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Abstract

Square plates (nominal thickness: 3 mm, nominal width: 100 mm) of different rheologically modified PLA/acrylonitrile-butadiene-styrene (ABS) blends were manufactured through injection molding process. During processing, the properties of the melt were stabilized and enhanced by the addition of a styrene-acrylic multi-functional-epoxide oligomeric reactive agent (SAmfE). The general analytical equation has been used in order to evaluate the kinetic parameters of the thermal degradation of PLA-REX, ABS and its bioblend with a weight content of 70/30. Various empirical and theoretical solid-state mechanisms have been tested to elucidate the best kinetic model. In order to reach this goal, activation energy values were calculated by means of the Kissinger-Akahira-Sunose method. On the other hand, the standardized conversion functions have been constructed. Given that it is not always easy to visualize the best accordance between experimental and theoretical values of standardized conversion functions, a recently proposed index has been determined to quantitatively support our findings relative to the best reaction mechanisms. It has been demonstrated that the best mechanism for the thermal degradation of PLA-REX and ABS was the random scission of macromolecular chains. The bioblend thermal degradation occurred in two steps: the first step ( < 60%) took place through an R2 mechanism whereas the second step ( > 75%) did it according an F3 mechanism. Moreover, y() master plots have also been used in order to confirm that the selected reaction mechanisms were adequate.  
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1. Introduction 

Nowadays there is a growing interest in the plastic industry towards the use of green polymers to substitute or at least partially replace those based on fossil sources. Bio-based materials have emerged as one of the best alternatives to high consumption polymers, due to the contribution to the greenhouse effect and sometimes difficult recycling of the latter, which are considered environmentally unsustainable. Among the different bio-based polymers, poly(lactide acid) (PLA) is considered the one with higher potential to replace fossil-based polymers in high-volume industrial applications. This is due to its biodegradable character and to other advantages, such as savings in energy or absence of toxic components during manufacturing. Moreover, for long-life applications, such as in automotive, electronics or consumer goods, biodegradability is of secondary importance or even a disadvantage. In these markets, more emphasis is placed on the raw material content of renewable sources in order to reduce carbon dioxide emissions associated with the product. 

Despite this great potential, PLA still has important limitations such as its brittleness, slow kinetics of crystallization or reduced service temperature range. One of the most straightforward and economic ways for improving the thermal and mechanical properties of polymers is through melt-blending with other polymers. Acrylonitrile-butadiene-styrene (ABS) is a typical heterogeneous polymer composed of a styrene-acrylonitrile copolymer (SAN) matrix phase with grafted polybutadiene particles. It is a widely used thermoplastic material because of its good mechanical properties, chemical and thermal resistance as well as ease of processing. Some of the ABS properties such as impact resistance, heat deflection temperature or tensile and flexural strength are higher than those of PLA. Therefore, the replacement in the blend of part of PLA content by ABS could be a good approach to enhance PLA properties and widen its technological applications while keeping costs at a low level. However, incompatibility or immiscibility of polymer blends often limits the general application of this method, thus being presently under study in our laboratory the use of compatibilizers to control the morphology resulting from these mixtures and adjust the final properties. One of the first approaches to compatibilize PLA and ABS was carried out by Li and Shimizu [1]. They used glycidyl-methacrylate (GMA) grafted in the styrene-acrylonitrile phase, because under the catalyst action it can react with the terminal carboxyl or hydroxyl groups of PLA. It was shown that, whereas unmodified PLA/ABS blends exhibit separated phases and brittleness, the modified PLA blend was characterized by small ABS domains with improved impact strength and elongation at break. Sun et al. [2] also employed ABS−g−GMA core-shell particles to modify the PLA toughness. Notched impact strength was highly improved in the blends showing best performance at 1% of GMA. The reasons for the toughening increase were attributed to the high rubber content of the polybutadiene core particles and to interfacial reasons, given that GMA was located at the PLA−ABS interface. The effects of different compatibilizers on the mechanical properties of PLA/ABS blends were studied by Jo et al. [3]. Among the different compatibilizers (i.e. epoxy, maleic-anhydride-g-SAN, and glycidyl-methacrylate-g-SAN), the latter was chosen as the most effective modifier for impact strength. In their work, they also studied the blend’s thermal stability as a function of heat stabilizer content. 

