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A B S T R A C T   

In the near future, polyhydroxybutyrate (PHB) may become a valuable widespread alternative to the conven-
tional fossil-based commodity plastics, if drawbacks related to its melt-processability and mechanical properties 
are overcome. In this work, PHB disadvantages are mitigated by compounding with glycerol trilevulinate (GT) 
bioplasticizer. The additive synthesis has been studied and optimized, starting from bio-based reagents that are 
wastes from other productions. GT has shown a remarkable plasticizing effect, making it to compete with 
commercial green plasticizers, for which several health concerns have recently arisen. The hindrance of GT 
allowed to increase the free space among the polymeric chains, producing a reduction of the glass transition 
temperature of PHB of approx. 10 ◦C with only 5 wt% of additive. The same content of GT also decreases the 
typical high stiffness of PHB of approx. 30 % and reduces its melt viscosity of 28 %, which are similar or even 
better plasticization effects that can be obtained with commercial plasticizers. Moreover, GT has made PHB 
suitable for extrusion to obtain filaments and fabrication of complex architectures by injection-molding and 3D 
printing, importantly reducing the processing temperature from 200 to 180 ◦C, thus limiting the associated 
thermal degradation phenomena. This work opens a new approach based on polymer-compounding to simply 
mitigate the limiting properties of polyhydroxyalkanoates towards a new class of sustainable commodity plastics.   

1. Introduction 

The concept of bioeconomy, defined two decades ago, has stimulated 
an intense development of innovative approaches to address global 
challenges such as plastic pollution, depletion of fossil resources, and 
reduction of greenhouse gas emissions [1]. The bioeconomy serves as a 
link between biotechnology and chemical industries, intending to 
deliver sustainable products produced by green approaches [2–4]. The 
polymer industry is also facing a deep transition towards the utilization 
of renewable resources to replace the most conventional fossil-derived 

sources [5,6]. In these terms, bioplastics derived from renewable 
biomass building blocks are considered the most promising alternatives. 
They offer several benefits, including reduced energy consumption for 
production, non-toxicity, and environmentally friendly degradation 
with limited greenhouse gas emissions [3,7]. Various biomass feed-
stocks, including corn, starch, cellulose, lignin, fats, oils, and organic 
wastes, are used to produce building blocks that are then converted into 
the generally so-called biopolymers [8,9]. Among them, poly-
hydroxyalkanoates (PHAs) represent one of the most promising polymer 
families to replace some of the plastic commodities. PHAs are bio-based, 
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non-toxic [10], and biodegradable [11] thermoplastic polyesters pro-
duced by bacterial fermentation in an aqueous environment [12–14]. 
Very recent studies have shown that PHAs are not only suitable as re-
placements for commodities but also for specific advanced applications, 
including biomedical [15,16], packaging [17,18], electronics [19], 
membranes for gas separation [20] or water remediation[21], sensors 
[22] and agricultural [23,24]. Among PHAs, the homopolymer poly 
(3-hydroxybutyrate) (PHB) has received considerable interest in the 
last decades [25]. The isotactic and stereoregular structure of PHB re-
sults in a high crystallinity degree, which can reach almost 80 % [26], 
leading to high stiffness, low tensile strength, and elongation at break 
compared to conventional polyesters. In addition, the widespread use of 
PHB as a commodity polymer is limited by the narrow temperature 
range of melt-processability. This is due to its high melting temperature, 
ranging from 170 to 190 ◦C depending on the molecular weight [27], 
which is close to the onset temperature (approx. 200 ◦C) where irre-
versible degradation phenomena occur [28]. The limited thermal sta-
bility in the molten state hinders the possibility of processing and 
manufacturing PHB with techniques such as extrusion, injection mold-
ing, film blowing, or additive manufacturing [29,30]. 

In the near future, PHB might become a viable alternative to con-
ventional commodity polymers if its limited processability and me-
chanical properties are overcome. The most straightforward strategy to 
simultaneously tailor its mechanical properties and melt-processability 
is based on compounding PHB with a suitable plasticizer[31]. The 
combination of biodegradable polymers with petroleum-based plasti-
cizers, like phthalates, raises concerns about potential alterations to 
biodegradability, biocompatibility, and the bio-based origin of the 
polymer [32]. Furthermore, these plasticizers are released into the 
environment during polymer biodegradation, posing a risk to the eco-
systems [33]. 

