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Abstract

:

The industrialisation of poly(ethylene 2,5-furandicarboxylate) for total replacement of poly(ethylene terephthalate) in the polyester market is under question. Preparation of high-performing polymer blends is a well-established strategy for tuning the properties of certain homopolymers and create tailor-made materials to meet the demands for a number of applications. In this work, the structure, thermal properties and the miscibility of a series of poly(ethylene terephthalate)/poly(ethylene 2,5-furandicarboxylate) (PET/PEF) blends have been studied. A number of thermal treatments were followed in order to examine the thermal transitions, their dynamic state and the miscibility characteristics for each blend composition. Based on their glass transition temperatures and melting behaviour the PET/PEF blends are miscible at high and low poly(ethylene terephthalate) (PET) contents, while partial miscibility was observed at intermediate compositions. The multiple melting was studied and their melting point depression was analysed with the Flory-Huggins theory. In an attempt to further improve miscibility, reactive blending was also investigated.
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1. Introduction


Not surprisingly, over the last decade there is growing interest in the preparation of new chemicals and materials based on renewable resources; biomass-derived fuel and chemicals are a promising alternative to fossil based materials [1,2]. Generally, bio-based plastics can be manufactured via three main pathways [3]. The first pathway involves the modification of natural polymers (e.g., for production of starch and cellulose-based plastics). The second—and most important—approach involves conversion of biomass to bio-based precursors (monomers) via biochemical and/or chemical transformation followed by polymerization of the monomers. As a result, conventional monomers (drop-in) and then conventional plastics, such as polyethylene (PE) or poly(ethylene terephthalate) (PET), can be produced. New monomers, especially aromatic ones, and new polymers such as poly(ethylene 2,5-furandicarboxylate) (PEF) can be also manufactured and are expected to have a key role in the new era of sustainable engineering plastics from biomass for the development of a biobased economy. Finally, the third approach involves polymers that can be formed from microorganisms such as (polyhydroxyalkanoates) (PHA), or from plants and finally by using CO2 as a feedstock [4,5,6,7].



2,5-furandicarboxylic acid is considered as one of the most important building blocks or top value-added chemicals derived from biomass, according to the U.S. Department of Energy [8,9]. FDCA can be used for the production of polyesters bearing furan moieties such as poly(ethylene 2,5-furan dicarboxylate) (PEF) and poly(butylene 2,5-furan dicarboxylate) (PBF) which can be regarded as the biobased alternatives of terephthalates [10,11,12,13]. PEF is the most important furan-based polyester as it can be formulated in films, fibers and bottles. It has been shown that PEF bottles exhibit 11 times better O2 barrier than their PET counterparts, 19 times better CO2 barrier and 1.6 times higher tensile modulus [14,15,16]. The improved properties of PEF are related with the differences in the stiffness and the motional dynamics of the aromatic rings, which are present in the PEF structure. The hindrance of furan ring-flipping explains the significant reduction in oxygen diffusion coefficient and permeability as compared to PET. In addition, a recent investigation by dielectric spectroscopy and differential scanning calorimetry revealed the important role of the restricted amorphous fraction [17]. The latter is of key importance to the gas barrier and mechanical properties. It has also been reported that use of PEF may lead to a reduction of the non-renewable energy use of about 40% to 50% while greenhouse gas (GHG) emissions can also be lowered by about 50%, compared to PET [18].



Poly(ethylene terephthalate) on the other hand, is the most important thermoplastic polyester in terms of its commercial value, as it used in several applications and especially in soft drink containers. The overall consumption of PET was 100 million tons in 2016 and it currently grows by 4% per year [19]. However, since the majority of the feedstocks for PET are petroleum-based, a number of potential routes have been proposed to synthesize PET monomers from biomass. Academic and industrial researchers have made significant efforts to produce 100% renewable PET by using drop-in replacements of PET precursors from biomass [20,21,22]. Due to its commercial importance, PET is one of the most studied polymers, hence a variety of copolymers, blends, and composites based on PET have been investigated [23,24,25,26,27].



The modification and functionalization of polymeric materials can be achieved with a number of strategies, including the fabrication of polymer blends. From the aspect of crystallizability of the constituents, binary polymer blends can be classified into amorphous/amorphous, crystalline/amorphous, and crystalline/crystalline systems [28]. Most of the studies on polymer blends are focused on pairs of two amorphous polymers or mixtures in which one of the components is semicrystalline. On the other hand, semicrystalline/semicrystalline polymer pairs have received less attention. It is usually more difficult experimentally to investigate the miscibility (in the amorphous phase) of blends of which both constituents are semicrystalline polymers. Miscibility is relatively rare in polymer pairs because of the entropy of mixing for high molecular weight chains [29,30]. For PET, blending with other polymers to improve gas barrier properties, transparency, thermal resistance, and recyclability is of special importance for applications such as in soft drink containers. Transesterification reactions and formation of copolymers both play a crucial role in improving interfacial adhesion and homogenization in PET blends [31]. Thus, reactive blending offers another opportunity for arriving to increased compatibilization. As a number of obstacles may exist towards the industrialization of PEF, including discoloration, low thermal stability and slow crystallization compared to PET, a more careful strategy for the introduction of PEF in the marketplace and a progressive transition from PET to PEF should be drawn. It is important to point out that the two polymers, PEF and PET, are expected to meet in the recycling stream from municipal wastes, so the compatibility of the PET-PEF blends is of special importance.