In the present study, a new and directly industrial scalable approach is proposed for blending PLA and ABS. In a first step, neat PLA was modified by incorporating a styrene-acrylic multi-functional-epoxide oligomeric agent via reactive extrusion (PLA−REX). A previous research carried out in our laboratory showed that the presence of a multifunctional epoxide oligomer contributed to minimize PLA degradation during processing, via chain extension, and yield an increased reactivity of the modified PLA. On the other hand, ABS was modified by the addition of different amounts of grafted maleic anhydride. It is expected that both the remaining epoxy functionality and the terminal end groups (−COOH, −OH) in the PLA−REX are able to react with maleic anhydride via ring-opening, thus enhancing the chance of covalent bonding between epoxy-functionalized PLA and maleic-functionalized ABS.

Along with many types of aliphatic polyesters, PLA is subject to some thermal degradations and instabilities above its melting temperature, especially during processing. Radical and non-radical reactions have been proposed to explain the various and complex mechanisms that could occur during processing, leading to a reduction of the molecular weight and viscosity. As a result, a general decrease of the material properties is expected. Yu et al. (2003) [4] argued that thermal and hydrolysis reactions for biocopolymers could be generated by random chain scission reactions of the ester groups. Coupled with this mechanism, intra- and intermolecular transesterification reactions could also cause a drop in molecular weight at longer reaction times [5-6]. 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are common methods to investigate the thermal stability of polymers and composites. With proper experimental procedures, information about the degradation kinetics of decomposition can be obtained. There are several reports about the thermal analysis (TGA, DTA and DSC) of ABS as well its component polymers under various conditions (purging gases and heating rates, among others) [7-16]. The degradation of ABS is a radical process where end-chain and random scissions occurs. Based on different characterizing conditions, the degradation of ABS was found to occur in either one step or two steps with different kinetic parameters (degradation starting temperature, ending temperature, peak temperature, reaction order, frequency factor and activation energy) by assuming different kinetic models [17].

The ever increasing commercial importance of polymeric materials has entailed a continuous interest in their thermal stability. The kinetic modeling of the decomposition process plays a central role in many of those studies, being crucial for an accurate prediction of the materials behavior under different working conditions [18-31]. A precise prediction requires knowledge of the so-called kinetic triplet, namely, the activation energy, the pre-exponential factor and the kinetic model, f(). This latter parameter, also known as conversion function, is an algebraic expression that is associated with the mathematical model that describes the kinetics of a solid-state reaction. Therefore, the kinetic analysis also provides some understanding of the mechanism of the reaction under study. Knowledge of the kinetic model and mechanism of thermal degradation of macromolecules is very helpful in the field of the thermal stability of polymers [32-37].

Several authors [38-40] reported that reactive extrusion is an attractive way to induce long chain-branching topology in the PLA matrix, to stabilize the melt properties and to increase the molecular weight of the initial polymer. The latter will have a beneficial effect on PLA thermal stability. In the present work, the analysis of TG data was performed by means of an integral kinetic procedure (general analytical equation).

The goal of this paper aims at determining the thermal stability of PLA obtained by reactive extrusion (PLA-REX), ABS and PLA-REX/ABS bioblend. Moreover, empirical (n-order and autocatalytic), theoretical conventional (R1, F1, D1, R2, F2, D2, R3, F3 and D3) and theoretical non-conventional (random scission) kinetic models have been tested in order to elucidate the best mechanism describing the thermal degradation of these materials.

2. Theoretical background

The reaction rate of a solid-state reaction is usually described by the following equation:



where k is the kinetic constant, A is the Arrhenius frequency factor, R is the gas constant, E the activation energy,  the reacted fraction or conversion, T is the process temperature and f() accounts for the reaction rate dependence on .

[bookmark: __Fieldmark__242_1269623607]When integrating equation (1) and truncating the infinite series to the second term, the linear integral equation is derived for experiments carried out at constant heating rate (). This equation is called the general analytical equation (GAE), developed by Carrasco in 1993 [41].


where:
  

It must be taken into consideration that the calculation of activation energy, through Eqn. 2, requires an iterative procedure given that E is needed to evaluate the first member of the equation. The E value determined from the slope was introduced in the first member. The new E value obtained from the slope was again incorporated in the first member and so on, until to reach a constant E value.

