acid) with the corresponding linear alcohol. Reactions were catalysed by a Zn complex synthesised from an ethylenediamine Schiff base. The reactions were studied in the 50–130 °C range depending on the alcohol, at autogenous pressure. Arrhenius temperature-dependent parameters (activation energies and pre-exponential factors) were estimated for the formation of the lactates. The activation energies (Ea1, Ea2 and Ea−2) for alcoholysis in ethanol were 62.58, 55.61 and 54.11 kJ/mol, respectively. Alcoholysis proceeded fastest in ethanol in comparison to propanol and butanol and reasonable rates can be achieved in temperatures as low as 50 °C. This is a promising reaction that could be used to recycle end-of-life poly(lactic acid) and could help create a circular production economy.
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1. Introduction


Alkyl lactates (AL) are classified as green solvents according to the principles of green chemistry, and are considered prospective renewable substitutes for petroleum-derived solvents [1,2,3]. ALs do not present potential health risks in terms of teratogenicity, maternal toxicity or systemic toxicity [4]. Biodegradability and ecotoxicological studies have also shown that they are environmental-friendly compounds with low ecotoxicity [5,6].



ALs are already employed in several industries such as the pharmaceutical, food, agricultural and polymer industries and their use is expected to increase further in the near future [1,7]. The market value of ethyl lactate (EtLa) alone is estimated to reach USD 92 million by 2024 [8]. EtLa is an additive in paints, foods, cosmetics and cleaning items, as well as a solvent in the manufacturing of microelectronics and pharmaceutical products [7,9,10]. Studies have also shown the possibility of using EtLa for the recovery of phenolics and carotenoids (phytonutrients) from fruits and vegetables including palm oil [11,12,13]. More recently, Planer, et al. [14] have demonstrated the use of EtLa as a solvent in olefin metathesis. Its application as an entrainer in the reactive distillation of azeotropic mixtures of methyl acetate and methanol has also been exhibited [15].



Similarly, propyl lactate (PrLa) is a pesticide and a food additive, whereas n-butyl lactate (BuLa) is an additive and a solvent in food, pharmaceuticals, cosmetics and paint formulations [9,16,17]. The use of BuLa lactate in the recovery of bio-butanol from aqueous mixtures has also been reported [18]. Additionally, ALs are building blocks of valuable chemicals. Propylene glycol, a main chemical for polymer production, can be synthesised from lactic acid and its esters [19,20]. Likewise, diynones, a group of starting materials for a range of chemicals, can be produced from EtLa [21].



Production routes of ALs include hydroformylation of vinyl acetate, carbonylation of acetaldehyde, hydrogenation of pyruvates and the esterification of lactic acid with an alcohol with homogeneous and heterogeneous catalysts, including acid ion-exchange resins [19,22,23,24]. ALs can also be synthesised from lactide, the dimer of lactic acid, as demonstrated by Bykowski, et al. [23] and Grala, et al. [25]. The catalytic synthesis from biomass has been reviewed by Mäki-Arvela, et al. [26]. High EtLa selectivities (>95%) from the reaction of dihydroxyacetone and ethanol (EtOH) catalysed by methyl-functionalised tin silicates has been demonstrated [27]. High AL yields (around 96%) were also obtained by using protic ionic liquids formulated from a nitrogen base and sulphuric acid by Dorosz, et al. [9].



ALs can also be produced from the alcoholysis reaction of poly(lactic acid) (PLA) [28,29,30,31,32,33,34]. PLA is seen as a substitute for petroleum-derived polymers that can be produced from renewable sources [35]. Although PLA can be degraded under controlled conditions (composting) its long degradability in natural conditions can contribute to plastic pollution [34,36,37]. Therefore, suitable controlled degradation methods such as alcoholysis are an alternative to treat end-of-life PLA. Significantly, a circular economy system is possible when lactide, the dimer of lactic acid used in the ring opening polymerization (ROP) of PLA, is synthesised from alkyl lactates [38,39,40,41,42]. With a circular economy in mind, Jones and co-workers have also developed a series of Zn-based complex catalysts suitable for both, the ROP of lactide and for the depolymerisation of PLA [33,34,43,44,45].