In this work, a series of PET-PEF blends were prepared and studied by a number of characterization techniques. The presence of bio-based PEF in the produced blends could reduce the environmental impact from the extensive use of petroleum-originating terephthalic acid, while maintaining the recyclability of the final product. Since recent efforts on the mass production of PEF have materialized by large companies such as Avantium, the blends can be readily produced in an industrial scale. Herein, the miscibility and crystallization of the blends were studied by means of differential scanning calorimetry (DSC), temperature modulated DSC (MDSC), wide-angle X-ray diffractometry (WAXD), and polarized light microscopy (PLM). Finally, reactive blending was simulated within a DSC pan at elevated temperatures, in order to evaluate its potential as a way to achieve homogeneity in the PET-PEF blends.




2. Experimental


2.1. Materials


Dimethyl terephthalate (DMT) was obtained from Du Pont De Nemours Co. and 2,5-furan dicarboxylic acid (purum 97%) was purchased from Sigma Aldrich Co. (Darmstadt, Germany) Ethylene glycol and tetrabutyl titanate (TBT) catalyst of analytical grade were purchased also from Sigma Aldrich Co. (Darmstadt, Germany). All other materials and solvents used were of analytical grade.




2.2. Synthesis of 2,5-Dimethylfuran-Dicarboxylate (DMF)


For the synthesis of DMF, 15.6 g of 2,5-furandicarboxylic acid, 200 mL of methanol anhydrite and 2 mL of concentrated sulfuric acid was transferred into a random flask (500 mL) and the mixture was refluxed for 5 h. The excess of the methanol was distilled and the solution was filtered through a disposable Teflon membrane filter. During filtration dimethylester was precipitated as white powder and following cooling, 100 mL of distilled water was added. The dispersion was partially neutralized by adding Na2CO3 5% w/v during stirring while pH was measured continuously. The white powder was filtered and the solid was washed several times with distilled water and dried. The isolated white methylester was recrystallized with a mixture of 50/50 v/v methanol/water. Following cooling, 2,5-dimethylfuran-dicarboxylate (DMF) was precipitated in the form of white needles. The reaction yield was calculated at 83%.




2.3. Polyester Synthesis


The polyesters were prepared by the two-stage melt polycondensation method (esterification and polycondensation) in a glass batch reactor. For the preparation of PET (Scheme 1a) the proper amounts of DMT and EG at a molar ratio of diester/EG = 1/2.2 were charged into the reaction tube of the polyesterification apparatus. For the synthesis of PEF (Scheme 1b), a higher molar ratio was used (DMF/EG = 1/3). TBT (400 ppm) was added as catalyst and the apparatus with the reagents was evacuated several times and filled with argon in order to remove the whole oxygen amount. The reaction mixture was heated at 190 °C under argon atmosphere and stirring at a constant speed (350 rpm). For the synthesis of PEF the reagents were first heated at 160 °C under argon atmosphere for 2 h at 170 °C for additional 2 h and finally at 180–190 °C for 1 h. This first step (transesterification) is considered to complete after the collection of almost all the theoretical amount of CH3OH, which was removed from the reaction mixture by distillation and collected in a graduate cylinder.



In the second step of polycondensation, vacuum (5.0 Pa) was applied slowly over a period of time of about 30 min to remove the excess of diols and to avoid excessive foaming and furthermore to minimize oligomer sublimation, which is a potential problem during melt polycondensation. The temperature was gradually increased (1 h) for PET synthesis to 280 °C while stirring speed was increased at 720 rpm. The polycondensation continued for about 120 min at 280 °C. For PEF synthesis the temperature was slowly increased from 190 °C to 220 °C while stirring speed was increased at 720 rpm. The reaction continued at this temperature for 2 h and after that time the temperature was increased to 235 °C for 2 h and at 250 °C for additional 2 h. Following the completion of the polycondensation reaction, polyesters were easily removed, milled and washed with methanol.




2.4. Preparation of Blends


PET and PEF samples were synthesized by applying the melt polycondensation method. Then, PET-PEF blends were prepared by using the solvent method. A mixture of Chloroform/Trifluoroacetic acid 5/1 v/v was used as the mutual solvent of the two polymers. The blends were then removed from the solution as white powder by adding excess of methanol. The samples were annealed at 160 °C for 2 h prior to testing to enhance their crystallinity.




