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Abstract

:

Poly(butylene sebacate-co-terephthalate) (PBSeT) has generated attention as a promising biopolymer for preparing bioplastics. However, there are limited studies on the synthesis of PBSeT, impeding its commercialization. Herein, with a view to addressing this challenge, biodegradable PBSeT was modified using solid state polymerization (SSP) with various ranges of time and temperature. The SSP used three different temperatures below the melting temperature of PBSeT. The polymerization degree of SSP was investigated using Fourier-transform infrared spectroscopy. The changes in the rheological properties of PBSeT after SSP were investigated using a rheometer and an Ubbelodhe viscometer. Differential scanning calorimetry and X-ray diffraction showed that the crystallinity of PBSeT was higher after SSP. The investigation revealed that after SSP for 40 min at 90 °C, PBSeT exhibited higher intrinsic viscosity (increased from 0.47 to 0.53 dL/g), crystallinity, and complex viscosity than PBSeT polymerized at other temperatures. However, a high SSP processing time resulted in a decrease in these values. In this experiment, SSP was most effectively performed in the temperature range closest to the melting temperature of PBSeT. This indicates that SSP could be a facile and rapid method for improving the crystallinity and thermal stability of synthesized PBSeT.
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1. Introduction


In recent years, the importance and necessity of utilizing bioplastics has been increasing owing to the importance of carbon neutrality and concern for environmental pollution [1]. In particular, the possibility of resource drain and the need to replace petroleum-based plastics have also increased. These phenomena occur in the global plastics market, and the demand for bioplastics has also increased. According to the global plastics market, the market share of biopolymers is growing every year, and various types of bioplastics are currently being studied and synthesized. Polylactic acid (PLA) is an early biopolymer, and many related studies have been conducted [1,2,3]. In addition to PLA, biopolymers such as polyhydroxyalkanoate (PHA) [4,5,6], poly(butylene adipate-co-terephthalate) (PBAT) [7,8], and polybutyl succinate (PBS) are being studied [9,10]. Among them, PBAT is a typical biopolymer with properties of biodegradability and flexibility, and it has been commercially used in mulching films and compost bags [11,12]. However, adipic acid, the main material in PBAT, is a petroleum-based raw material that may affect environmental pollution [13,14]. Poly(butylene sebacate-co-terephthalate) (PBSeT), a promising polymer with high biodegradability [15] and ductility, is made from biomass-based sebacic acid, and it could replace the petroleum-based material in PBAT [16].



In the synthesis of bio-based polymers such as PBSeT and PBAT, the catalytic activity of metal–organic compounds can help accelerate the reaction of monomers. The main difference between the catalytic properties of metal–organic compounds and organic compounds is the presence of metal in the former [17]. Metal ions can act as Lewis bases, increasing their catalytic activity, whereas organic compounds lack this ability [18]. Furthermore, metal–organic compounds can also form strong bonds with other molecules and act as a bridge between two reactants, allowing them to interact more easily and quickly [19]. Ultimately, this leads to an increase in catalytic activity in comparison to that of organic compounds.



Several studies have reported the synthesis and properties of PBSeT. Jaisankar et al. [20] synthesized PBSeT using a direct melt polycondensation method with terephthalic acid (TPA) and studied its enzymatic degradability. Kim et al. [21] synthesized PBSeT using various ratios of sebacic acid and dimethyl terephthalate (DMT) by replacing TPA. The PBSeT synthesized in their study had a high molecular weight (Mw, 88,700–154,900 g/mol) and a good elongation at break with values greater than 1500%. Li et al. [22] reported the synthesis of PBSeT copolyesters using glycerol as a cross-linking agent and found that glycerol could improve the properties of PBSeT. While studying the synthesis and optimization of PBSeT properties, Kim et al. [21] also studied different methods to improve the properties of PBSeT by blending it with PLA, which showed reinforced mechanical strengths. Kwon et al. [23] blended PBSeT and PLA using poly(ethylene oxide) (PEO) as a compatibilizer. Interestingly, Jang et al. [24] successfully blended PBSeT with PLA by applying maleic anhydride-grafted PLA as a compatibilizer, which led to increased miscibility of PLA/PBSeT blends.



