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Abstract

:

Effective interfacing of energy-efficient and biobased technologies presents an all-green route to achieving continuous circular production, utilization, and reproduction of plastics. Here, we show combined ultragreen chemical and biocatalytic depolymerization of polyethylene terephthalate (PET) using deep eutectic solvent (DES)-based low-energy microwave (MW) treatment followed by enzymatic hydrolysis. DESs are emerging as attractive sustainable catalysts due to their low toxicity, biodegradability, and unique biological compatibility. A green DES with triplet composition of choline chloride, glycerol, and urea was selected for PET depolymerization under MW irradiation without the use of additional depolymerization agents. Treatment conditions were studied using Box-Behnken design (BBD) with respect to MW irradiation time, MW power, and volume of DES. Under the optimized conditions of 20 mL DES volume, 260 W MW power, and 3 min MW time, a significant increase in the carbonyl index and PET percentage weight loss was observed. The combined MW-assisted DES depolymerization and enzymatic hydrolysis of the treated PET residue using LCC variant ICCG resulted in a total monomer conversion of ≈16% (w/w) in the form of terephthalic acid, mono-(2-hydroxyethyl) terephthalate, and bis-(2-hydroxyethyl) terephthalate. Such high monomer conversion in comparison to enzymatically hydrolyzed virgin PET (1.56% (w/w)) could be attributed to the recognized depolymerization effect of the selected DES MW treatment process. Hence, MW-assisted DES technology proved itself as an efficient process for boosting the biodepolymerization of PET in an ultrafast and eco-friendly manner.
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1. Introduction


All-green routes to continuous circular material and commodity production, unmaking and remaking in a manner analogous to nature’s many resource cycles, remain largely elusive for plastics [1]. Polyethylene terephthalate (PET) plastic value chain is a pertinent example of many current linear mine, use, and dispose economic processes. PET is highly recalcitrant and widely used in the manufacturing of packaging materials, beverage bottles, and synthetic fibers due to its high mechanical and thermal properties, nontoxicity, and excellent transparency [2]. The unabated increase in the demand for PET production is a grave environmental concern given the poor degradation rates of PET in soil and air [3]. Mechanical and chemical processing are the current mainstay approaches for PET recycling, with each having considerable limitations [4]. Loss of transparency of mechanically recycled PET and the presence of traces of reactive antimony catalyst restrict the application of recycled PET in food and beverage packaging [4,5]. On the other hand, chemical recycling, which comprises glycolysis, methanolysis, aminolysis, and hydrolysis to depolymerize PET into its monomers [6,7,8,9,10], requires long reaction times, large volumes of non-green solvents for reaction, and several product purification processes [11]. Recently, a number of alternative techniques are being explored for PET depolymerization, including the incorporation of efficient catalytic systems in depolymerization reactions [12,13], supercritical technology [14], and microwave-assisted methods [15,16]. However, despite the achievement of increased reaction rates, the need for harsh reaction conditions and use of non-green solvents remain a considerable challenge [17,18]. Recently, plastic biodepolymerization has been proposed as an environmentally friendly and promising technology for PET recycling [19]. Greener approaches for PET recycling, such as complete solubilization of PET in natural deep eutectic solvents and thin-layer film synthesis from PET polymer waste for nanofiltration, have also been employed recently as sustainable routes for PET recycling [18,20,21]. Herein, a novel multistep approach that echoes nature’s sequential depolymerization steps for naturally occurring polymers, namely weathering, arthropodal digestion, and microbial and enzymatic degradation, is presented. A MW-assisted DES technique was combined with enzymatic hydrolysis to obtain enhanced PET depolymerization compared with enzymatic hydrolysis alone. Such a recycling methodology would be advantageous due to its low energy requirements and operation under mild conditions during plastic degradation/depolymerization [22]. A series of impeding factors, namely the need for low physical dimension preparations of the polymer as suitable substrates, slow catalytic activity, enzymatic thermal degradation at high processing temperatures [20], low interaction levels with the chemical structures of linear polymers [23], and high polymer crystallinity and hydrophobicity [24], serve to hinder the efficiency of biobased plastic recycling. Assisting techniques designed to overcome these barriers, which can render the plastic more amenable to biodepolymerization/biodegradation and augment the probability of depolymerization events using biobased agents, are required to progress towards sustainable plastic resource cycling. Recently, new combinations of physiochemical treatment techniques have been applied to overcome existing hindrances to biodepolymerization [25]. For instance, Falah et al. [26] proposed several sequential physiochemical treatments, including ultraviolet, high temperature, and nitric acid solvent treatment, prior to exposing PET for enzymatic degradation. The authors observed the development of cracks on the PET surface after treatment, which led to some enhancement in the enzymatic degradation of PET. Quartinello et al. [27] used a sequential chemoenzymatic treatment to facilitate depolymerization of PET from textile waste under mild conditions. The chemical treatment was performed under neutral conditions (pressure = 40 bar and temperature = 250 °C) to depolymerize PET into high-purity terephthalic acid (TPA) and small oligomers with a total monomer conversion of 85% within 90 min. Enzymatic hydrolysis was then performed using Humicola insolens cutinase to yield 97% pure TPA. Furthermore, Gong et al. [28] used a combination of alkaline hydrolysis and microbial strains (T = 37 °C, pH = 12, time = 48 h) and found enhanced conversion of PET into its functional monomers as a result of faster microbial growth and reduction in particle size of PET. Deep eutectic solvents (DESs) are a new class of ionic liquids that are becoming prominent for plastics depolymerization due their unique characteristics [1]. The use of DESs as catalysts in depolymerization reactions can make reaction conditions milder and decrease reaction times [29]. Recently, these solvents have been utilized as catalysts in microwave (MW)-assisted PET depolymerization reactions due to their strong MW heating characteristics and the synergic hydrogen bond formation of these solvents with PET polymer chains [8,15]. Different compositions of DESs have been employed and evaluated for the enhancement of PET depolymerization under mild conditions, as elaborated in Table S1. To the best of our knowledge, the combination of MW-assisted DES technique and enzymatic hydrolysis to obtain enhanced PET depolymerization compared to enzymatic hydrolysis alone has not been previously explored and presents a strong progress towards the achievement of all-green permanent resource circularity in tandem with nature. Noticeably, treating PET in DESs under MW irradiation can increase PET chain flexibility and change the physicochemical properties of the polymer [6]. Thus, such MW-assisted DES treatment can provide an enhanced monomer conversion yield upon PET depolymerization.