The impact of different recycling methods for PLA has been investigated in literature. Life cycle assessment (LCA) comparing PLA disposal methods such as composting and mechanical and chemical recycling found that mechanical recycling has the lowest environment impact in terms of climate change, human toxicity and fossil depletion [28]. The next lowest LCA impact is chemical recycling, after which is composting. Although mechanical recycling has the smallest LCA impact it leads to a buildup of impurities and reduced mechanical properties of the recycled PLA. The impact of recycling PLA on other waste streams has also been investigated in literature. PLA has been shown to have a severe incompatibility with PET recycling [46]. PLA content as low as 1000 ppm causes noticeable hazing and degradation of the recycled PET and the low melting temperature (Tm) of PLA (155 °C) results in serious disruption during melt reprocessing of PET [47].



In this work, the EtLa, PrLa and BuLa were produced from the catalysed alcoholysis of PLA with the corresponding alcohol. PLA alcoholysis is in principle a transesterification reaction; which involves an alcohol nucleophile attacking the ester linkages along the PLA backbone. The methine protons were considered to be in one of three different environments—internal methine (Int), chain-end (CE) or alkyl lactate (AL). The relative concentrations of the methines were calculated from NMR spectra. A fully-characterized Zn complex used in the polymerisation of lactide was employed in this work for the depolymerisation process [34]. Selectivities and yields of green solvent as a function of temperature and chain length are presented as well as kinetic parameters of the reactions.




2. Materials & Methods


2.1. Materials


PLA pellets, supplied by NatureWorks (Ingeo™ 6202D) were used without pre-treatment. All reactants were HPLC grade: ethanol (EtOH, ≥99.8%), propan-1-ol (PrOH, ≥99% and butan-1-ol (BuOH, ≥99%) were purchased from Fisher scientific. Tetrahydrofuran (THF, HPLC grade, ≥99.9% without inhibitor) was purchased from Honeywell. 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. Catalyst Preparation


Zinc ethylenediamine Schiff-based complex, Zn(1)2, and propylenediamine Schiff-based complex, Zn(2)2, were prepared and isolated as one pure species according to literature methods, with structure shown in (Figure 1) [33,34,48]. Preparation was carried out on a multi-gram scale (<25 g) and the catalysts stored under inert conditions prior to use. Purity was confirmed via NMR spectroscopy and elemental analysis. It was previously shown that Zn(1)2 remains intact after reaction, whereas, Zn(2)2 forms a new species under reaction conditions [33,48].




2.3. Apparatus and Procedure


After the successful demonstration of the catalyst on small-scale experiments, further scale-up tests were undertaken and are reported in this paper. 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.



In each experiment, 12.5 g of PLA, 250 mL of THF and 1 g of Zn(1)2 (8 wt.%) were charged to the reactor. The autoclave was then sealed and degassed with N2 for at least 20 min before bringing the reactor to the desired working temperature (50–130 °C) at stirring speed of 300 rpm. The reactor was left at the desired temperature for a further 20 min to ensure all the PLA pellets were dissolved then 50 mL of alcohol (either EtOH, PrOH or BuOH) was fed into the reactor via an HPLC pump at a rate of 10 mL/min. Samples were taken periodically and tested by GC and sent for further 1H NMR analysis. The product yields are based on the NMR data. The employed protocol was identical for Zn(2)2 experiments except the stirring speed was 800 rpm as Zn(2)2 showed mass transport limitations at 300 rpm. It was previously demonstrated with MeOH and EtOH at the same concentration and reaction parameters that the identity of the alcohol has a pronounced impact on reaction rate [33]. In this study we sought to use different alcohols at a fixed reaction volume. In any case, the amount of alcohol is still in excess relative to the PLA ester groups.