However, PBSeT is in the experimental stage, meaning that it is not in stable and constant supply. These drawbacks of PBSeT could be overcome through solid state polymerization (SSP) but research of applying SSP to PBSeT copolyesters has not been studied yet. In comparison with the conventional polymerization process, SSP is different in a number of ways. Conventional polymerization is concerned about excessive consumption of energy and time when molecular weight is increased above a certain level [25]. On the other hand, SSP progresses between the glass transition temperature (Tg) and melting temperature (Tm) of the polymer, which is in a temperature range lower than that of conventional polymerization and could improve the rheological characteristics and crystallinity of the polymer. Moreover, because no additional catalysts are needed, there is much less environmental impact [26].



The key parameters affecting the efficiency of SSP are temperature, time, and gas composition, which are mostly adjusted for extracting by-products and for the efficiency of SSP [26]. SSP is divided into direct SSP and post SSP. Direct SSP is a technique used in the synthesis of polymers such as nylon 6-6, etc. It is a polymerization method that maintains a solid state throughout the entire process [27]. Post SSP is used to increase the molecular weight of pre-synthesized prepolymers through additional processing. In industry, it has been used to increase the molecular weight and crystallinity of PET [28,29], and in the field of bioplastics, research on SSP for PLA is being actively conducted [30,31]. The SSP process can improve the properties of prepolymers and support environmental sustainability by reducing energy consumption [32]. In this research, PBSeT was synthesized and modified using SSP with various times and temperatures. We examined the practicality of SSP of relatively short duration by measuring the rheological properties and crystallinity of PBSeT.




2. Materials and Methods


2.1. Materials


DMT (>99.5%) was supplied from SK Chemical (Seoul, Republic of Korea). 1,4-Butanediol (BDO) (>99.5%) and extra pure grade sebacic acid were provided by Daejung Chemical & Metal Co., Ltd. (Siheung, Republic of Korea). Titanium tetrabutoxide (TBT) (97%) was purchased from Merck Co. (Darmstadt, Germany), and chloroform (>99.5%) was purchased from Honeywell (Charlotte, NC, USA).




2.2. Synthesis of PBSeT


In this study, PBSeT was successfully synthesized (Tm: 93.4 °C) using DMT and sebacic acid [21]. TBT was used as a catalyst. The synthesis was performed in a 1 L reaction tank installed in a heating mantle. Esterification was conducted in two steps (Figure 1). In the first esterification step, 1.25 mol% of BDO, 0.4 mol% of DMT, and 0.37 g/mole of TBT were used. After the first step, 0.6 mol% of sebacic acid and 0.37 g/mole of TBT were added for second step. The temperature range for esterification was 200–220 °C, and the time range was 40–60 min, determined by the maximum temperature of the reaction tank. After the esterification process, the polycondensation step progressed at 240–260 °C, and the reactant was stirred strongly using a mechanical stirrer (MINISART 80, IKA, Germany). During the polycondensation step, the vacuum was gradually increased to maintain the vacuum pressure at less than 1 torr and the time period was 180 min. The total reaction time of this PBSeT synthesis process was shorter than other previous studies [22].




2.3. Solid State Polymerization (SSP)


The SSP process was carried out in an oven-scale aluminum tray reactor with a width of 150 mm and a length of 185 mm at 60–90 °C with vacuum conditions maintained at 10 torr of pressure using a vacuum pump (VOP-100, Poongil commercial, Seoul, Republic of Korea). (Figure 2) The sample (5 g) was subjected to the SSP process, and the processing time was 10–120 min at each temperature; only one sample was processed at a time. All samples were sealed with silica gel and stored in a desiccator.




2.4. Characterization


Fourier-transform infrared (FT-IR) absorption spectra for the PBSeT polyesters were obtained using an FT-IR spectrometer (Spectrum65, PerkinElmer, Waltham, MA, USA) in ATR mode. FT-IR spectra were acquired after 32 scans and measured from 4000 to 400 cm−1. All samples were dissolved in chloroform and cast onto a glass plate. Casting of PBSeT was conducted in a fume hood, and all samples were dried at 23–25 °C for a day.