In this study, an all-green, environmentally friendly sequential PET depolymerization approach was employed comprising treatment of PET using MW-assisted DES technique without the use of additional depolymerization agents followed by enzymatic hydrolysis using a variant of LCC cutinase. A green DES of ternary composition of choline chloride, glycerol, and urea was selected for PET treatment in the presence of MW irradiation. Recently, the Box-Behnken design (BBD) has been utilized in many studies for the optimization of reaction processes [30,31]. In this work, optimized MW treatment conditions were determined using BBD with respect to MW irradiation time, MW power, and volume of DES. The crystallinity index, carbonyl index, and weight loss of residual PET were used as the studied responses for BBD. Residual PET resulting from the optimized MW treatment process was further exposed to a four-day hydrolysis process by a thermostable polyesterase, and the total depolymerization efficiency was evaluated. The success of the combined techniques proposed in this study is expected to provide a green, environmentally friendly approach for plastic recycling.




2. Materials and Methods


2.1. Materials


PET granules were purchased from Alpek Polyester UK Ltd. (Lazenby, UK) and converted into micron-sized fine powder using a centrifugal miller (Retsch Verder Scientific, Haan, Germany). Glycerol (99%), choline chloride (98%, ChCl), and urea (98%) were purchased from Sigma-Aldrich (Dorset, UK). All other chemicals were obtained from Aldrich (Darmstadt, Germany) and were of analytical grade and readily available to use without any purification.




2.2. Preparation of DES


The synthesis of the ternary DES was based on the method provided by [32]. Prior to the preparation of DES, ChCl was dried overnight at 65 °C in the oven. A DES of triplet composition based on urea/glycerol/ChCl was synthesized with 1:1:1 molar ratio by continuously mixing and heating at 80 °C until a homogeneous, clear, and transparent liquid was formed within 10 min.




2.3. MW Treatment Experiments


The MW treatment experiments were carried out by mixing 1 g of powdered PET in varied volumes of synthesized DES while stirring for 15 min. The prepared suspensions were then exposed to MW irradiation at specified MW power and time. After MW treatments, residual PET was filtered and washed three times with distilled water to obtain clean residual PET, and DES was regenerated. The PET residues were then dried in an oven at 70 °C overnight and kept in sealed containers for further analysis.




2.4. Experimental Design


A three-factor, three-level Box-Behnken design (BBD) (Design Expert Stat-Ease Inc., Minneapolis, MN, USA) was implemented for optimization of the proposed MW-assisted DES technique. A total of 15 runs with three center points were set up to study the following three factors: MW irradiation time (min) (X1), microwave power (W) (X2), and volume of DES (ml) (X3). The responses were concluded as the weight loss (%), carbonyl index, and crystallinity index of residual PET. The chosen values for the studied factors were constructed using reported literature and preliminary experiments (Table 1).




2.5. Enzymatic Hydrolysis of PET Materials


For the enzymatic depolymerization, LCC variant ICCG (LCCv) was used [33]. The coding sequence of LCCv was codon optimized for expression in E. coli and cloned into pET26b(+) vector (GenScript Biotech B.V., Leiden, the Netherlands). The expression and purification of the recombinant protein was performed as described previously [34]. The purity of the resulting enzymatic preparation was checked on SDS-PAGE electrophoresis (12.5% (w/v)), and protein concentration was determined by measuring the absorbance at 280 nm based on the calculated molar extinction coefficient.



MW-treated PET samples used for enzymatic depolymerization were washed twice with ultrapure water in order to remove residual monomers that could potentially inhibit enzymatic action. Reactions took place in 10 mL of 100 mM potassium phosphate buffer, pH 8, containing 100 mg of PET residue and 4 μΜ of enzyme. Control reactions without the addition of enzyme were also realized. All reactions were incubated at 55 °C under shaking for 4 days. After that, 0.1% (v/v) of 6M HCl was added in each reaction and centrifuged at 4000× g at 10 °C. Supernatants were collected and analyzed by HPLC (Perkin Elmer, Boston, MA, USA) [34] in order to determine the concentration of the resulting water-soluble degradation products. The remaining material was washed 3 times with ultrapure water, freeze-dried, and weighed. Experiments were run in triplicates, and the standard deviation was estimated.




2.6. Instrumental Characterization


The PET samples before and after MW-assisted DES treatment were analyzed by FTIR spectroscopy (Perkin Elmer, Washington, MA, USA) at a spectral region of 4000–600 cm−1. The carbonyl index was determined based on the obtained results using the baseline method. Ratios of ester carbonyl peak intensity at 1713 cm−1 to that of the normal C–H bonding mode at 1408 cm−1 in PET were calculated as follows [35]:


  C a r b o n y l   i n d e x =   A b s o r p t i o n   a t   1713      cm    − 1     A b s o r p t i o n   a t   1408      cm    − 1      



(1)







The thermal behavior of the samples was evaluated by a DSC Perkin Elmer 4000 (Perkin Elmer Washington, MA, USA) with Pyris Software version 13.3.1 (Perkin Elmer Washington, MA, USA) under an inert nitrogen stream. About 10 mg of specimen was sealed in an aluminum pan. The DSC scans were recorded while heating from 30 to 275 °C at a heating rate of 10 °C min−1 and then cooled to 30 °C. The crystallinity index was calculated according to the following equation [36]:


Crystallinity index = (∆Hm/W∆Hm0) × 100



(2)




where ∆Hm (Jg−1) is the heat of fusion of the PET sample, ∆Hm0 is the heat of fusion for completely crystalline PET (140 Jg−1) [37], and W(g) is the weight fraction of residual PET in the samples.