A more sustainable alternative is represented by the so-called “green 
plasticizers”, which market is rapidly growing [34] due to the increased 
awareness of the harmful effects of traditional plasticizers [35]. Several 
green additives have been proposed starting from natural resources like 
vegetable oils, fatty acids, and lignocellulosic biomasses [36–39]. 
Nevertheless, green plasticizers still present several drawbacks 
compared to traditional plasticizers such as high production cost [40], 
low plasticizing efficiency [41], high leachability [41,42], and low 
versatility towards different polymers [41,43]. Recently, two 
well-known commercial green plasticizers, the 1,2-cyclohexane dicar-
boxylic acid diisononyl ester (DINCH) and acetyl tributyl citrate (ATBC), 
have also raised lots of concerns [44,45]. Many researchers have been 
discussing DINCH safety, demonstrating how its exposure has a direct 
impact on biological systems [44,46,47]. Regarding ATBC, it has been 
reported that this additive results in a potential endocrine disruptor, is 
neurotoxic, and can increase body fat content as observed by in vivo 
animal experiments [45,48,49]. The combination of these factors with 
its high leachability [50,51] has been increasing the concerns regarding 
the ATBC as a safe plasticizer. Using the green principles [52], it is 
possible to design a biodegradable and non-harmful plasticizer, which 
can be used to enhance mechanical properties and melt-processability of 
PHB, but with a controlled environmental impact. 

Lately, the use of additive manufacturing (AM) approaches has been 
explored for PHAs in the biomedical sector [53], such as drug delivery 
systems [54,55], or patient-specific scaffolds for bone and tissue 
regeneration [56,57]. Fused Deposition Modelling (FDM) is still 
underutilized for PHAs [58], compared to electrospinning [59–61] and 
selective laser sintering [62] due to the complex melt rheology of this 
polymer family. The fabrication of PHB filaments for FDM by the 
addition of sustainable plasticizers is still very limited. Until now the 
PHAs processability has been improved by blending them with poly-
lactic acid (PLA) [63] or adding fossil-based plasticizers for both 
extrusion and 3D printing[64,65]. In these regards, the existing green 
alternatives have not completely replaced the use of fossil-based plas-
ticizers, which have been instead experiencing an increasing demand 

[66]. Indeed, only a few studies have investigated the use of green 
plasticizers to tune PHAs properties and processability [37,67,68]. 

In this study, we propose the production of PHB compounds using 
glycerol trilevulinate (GT) as bioplasticizer to overcome the aforemen-
tioned disadvantages of PHB. The carboxylic groups-rich structure and 
high hindrance of GT make this molecule specifically designed for 
plasticizing polyesters as PHB and obtaining compounds with long- 
lasting properties [69]. GT has been produced through a green 
approach based on a solvent-free esterification valorizing bio-based 
levulinic acid (LA) and glycerol (GLY). The properties of the plasti-
cized PHB compounds have been investigated in relation to their pro-
cessability by using extrusion (Ex), injection molding (IM), and FDM 
with the aim of producing controlled-porosity scaffolds that can 
potentially find application in bone tissue regeneration. Furthermore, 
the plasticization effect and processability of PHB/GT compounds (in 
various ratios) have been compared with DINCH and ATBC as repre-
sentative commercial green plasticizers, aiming at determining the 
effectiveness of GT as a sustainable alternative and assessing its poten-
tial use in industrial applications. 

2. Main (results and discussion) 

The Scheme 1 illustrates the flowchart followed in this study. 
Initially, our focus has been the optimization and upscaling of the syn-
thesis of the GT bioplasticizer, which has been previously designed for 
biopolyesters [69]. In detail, the synthesis has been based on the 
acid-catalyzed esterification of LA with GLY by a mild-conditions and 
solvent-free approach. Subsequently, PHB has been compounded with 
GT in various ratios and thermal, mechanical, and rheological properties 
of the compounds have been characterized. Thanks to the collected data, 
PHB/GT compounds have been processed in molten state using 
semi-industrial equipment (Ex, IM, and FDM), overcoming the known 
challenges associated with the melt-processability of this biopolyester. 
Characterization and processing tests have resulted in the fine tuning of 
equipment parameters and ultimately enabling the fabrication of plas-
ticized PHB samples with complex geometry by 3D printing. 