The intrinsic viscosity (η) of SSP processed samples was measured at 24–25 °C using a Ubbelohde viscometer (CuotaLab Sharing Korea, Seoul, Republic of Korea). All samples were dissolved in chloroform and filtrated with a single-use filter (Sartorius, Minisart, Germany). The intrinsic viscosity of each PBSeT sample was calculated according to the Billmeyer equation (Equation (1)).


   η  = 0.25 ×     [ 2 {  t   t 0    − ln    t   t 0      − 1 } ]    1 2     c   



(1)




where c is the concentration of polymer solution (g/dL), t is the flow time of the polymer solution (s), and t0 is the flow time of the pure solvent (s).



High-resolution X-ray diffraction (HR-XRD) spectra of the PBSeT samples were recorded using a high-resolution X-ray diffractometer, manufactured by Rigaku (Tokyo, Japan). The XRD measurement was carried out in the scattering range from 2θ = 0° to 2θ = 90°. Samples were prepared using a casting method with chloroform and were cut to 10 × 10 mm. The size of the PBSeT crystallites was calculated using the X-ray diffraction peaks and the Scherrer equation (Equation (2)) [33].


  τ =   K γ   β cos θ    



(2)




where τ is the size of the crystallite, β is the line broadening at the full width at half maximum (FWHM) intensity, K is a dimensionless shape factor with a value close to unity, γ is the X-ray wavelength, and θ is Bragg’s angle.



To investigate the effect of SSP on thermal properties, differential scanning calorimetry (DSC) data were obtained from a DSC Q-20 apparatus (TA instruments, Milford, MA, USA). All samples weighed 5.5–5.6 mg and were sealed in an aluminum pan and lid. The samples were heated and cooled under a nitrogen flow in a temperature range of −50–180 °C at a heating rate of 20 °C/min. The crystallinity (Xc) of the PBSeT was obtained using Equation (3).


   X c   %  =     Δ  H  Se     Δ  H  Se   100     +   Δ  H T    Δ  H T  100       × 100  



(3)




where   Δ  H  S e     and   Δ  H T    are the melting enthalpies of the lower and higher melting temperatures of PBSeT, respectively [15],   Δ  H  S e   100     is the estimated value for the 100% crystalline PBSe sample (210.8 J/g), and   Δ  H T  100     is the estimated value for the fully crystalline PBT sample (142 J/g) [15].



The thermal degradation properties of each PBSeT sample after the SSP process were analyzed by thermogravimetric analysis (TGA 4000, PerkinElmer, USA). Approximately 10 ± 1 mg of each specimen was heated from 30 °C to 800 °C at a rate of 15 °C/min under a nitrogen environment.



The shear viscosity was measured in a rotational shear rheometer (AR2000 EX, TA instruments, Milford, MA, USA) using a corn plate (diameter = 25 mm, gap = 1.1 mm). The strain amplitude was set to 1% for determining the linear viscoelastic region. The frequency range (ω) of the rheometer was set between 0.1 and 100 rad/s. The rheological characteristics of the PBSeT samples were measured in the molten state (120 °C). The shear complex viscosity (η*), storage modulus (G′) and loss modulus (G″) were measured. The samples were preheated at 120 °C for 3 min before the viscosity measurement.





3. Results


3.1. Effect of the SSP Process on PBSeT


As mentioned in Section 2.2, PBSeT was synthesized at lab scale with a two step polymerization using TBT as a catalyst. The FT-IR spectra shown in Figure 3 indicate that PBSeT was synthesized with a chemical structure similar to that of PBSeT reported previously [22,34]. The medium-intensity peaks at 2930 and 2850 cm−1 were attributed to C–H bonds. High-intensity peaks corresponding to C=O stretching were observed at 1714 cm−1, which is typical of aliphatic peaks. The peaks at approximately 3450 cm−1 indicate the O–H stretching of alcohol, and the O–H bending of carboxylic acid was observed at 1409 cm−1. According to the magnified FT-IR transmittance of the 3450 and 1409 cm−1 bands, the transmittance peak of the O–H groups of alcohol and carboxylic acid decreased after SSP. These may indicate that the degree of polymerization of PBSeT is increased through SSP. As SSP proceeds, various by-products and unreacted end groups disappear, and the concentration of O–H end groups of alcohol and carboxyl groups decrease accordingly [35].