2.4. GC and NMR


Alkyl lactate concentration was assessed by a gas chromatograph (GC) coupled with Flame-Ionization Detection (FID) (Agilent Technologies, 6890N). Samples were injected by an autosampler (Agilent Technologies, 7683B), to a 30 m × 0.32 mm ID, 0.25 µm film thickness HP-5 Agilent capillary column using helium as carrier and make-up gas with the following conditions: inlet temperature of 150 °C, 1 μL 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−1 ramp to 195 °C (held for 1 min), followed by 100 °C min−1 ramp to 230 °C (held for 5 min). Initial flowrate was 0.8 mL min−1 (held for 5 min), then 100 mL min−1 ramp to 3 mL min−1 (held for 5 min). A multiple point external standard calibration curve was prepared using standard solutions covering the range of alkyl lactate concentration. A linear response of the detector was determined for EtLa and BuLa (R2 = 0.9997 and 0.9996, respectively). For PrLa the GC analysis was only qualitative.



1H NMR spectra were measured using a 400 MHz Bruker Avance II spectrometer. Samples were dissolved in, and referenced to, C6D6. A virtual concentration of methine functional groups was measured as a relative percentage. The methine protons were considered to be in one of three different environments—alkyl lactate (AL) (4.23−4.29 ppm), chain-end (CE) (4.30−4.39 ppm/5.09−5.21 ppm) or internal (Int) (5.09−5.21 ppm).




2.5. Kinetic Modelling


The experimental data were modelled using the reaction mechanism proposed by Román-Ramírez, et al. [34], in which AL is formed through a consecutive reaction where PLA internal methine groups (Int) degrade in a first step into chain-end methine groups (CE) and then through a reversible reaction the CE converts into AL (Equation (1)). For clarity, the set of differential equations resulting from the mass balance on the batch reactor is presented here in Equations (2)–(4).
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3. Results


3.1. NMR Results


Table 1 shows the results of PLA alcoholysis using various alcohols over a range of temperatures (50–130 °C). AL yield (%) was calculated from NMR data. The working hypothesis was that longer-chain alcohols would sterically hinder the PLA alcoholysis reaction. Initial reaction rates were calculated as the initial rate of AL formation at 120 min. The times taken to reach 61% AL are shown for the purpose of comparing the time required for the same-extent reaction for the different alcohols and conditions. Also shown in Table 1 are the results from experiments using Zn(2)2; this catalyst outperformed Zn(1)2 at 50 °C with higher reaction rates but had less competitive rates at all other temperatures.



Comparing the results of both catalysts, alcoholysis in EtOH at 50 °C using Zn(2)2 achieved a higher yield of AL (86% at 1350 min), which was only a fraction of the time taken when using Zn(1)2 (81% at 4650 min). At temperatures higher than 50 °C, Zn(2)2 did not perform as well as Zn(1)2. Looking at EtOH alcoholysis at 70 °C, Zn(1)2 achieved an AL yield of 91% in 1920 min, whereas, the less competitive Zn(2)2 only achieved an AL yield of 79% in 8700 min. At 90 °C EtOH alcoholysis using Zn(1)2 generated an AL yield of 93% in 540 min, but again Zn(2)2 was less competitive achieving an AL yield of only 83% in 3870 min. The same pattern was seen when looking at the 110 °C EtOH experiments; Zn(1)2 produced an AL yield of 96% in just 420 min whereas, Zn(2)2 produced an AL yield of 96% in 1440 min. It is evident that Zn(2)2 is the superior catalyst at 50 °C while Zn(1)2 is the superior catalyst at higher temperatures. The same pattern appears in experiments with PrOH and BuOH as the alcohol substrates. At 110 °C alcoholysis in PrOH using Zn(1)2 generated the higher AL yield of 91% in 1260 min while, Zn(2)2 only produced an AL yield of 61% in 1428 min. At 110 °C alcoholysis in BuOH using Zn(1)2 generated the higher AL yield of 88% in 1143 min, while the less-competitive Zn(2)2 produced an AL yield of 75% in 1986 min. Zn(1)2 alcoholysis experiments at 50 °C and 70 °C in PrOH and BuOH were attempted and abandoned for being too slow, however, Zn(2)2 was used in PrOH at 50 °C and generated a reasonable yield of AL 72% in only 1509 min.