2.5. Polyester Characterization


2.5.1. Wide Angle X-Ray Diffraction Patterns (WAXD)


X-ray diffraction measurements of the samples were performed using a MiniFlex II XRD system from Rigaku Co, with CuKα radiation (λ = 0.154 nm) in the angle 2θ range from 5 to 60 degrees.




2.5.2. Differential Scanning Calorimetry (DSC)


A Perkin–Elmer, Pyris Diamond DSC differential scanning calorimeter, calibrated with pure indium and zinc standards, was used. The system also included an Intracooler 2P cooling accessory, in order to achieve function at sub-ambient temperatures and high cooling rates. Samples of 5 ± 0.1 mg sealed in aluminium pans were used, to test the thermal behavior of the quenched polymers. In order to obtain amorphous materials, the samples were heated to 40 °C above the melting temperature (up to 280 °C) and held there for 2 min—in order to erase any thermal history—followed by rapid cooling with the highest achievable rate (nominal rate of 500 °C/min and real average rate of ~80 °C/min down to 0 °C). Isothermal crystallization experiments of the polymers at various temperatures below the melting point were performed. For the non-isothermal crystallization experiments, the samples were heated at temperatures higher than their equilibrium melting temperatures and then they were cooled at various cooling rates, ranging from 1.25 up to 10 °C/min. With regards to reactive blending, within an industrial environment it involves melt mixing in an extruder at temperatures higher than the melting temperatures of the elements of the blend. In order to simulate reactive blending in a much smaller scale this work, the blends were initially prepared from solution, as described above, and were subsequently melt-mixed inside the DSC pans. In detail, during reactive blending, the blends were heated at a rate of 20 °C/min up to a predetermined temperature that was well above the melting points of both components, where they were held for a specific time in each test before quenching to −30 °C. The quenched samples were subsequently heated again at 20 °C/min, starting from a temperature of at least 30 °C below the lower Tg of the polymers.



A TA Instruments modulated temperature DSC (MTDSC) TA Q2000, (New Castle, DE, USA) was also used for the temperature-modulated DSC measurements. The instrument was calibrated with indium for the heat flow and temperature, while the heat capacity was evaluated using sapphire standard. The sample mass was kept around 5 mg in all tests. The Al sample and reference pans are of identical mass with an error ± 0.01 mg. The temperature modulated DSC scans (TMDSC) were performed at a heating rate of 5 °C/min, with temperature modulation amplitude of 1 °C and a period of 60 s.



The modulated DSC measurements include the introduction of isothermal steps between the heating steps and the different signals correspond to different contributions during the heating process. The non-reversing signal is known to represent the melting of stacks of lamellae or separate polymer lamellae. The reversing signal is associated to the partial melting of the lamellae which recrystallize rapidly on existing signals. It enables us to distinguish events such as the glass temperature from other non-reversing processes, such as enthalpy relaxation or recrystallization, which are absolutely not present in the non-reversing signal. For this reason, the resolution of different thermal events with the use of modulated DSC measurements is standard practice in the study of the thermal properties of polymers.




2.5.3. Polarizing Light Microscopy (PLM)


A polarizing light microscope (Nikon, Optiphot-2, Tokyo, Japan) equipped with a Linkam THMS 600 (Waterfield, Epsom, United Kingdom) heating stage, a Linkam TP 91 (Waterfield, Epsom, United Kingdom) control unit and also a Jenoptic ProgRes C10Plus camera (Jiena, Germany) with the Capture Pro 2.1 software was used for PLM observations.






3. Results and Discussion


3.1. Primary Characterisation


The structure of the two homopolymers, PEF and PET was initially examined by WAXD (Figure 1). For PET, the thermodynamically stable a-form appeared from the characteristic WAXD pattern, with a triclinic unit cell with a = 4.56 Å, b = 5.94 Å, c = 10.75 Å, α = 98.5°, β = 118°, and γ = 112° [32]. The repeating unit along the c-axis contains one monomer, with the polymer chain tilted by ~5° with respect to the c-axis. For PEF unit cell the space group is P21, with a monoclinic unit cell where a = 5.784 Å, b = 6.780 Å, c = 20.296 Å, and γ = 103.3°. The repeating unit consists of two monomers related to each other by a 21 screw axis [33,34].



The WAXD patterns of the blends are shown in Figure 1. The peaks generally appear quite strong and pronounced, an indication of significant crystallinity, as a result of both solution crystallization and annealing procedures. Crystalline peaks for both polyesters can be detected in the patterns of the blends, especially for intermediate blend compositions. Based on this observation it can be realized that this can be considered as a crystalline/crystalline blend system [32,34,35].