3.2. Changes in Rheological Properties of PBSeT after the SSP Process


The changes in the rheological behavior of PBSeT after the SSP process can be verified by the intrinsic viscosity. As shown in Figure 4, intrinsic viscosity increased with increasing temperature of the SSP process. After the SSP process, the η values of the samples increased gradually at all temperature ranges after 40 min. The η of PBSeT increased as the SSP temperature increased. At 90 °C, a temperature close to the Tm of PBSeT, the η of PBSeT showed the highest initial ascent among all tested temperatures. SSP is typically conducted in a temperature range between the Tg and Tm of a polymer in solid state, and efficiency increases as the temperature approaches Tm, which is a higher temperature [36,37]. The higher temperature further enhances the mobility of the macromolecular chains of PBSeT, which increases the reactivity of the hydroxyl and carboxyl end groups. This result demonstrates that SSP can be used to improve the rheological properties of PBSeT in an environmentally friendly manner over a relatively short duration without using an additional catalyst [38,39,40]. In the SSP procedure, the time for the η value to reach its maximum was 120, 80, and 40 min at 70, 80, and 90 °C, respectively. This was the result of the higher SSP temperature providing more energy, and it induced a higher SSP reaction rate. In addition, the higher SSP temperature led to more movement in the amorphous region of the polymer, which led to greater end-chain reaction. However, the η value of PBSeT after the SSP process at 80 and 90 °C slightly decreased after it reached its maximum value. It could be supposed that thermal degradation, which decreases the viscosity of the polymer, occurred in polymer chains from excessive energy and prolonged SSP time. Therefore, SSP at sufficiently high temperatures with appropriate duration can effectively elevate the η value of PBSeT.



Figure 5 indicates the changes in the complex viscosity, η*, of PBSeT after the SSP process using the rheometer data; the highest η* value in the short term and the effective improvement are verified at the processing times (at a constant temperature of 90 °C) and temperatures (for a constant processing time of 40 min) of the SSP process. The rheological behavior, such as the complex viscosity of a polymer, is an important factor that indicates polymer properties, such as the degree of polymerization [41]. The complex viscosity of PBSeT decreased as the frequency range increased, emulating the shear thinning behavior of typical thermoplastic polymer melts [22]. As the SSP processing time increased, the complex viscosity increased and then slightly decreased when the SSP was conducted at 90 °C for 50 min (Figure 5a).



The storage modulus and loss modulus are fundamental analysis criteria that represent the viscoelastic characteristics of polymers. In addition, the storage modulus and loss modulus of PBSeT showed a bias similar to the complex viscosity of PBSeT. In Figure 6, the storage modulus and loss modulus of the PBSeT sample that underwent SSP at 90 °C at various times can be observed. They increased sharply for the samples subjected to SSP for 10, 20, 30, and 40 min but decreased slightly for the sample subjected to 50 min of SSP.




3.3. Melting and Crystallization Behaviors of PBSeT after SSP Process


The thermal characteristics of PBSeT after the SSP process at different times and temperatures were determined by DSC and TGA, and the results are presented in Table 1. After the SSP procedure, the Tg of PBSeT was slightly reduced as the temperature of the SSP process increased owing to a reduction in the concentration of chain ends in the amorphous region [35]. This phenomenon has a correlation with the increase in viscosity of the PBSeT samples after SSP. To determine the crystallinity of PBSeT, the heating enthalpies of the first and second Tm were calculated. The crystallinity went up as the heating enthalpy increased. This is because segments of the amorphous region were condensed through the SSP process, which was carried out at a temperature between Tg and Tm, and this explains the increase in the crystallinity of PBSeT [42]. Compared with the control, all samples that underwent SSP had high crystallinity. Figure 7 shows the crystallinity of PBSeT samples after SSP at different times and temperatures. The degree of crystallinity in the sample that underwent SSP at 90 °C increased more rapidly over time than for other temperatures, resulting in the highest degree of crystallinity at 40 min. The samples that underwent SSP at 70 °C and 80 °C saw a gradual increase in crystallinity. The highest degree of crystallinity of PBSeT at 80 °C was higher than at 70 °C. This demonstrated that the ramifications of SSP were more favorable when the temperature of SSP increased. Unlike the heating enthalpy, the Tm value of PBSeT did not change significantly after the SSP process. These results may indicate that the increment in crystallinity is not related to the thermal properties. The onset decomposition temperature, Tonset, and the maximum thermal degradation temperature, Tmax, were not improved after SSP and are located in a certain range of values, as shown in Table 1.