The percentage weight loss of PET was determined at onset temperature of degradation (T0) using a thermogravimetric analyzer Pyris TGA (Perkin Elmer, Washington, MA, USA). The polymer samples were placed in a standard aluminum pan and heated from 30 to 600 °C at the rate of 10 °C min−1 under nitrogen flow of 50 mL min−1. The PET weight loss (%) was calculated as follows:


PET weight loss (%) = (100 − weight percent of PET at T0)



(3)









3. Results


3.1. Properties of DES


Ternary DES has been reported as a new type of DES to widen the range of DES applications owing to the extra functionality provided by their components. One pertinent area where ternary DESs were recently applied is CO2 capture, which demonstrates that DESs have great flexibility in terms of synthesis, forms, and applications [32]. In the current study, we selected a green ternary DES with ChCl as a hydrogen bond acceptor and glycerol and urea as hydrogen bond donors to provide an initial depolymerization of PET when coupled with MW irradiation and to facilitate PET enzymatic hydrolysis. A schematic diagram of the proposed interactions of DES with PET is demonstrated in Figure 1. The advantage of this DES lies in its components being green, inexpensive, and largely available with the capacity to provide synergistic effects on PET depolymerization [7,15,27,33]. As shown in Figure 1, depolymerization of PET is postulated to involve a form of glycolysis reaction due to the presence of glycerol within the ternary DES [15]. It is also known that a quaternary ammonium compound, such as ChCl and DES itself, could act as a catalyst in mild glycolysis [7,8,15,26]. Simultaneously, the H-bond action between glycerol and urea is expected to change the charge density of the hydroxyl (OH) group in glycerol and increase the electronegativity of the oxygen atom in the glycerol OH group. Hence, the nucleophilicity of the oxygen becomes stronger, thereby supporting preferential attack to the carbon of the ester group in PET [38,39].



Based on previous reports, DESs with high pH values and low viscosity can contribute to the catalytic activity and influence the reaction rate [39,40]. The pH and density values of the proposed ternary DES were found to be 9.95 and 1.16 g/mL, respectively, giving rise to a suitable pH for depolymerization reaction to occur. Moreover, the employment of MW irradiation in the current depolymerization technique led to the production of expeditious heating, in particular with DES due to its high electric conductivity [41]. Therefore, initial depolymerization of PET can be achieved very efficiently due to the synergistic effects of MW irradiation, glycolysis due to glycerol, and the catalytic activities of ChCl, urea alone, and in DES.



Prior to the depolymerization process, the prepared DES was also characterized using FTIR, as shown in Figure 2. In the typical FTIR spectrum of pure urea, the characteristic C=O, N–H and C–N stretching peaks appeared at 1677, 3427.12, and 1459.79 cm−1, respectively, while the N–H deformation peak appeared at 1590.21 cm−1. Pure glycerol’s spectrum showed a C–O stretching peak at 1043.55 and 1111.08 cm−1 and O–H stretching peak at 3339.48 cm−1. The FTIR spectrum of pure ChCl had O–H and C–H stretching peaks at 3220.59 and 3006.97 cm−1, respectively, and the asymmetric and symmetric stretching peaks of C–N linkage were observed at 954.54 and 892.96 cm−1, respectively. The FTIR spectrum of the prepared DES showed the formation of new bonds at 1668.38 and 1624.66 cm−1 compared to the FTIR spectra of pure urea, glycerol, and ChCl. The C=O linkage frequency peak at 1677 cm−1 of urea was shifted to lower side at 1668 cm−1, indicating the formation of more hydrogen bonds, and the N–H stretching frequency of urea at 3427.12 cm−1 was masked by the O–H stretching peak [42]. The C–O stretching peak of glycerol at 1043.55 cm−1 was also shifted to higher wavenumber in the DES, indicating the successful formation of DES.




3.2. Experimental Design Results


The model of PET MW treatment was studied using response surface methodology. In the current study, the experimental runs were carried out based on the design plan proposed for the studied parameters (MW irradiation time, MW power, and volume of DES). After each run, the crystallinity index, carbonyl index, and weight loss (%) at T0 of degradation of treated PET were calculated. The results are presented as responses for each run in Table 2.



The studied responses were then tested against different regression models to determine the best-fitting mathematical model and the significance of varying the process parameters. The quadratic model was chosen as the best fitting model for the studied responses in comparison to the other models. The relationship between the crystallinity index (Y1), carbonyl index (Y2), and weight loss of PET at T0 of degradation (Y3) and the studied parameters of MW irradiation time (X1), MW power (X2), and volume of DES (X3) is demonstrated in Table 3.



For the crystallinity index (Y1), the coefficients of the quadratic model equation indicated that the increase in all the studied factors led to a significant increase in the crystallinity index of residual PET except for the volume of DES, where the p-value was more than 0.05. The interaction between MW irradiation time and volume of DES showed a positive effect on the crystallinity index as well revealed the significant effect both factors had on the PET residues. Moreover, the MW power interactions with both the MW irradiation time and volume of DES also showed a significant positive efficacy on the crystallinity index. Such results indicate that all the studied factors and their interactions had positive effects on the crystallinity index of treated PET, with the increase in the studied factors leading to an increase in the degradation of PET and causing an increase in the crystallinity index of the treated samples [43].



For the carbonyl index (Y2), as demonstrated in Table 2, all treated PET residues had higher carbonyl index than that of the untreated PET (2.80). Both MW irradiation time and power showed a significant negative effect on the carbonyl index values, while the volume of DES showed a positive effect. The MW irradiation time interactions with both MW power and volume of DES also showed significant negative effects on the carbonyl index of PET residue. Thus, based on the obtained results and the carbonyl index of untreated PET, the increase in both MW irradiation time and power led to a degree of PET depolymerization, which was observed through the low values of the carbonyl index of the residual PET. On the other hand, high levels of DES volume with low levels of MW irradiation time and power caused a significant increase in the carbonyl groups on the surface of the PET as a result of surface oxidation rather than complete depolymerization of treated PET.



For PET weight loss at T0 of degradation (Y3), as elaborated in Table 3, the coefficients of the model equation showed that MW irradiation time and power and their interaction with each other had positive effect on PET weight loss. On the other hand, the volume of DES and its interactions with both MW irradiation time and power showed negative efficacy on PET weight loss at T0 of degradation. These results indicate that increased levels of MW irradiation time and power and low levels of DES induce a decrease in thermal stability of treated PET, leading to a greater degree of PET depolymerization at the T0 of degradation.



The adequacy of the proposed model to describe the crystallinity index, carbonyl index, and weight loss of treated PET at T0 of degradation was evaluated, and the results are demonstrated in Table 3. Based on the statistics test, high coefficients of determination were observed for all responses. The adjusted R2 values were calculated to be 0.9944 for the crystallinity index, 0.9966 for the carbonyl index, and 0.9941 for the percentage weight loss of PET at T0 of degradation.