[bookmark: __Fieldmark__296_1269623607][bookmark: __Fieldmark__295_1269623607]Table 1 shows the equations to be used for linear regression analysis, corresponding to the most commonly solid-state theoretical mechanisms found in literature (R1, R2, R3, F1, F2, F3, D1, D2, D3 and random scission). The random scission mechanism will be applied to L = 2, where L is the minimum length of the polymer that is not volatile. For L ≥ 3, there is not a symbolic solution and an iterative procedure is needed. The conversion functions, f(), assume idealized models which may not be necessarily fulfilled in real systems. In order to overcome this limitation, empirical kinetic models have been proposed: n-order and autocatalytic kinetic models. The exponents n = 0.550 (for n-order kinetics), and n = 0.771 and m = 0.244 (for autocatalytic kinetics) have been previously optimized for the thermal degradation of PLA [42]. For comparison purposes, the same exponents will be assumed for the thermal degradation of PLA-REX, ABS and PLA/ABS bioblend. By using Eqns. 2-3, it was possible to evaluate the values of activation energy and frequency factor for each kinetic model.




3. Materials and methods

3.1. Materials

A PLA extrusion grade (Ingeo 4032D®), purchased from NatureWorks (Arendonk, Belgium), was used in this study whose main properties are reported in Table 2. A styrene-acrylic multi-functional-epoxide oligomeric agent (Joncryl-ADR-4300F®, referred to as SamfE in this study) was kindly supplied by BASF (Ludwigshafen, Germany) in flake form and was used as reactive agent. It features a functionality, fn = 12, a glass transition temperature of 56 °C, a molecular weight Mw of 5443 g/mol and an epoxy equivalent weight of 433 g/mol. An ABS injection grade (Terluran GP-22®), purchased from Styrolution Group (Frankfurt am Main, Germany), was used with a melt flow index (MFI) of 19 ± 1 g/10 min (220°C, 10 kg). Fourier transform infrared spectroscopy (FTIR) gave the following weight composition: 61% of PS, 18% of AN and 21% of PBD. 

3.2. Processing conditions

Prior to processing, raw PLA was dried at 8 ºC for 3 h in a Piovan (DSN506HE, Venice, Italy) hopper-dryer (dew point = -40 ºC). Pre-dried raw PLA pellets and SAmfE agent were melt compounded in an intermeshing co-rotating twin-screw extruder COLLIN Kneter 25X24D (COLLIN GmbH, Ebersberg, Germany) with a screw diameter of 25 mm (L/D=36) in order to melt-strength PLA, as already reported elsewhere [43-44]. The intermeshing co-rotating twin screws used featured three 100 mm kneading block segments that were equally distributed along the screw length. The extruder featured seven heating zones set at 45, 165, 165, 170, 180, 190, 190°C from the feeding zone to the die, respectively. The screw speed was set to 35 rpm and the mean residence time was 4.1 min. Once the extrusion line started and stabilized with raw PLA, PLA and SAmfE were introduced simultaneously in the hopper of the feeding zone under a N2 blanket. The feeding rate of SAmfE was adjusted to PLA resin in order to obtain a nominal dosage of 0.5% of SAmfE using a miniaturized prototype volumetric feeder. Vacuum was applied in the metering zone to remove volatiles resulting from the extrusion stage. The extrudate (referred to as PLA-REX) was water-cooled, pelletized (cut length = 5 mm) and placed in a convection oven at 90 °C for 4 h in order to supply crystallized pellets.

Prior to processing, crystallized PLA-REX pellets and ABS (with a weight content of 30% of ABS) were dry-mixed and subsequently dried at 80°C for 3 h in a Piovan hopper-dryer (dew point = -40ºC). A similar extruder as described above was used for the homogenization procedure of the blends. The seven heating zones were set at 150, 170, 180, 190, 195, 200, 200°C from the feeding zone to the die, respectively. The screw speed was set to 45 rpm and the mean residence time was 4 min. A N2 blanket was established in the feeding zone while vacuum was applied in the metering zone to remove possible volatiles. The extrudates were water-cooled, pelletized (cut length = 5 mm) and placed in a convection oven at 90°C for 4 h in order to supply crystallized pellets.

Finally, square plates of 100 x 100 x 3 mm3 were injected in an Engel Victory 110 injection moulding machine with a maximum clamping force of 1100 KN. Before processing, each material was dried at 80ºC for a minimum of 4 h in a Piovan hopper-dryer (dew point = -40ºC). A melt temperature profile of 180-190-200-210-220ºC from hopper to die, was used for PLA-REX or ABS whereas it was reduced by 15 ºC when PLA-REX/ABS bioblends were injected due to improved flow properties. The mould temperature was kept at 20ºC for PLA and PLA-REX/ABS blends and at 50ºC for pure ABS. The selected injection flow rate of all specimens was 45 cm3·s-1.