The thermal transitions of the blends were studied by DSC. The DSC heating scans (at 20 °C/min) for the blends are shown in Figure 2a; melting peaks for both polymers are present, except for the PET-PEF 95-5 blend. In the thermograms of the latter, the melting of PEF is not clearly observed as a result of the low PEF content. A low temperature melting peak, just above 180 °C appears in all DSC thermograms, which should be associated mainly with the annealing process. Furthermore, it must be noted that for the blends, a slight decrease in the melting temperature of PET was recorded with increasing PEF content. This took place simultaneously with the reduction in the heat of fusion for the corresponding melting peaks, indicating lower degrees of crystallinity for intermediate blend compositions.



Figure 2b shows the total signal recorded from temperature modulated-DSC experiments for the blends, at a heating rate of 5 °C/min, after fast cooling at an initial rate of 80 °C/min in the DSC cell. MDSC is a powerful thermal analysis tool as it can separate reversible from non-reversible phenomena [36]. PEF is known to crystallize at relatively slow rates [37,38,39]. As it can be seen, only those blends with a PEF content higher than 80 wt.% were efficiently quenched and obtained in the amorphous state. PEF did cold-crystallize upon heating, but even cold-crystallization was suppressed with increasing the PET content beyond 10 wt.% in the blends. PET on the other hand crystallizes fast, so its crystallization cannot be efficiently suppressed upon cooling at a rate of 80 °C/min. Under these conditions, only a minor cold-crystallization peak can be detected and not pronounced cold crystallization. Melting peaks for both polymer components of the blends appeared, again with the exception of the PET-PEF 95-5 sample. The first dotted line in the figure at ~80 °C also indicates a glass temperature that will be further analyzed below. We should mention at this point the proximity of the glass temperatures for the two homopolymers: Tg(PET) = 81 °C and Tg(PEF) = 88 °C. This fact makes a systematic investigation of the thermodynamic state with respect to miscibility for the two components in the blends, a difficult task.



The reversing signals from the MDSC curves of the blends were also studied (Figure 3a). The results showed a shift in the glass temperature region towards higher temperatures with increasing PEF content, and there were also indications for double Tgs. In the non-revering signal curves (Figure 3b), besides the recrystallization exothermic peak in the melting temperature region, a cold-crystallization peak can be detected for PET and at slightly higher temperatures for PEF. According to Woo et al. [40], for polymer blends in which the Tg values are very close, a single cold-crystallization peak is an indication of miscibility. Therefore, for the PET-PEF blends this prerequisite for miscibility seems that it cannot be satisfied. It should be stated though that in this work, detailed non-reversing signals recorded during slow heating scans (average heating rate 5 °C/min) from MDSC were used, in contrast to the work of Woo et al. where only standard DSC traces recorded at a fast heating rate of 20 °C/min were analyzed [40].



A high-sensitivity power-compensation DSC was also elaborated for the study of the glass temperatures in the blends. The samples were first melt quenched on an ice-cold metal plate. Effective quenching resulted in almost completely amorphous samples as it can be concluded from the comparison between the heat of cold crystallization and the heat of the subsequent melting during the DSC scans at 20 °C/min (Figure 4a), which were practically equal. As it can be seen in Figure 4b where the details of the glass temperatures are shown, two separate glass temperatures can be seen at several compositions, as pointed out with the two arrows. The red dotted line in the figure correspond to the glass temperature of PET and the black dotted line shows the Tg of PEF. It is known that thermodynamic miscibility cannot be concluded on the basis of a dual Tg as both immiscible and miscible blends exhibit two Tgs. From Figure 4b, significant windows of miscibility can be observed at compositions ranging from slightly less than 100% PET to 85% PET (e.g., 0–15% PEF in PEF-PET mixtures) and 85% PEF up to slightly less than 100% PEF (e.g., 85–100 PEF in PET-PEF mixtures). The first derivative of heat flow as a function of temperature, depicted in Figure 4c can be also quite informative, as it shows dual Tgs at nearly all compositions. However, the position of the low Tg shifts with composition especially for blends rich in PEF. This can be a signature of partial miscibility [41,42,43]. Based on those results we conclude that for 10% PET in the PET/PEF compositions, the blends appear to be miscible. Even more importantly, at the other end of the composition range, for PET/PEF compositions of 85/15 it appears that reasonable miscibility exists as well, while the 80/20 blend can be considered partially miscible.



Overall, from the above discussion it can be concluded that the window of miscibility can be observed for the PET- and PEF-rich polymer blends where the content of the rich phase is higher than 85%. Additionally, the 80–20 and 20–80 blends can be considered partially miscible.




3.2. Melting Behavior of the Blends


The melting behavior of the PET-PEF blends with high PET content was studied after isothermal crystallization from the melt at various temperatures. As it can be seen in Figure 5 for the example of the PET-PEF 95-5 blend, a multiple melting behavior characterized the materials. Similar behaviors have been observed in past for PET and related blends and in general for aromatic polyesters [44,45,46].