Analysis of variance (ANOVA) was also applied to determine the significance of the model at a 95% confidence interval. A model is said to be significant if the probability value (p-value) is <0.05. The p-values demonstrated in Table 3 indicate that all the studied responses fitted the model well. From the lack-of-fit test. the response showed a highly desirable nonsignificant lack-of-fit (p > 0.1) with p-values of 0.228 for the crystallinity index, 0.355 for the carbonyl index, and 0.537 for the percentage weight loss of PET at T0 of degradation.




3.3. Response Surface Analysis


Response surface graphical plots were generated between the responses obtained for PET MW treatment and the studied independent variables to estimate the effect of combinations of these variables on the studied responses. The 3D and contour plots for the crystallinity index, carbonyl index, and weight loss of PET at T0 of degradation are demonstrated in Figure 3, Figure 4 and Figure 5, respectively.



As shown in Figure 3, high levels of both MW irradiation time and power caused an increase in the crystallinity index of PET residue. Such result can be attributed to the initial degradation of PET upon treatment with the MW-assisted DES technique, which usually occurs in the amorphous phase of PET, causing an increase in the overall crystallinity of the polymer [43]. A significant increase in the crystallinity index was also observed with the increase in DES volume until 35 mL. Further increase in DES volume did not show a profound effect on the crystallinity index, indicating that low volumes of DES are more effective in the initial depolymerization of PET using the proposed MW treatment technique.



The carbonyl index is considered one of the critical responses used in the evaluation of the hydrophilic nature of treated polymers. Hydrophilic polymers with high values of carbonyl index are more amenable for microbial depolymerization than hydrophobic ones. Figure 4 illustrates the dependence of the carbonyl index on the studied factors of MW irradiation time, MW power, and volume of DES. It can be observed that the increase in both MW irradiation time and power did not cause a significant increase in the carbonyl index of treated PET samples. Thus, it can be assumed that high levels of MW irradiation time and power result in PET depolymerization rather than surface oxidation, which is in accordance with the crystallinity index results. On the other hand, the interactions of high levels of DES volume with low levels of both MW irradiation time and power showed a significant increase in the carbonyl index, reaching a value of 4.55 and confirming the process of PET surface oxidation at these levels of the studied factors.



PET weight loss at T0 of degradation is also an important response for assessing the initial depolymerization of PET. The higher the value of weight loss, the greater was the decrease in the thermal stability of the treated polymer, which confirmed the initial depolymerization of the treated PET samples. In Table 3, it can be observed that all the independent variables and their interactions influenced PET weight loss significantly (term p-value < 0.05) except for the volume of DES. As indicated in Figure 5, the interaction between MW irradiation time and MW power resulted in a significant increase in PET weight loss at T0 of degradation to reach a value of 9%, whereas the value of weight loss of untreated PET was measured to be only 0.44%. In addition, it should be noted that low levels of DES volume showed higher PET weight loss percentage than high levels of DES volume, which means that initial depolymerization of PET occurs better at low volumes of DES.




3.4. Optimization of the MW-Assisted DES Technique


All three responses were optimized simultaneously using BBD optimization. Optimum MW treatment conditions were chosen with the aim of obtaining maximum initial depolymerization of PET and enhancing the biodegradation of residual PET after MW treatment. As previously described, maximum initial depolymerization of PET was observed with PET residues of increased percentage of weight loss at T0 of degradation. Additionally, based on literature review, enhanced PET biodegradation can be achieved through low crystallinity and high carbonyl index of residual PET [44]. Thus, the MW treatment conditions were adjusted to attain minimum crystallinity index and maximum carbonyl index and percentage weight loss of PET at T0, as shown in Table 4. Based on BBD, a total of 63 optimized solutions were obtained. The selected solution was determined according to its success in attaining an acceptable desirability of >0.5 for the studied responses and in fulfilling the low carbon footprint goal with the lowest energy consumption concerning MW irradiation time and power. A batch experiment was carried out for PET MW treatment using the optimized conditions while keeping PET concentration at 1.0 g, and the three responses were evaluated to validate the predicted model factors and responses. The response values (predicted and observed) for the optimized conditions are recorded in Table 4. The model was proven to be validated as a fine agreement existed between the predicted and observed results. This indicates the success of BBD for the evaluation and optimization of the proposed PET treatment process.




3.5. Enzymatic Depolymerization of PET Materials


Combination of green treatments with enzymatic hydrolysis as means for enhanced plastic recycling has been very limited within the literature. In this work, a multistep depolymerization process for PET comprising a green treatment process followed by enzymatic hydrolysis using a highly PET-active enzyme was performed. The total depolymerization of PET obtained after the optimized MW treatment and enzymatic hydrolysis was compared against that of untreated virgin PET biodegradation. The polymer’s biodegradability was assessed based on the percentage weight loss of the material and the amount of the produced water-soluble monomers, namely TPA, mono-(2-hydroxyethyl) terephthalate (MHET), and bis-(2-hydroxyethyl) terephthalate (BHET), analyzed via HPLC (Figure S1). Following the MW treatment process, the optimized PET sample showed 20.2 ± 1.4% weight loss, and 15.76% (w/w) of the treated PET sample corresponded to a mixture of the released soluble monomers TPA, MHET, and BHET. Alternatively, the average percentage weight loss (%) for untreated and MW-treated PET samples was estimated to be 1.5 ± 0.3 and 1.8 ± 0.3%, respectively, after enzymatic hydrolysis. Such low percentage of weight loss can be attributed to the crystallinity of the materials where there are a few accessible amorphous regions for the enzyme to act on. Slightly higher weight loss percentage was observed for the MW-treated PET sample, which indicated the efficiency of MW treatment in enhancing the biodegradability of PET.



As detailed in Table 5, the total amount of monomers released after enzymatic hydrolysis was slightly higher for the virgin PET than for MW-treated PET residue (0.82 versus 0.55 mM). In both cases, 60–70% of the total products released was in the form of TPA and 30–35% as MHET, while only 1% remained as BHET. The higher product release for virgin PET could be explained by its slightly lower crystallinity index (31.40) compared to MW-treated PET residue (32.98), a factor that enhances enzyme action.



Moreover, the proposed multistep depolymerization approach resulted in the production of monomers during both the MW treatment and enzymatic hydrolysis processes, giving rise to an average PET weight loss of 22 ± 1.7% and a total monomer conversion of ≈16% (w/w). Thus, the obtained results for the suggested depolymerization protocol were considerably higher than the virgin PET undergoing enzymatic hydrolysis only.