The EtOH alcoholysis experiments in comparison to PrOH and BuOH achieved higher yields (>90%) of AL in much shorter times; at 90 °C alcoholysis in EtOH achieved an AL yield of 93% in 540 min, whereas, PrOH and BuOH at the same temperature achieved yields of 92% and 78% in 2796 min and 7548 min, respectively. The difference in the reaction rates could be attributed to the increased steric hinderance of the longer-chain alcohols. Comparing all three alcohols at 110 °C; EtOH achieved AL yield of 96% in 420 min and PrOH achieved AL yield of 91% in 1260 min, whereas BuOH achieved AL yield of 88% in 1143 min. Again, the shorter-chain alcohol EtOH outperformed the other two under the same reaction conditions. It is interesting to note that although PrOH had a higher initial reaction rate than BuOH at 90 °C (8.25 × 10−5 g·mL−1·min−1 vs. 5.8 × 10−5 g·mL−1·min−1) at 110 °C and 130 °C, BuOH had the higher rate although they are very similar.



The different reaction rates could be perhaps be explained by the different boiling points (PrOH Tb = 97 °C, BuOH Tb = 117.7 °C). The reaction temperature of 90 °C was below both alcohols’ boiling points therefore the only difference was the additional steric hinderance of BuOH, which is why it had a slower initial reaction rate. At 110 °C PrOH had evaporated while BuOH had not. This could mean there were fewer PrOH molecules available for reaction which could explain while BuOH has the higher reaction rate of 2.56 × 10−4 g·mL−1·min−1 (vs. 2.1 × 10−4 g·mL−1·min−1). At 130 °C both alcohols have evaporated; BuOH still has the higher rate of 3.3 × 10−4 g·mL−1·min−1 vs. 3 × 10−4 g·mL−1·min−1 for PrOH, but the difference between these rates was smaller than the difference between the rates at 110 °C. After plotting the concentration of the AL for each alcoholysis reaction at 90 °C it could clearly be seen that higher concentrations of AL were achieved much faster for EtOH, then PrOH and finally BuOH (Figure 2).




3.2. Arrhenius Temperature-Dependent Parameters


Relative concentrations of Int, CE and AL methine groups were generated from NMR data of each experiment. The relative concentrations were fitted to the kinetic model proposed by Román-Ramírez, et al. [34] described in Equation (1), the resulting rate equations were solved numerically in Matlab in order to fit the model to the experimental data and thus estimate the rate coefficients for the different experimental conditions (Table 2). Two typical reactions profiles are shown for EtLa and BuLa at 110 °C catalysed by Zn(1)2 (Figure 3). Figure 3 reaction profile A shows ethanol alcoholysis of PLA; the experimental data fits the model nicely. Reaction profile B shows butanol alcoholysis; the experimental data deviates from the model slightly.



The rate coefficients from Table 2 were used to generate Arrhenius plots for each of the alcoholysis reactions. According to Equation (1), alcoholysis of PLA occurs in three steps, therefore, there are three sets of rate coefficients (k1, k2 and k−2) which correspond to three different activation energies (Ea1, Ea2 and Ea-2). The activation energies for each individual step were obtained from the gradient of the Arrhenius plots (Figure 4).



Table 3 shows the activation energies of each of the individual steps of PLA alcoholysis in EtOH. Unfortunately, because only three temperature ranges were obtained for PrOH and BuOH the confidence interval for their resulting Arrhenius plots was considered too great to be reliable so their resulting activation energies were too unreliable to use. Therefore, Table 3 only includes activation energies for EtOH alcoholysis and, as a comparison, the activation energies for MeOH from a previous paper from the same research group [34].