3.3. Thermal characterization

TGA data were obtained on a Mettler Toledo thermogravimetric analyzer, model TGA-SDTA851. Samples of 20 mg were heated at various linear heating rates (2.5, 5, 10 and 15 K/min) from room temperature to 600ºC, under a dry nitrogen gas flow rate of 40 cm3/min. Two replicates were scanned and errors were lower than 1%.

4. Results and discussion

Figure 1 shows the experimental curves recorded for the thermal degradation of PLA-REX, ABS and PLA-REX/ABS bioblend, under a nominal linear heating rate of 10 K/min. It is clear that ABS is more resistant to the thermal degradation compared to PLA-REX. TG curves of PLA-REX and ABS are sigmoidal and they present a continuous profile of decomposition. Therefore, the thermal degradation of these two materials will have a unique value of activation energy within the entire range of conversion. On the opposite, the TG curve of PLA-REX/ABS bioblend clearly exhibits two different zones of decomposition: a first step at  < 60% and a second step at  > 75%. In this case, two values of activation energy will be assessed. The weight loss of PLA-REX/ABS bioblend is not intermediate between those of PLA-REX and ABS, as it could be expected. It must be taken into consideration that the preparation of PLA-REX consisted of only two treatments (reactive extrusion and further injection) whereas the manufacture of bioblend consisted of four treatments (reactive extrusion for the preparation of PLA-REX, PLA recrystallization, extrusion for blending PLA-REX and ABS, and further injection). PLA-REX recrystallization and extrusion to obtain the bioblend are, therefore, responsible for an extra decrease in the bioblend thermal stability. As an example, Figure 2 shows the experimental curve of the bioblend (under a nominal linear heating rate of 10 K/min) as well as the theoretical curve constructed by a linear combination of PLA-REX and ABS experimental curves. The difference between these curves is due to the additional extrusion to prepare the bioblend and to the development of a new tridimensional structure, as a consequence of interactions between the molecular chains of PLA-REX and ABS. The difference is particularly significant between 330 and 380ºC. From Figure 1, it was possible to obtain various decomposition temperatures: T5, T50 and T95, defined as the temperatures at which 5, 50 and 95% of mass is lost, respectively, as shown in Table 3. The values of T5 for PLA-REX, ABS and its bioblend were 334.7, 385.5 and 303.3ºC, respectively. Therefore, the value of T5 for bioblend was 31.4ºC lower than that for PLA-REX. On the other hand, the temperature at which 95% of mass is lost, T95, for PLA-REX, ABS and its bioblend were 379.2, 472.0 and 462.5ºC, respectively. Therefore, the value of T95 for bioblend was 83.3ºC higher than that for PLA-REX, due to the presence of ABS, which is clearly more thermoresistant.

As an example, Figure 3 shows the conversion curves for the thermal degradation of PLA-REX, ABS and the bioblend PLA-REX/ABS, under a nominal linear heating rate of 10 K/min. From these curves, it was possible to evaluate various thermal parameters: conversion (m), conversion derivative ((d/dT)m) and temperature (Tm) at the maximum decomposition rate, as shown in Table 3. It is clear that the presence of ABS considerably modified the values of conversion at the maximum rate: m = 65% for PLA-REX and 47-49% for ABS and the bioblend. Table 3 also contains the values of temperature (T0.5) and conversion derivative (d/dT)0.5) at  = 0.5. These values will be used to construct standardized conversion functions as well as y() master plots.

As an example, Figure 4 shows the results of the general analytical equation (GAE) for three theoretical conventional mechanisms (F1, R1 and D1) for the thermal degradation of PLA-REX, under a nominal linear heating rate of 10 K/min. The fit of experimental data was excellent (r2 > 0.99) for the three models, but the F1 mechanism was the most satisfactory (i.e. less divergences between experimental and theoretical data). The activation energy values so evaluated are shown in Table 4 (mean value for the four heating rates ± confidence interval). The activation energy values for the thermal degradation of PLA-REX are within a wide interval (196-534 kJ/mol) depending on the considered mechanism.