4. Conclusions


A stepwise depolymerization process for PET comprising an all-green, fast, low-energy, MW-assisted DES technique without the use of additional depolymerizing agents followed by enzymatic hydrolysis using LCCv enzyme was demonstrated. Compared to virgin PET biodepolymerization, the demonstrated combined approach was able to achieve increased PET depolymerization with a total of ≈16% (w/w) monomer conversion. The developed MW treatment process was optimized using BBD, where the volume of DES, MW power, and MW irradiation time were studied as independent variables. FTIR, TGA, and DSC spectra of the residual PET obtained after treatment with the MW-assisted DES technique showed a significant increase in residual PET carbonyl index and percentage weight loss at T0 of degradation and maintenance of PET crystallinity percentage. Furthermore, optimum MW treatment was obtained at low DES volume (20 mL), 260 W MW power, and 3 min MW irradiation time. The enzymatic hydrolysis of treated PET demonstrated 1.8% weight loss and 0.55 mM monomers released after enzymatic hydrolysis, while 1.5% weight loss and 0.82 mM monomers were recorded for virgin PET. Analysis of the recycled monomers using HPLC confirmed the presence of TPA, MHET, and BHET as the monomers produced in the treated samples. The isolation of these monomers will be done in future work. The combination all-green treatments, which operated under mild, low-energy conditions without the use of additional depolymerization agents, produced an average PET weight loss of 22 ± 1.7% and a total monomer conversion of ≈16% (w/w). This MW-assisted DES followed by enzymatic hydrolysis methodology shows strong potential to achieve high conversion rates and is amenable to the incorporation of additional and sequential green approaches.



Moreover, large-scale applications of MW-assisted depolymerization in a continuous manner has recently shown great potential for recycling as it facilitates depolymerization of a large amount of materials in relatively mild conditions (lower temperature and frequencies) [45]. Nevertheless, there are certain challenges with respect to high-cost reactor designs, emission of volatile degradation products, unequal irradiations due to hot spots, and nonuniform heating that still need to be resolved [46].



In conclusion, the promise of ultramild routes with no requirement for additional depolymerization agent is demonstrated herein for their capacity to play an instrumental role in highly sustainable degradation and depolymerization processes for PET and other polyesters, thus serving as a key step in delivering ultrasustainable all-green routes for circular plastic value chains.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym14010109/s1, Figure S1: HPLC chromatograms of post-enzymatic hydrolysis products; Table S1: Different compositions of DESs used in PET recycling.





Author Contributions


Conceptualization, O.A.A., M.A. and M.B.F.; methodology, M.A., O.A.A. and E.N.; software, O.A.A. and M.A.; validation, M.A., O.A.A. and E.N.; formal analysis, M.A., O.A.A., E.N. and E.T.; investigation, M.A., E.N. and E.T.; resources, M.B.F.; data curation O.A.A., M.A. and E.N.; writing—original draft preparation, O.A.A., M.A. and E.N.; writing—review and editing, O.A.A., E.T. and M.B.F.; visualization, M.A. and O.A.A.; supervision, M.B.F., O.A.A. and E.T.; project administration, M.B.F.; funding acquisition, M.A. and M.B.F. All authors have read and agreed to the published version of the manuscript.




Funding


This project received funding from the European Union’s Horizon 2020 research, the Irish Research Council (GOIPG/2021/1739), and innovation program under grant agreement No. 870292 (BIOICEP) and was supported by the National Natural Science Foundation of China (grant numbers: Institute of Microbiology, Chinese Academy of Sciences: 31961133016; Beijing Institute of Technology: 31961133015; Shandong University: 31961133014).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in the article (and its Supplementary Information files).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gómez, A.V.; Biswas, A.; Tadini, C.C.; Furtado, R.F.; Alves, C.R.; Cheng, H.N. Use of Natural Deep Eutectic Solvents for Polymerization and Polymer Reactions. J. Braz. Chem. Soc. 2019, 30, 717–726. [Google Scholar] [CrossRef]

	



George, N.; Kurian, T. Recent Developments in the Chemical Recycling of Postconsumer Poly(Ethylene Terephthalate) Waste. Ind. Eng. Chem. Res. 2014, 53, 14185–14198. [Google Scholar] [CrossRef]

	



Rorrer, N.A.; Nicholson, S.; Carpenter, A.; Biddy, M.J.; Grundl, N.J.; Beckham, G.T. Combining Reclaimed PET with Bio-Based Monomers Enables Plastics Upcycling. Joule 2019, 3, 1006–1027. [Google Scholar] [CrossRef]

	



Singh, N.; Hui, D.; Singh, R.; Ahuja, I.P.S.; Feo, L.; Fraternali, F. Recycling of Plastic Solid Waste: A State of Art Review and Future Applications. Compos. Part B Eng. 2017, 115, 409–422. [Google Scholar] [CrossRef]

	



Filella, M. Antimony and PET Bottles: Checking Facts. Chemosphere 2020, 261, 127732. [Google Scholar] [CrossRef]

	



Khoonkari, M.; Haghighi, A.H.; Sefidbakht, Y.; Shekoohi, K.; Ghaderian, A. Chemical Recycling of PET Wastes with Different Catalysts. Int. J. Polym. Sci. 2015, 2015, 124524. [Google Scholar] [CrossRef]

	



Yue, Q.F.; Xiao, L.F.; Zhang, M.L.; Bai, X.F. The Glycolysis of Poly(Ethylene Terephthalate) Waste: Lewis Acidic Ionic Liquids as High Efficient Catalysts. Polymers 2013, 5, 1258–1271. [Google Scholar] [CrossRef]

	



Chen, W.; Yang, Y.; Lan, X.; Zhang, B.; Zhang, X.; Mu, T. Biomass-Derived γ-Valerolactone: Efficient Dissolution and Accelerated Alkaline Hydrolysis of Polyethylene Terephthalate. Green Chem. 2021, 23, 4065–4073. [Google Scholar] [CrossRef]

	



Wang, Q.; Yao, X.; Geng, Y.; Zhou, Q.; Lu, X.; Zhang, S. Deep Eutectic Solvents as Highly Active Catalysts for the Fast and Mild Glycolysis of Poly(Ethylene Terephthalate)(PET). Green Chem. 2015, 17, 2473–2479. [Google Scholar] [CrossRef]

	