The multiplicity of the melting peaks is related with the isothermal crystallization temperatures. Heating following the crystallization at low temperatures (165 °C or lower for the PET-PEF 95-5) leads to dual melting peaks. For samples crystallized at temperatures above 170 °C but below 195 °C, triple melting was evidenced. For crystallization temperatures in the range between 195 and 205 °C, the ultimate temperature melting peak seemed to disappear, but a side peak was also present in place of the peak. Dual melting was observed after crystallization at Tcs in the range 205 °C < Tc < 227.5 °C. Finally, for Tcs equal or above 230 °C the two peaks coincided, and a single melting peak was then observed. In all cases of thermograms of Figure 5 the low temperature peak (I) is the well-known annealing peak [47].



The middle temperature peak (II) can be attributed to the melting of the original crystals. However, this peak was not always well observed especially upon heating of samples crystallized at very low temperatures, because of the low degree of perfection and reduced thermal stability of the crystals. Finally, the ultimate temperature melting peak (III) was that corresponding to the melting of the reorganized/recrystallized material, that is for crystals stabilized via the crystal perfection processes upon heating.




3.3. Equilibrium Melting Point


The most popular method for the estimation of the equilibrium melting point of polymers is that of Hoffmann-Weeks (HF) [48]. According to this procedure, the measured melting temperatures (Tm) of samples isothermally crystallized at various temperatures (Tcs) are plotted against the crystallization temperatures. The linear extrapolation to the line Tm = Tc gives an intercept equal to    T m o   . The associated equation is:


   T m  =  T m o  ( 1 −  1 r  ) +    T c   r   



(1)




where Tm is the observed melting temperature of a crystal formed at a temperature Tc, r is the thickening coefficient equal to lc/lg* where lc is the thickness of the grown crystal and lg* is the initial thickness of a chain-folded lamellar crystal [48]. The prerequisite for the application of this theory is the isothermal thickening process of lamellar crystals at a specific crystallization temperature and the dependence of the thickening coefficient on the crystallization temperature.



The values for the temperature of the middle peak (II) were used to construct the Hoffman-Weeks plot for the PET-PEF blends with high PET content. The HW plot for PET-PEF 95-05 is shown in Figure 6a. Given the small variations in the melting temperatures of the blends we expect that the equilibrium melting temperature of the blends is in the vicinity of 280 °C.



The depression of the melting point of a crystalline polymer blended with an amorphous polymer provides information on the miscibility of the system [49]. In general, melting point depression is associated with morphological effects such as crystal thickness. Additionally, thermodynamic considerations predict that the chemical potential of a polymer will decrease with the addition of a (miscible) diluent. If the polymer is crystallizable, this decrease in chemical potential will result in a decreased equilibrium melting point. The equilibrium melting temperatures can be analyzed by the Flory-Huggins equation [50,51]:


   1   T  m ( b l e n d )  o    −  1   T  m ( p u r e )  o    =   − R   Δ  H 0       V 2     V 1     [    ln  ϕ 2     m 2    +  (   1   m 2    −  1   m 1     )   ϕ 1  +  χ  12    ϕ 1    2   ]   



(2)




where the subscripts 1 and 2 refer to the amorphous and the crystalline polymer, respectively.    T  m ( p u r e )  o    and    T  m ( b l e n d )  o    denote the equilibrium melting points of the pure crystallizable component and that of the blend, respectively. V is the molar volume of the repeating units of the polymers, R is the universal gas constant, ΔH0 is the heat of fusion of the perfectly crystallizable polymer, m is the degree of polymerization,  ϕ  is the volume fraction of the component in the blend, and χ12 is the polymer-polymer interaction parameter. In fact, for the case of PET-PEF blends both polymers are semicrystalline. However, PEF has a lower melting temperature compared to PET (Tm(PEF) = 215 °C vs. Tm(PET) = 257.5 °C) as can be concluded from the DSC thermograms of Figure 2a. Thus, PEF remains in the liquid molten state at temperatures where PET can easily crystallize (215–230 °C). Based on this, PEF was assumed to be the amorphous component in its blends with PET. The molecular volume of PET is 143.82 cm3/mol and 127.27 cm3/mol for PEF, while the enthalpy of fusion is ΔHm0 = 26.9 kJ/mol for PEF [52].