As an example, Figure 5 shows the results of the general analytical equation for three theoretical conventional mechanisms (F2, R2 and D2) for the thermal degradation of ABS, under a nominal linear heating rate of 10 K/min. The fit of experimental data was excellent (r2 > 0.99) only for the F2 mechanism. As shown in Table 4, the activation energy values are within a wide interval (149-430 kJ/mol) depending on the considered mechanism. As an example, Figure 6 shows the results of the general analytical equation for two empirical mechanisms (n-order and autocatalytic) and one theoretical non-conventional mechanism (random scission for L = 2) for the first step of the thermal degradation of PLA-REX/ABS, under a nominal linear heating rate of 10 K/min. The fit of experimental data was excellent (r2 > 0.99) for the three mechanisms. As shown in Table 4, the activation energy values are within a wide interval (155-456 kJ/mol) depending on the considered mechanism. As an example, Figure 7 shows the results of the general analytical equation for three theoretical conventional mechanisms (F3, R3 and D3) for the second step of the thermal degradation of PLA-REX/ABS. The fit of experimental data was excellent (r2 > 0.99) for the three mechanisms.

When summarizing the results of linear regressions, most of the mechanisms led to regression coefficients higher than 0.99. This means that all the mechanisms are quite adequate, from a mathematical point-of view, to represent the kinetics of the thermal degradation of the three materials considered in this study. Therefore, it is necessary to employ a method able to discern the best mechanism (and then it will be possible to evaluate the right activation energy responsible for the split of macromolecules leading to the thermal degradation). For this reason, an isoconversional kinetic analysis was carried out. Following the ICTAC recommendations [45], the Kissinger-Akahira-Sunose method was employed:



From this method it is possible to evaluate isoconversional values of the activation energy without assuming or determining any particular form of the reaction model. For this reason, isoconversional methods are frequently called “model-free” methods. Figure 8 show the variation of E with  for the three materials under study. The nominal heating rates used for this analysis were 2.5, 5, 10 and 15 K/min. As reported by Vyazovkin et al. [45], determination of the reaction model requires that a variation of E with  to be negligible so that E dependence can be replaced with a single average value, E0. From Figure 8, it is clear that both PLA-REX and ABS thermally degrade with an activation energy which is almost constant for  = 10-90%: E0 = 198 ± 1 kJ/mol for PLA-REX and 151 ± 1 kJ/mol for ABS. On the other hand, bioblend degrades following two steps: E0,1 = 216 ± 1 kJ/mol for the first step ( = 5-60%) and E0,2 = 94 ± 1 kJ/mol for the second one ( = 75-90%).  When comparing these values to those contained in Table 4, the most appropriate reaction mechanism is random scission for the thermal degradation of PLA-REX (E = 196 ± 3 kJ/mol) as well as for ABS (E = 149 ± 3 kJ/mol). However, the bioblend thermally degrades according to different mechanisms: R2 for the first step (E = 214 ± 3 kJ/mol) and F3 for the second step (E = 95 ± 2 kJ/mol).

The standardized conversion functions have been successfully used to compare experimental and theoretical data relative to reaction mechanisms. Theoretical values are determined by using the conversion functions, as shown in Table 1, and they depend only on the reaction mechanism. On the other hand, experimental values are calculated by means of the following equation:



where ,  and  are conversion function, conversion derivative and temperature at  = 0.5. These values are shown in Table 3 for PLA-REX, ABS and its bioblend. Conversion derivative and temperature at  = 0.5 are experimental values and E is the activation energy previously evaluated for each of the mechanisms considered through the general analytical equation, as shown in Table 4. Therefore, experimental values depend on activation energy values.

These standardized conversion functions give valuable complementary information about the most suitable mechanisms. However, this information is only qualitative. In order to elucidate the most appropriate kinetic model, it is necessary to develop a quantitative procedure. One potential method is the calculation of the absolute value of error, defined as follows:

                                            

As an example, Figure 9 shows the absolute value of error between experimental and theoretical values of f()/f(0.5) for various mechanisms (R2, D2 and random scission) corresponding to the thermal degradation of ABS. The best mechanism (i.e. minimum value of the absolute error) is random scission. Figure 10 exhibits the absolute value of error between experimental and theoretical values of f()/f(0.5) for various mechanisms (F3, R3, D3 and random scission) corresponding to the second step of the thermal degradation of the bioblend. In this case, the best mechanism is F3.