Rubio Arias, J.J.; Thielemans, W. Instantaneous Hydrolysis of PET Bottles: An Efficient Pathway for the Chemical Recycling of Condensation Polymers. Green Chem. 2021. [Google Scholar] [CrossRef]

	



Nikolaivits, E.; Pantelic, B.; Azeem, M.; Taxeidis, G.; Babu, R.; Topakas, E.; Brennan Fournet, M.; Nikodinovic-Runic, J. Progressing Plastics Circularity: A Review of Mechano-Biocatalytic Approaches for Waste Plastic (Re)Valorization. Front. Bioeng. Biotechnol. 2021, 9, 535. [Google Scholar] [CrossRef] [PubMed]

	



Musale, R.M.; Shukla, S.R. Deep Eutectic Solvent as Effective Catalyst for Aminolysis of Polyethylene Terephthalate (PET) Waste. Int. J. Plast. Technol. 2016, 20, 106–120. [Google Scholar] [CrossRef]

	



Barnard, E.; Rubio Arias, J.J.; Thielemans, W. Chemolytic Depolymerisation of PET: A Review. Green Chem. 2021, 23, 3765–3789. [Google Scholar] [CrossRef]

	



Imran, M.; Kim, B.K.; Han, M.; Cho, B.G.; Kim, D.H. Sub-and Supercritical Glycolysis of Polyethylene Terephthalate (PET) into the Monomer Bis (2-Hydroxyethyl) Terephthalate (BHET). Polym. Degrad. Stab. 2010, 95, 1686–1693. [Google Scholar] [CrossRef]

	



Choi, S.; Choi, H.M. Eco-Friendly, Expeditious Depolymerization of PET in the Blend Fabrics by Using a Bio-Based Deep Eutectic Solvent under Microwave Irradiation for Composition Identification. Fibers Polym. 2019, 20, 752–759. [Google Scholar] [CrossRef]

	



Attallah, O.A.; Janssens, A.; Azeem, M.; Fournet, M.B. Fast, High Monomer Yield from Post-Consumer Polyethylene Terephthalate via Combined Microwave and Deep Eutectic Solvent Hydrolytic Depolymerization. ACS Sustain. Chem. Eng. 2021. [Google Scholar] [CrossRef]

	



Kawai, F.; Kawabata, T.; Oda, M. Current Knowledge on Enzymatic PET Degradation and Its Possible Application to Waste Stream Management and Other Fields. Appl. Microbiol. Biotechnol. 2019, 103, 4253–4268. [Google Scholar] [CrossRef]

	



Park, S.H.; Alammar, A.; Fulop, Z.; Pulido, B.A.; Nunes, S.P.; Szekely, G. Hydrophobic Thin Film Composite Nanofiltration Membranes Derived Solely from Sustainable Sources. Green Chem. 2021, 23, 1175–1184. [Google Scholar] [CrossRef]

	



Attallah, O.A.; Mojicevic, M.; Garcia, E.L.; Azeem, M.; Chen, Y.; Asmawi, S.; Brenan Fournet, M. Macro and Micro Routes to High Performance Bioplastics: Bioplastic Biodegradability and Mechanical and Barrier Properties. Polymers 2021, 13, 2155. [Google Scholar] [CrossRef] [PubMed]

	



Wei, R.; Zimmermann, W. Biocatalysis as a Green Route for Recycling the Recalcitrant Plastic Polyethylene Terephthalate. Microb. Biotechnol. 2017, 10, 1302–1307. [Google Scholar] [CrossRef] [PubMed]

	



Pestana, S.C.; Machado, J.N.; Pinto, R.D.; Ribeiro, B.D.; Marrucho, I.M. Natural Eutectic Solvents for Sustainable Recycling of Poly (Ethyleneterephthalate): Closing the Circle. Green Chem. 2021, 23, 9460–9464. [Google Scholar] [CrossRef]

	



Kawai, F. The Current State of Research on PET Hydrolyzing Enzymes Available for Biorecycling. Catalysts 2021, 11, 206. [Google Scholar] [CrossRef]

	



Ali, S.S.; Elsamahy, T.; Koutra, E.; Kornaros, M.; El-Sheekh, M.; Abdelkarim, E.A.; Zhu, D.; Sun, J. Degradation of Conventional Plastic Wastes in the Environment: A Review on Current Status of Knowledge and Future Perspectives of Disposal. Sci. Total Environ. 2021, 771, 144719. [Google Scholar] [CrossRef] [PubMed]

	



Donelli, I.; Taddei, P.; Smet, P.F.; Poelman, D.; Nierstrasz, V.A.; Freddi, G. Enzymatic Surface Modification and Functionalization of PET: A Water Contact Angle, FTIR, and Fluorescence Spectroscopy Study. Biotechnol. Bioeng. 2009, 103, 845–856. [Google Scholar] [CrossRef] [PubMed]

	



Falkenstein, P.; Gräsing, D.; Bielytskyi, P.; Zimmermann, W.; Matysik, J.; Wei, R.; Song, C. UV Pretreatment Impairs the Enzymatic Degradation of Polyethylene Terephthalate. Front. Microbiol. 2020, 11, 689. [Google Scholar] [CrossRef]

	



Falah, W.; Chen, F.J.; Zeb, B.S.; Hayat, M.T.; Mahmood, Q.; Ebadi, A.; Toughani, M.; Li, E.Z. Polyethylene Terephthalate Degradation by Microalga Chlorella Vulgaris along with Pretreatment. Mater. Plast. 2020, 57, 260–270. [Google Scholar] [CrossRef]

	



Quartinello, F.; Vajnhandl, S.; Volmajer Valh, J.; Farmer, T.J.; Vončina, B.; Lobnik, A.; Herrero Acero, E.; Pellis, A.; Guebitz, G.M. Synergistic Chemo-Enzymatic Hydrolysis of Poly(Ethylene Terephthalate) from Textile Waste. Microb. Biotechnol. 2017, 10, 1376–1383. [Google Scholar] [CrossRef]

	



Gong, J.; Kong, T.; Li, Y.; Li, Q.; Li, Z.; Zhang, J. Biodegradation of Microplastic Derived from Poly(Ethylene Terephthalate) with Bacterial Whole-Cell Biocatalysts. Polymers 2018, 10, 1326. [Google Scholar] [CrossRef]

	