For high molecular weight polymers, both m1 and m2 are large and the related terms can be neglected, thus Equation (2) takes the form:


  −   Δ  H 0   V 1    R  V 2     (   1   T  m ( b l e n d )  0    −  1   T  m ( p u r e )  0     )  =  x  12    ϕ 1 2   



(3)







If χ12 is assumed to be independent of composition, a plot of the left-hand side of Equation (3) versus    ϕ 1 2    should give a straight line passing through the origin. The interaction parameter is implicitly referred to a reference volume, Vr, usually defined in terms of the molar volume of the amorphous component in the mixture. The interaction energy density is another form of expressing the Flory-Huggins interaction parameter, i.e., by eliminating the reference volume [53]:


  B =   R T  x  12      V r     



(4)







Substituting    ϕ 1 2    from this equation in the Flory-Huggins equation yields the Nishi- Wang equation [54]:


   T m o  −  T  m b  o  =  T m o    B  V 2    Δ  H m     ϕ 1 2   



(5)







In an attempt to calculate the polymer–polymer interaction parameter and to eliminate the morphological effect from the melting point depression, the equilibrium melting temperatures for pure PET and PET in the blends of given compositions were used (Figure 6b). The obtained values were χ12 = −0.39 and B= −3.37 cal/cm3. The negative χ12 and B values are consistent with a miscible system [55]. Additional insight on blend miscibility can be obtained by studying the crystallization kinetics by using both non-isothermal and purely isothermal conditions.




3.4. Crystallization of the Blends


3.4.1. Isothermal Crystallization


The crystallization of polymer melts is most commonly accompanied by significant heat release. As a result, differential scanning calorimetry is the most accurate technique for the evaluation of the crystallization process. The isothermal crystallization of PET-PEF blends was studied at several crystallization temperatures and the exothermal curves were recorded as a function of time. The relative degree of crystallinity can be obtained if an assumption is made that the evolution of crystallinity is linearly proportional to the evolution of heat released during the crystallization:


  X ( t ) =      ∫ 0 t   ( d  H c  / d t ) d t         ∫ 0 ∞   ( d  H c  / d t ) d t       



(6)




where dHc denotes the measured enthalpy of crystallization during an infinitesimal time interval dt. The limits t and ∞ on the integrals are used to denote the elapsed time during the course of crystallization and at the end of the crystallization process, respectively. The evolution of the relative degree of crystallinity versus time for PET-PEF 95-5 blend can be observed in Figure 7a. The crystallization half-time can be used as a relative measure of the overall crystallization rate. Figure 7b shows the variation of the crystallization half-time (t1/2) values with crystallization temperature (Tc). As it can be seen, the crystallization rates decrease with increasing crystallization temperature. In agreement with the results from the non-isothermal crystallization experiments there is a slow demixing process of PET/PEF blends in their melt state as a result of their partial miscibility. In order for PET (or PEF) to crystallize unlike segments will have to diffuse away to create sufficiently large domains for the nucleation and subsequent growth of PET crystals.




3.4.2. Application of Secondary Nucleation Theory


The spherulite growth rate, G, as a function of temperature in isothermal crystallization can be described by the Lauritzen-Hoffman secondary nucleation theory [56,57,58] In this theory, there are two controlling temperatures; the equilibrium melting temperature and the liquid-to-glass temperature. Accordingly, G can be expressed as:


  G =  G o  exp  [    −  U *    R (  T c  −  T ∞  )    ]  exp  [    −  K g     T c  ( Δ T ) f    ]   



(7)




where G0 is the pre-exponential factor, the first exponential term contains the contribution of diffusion process to the growth rate, while the second exponential term is the contribution of the nucleation process; U* denotes the activation energy which characterizes molecular diffusion across the interfacial boundary between the melt and the crystal front, and T∞ is the “ideal” glass temperature located below the conventional Tg. In a recent dielectric spectroscopy study the first term was extracted from the segmental dynamics of amorphous PEF with parameters, U* = 4.57 kcal/mol and T∞ = 289 K. Kg is a nucleation constant and ΔT denotes the degree of undercooling (ΔT = Tm0 − Tc); f is a correction factor which is close to unity at high temperatures and is given as f = 2Tc/(Tm0 + Tc) [57]. Equation (7) can be also written in its logarithmic form and growth rate G, which should be obtained essentially by the spherulite growth, was calculated by the inverse of crystallization half time (1/t1/2). Actually, this substitution has been widely used in crystallization studies of polymers [57]. Then, plotting   log G +   U *   2.30 R (  T c  −  T ∞  )     with respect to 1/(Tc(ΔT)f) a straight line should appear, for each crystallization regime, having a slope equal to Kg. Figure 8 gives the plot for the PET-PEF blends. From the slope and the intercept of the corresponding line, the nucleation parameter, Kg and lnG0 can be obtained for each regime. The calculated values for KgII are summarized in Table 1.