According to Table 3 all three activation energies for EtOH were higher than those for MeOH, although only Ea1 was higher than MeOH within its confidence intervals. EtOH alcoholysis displaying higher activation energies is in agreement with the working hypothesis, namely longer chain alcohols will sterically hinder the PLA alcoholysis reaction. Additionally, because of its small size MeOH is considered a stronger nucleophile so can approach the polymer chain more easily before donating its lone pair of electrons. The smaller size of MeOH means it more easily penetrates the amorphous regions of PLA, increasing the likelihood of ester bond cleavages.





4. Discussion


According to Equation (1), the first step of the reaction, represented by the coefficient k1, is the initial cleavage of the PLA chain—the alcohol nucleophile randomly attacks any of the ester linkages along the PLA chain. A transesterification reaction occurs which generates two CE groups for each Int ester cleavage. The relative concentration of the Int groups decreases with reaction time and the concentration of the CE groups increases. Multiple chain scission reactions occur where the alcohol nucleophile attacks and cleaves the Int ester linkages of oligomer fragments that also contain CE groups (Figure 5). The second step of the reaction is an equilibrium process represented by the coefficients (k2/k−2). The forward step, represented by k2, occurs when the alcohol nucleophile attacks an ester linkage adjacent to a CE group, forming the value-added product AL. It is important to note the backwards reaction represented by k−2 involves the alcohol group of the AL acting as the nucleophile, attacking the ester carbonyl of the CE oligomers to form a larger oligomer. Since the rate of reaction is determined by AL product formation, increase in the rate of the reverse step k−2, will lead to decrease in the overall rate of reaction.



The working hypothesis predicted that increasing the chain length of the alcohol would result in a slower reaction rate and AL product formation. This is based on the assumption that the nucleophilic ability decreases from MeOH to BuOH in the polar aprotic solvent THF due to increased steric hinderance; since the transesterification reaction mechanism requires the catalyst to coordinate to both the PLA chain and the alcohol, the larger alcohol groups will be more sterically hindered. The data from Table 1 shows that EtOH alcoholysis produced a higher concentration of AL in the shortest time compared to PrOH and the slowest, BuOH. The data from Table 3 shows EtOH alcoholysis had a higher activation energy for Int ester cleavage than MeOH alcoholysis (Figure 6). Both of these results support the working hypothesis that a longer carbon chain alcohol would sterically hinder the formation of the zinc alcohol–PLA ester coordination complex, which is a necessary transition state for the reaction to take place.



These experiments only investigated one molecular weight of PLA pellet (Ingeo™ 6202D). Previous work [34] looked at alcoholysis of PLA pellets in MeOH and investigated a range of different PLA molecular weights. Although the researchers reduced the size of the PLA pellets to assist dissolution, they concluded that the rate of degradation was independent of polymer molecular weight. If larger pellets of PLA are used then dissolution will take longer, but, since the reactions were only started with addition of the alcohol after complete dissolution of PLA, larger sizes or different molecular weights should not affect the kinetics.



Previous work [45] showed that Zn(2)2 has non-Arrhenius behaviour and works well at low temperature; these small scale reactions worked well and produced reasonable results while remaining reproducible. This was the reasoning for attempting to scale up Zn(2)2 alcoholysis in this paper, although the catalyst worked very well at 50 °C the results were subject to reproducibility issues. It was concluded that Zn(2)2 is a more sensitive catalyst than Zn(1)2 as the alcohol chain length increases and that there were also some unknown variables in the procedure that would interact with the catalyst and decrease its activity. If the stability of Zn(2)2 could be improved then this catalyst would have a huge potential in industrial reactions, due to its remarkably fast kinetics at such a low temperatures and hence low operating cost.