Liu, B.; Fu, W.; Lu, X.; Zhou, Q.; Zhang, S. Lewis Acid-Base Synergistic Catalysis for Polyethylene Terephthalate Degradation by 1,3-Dimethylurea/Zn(OAc)2 Deep Eutectic Solvent. ACS Sustain. Chem. Eng. 2019, 7, 3292–3300. [Google Scholar] [CrossRef]

	



Didaskalou, C.; Kupai, J.; Cseri, L.; Barabas, J.; Vass, E.; Holtzl, T.; Szekely, G. Membrane-Grafted Asymmetric Organocatalyst for an Integrated Synthesis-Separation Platform. ACS Catal. 2018, 8, 7430–7438. [Google Scholar] [CrossRef]

	



Marichamy, S.; Stalin, B.; Ravichandran, M.; Sudha, G.T. Optimization of Machining Parameters of EDM for α-β Brass Using Response Surface Methodology. Mater. Today Proc. 2020, 24, 1400–1409. [Google Scholar] [CrossRef]

	



Kadhom, M.A.; Abdullah, G.H.; Al-Bayati, N. Studying Two Series of Ternary Deep Eutectic Solvents (Choline Chloride–Urea–Glycerol) and (Choline Chloride–Malic Acid–Glycerol), Synthesis and Characterizations. Arab. J. Sci. Eng. 2017, 42, 1579–1589. [Google Scholar] [CrossRef]

	



Tournier, V.; Topham, C.M.; Gilles, A.; David, B.; Folgoas, C.; Moya-Leclair, E.; Kamionka, E.; Desrousseaux, M.-L.; Texier, H.; Gavalda, S.; et al. An Engineered PET Depolymerase to Break down and Recycle Plastic Bottles. Nature 2020, 580, 216–219. [Google Scholar] [CrossRef] [PubMed]

	



Djapovic, M.; Milivojevic, D.; Ilic-Tomic, T.; Lješević, M.; Nikolaivits, E.; Topakas, E.; Maslak, V.; Nikodinovic-Runic, J. Synthesis and Characterization of Polyethylene Terephthalate (PET) Precursors and Potential Degradation Products: Toxicity Study and Application in Discovery of Novel PETases. Chemosphere 2021, 275, 130005. [Google Scholar] [CrossRef]

	



Chelliah, A.; Subramaniam, M.; Gupta, R.; Gupta, A. Evaluation on the Thermo-Oxidative Degradation of PET Using Prodegradant Additives. Indian J. Sci. Technol. 2017, 10, 2–5. [Google Scholar] [CrossRef]

	



Li, W.; Zhang, C.; Chi, H.; Li, L.; Lan, T.; Han, P.; Chen, H.; Qin, Y. Development of Antimicrobial Packaging Film Made from Poly(Lactic Acid) Incorporating Titanium Dioxide and Silver Nanoparticles. Molecules 2017, 22, 1170. [Google Scholar] [CrossRef] [PubMed]

	



Fosse, C.; Bourdet, A.; Ernault, E.; Esposito, A.; Delpouve, N.; Delbreilh, L.; Thiyagarajan, S.; Knoop, R.J.I.; Dargent, E. Determination of the Equilibrium Enthalpy of Melting of Two-Phase Semi-Crystalline Polymers by Fast Scanning Calorimetry. Thermochim. Acta 2019, 677, 67–78. [Google Scholar] [CrossRef]

	



Alomar, M.K.; Hayyan, M.; Alsaadi, M.A.; Akib, S.; Hayyan, A.; Hashim, M.A. Glycerol-Based Deep Eutectic Solvents: Physical Properties. J. Mol. Liq. 2016, 215, 98–103. [Google Scholar] [CrossRef]

	



Wang, Q.; Yao, X.; Tang, S.; Lu, X.; Zhang, X.; Zhang, S. Urea as an Efficient and Reusable Catalyst for the Glycolysis of Poly (Ethylene Terephthalate) Wastes and the Role of Hydrogen Bond in This Process. Green Chem. 2012, 14, 2559–2566. [Google Scholar] [CrossRef]

	



Sert, E.; Yılmaz, E.; Atalay, F. Chemical Recycling of Polyethlylene Terephthalate by Glycolysis Using Deep Eutectic Solvents. J. Polym. Environ. 2019, 27, 2956–2962. [Google Scholar] [CrossRef]

	



Choi, H.M.; Cho, J.Y. Microwave-Mediated Rapid Tailoring of PET Fabric Surface by Using Environmentally-Benign, Biodegradable Urea-Choline Chloride Deep Eutectic Solvent. Fibers Polym. 2016, 17, 847–856. [Google Scholar] [CrossRef]

	



Çabuk, H.; Yılmaz, Y.; Yıldız, E. A Vortex-Assisted Deep Eutectic Solvent-Based Liquid-Liquid Microextraction for the Analysis of Alkyl Gallates in Vegetable Oils. Acta Chim. Slov. 2019, 66, 385–394. [Google Scholar] [CrossRef]

	



Beltrán-Sanahuja, A.; Casado-Coy, N.; Simó-Cabrera, L.; Sanz-Lázaro, C. Monitoring Polymer Degradation under Different Conditions in the Marine Environment. Environ. Pollut. 2020, 259, 113836. [Google Scholar] [CrossRef] [PubMed]

	



Cho, J.Y.; Choi, H.M.; Oh, K.W. Rapid Hydrophilic Modification of Poly(Ethylene Terephthalate) Surface by Using Deep Eutectic Solvent and Microwave Irradiation. Text. Res. J. 2016, 86, 1318–1327. [Google Scholar] [CrossRef]

	



Winter, R. Method and Apparatus for Recycling of Organic Waste Preferably Used Tires Using Microwave Technique. Eur. Pat. Appl. 2013, 1, 1–23. [Google Scholar]

	



Formela, K.; Hejna, A.; Zedler; Colom, X.; Cañavate, J. Microwave Treatment in Waste Rubber Recycling – Recent Advances and Limitations. Express Polym. Lett. 2019, 13, 565–588. [Google Scholar] [CrossRef]








[image: Polymers 14 00109 g001 550] 