For a secondary or heterogeneous nucleation, Kg can be calculated from [57]:


   K g  =   n σ  σ e   b 0   T m 0    Δ  h f   ρ c   k B     



(8)




where, n is a constant equal to 4 for regime I and III and 2 for regime II, σ, and σe are the side surface (lateral) and fold surface (end) free energies which measure the work required to create a new surface, b0 is the single layer thickness (0.595 nm for PET), Δhf ρc = ΔHf is the enthalpy of melting per unit volume and was assumed to be ΔH = 2.04 × 108 J/m3 for PET (given that the heat of fusion is 26.9 kJ/mol the density of the crystalline PET is 1.445 g/cm3) and kB is the Boltzmann constant (kB = 1.38 × 10−23 J/K). Below 236 and above 167 °C a crystallization regime II is assumed [59]. The resulting value for the product σσe using KgII = 2.6 × 105 K2 was σσe = 11.9 × 10−4 J2/m4. The results for the blends are summarized in Table 1. The lateral surface free energy, σ is commonly estimated as Equation (9):


  σ = α  (  Δ  h f   )     (   a 0   b 0   )    0.5    



(9)




where, α was derived empirically to be 0.11 by analogy with the well-known behaviour of hydrocarbons. a0 and b0 factors are the monomolecular width and layer thickness, respectively. For PET a0 = 0.457 nm and b0 = 0.595 nm. Accordingly, σ = 1.09 × 10−2 J/m2. So, for PET σe = 10.9 × 10−2 J/m2, a value that is close to previously reported ones [60,61].



Finally, the work of chain folding, q, which is most closely correlated with molecular structure, can be calculated from [62]:


  q = 2  a 0   b 0   σ e   



(10)







For PET it was found that q = 35.7 kJ/mol. The values for the blends were slightly lower indicating that the folding of macromolecular chains takes place easier in these samples, therefore facilitating the growth of crystals (Table 1).




3.4.3. Non-Isothermal Crystallization


The non-isothermal crystallization of PET was investigated under several cooling rates, ranging from 1.25 to 10 °C/min (Figure 9a). The higher the cooling rate is, the broader the crystallization peaks. Furthermore, the increase of cooling rate leads to reduced peak temperatures, since the crystallization phenomenon starts and ends at higher times. From the data of the crystallization exotherms as a function of temperature dHc/dT, the relative crystallinity as a function of temperature can be calculated as follows [63,64,65]:


  X ( T ) =      ∫   T 0     T c     ( d  H c  / d T ) d T         ∫   T 0     T ∞     ( d  H c  / d T ) d T       



(11)




where T0 denotes the initial crystallization temperature and Tc and T∞ the crystallization temperatures at time t and after the competition of the crystallization process, respectively. Additionally, once X(T) is obtained, the evolution of the relative degree of crystallinity can be plotted as a function of time, by using the time–temperature transformation: t = (T0 − T)/a [63,66]. The DSC curves from the non-isothermal crystallization at 10 °C/min for all blends are presented in Figure 9b. PET and the samples up to 30 wt.% PEF display the characteristic exothermic peaks, indicating the crystallization, while for PEF content higher than 30 wt.%, there is no clear crystallization. Finally, from the results of the peak temperature versus cooling rate for the crystallizable blends (Figure 9c), it can be seen that the characteristic peak crystallization temperatures decrease with increasing PEF content, independent of the cooling rate. This finding suggests that the demixing process of PET/PEF blends in their melt state is very slow and limited as a result of their partial miscibility.





3.5. Reactive Blending


The use of random copolymers as compatibilizers has been established as an effective strategy to enhance miscibility in an otherwise immiscible (or partially miscible) blend. However, the formulation and preparation of a tailored random copolymer is a time-consuming process where precise steps need to be followed. For this reason, reactive blending is another process that can be followed for the preparation of miscible blends [67]. When two polyesters are mixed at temperatures above the melting point of at least one of them, transesterification reactions take place, which lead to the formation of block copolymers if the duration of mixing is long enough. In this work, we applied reactive blending for the PEF-PET 60-40 blends at 280 °C. The DSC curves of the blend at different reactive blending times can be seen in Figure 10a, while the glass transition region of interest can be seen in Figure 10b. Since a block copolymer is formed at increasing blending times, there is a suppression of cold-crystallization and a decrease of the melting temperatures. It is obvious that after 7.5 min of reactive blending the double glass transition of the blend is transformed to a single one, suggesting the formation of a block copolymer that is composed of dynamically homogeneous and thermodynamically miscible segments.




3.6. Morphological Study of the Blends


The blend morphology was studied by means of polarized light microscopy under isothermal crystallization conditions at 210 °C. PET and PEF are two polyesters showing quite different morphologies upon isothermal crystallization. As can be seen in Figure 11a, PET crystallizes fast and, in any case, much faster than PEF. This might be the main limiting factor for miscibility in their blends. In the images presented in Figure 11 one can mainly see PET spherulites. This is because at 210 °C PEF crystallizes very slowly, so in the timescale of the experiments no PEF spherulites are expected to form. Moreover, in contrast to Figure 11a, the nucleation density of PET in the blends was reduced, so that well distinguishable spherulites formed, of significant diameter. Furthermore, the growth rates were reduced with increasing PEF content in the mixtures.