Even though the absolute value of error (as a function of  is a quantitative procedure, it is not possible to elucidate the best mechanism on a certain conversion range or even on the entire conversion range. For this reason, a new index was proposed in a previous work, the integral mean error [46], which takes into consideration the mean area under the curve of absolute error vs conversion, defined as follows:

                                                                                                                                                                                                                              

Table 5 contains the integral mean error (IME) values for all the mechanisms studied in this paper corresponding to the thermal degradation of PLA-REX (by taking into account the four heating rates employed in this study). For PLA-REX, the minimum IME was for random scission mechanism (2.9 ± 0.2%), which was the selected mechanism when comparing activation energy values obtained by means of the general analytical equation and the Kissinger-Akahira-Sunose method. For ABS, the minimum IME also was for random scission mechanism (4.7 ± 0.2%), which was the chosen mechanism when comparing activation energy values obtained by means of the GAE and the KAS method. For the first step of the bioblend thermal degradation, the minimum IME was for R2 mechanism (6.1 ± 0.3%), which was the selected mechanism selected when comparing activation energy values obtained by means of the GAE and the KAS method. On the other hand, for the second step of the bioblend thermal degradation, the minimum IME was for F3 mechanism (3.0 ± 0.2%), which was the selected mechanism selected when comparing activation energy values obtained by means of the GAE and the KAS method. Given that activation energy values are low, it was necessary to do up to 20 iterations to reach correct values of E, especially for E < 30 kJ/mol. It must be taken into consideration that the term (1 − 2RT/E) (see Eqn. 2) is very important for low values of E and high values of temperature. In addition, it must be noted that diffusion mechanisms led, in general, to high IME values.

By summarizing our results, the best reaction mechanism for the thermal degradation of PLA-REX was random scission (E = 196 ± 3 kJ/mol) as well as for ABS (E = 149 ± 3 kJ/mol), whereas the best mechanism for the first step of PLA-REX/ABS thermal degradation was R2 (214 ± 3 kJ/mol) and that for the second step was F3 (E = 94 ± 2 kJ/mol). This indicates that the interaction of PLA-REX and ABS within the bioblend led to a change of reaction mechanism. It must be taken into consideration that activation energy values are dependent on the conversion function used (which depends on the mechanism selected) and also on the temperature interval where occurs the thermal degradation. A change in mechanism and in temperature interval inevitably leads to a change in activation energy (which is compensated by a variation in frequency factor).

In order to check the validity of the activation energy values obtained for the thermal degradation of PLA-REX, ABS and its bioblend,  y() master plots, as proposed by Criado et al., were used [47]:

                                                                                                            (7)

                                                                                                                      (8)

As an example, Figures 11 and 12 show the y() master plots for the thermal degradation of PLA-REX, ABS, as well as for the bioblend (two differentiated steps). These findings corroborate the results previously reported: The best reaction mechanism for the thermal degradation of both single polymers PLA-REX and ABS is random scission, whereas the best mechanisms for the PLA-REX/ABS bioblend are R2 for the first step (mainly related to the degradation of PLA-REX for  = 5-60%) and F3 for the second step (mainly related to the degradation of ABS for  = 75-90%). Therefore, the interactions between PLA-REX and ABS within the macromolecular architecture of the bioblend are responsible for this reaction mechanism change.

The variation of conversion with temperature for the three mechanisms above mentioned can be evaluated through the following equations (evaluated from the general analytical equation), having obtained an excellent fitting for all the materials under study:

Random scission for L = 2


R2




F3



Finally, there was a compensation factor between frequency factor and activation energy by using all the empirical and theoretical kinetic models and for all the materials considered (PLA-REX, ABS and its bioblend). As an example, Figure 13 shows a good linear relationship between LnA and E (for TG experiments carried out at a nominal heating rate of 10 K/min). The equation relating these two kinetic parameters was: LnA (s-1) = − 8.65 + 0.19 E (kJ/mol). This means that an increase of activation energy (i.e. higher energy barrier) leads to an increase of frequency factor (i.e. higher probability to be decomposed). The compensation factor was also observed for the other heating rates used in this study.