Similar to previous observations for MeOH [45], Zn(2)2 exhibited a very interesting property; AL formation was observed even at sub-zero temperatures. When Zn(2)2 was used in 50 °C experiments and after ending the reaction the samples were placed in the freezer with temperatures below 0 °C. After a few days the samples were re-analysed via GC and NMR and it was found that the relative concentration of Int had decreased, while the concentrations of CE and AL had increased, thus implying that the reaction had continued even at conditions below 0 °C. This phenomenon was still present when experiment samples previously reacted at higher temperatures were placed in the freezer, however, the increase in concentration of CE and AL was significantly less than that seen in lower-temperature experiments. An example of this was when two samples with similar composition of Int, CE and AL, such as a samples taken after 5 min reaction time from an experiment conducted at 50 °C and an experiment conducted at 110 °C, were both placed in the freezer for a few days. After this time, they were reanalysed and the 110 °C sample had only a small increase in CE and AL, whereas, the 50 °C sample had almost no Int and a very high increase in CE and AL. Furthermore, the phenomenon was most evident with EtOH experiments then to a lesser extent in PrOH and least in BuOH. As suggested in [45] the non-Arrhenius behaviour is attributed to the formation of a catalyst–complex intermediate. This intermediate shows collision stability as higher stirring speeds increase reaction rates. The sub-zero temperatures could help stabilise the catalyst–complex intermediate, moreover, the phenomenon was seen to a lesser effect for longer-chain alcohols which could suggest that the longer chain sterically hinders the formation of the intermediate complex.



Using EtOH as the nucleophile for PLA alcoholysis shows that relatively quick rates can be achieved at temperatures as low at 50 °C, the low temperature requirement potentially leading to lower operating costs if the process were to be operated commercially. There is therefore a strong potential to use EtOH for industrial chemical recycling of PLA waste to recover the commercially-valuable EtLa. Out of the three product lactates EtLa, PrLa and BuLa, the former is considered the most useful and has the highest demand [9,10]. EtLa is biodegradable so will eventually degrade and assimilate into plants that can be used as carbohydrate feedstocks to generate virgin PLA [10]. It is also possible to convert EtLa to lactide which can then be repolymerised to PLA. This opens up opportunities to create a truly circular production economy [41].




5. Conclusions


Zn(1)2 a catalyst that has previously be shown to be active for the production of methyl lactate from the alcoholysis of PLA, has in this paper been shown to generate EtLa, PrLa and BuLa under the same alcoholysis reaction with the corresponding linear alcohol. This route provides an excellent opportunity to chemically recycle of end-of-life PLA to obtain a value-added product. Of the three ALs investigated, the green solvent EtLa has the highest demand and most commercial value due to its relatively high boiling point, low toxicity and its biodegradability. Additionally, this paper showed that alcoholysis of PLA under EtOH proceeds significantly faster than under either PrOH or BuOH, and under EtOH, it can achieve reasonable rates at temperatures as low as 50 °C. The EtOH alcoholysis reaction would be well suited for an industrial scale-up as such low temperatures would have reasonably low operating costs. Moreover, a continuous type reaction could easily be designed, and product separation could simply be achieved via distillation. Zn(2)2 was also investigated and showed non-linear Arrhenius behaviour, working particularly well in the low temperature regime. In fact, at 50 °C Zn(2)2 outperformed Zn(1)2 and achieved a higher conversion of AL in a fraction of the time. Unfortunately, Zn(2)2 has stability issues and is a less-reproducible catalyst but if these limitations were overcome then it would be even more suited to industrial scale-up and alcoholysis of PLA could be achieved relatively quickly with a low operating cost.
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Figure 1. Chemical structure of the two catalysts zinc ethylenediamine Schiff-based complex (Zn(1)2) and propylenediamine Schiff-based complex (Zn(2)2). 
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Figure 2. Alky-lactate concentration vs. time for Zn(1)2 experiments at 90 °C (based on GC and NMR data). 
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Figure 3. Reaction profiles obtained from NMR data for alcoholysis at 110 °C with Zn(1)2. (A) EtLa and (B) BuLa. 
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Figure 4. Arrhenius plots for EtOH experiments at 50–110 °C, line of best fit of the rate coefficients. (A) k1 rate coefficient, (B) k2 rate coefficient and (C) k−2 rate coefficient. 
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Figure 5. Proposed mechanism for transesterification reaction of PLA using ethanol and Zn (1)2. 
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Figure 6. Simplified reaction scheme for PLA alcoholysis showing the activation energies for each step. 
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Table 1. Time taken to reach high AL yield for different alcohols at different temperatures.
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	Alcohol
	Temperature (°C)
	Alky Lactate Yield (%)
	Final Time (min)
	Time Taken to Reach 61% AL (min)
	Initial Reaction Rate (g·mL−1·min−1)