The crystallinity of PBSeT samples after SSP was also examined via XRD. Figure 8 shows that the synthesized PBSeT is more amorphous than other bio-based polyesters [42,43,44]; moreover, the increase in the intensity of the peak was verified. The diffraction signals of all the PBSeT samples are similar to those of synthesized PBSeT in a previous study [45]. The diffraction peaks at approximately 20° and 23° indicate crystal-type PBSe [20,22], and the diffraction peaks detected at 16°, 17°, and 24° are practically the same as that of the crystalline part of PBT [7]. The intensity of the XRD peaks tended to gradually rise during the first 40 min of SSP at 90 °C, and the crystallinity of PBSeT increased after the SSP process.



The sample that underwent SSP at 60 °C for 120 min showed a peak increment trend that was comparable to that of the sample at 90 °C for 40 min, although the treatment time was three times longer. This demonstrates that the temperature of SSP affects the SSP efficiency, which improves as the SSP temperature approaches the Tm of the polymer. The two-phase model for a semicrystalline polymer can explain the correlation between SSP and crystallinity. In the work of Kuran et al. [46], the two-phase model indicates that end groups of polymers in the amorphous phase have undergone a reaction during the SSP process. If the crystallinity of a polymer increases, the end groups in the amorphous phase become more concentrated and the SSP efficiency increases [47]. The peak intensity of the samples that underwent SSP for more than 40 min decreased slightly, and this trend shows a correlation with the η and the rheometer results. The chain segment in the crystalline phase of PBSeT may be degraded by heat energy over a specific duration of time [39].



The size of the crystallites was also investigated by XRD, and the results are given in Table 2. The size of the crystallites decreased from 11.8 to 10.7 Å during the first 40 min of SSP at 90 °C. The sample that underwent SSP at 60 °C for 120 min had smaller crystallites, but its required SSP duration was three times longer than that for the sample prepared at 90 °C. Therefore, the sample that underwent SSP at 90 °C showed better efficiency in improving the crystal structure. The reduction in crystalline size is correlated with the SSP rate. According to Wach et al. [48], the higher rate of SSP is accompanied by an increase in the number of polymer nucleation sites [49]. This phenomenon induced a faster polymerization of PBSeT; hence, the time may be insufficient to afford larger crystallites.





4. Conclusions


This study verified that SSP could be an effective method for improving the properties of PBSeT within a short period of time. PBSeT was successfully synthesized, and the effect of SSP on PBSeT at 70, 80, and 90 °C was confirmed through experiments. The results for viscosity and loss modulus showed changes in the rheological characteristics of PBSeT after SSP. From the results, SSP clearly improved the rheological properties of PBSeT. The values of the rheological properties such as η and complex viscosity increased with an increase in the SSP temperature. In addition, crystallinity data verified the improvement in the degree of crystallinity. According to the XRD analysis, it was confirmed that the crystallinity of PBSeT increased with the length of SSP processing time, and it can be concluded that SSP effectively improved the crystallinity of PBSeT. According to the DSC analysis, the PBSeT sample did not show a significant change in the Tm value with increasing SSP time and temperature of SSP. The increase in the crystallinity of PBSeT occurred independently of the thermal properties. The results of this paper indicate that SSP is an effective method for enhancing the properties of PBSeT and that SSP has the potential to modify the characteristics of PBSeT and other polyesters.
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Figure 1. Schematic of PBSeT synthesis process. 
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Figure 2. Process of SSP for PBSeT. 
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Figure 3. FT–IR spectra for PBSeT and PBSeT after SSP at 70, 80, and 90 °C for 40 min. (Insets: magnified 3450 and 1409 cm−1 bands). 
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Figure 4. Change in intrinsic viscosity of PBSeT samples during the SSP process at different temperatures. 
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Figure 5. Complex viscosity (η*) of PBSeT at T = 120 °C: (a) complex viscosity of the PBSeT sample that underwent SSP at 90 °C for different lengths of time, (b) PBSeT sample that underwent SSP at different temperatures for 40 min. 
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Figure 6. Storage modulus and loss modulus of PBSeT samples that were SSP processed at 90 °C for different periods of time. The data were acquired at T = 120 °C. 
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Figure 7. Evolution of the degree of crystallinity (Xc) for different times and temperatures of SSP on PBSeT. 
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Figure 8. XRD data for PBSeT after SSP processing at 90 °C. Samples that underwent SSP processing at 60 °C for 120 min are added for comparison. The intensity of the peak increases as SSP time increases. 
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Table 1. Thermal properties of PBSeT after SSP at different temperatures, obtained from DSC and TGA analysis.
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Temperature