5. Conclusions

A reactive extrusion-calendering process (REX) was used in order to manufacture square plates with a nominal thickness of 3 mm of poly(lactic acid) (PLA) and its bioblend with acrylonitrile-butadiene-styrene (ABS), with a weight content of 30% of ABS. During processing, the properties of the melt were stabilized and enhanced by the addition of a styrene-acrylic multi-functional-epoxide oligomeric reactive agent (SAmfE). The temperature at which 5% of mass is lost for PLA-REX, ABS and its bioblend were 335, 386 and 303ºC, respectively. On the other hand, the temperature at which 95% of mass is lost for the PLA-REX, ABS and its bioblend were 379, 472 and 462ºC, respectively (at a nominal heating rate of 10 K/min). Similar conclusions were obtained at the other heating rates employed in this study. The general analytical equation (GAE) was used in order to evaluate the kinetic parameters of the thermal degradation of PLA-REX, ABS and its bioblend. Various empirical and theoretical solid-state mechanisms have been tested to elucidate the best kinetic model. By means of the isoconversional Kissinger-Akahira-Sunose method, it was possible to ascertain that activation energy values were almost constant in the entire conversion range for the thermal degradation of PLA-REX and ABS, whereas that of PLA-REX/ABS bioblend did it in two differentiated steps. By comparing activation energies determined by means of the general analytical equation and the Kissinger-Akahira-Sunose method, the following mechanisms were elucidated: random scission of macromolecular chains within the polymer matrix for PLA-REX and ABS (E = 196 ± 3 and 149 ± 3 kJ/mol, respectively) and R2 and F3 for the first and second steps of the bioblend thermal degradation (E = 214 ± 3 kJ/mol and 94 ± 2 kJ/mol, respectively). On the other hand, standardized conversion functions were also constructed. Given that it is not always easy to visualize the best accordance between experimental and theoretical values of standardized conversion functions, a recently proposed index was determined to quantitatively support the chosen reaction mechanisms: the integral means error (IME). It was found that IME values were minimum for the previously mentioned mechanisms. In addition, y() master plots also supported the reaction mechanisms found in this work.
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Legends of Figures

Fig. 1. TG curves for PLA-REX, ABS and PLA-REX/ABS bioblend (= 10 K/min).
Fig. 2. TG experimental curve for PLA-REX/ABS bioblend and TG theoretical curve obtained by linear combination between TG curves for PLA-REX and ABS ( = 10 K/min).
Fig. 3. Variation of conversion with temperature for PLA-REX, ABS and PLA-REX/ABS bioblend (= 10 K/min).
Fig. 4. Integral kinetic analysis by means of the general analytical equation (GAE) for the thermal degradation of PLA-REX by using three theoretical conventional mechanisms (F1, R1 and D1) (= 10 K/min).
Fig. 5. Integral kinetic analysis by means of the general analytical equation (GAE) for the thermal degradation of ABS by using three theoretical conventional mechanisms (F2, R2 and D2) (= 10 K/min).
Fig. 6. Integral kinetic analysis by means of the general analytical equation (GAE) for the first step of the thermal degradation of PLA-REX/ABS bioblend by using two empirical mechanisms (n-order and autocatalytic) and a theoretical non-conventional mechanism (random scission for L = 2) (= 10 K/min).
Fig. 7. Integral kinetic analysis by means of the general analytical equation (GAE) for the second step of the thermal degradation of PLA-REX/ABS bioblend by using three theoretical conventional mechanisms (F3, R3 and D3) (= 10 K/min).
Fig. 8. Variation of E as a function of  for PLA-REX, ABS and its bioblend by using the Kissinger-Akahira-Sunose method.
Fig. 9.  Absolute values of the error between experimental and theoretical standardized conversion functions for the thermal degradation of ABS by using two theoretical conventional mechanisms (R2 and D2) and a theoretical non-conventional mechanism (random scission for L = 2).
Fig. 10.  Absolute values of the error between experimental and theoretical standardized conversion functions for the second step of the thermal degradation of PLA-REX/ABS bioblend by using three theoretical conventional mechanisms (F3, R3 and D3) and a theoretical non-conventional mechanism (random scission for L = 2).
Fig. 11.  Comparison between experimental and theoretical values of y() master plots for the thermal degradation of PLA-REX and ABS.

Fig. 12.  Comparison between experimental and theoretical values of y() master plots for the thermal degradation of PLA-REX/ABS bioblend.

Fig. 13.  Compensation factor between frequency factor and activation energy for all the empirical and theoretical kinetic models studied and for all the materials analysed (= 10 K/min).
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