Figure 1. Schematic diagram for the proposed interactions of DES (composed of choline chloride/urea/glycerol in the ratio of 1:1:1) with PET via hydrogen bonding. 
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Figure 2. FTIR spectra of: (a) choline chloride, (b) urea, (c) glycerol, and (d) DES (choline chloride/urea/glycerol in the ratio of 1:1:1). 
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Figure 3. 3D and contour plots of the effect of the interaction of (a) MW time (X1) and MW power (X2), (b) MW time (X1) and volume of DES (X3), and (c) MW power (X2) and volume of DES (X3) on the crystallinity index. 
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Figure 4. 3D and contour plots of the effect of the interaction of (a) MW time (X1) and MW power (X2), (b) MW time (X1) and volume of DES (X3), and (c) MW power (X2) and volume of DES (X3) on the carbonyl index. 
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Figure 5. 3D and contour plots of the effect of the interaction of (a) MW time (X1) and MW power (X2), (b) MW time (X1) and volume of DES (X3), and (c) MW power (X2) and volume of DES (X3) on PET weight loss (%). 
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Table 1. Variables and levels in Box-Behnken experimental design for PET pretreatment.
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Level

	




	
Independent Variables

	
−1

	
0

	
1

	
Constrains






	
X1: MW time (min)

	
1

	
2

	
3

	
In the range




	
X2: MW power (W)

	
100

	
250

	
400

	
In the range




	
X3: Volume of DES (mL)

	
20

	
35

	
50

	
In the range
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Table 2. Experimental matrix and observed responses for PET pretreatment in BBD.
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Independent Variable

	
Dependent Variable

	




	
Run

	
X1 (min)

	
X2 (W)

	
X3 (mL)

	
Y1

	
Y2

	
Y3 (%)






	
1

	
3

	
400

	
35

	
54.10

	
3.47

	
8.90




	
2

	
2

	
100

	
50

	
18.57

	
4.41

	
2.17




	
3

	
2

	
250

	
35

	
48.30

	
3.61

	
4.80




	
4

	
1

	
250

	
20

	
19.00

	
3.91

	
1.20




	
5

	
3

	
250

	
50

	
41.67

	
3.79

	
4.91




	
6

	
2

	
400

	
20

	
45.07

	
4.16

	
7.39




	
7

	
2

	
250

	
35

	
47.80

	
3.62

	
5.00




	
8

	
2

	
400

	
50

	
50.29

	
4.30

	
5.63




	
9

	
3

	
100

	
35

	
12.83

	
3.95

	
0.90




	
10

	
3

	
250

	
20

	
32.79

	
4.17

	
6.20




	
11

	
2

	
100

	
20

	
20.21

	
4.28

	
0.94




	
12

	
1

	
400

	
35

	
19.86

	
4.15

	
1.89




	
13

	
1

	
250

	
50

	
12.86

	
4.55

	
2.20




	
14

	
2

	
250

	
35

	
49.32

	
3.59

	
5.20




	
15

	
1

	
100

	
35

	
9.52

	
3.87

	
0.75








X1: MW irradiation time, X2: MW power, X3: volume of DES, Y1: crystallinity index, Y2: carbonyl index, and Y3: weight loss (%) at T0 of degradation.
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Table 3. Statistical analysis of measured responses for PET pretreatment.
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Fitting Model

	
Factors

	
Coefficient

	
p-Value

	
ANOVA






	
PET crystallinity index (Y1)

	
Intercept

	
48.47

	

	
F = 276.92,

R2 = 0.9944, Model p-value < 0.0001,

p-value of lack of fit = 0.228




	
X1

	
10.02

	
<0.0001




	
X2

	
13.52

	
<0.0001




	
X3

	
0.79

	
0.1290




	
X1X2

	
7.73

	
<0.0001




	
X1X3

	
3.76

	
0.0017




	
X2X3

	
1.71

	
0.0385




	
X12

	
−15.68

	
<0.0001




	
X22

	
−8.72

	
<0.0001




	
X32

	
−6.22

	
0.0002




	
PET carbonyl index (Y2)

	
Intercept

	
3.61

	

	
F = 461.34,

R2 = 0.9966, Model p-value < 0.0001,

p-value of lack of fit = 0.355




	
X1

	
−0.14

	
<0.0001




	
X2

	
−0.054

	
<0.0001




	
X3

	
0.066

	
0.0005




	
X1X2

	
−0.19

	
0.0002




	
X1X3

	
−0.25

	
<0.0001




	
X2X3

	
2.5 × 10−3

	
<0.0001




	
X12

	
0.035

	
0.8048




	
X22

	
0.22

	
0.0165




	
X32

	
0.46

	
<0.0001




	
Weight loss of PET at T0 of degradation (Y3)

	
Intercept

	
5.00

	

	
F = 264.71,

R2 = 0.9941, Model p-value < 0.0001,

p-value of lack of fit = 0.537




	
X1

	
1.86

	
<0.0001




	
X2

	
2.38

	
<0.0001




	
X3

	
−0.10

	
0.2060




	
X1X2

	
1.72

	
<0.0001




	
X1X3

	
−0.57

	
0.0023




	
X2X3

	
−0.75

	
0.0007




	
X12

	
−1.15

	
0.0001




	
X22

	
−0.74

	
0.0008




	
X32

	
−0.23

	
0.0825








X1: MW irradiation time, X2: MW power, X3: volume of DES, Y1: crystallinity index, Y2: carbonyl index, and Y3: weight loss (%) at T0 of degradation.
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Table 4. The optimized PET pretreatment process with observed and predicted response values.
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Independent Variable

	

	
Optimized Level






	
X1: MW time (min)

	

	
3.0




	
X2: MW power (W)

	

	
260




	
X3: Volume of DES (mL)

	

	
20.0




	
Over all desirability

	

	
0.59




	
Dependent variables

	
Desirability

	
Expected

	
Observed




	
Y1: PET crystallinity index

	
Minimize

	
33.39

	
32.98




	
Y2: PET carbonyl index

	
Maximize

	
4.14

	
4.22




	
Y3: PET weight loss (%)

	
Maximize

	
6.47

	
6.25
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Table 5. Monomer concertation after a four-day incubation of LCCv enzyme with the untreated and treated PET materials.
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	Material
	TPA (μΜ)
	MHET (μΜ)
	BHET (μΜ)





	Untreated: Control
	0.55 ± 0.04
	0.00 ± 0.00
	0.00 ± 0.00



	Untreated: LCCv
	521.13 ± 23.22
	287.04 ± 7.63
	7.07 ± 0.36



	Treated: Control
	0.83 ± 0.04
	0.20 ± 0.00
	0.00 ± 0.00



	Treated: LCCv
	384.79 ± 4.91
	158.83 ± 4.52
	4.21 ± 0.06
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