(°C)

	
SSP Time

(min)

	
Tg (°C)

	
Tm1 a (°C)

	
Tm2 b (°C)

	
Hm1 c (J/g)

	
Hm2 d (J/g)

	
Xc e (%)

	
Tonset (°C)

	
Tmax (°C)






	
Control

	
0

	
−41.7

	
31.6

	
93.4

	
9.5

	
8.4

	
10.4

	
378.5

	
399.2




	
70

	
10

	
−41.8

	
31.1

	
91.1

	
9.1

	
9.2

	
10.8

	
377.1

	
405.2




	
20

	
−42.5

	
31.3

	
95.3

	
9.6

	
9.0

	
10.9

	
375.6

	
401.9




	
30

	
−42.9

	
31.5

	
93.9

	
9.4

	
9.2

	
10.9

	
378.3

	
400.5




	
40

	
−43.5

	
31.2

	
93.6

	
9.7

	
9.1

	
11.0

	
380.1

	
399.8




	
50

	
−41.2

	
32.8

	
98.5

	
10

	
9.4

	
11.4

	
376.4

	
403.9




	
80

	
10

	
−43.0

	
31.8

	
93.9

	
9.1

	
8.8

	
10.8

	
379.4

	
400.3




	
20

	
−42.8

	
31.6

	
94.7

	
9.2

	
9.2

	
11.0

	
380.6

	
399.6




	
30

	
−43.0

	
30.8

	
93.5

	
9.9

	
9.4

	
11.2

	
378.6

	
400.2




	
40

	
−43.5

	
32.3

	
95.5

	
10.9

	
9.2

	
11.6

	
380.3

	
398.9




	
50

	
−43.7

	
31.3

	
96.3

	
10.8

	
9.5

	
11.8

	
381.7

	
401.4




	
90

	
10

	
−43.9

	
31.5

	
95.0

	
8.9

	
9.7

	
11.0

	
375.1

	
403.4




	
20

	
−42.5

	
31.5

	
93.9

	
9.9

	
9.5

	
11.3

	
378.2

	
401.0




	
30

	
−43.5

	
31.4

	
96.2

	
9.9

	
9.7

	
11.5

	
382.1

	
403.7




	
40

	
−44.0

	
31.2

	
96.3

	
10.7

	
9.9

	
12.0

	
381.0

	
404.3




	
50

	
−43.9

	
31.3

	
95.9

	
10.5

	
10.0

	
11.9

	
379.7

	
400.8








a First melting temperature of PBSeT. b Second melting temperature of PBSeT. c Enthalpy of fusion of first melting temperature peak. d Enthalpy of fusion of second melting temperature peak. e Degree of crystallinity of PBSeT.
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Table 2. FWHM and crystallite size of PBSeT at main crystalline peak. The code for each sample is specified as SSP temperature_SSP processing time (e.g., 90_40 corresponds to the sample subjected to the SSP process at 90 °C for 40 min).
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	Sample
	2 Theta (Degrees)
	FWHM
	D (Å)





	Control
	20.0
	7.3
	11.8



	60_120
	20.5
	7.9
	10.2



	90_30
	20.0
	6.8
	11.0



	90_40
	20.7
	7.5
	10.7



	90_60
	20.8
	7.1
	11.4
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