4. Conclusions


Poly(ethylene terephthalate)/poly(ethylene 2,5-furandicarboxylate) blends have been successfully prepared by solution blending. The thermal transition temperatures and the thermodynamics of miscibility phenomena have been studied in detail by the use of advanced calorimetric techniques and measurement strategies. Miscibility was initially achieved at PET-rich (higher than 85%) and low-PET (lower than 15%) blends, while at intermediate compositions the blends were partially miscible. This conclusion has been exported from the study of both the glass transition temperatures of the blends and the Flory-Huggins interaction parameter. The equilibrium melting temperature of the PET within the PET-PEF 95-5 blend was obtained from the Hoffman-Weeks method and was found to be in the vicinity of 280 °C. Additionally, from the non-isothermal crystallization study, it was found that slow demixing process of PET/PEF blends takes place in their melt state as a result of their partial miscibility. Finally, reactive blending was also applied to enhance miscibility; after 7.5 min of mixing, the polymer blend was eventually transformed into a copolymer as concluded from the transformation of the dual glass transition to a single glass transition temperature.



The produced blends can be considered as excellent candidates to replace products and applications where PET is dominating the market against other biobased plastics. The presence of eco-friendly PEF, originating from renewable resources in the blends, enables a reduction of the environmental impact from the production of fully-PET based products while at the same time, the recyclability of the ultimate products remains high. Such blends are expected to play a major role in the near future for the increase in sustainability and the transition to green economies.
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Scheme 1. The chemical structures of poly(ethylene terephthalate) (PET) (a) and PEF (b). 
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Figure 1. Wide-angle X-ray diffractometry (WAXD) patterns for the blends and for the PEF and PET homopolymers and their blends at different compositions as indicated. 
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Figure 2. Differential scanning calorimetry (DSC) thermograms (a) for the semicrystalline blends recorded upon heating at 20 °C/min and (b) total Modulated Temperature DSC (MTDSC) signal for the fast-cooled samples upon heating at 5 °C/min. 
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Figure 3. Modulated Temperature DSC (MDSC) thermograms for the fast-cooled upon heating at 5 °C/min: (a) reversing signals and (b) non-reversing signals. 
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Figure 4. Power compensation DSC thermograms of melt quenched blends at 20 °C/min (a) full temperature scale and (b) details of the glass transition temperature range; the black dotted line corresponds to the Tg of PEF and the red dotted line corresponds to the Tg of PET. (c) First derivative of the heat flow plotted as a function of temperature for several PET/PEF compositions. Red and blue arrows indicate glass temperatures of PEF and PET segments, respectively. 
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Figure 5. DSC heating scans at 20 °C/min for PET-PEF 95-5 blend samples after crystallization at the indicated temperature. 
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Figure 6. (a) Hoffman-Weeks plot for the determination of the equilibrium meting temperature of PET within the PET-PEF 95-05 blend, (b) Plots of     Δ  H 0   V 1    R  V 2     (   1   T  m ( b l e n d )  0    −  1   T  m ( p u r e )  0     )   . against    ϕ 1 2    using equilibrium melting temperatures. 
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Figure 7. (a) Evolution of the relative degree of crystallinity with time for the PET-PEF 95-5 blend at various temperatures and (b) dependence of the isothermal crystallization half-time on the temperature for blends with high PET content. 
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Figure 8. Lauritzen Hoffman-plots for PET and the blends. 






Figure 8. Lauritzen Hoffman-plots for PET and the blends.



[image: Polymers 13 01070 g008]







[image: Polymers 13 01070 g009 550] 





Figure 9. (a) DSC traces of non-isothermal crystallization of PET-PEF 95-05 at various cooling rates, (b) DSC traces of the non-isothermal crystallization of all blends under cooling at 10 °C/min, (c) peak crystallization temperatures versus cooling rate for the blends that were crystallized. 
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Figure 10. (a) Effect of blending time on the DSC curves of a PET-PEF 60-40 copolymer, (b) zoom-in of the glass transition temperature region of the blend at different blending times. 
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Figure 11. PLM photos recorded at 210 °C for the blends: (a) neat PET, (b) PET-PEF 90-10, (c) PET-PEF 80-20, (d) PET-PEF 60-40, (e) PET-PEF 50-50, (f) PET-PEF 40-60, (g) PET-PEF 30-70, (h) neat PEF. 
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Table 1. Results from the Lauritzen-Hoffman analysis on the crystallizable blends.
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	Blend
	KgII × 10−5

(K2)
	σσe × 104

(J2/m4)
	σ × 102

(J/m2)
	σe × 102

(J/m2)
	q (kJ/mol)





	PET
	2.60
	11.9
	1.09
	10.9
	35.7



	PET-PEF 95-05
	2.58
	11.8
	1.09
	10.8
	35.4



	PET-PEF 90-10
	2.40
	11.0
	1.09
	10.1
	33.1



	PET-PEF 85-15
	2.34
	10.7
	1.09
	9.85
	32.3



	PET-PEF 80-20
	2.25
	10.3
	1.09
	9.47
	31.0



	PET-PEF 70-30
	2.21
	10.2
	1.09
	9.37
	30.7
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