	EtOH
	50
	81
	4650
	2748
	6.66 × 10−6



	EtOHa
	50
	86
	1350
	110
	4.13 × 10−4



	EtOH
	70
	91
	1920
	775
	6 × 10−5



	EtOHa
	70
	79
	8700
	5452
	7.33 × 10−5



	EtOH
	90
	93
	540
	195
	2.8 × 10−4



	EtOHa
	90
	83
	38

70
	1840
	5.33 × 10−5



	EtOH
	110
	96
	420
	108
	4.53 × 10−4



	EtOHa
	110
	96
	1440
	504
	1.13 × 10−4



	PrOHa
	50
	72
	1509
	194
	4.35 × 10−4



	PrOH
	90
	92
	2796
	828
	8.25 × 10−5



	PrOH
	110
	91
	1260
	343
	2.1 × 10−4



	PrOHa
	110
	61
	1428
	1428
	3.75 × 10−5



	PrOH
	130
	92
	590
	207
	3 × 10−4



	BuOH
	90
	78
	7548
	2647
	5.8 × 10−5



	BuOH
	110
	88
	1143
	369
	2.56 × 10−4



	BuOHa
	110
	75
	1986
	1286
	3.3 × 10−5



	BuOH
	130
	89
	600
	225
	3.3 × 10−4







a = Zn(2)2 was used instead of Zn(1)2. Where superscript not shown Zn(1)2 was used.
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Table 2. Rate coefficients for each experiment catalysed by Zn(1)2.
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	Alcohol
	Temp

(°C)
	k1

(min−1)
	k2

(min−1)
	k−2

(min−1)





	EtOH
	110
	0.0392 ± 0.0034
	0.0163 ± 0.0021
	0.0021 ± 0.0009



	EtOH
	90
	0.0171 ± 0.0008
	0.0087 ± 0.0005
	0.0007 ± 0.0002



	EtOH
	70
	0.0051 ± 0.0004
	0.0023 ± 0.0003
	0.0003 ± 0.0002



	EtOH
	50
	0.0010 ± 0.0006
	0.0007 ± 0.0008
	0.0001 ± 0.0006



	PrOH
	130
	0.0197 ± 0.0010
	0.0081 ± 0.0006
	0.0009 ± 0.0004



	PrOH
	110
	0.0139 ± 0.0009
	0.0049 ± 0.0005
	0.0007 ± 0.0003



	PrOH
	90
	0.0062 ± 0.0006
	0.0028 ± 0.0005
	0.0005 ± 0.0002



	BuOH
	130
	0.0170 ± 0.0010
	0.0072 ± 0.0006
	0.0010 ± 0.0004



	BuOH
	110
	0.0111 ± 0.0010
	0.0061 ± 0.0010
	0.0012 ± 0.0006



	BuOH
	90
	0.0031 ± 0.0005
	0.0011 ± 0.0003
	0.0004 ± 0.0002
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Table 3. The activation energies for each step of PLA alcoholysis to produce AL.
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	Alcoholysis
	Ea1 (kJ/mol)
	Ea2 (kJ/mol)
	Ea−2 (kJ/mol)





	MeOH
	40.8 ± 2.3
	44.7 ± 2.8
	40.8 ± 21.1



	EtOH
	62.58 ± 16.94
	55.61 ± 17.72
	54.11 ± 10.92











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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