To optimize and scaleup the GT synthesis [69], reaction parameters 
such as temperature (110 ◦C), reagent molar ratio (LA/GLY = 5), and 
catalyst amount have been kept constant, whereas the influence of time 
on the yield has been studied. The progress of the reaction has been 
investigated through Fourier Transform Infra-Red spectroscopy (FT-IR) 
for 24 h, analyzing the reaction mixture during the first 8 h and from the 
16th to the 24th hour (Fig. 1A). During the progression of the reaction, 
the distinct peak between 3600 and 3000 cm− 1, corresponding to the 
hydroxyl groups of the reactants, has been observed to decrease over 
time (Fig. 1B). However, the expected disappearance of the peak at the 
complete consumption of the reagents was not observed due to the 
excess of LA. Indeed, the OH groups responsible for the signal, shown in 
Fig. 1B, were still present even after 24 h of reaction. The progression of 
the reaction has been investigated by monitoring the peaks at 1733 and 
1713 cm− 1, ascribable to the stretching of the ketonic groups of the LA 
moieties and to the ester bonds formed during the esterification reaction 
between GLY and LA, respectively. The transmittance of the peak at 
1713 cm− 1 remained constant for the whole duration of the reaction 
when no undesired ketalization reaction takes place [69], while the 
intensity of the ester signal at 1733 cm− 1 kept on increasing with the 
formation of GT (Fig. 1B). The ratio between the intensity of the two 
peaks, calculated by Eq. (1) (details in the Section 4), has been used as an 
indication of the reaction progress (Fig. 1C), by fitting the experimental 
data (by modified Hill function with offset) to determine the reaction 
kinetic. The fitting curve has revealed that the ratio between the two 
peaks did not show any significant variation after 16 hours, suggesting 
that the esterification reached the equilibrium. By quenching the reac-
tion after 16 hours, a yellowish viscous liquid was obtained with an 
82 % molar yield. The final structure of GT was confirmed by 

1H NMR analysis reported in Figure S1. Furthermore, the 
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esterification has been scaled up from an initial production of approxi-
mately 7 g [69] per batch of GT up to 17 g. 

Solvent-mediated techniques are commonly used for preparing 
polymeric formulations and samples at a laboratory scale [70]. Specif-
ically, for PHB the most frequently used solvents are chloroform (CHCl3) 
[71,72] or dichloromethane (CH2Cl2) [73,74], both of which are 
well-known toxic substances. Although solvent-mediate processing may 
be a simple approach at initial research stage, it can become difficult to 
scale it up at an industrial scale especially if large amounts of toxic 
solvents are involved in the process. On the other hand, melt-processing 
allows to avoid the use of toxic chemicals and to have a larger produc-
tion rate using equipment that closely resembles industrial machineries. 

Twin screw extrusion is the most traditional processing technique to 
obtain homogeneous mixing of multi-component polymer-based com-
posites [75–77]. The melt-processability of PHB by extrusion is rather 
difficult mainly due to two reasons: (I) the narrow thermal range in 
which this polymer can be melted and processed without significant 
thermal-induce detriment of molecular weight (most typically from 170 
to 195 ◦C); (II) the complex rheology of the molten, which presents a 
sudden drop in viscosity at a certain temperature. Indeed, this rheo-
logical behavior can hinder the filament formation from the extruder 
head if the viscosity is too low, or limits the homogeneity of the com-
pound in the heating chamber if the viscosity is too high. Adding a 
plasticizer can not only reduce the brittleness of this polymer at room 
temperature, but can also allow it to reach a suitable viscosity for the 
selected processing method at a lower temperature. With this purpose, 
PHB has been mixed with different quantities of GT (2.5, 5, and 10 wt%, 
detailed formulations in Table S1) using a twin-screw extrusion appa-
ratus (details reported in the experimental section). The appropriate 
temperatures and screw rate suitable for Ex (see Table S2) have been 
determined experimentally, based on the melting temperature reported 
in the polymer datasheet. The temperature peak has been positioned in 
the central section of the heating chamber and gradually decreased to-
wards the extrusion head, to facilitate the mixing process and prevent 
thermal degradation of the polymer. For this reason, a temperature 
profile has been selected with the lowest acceptable values for ensuring 
the processing, with a consistent material flow from the extrusion head 
exit. 

The extruded materials have exhibited homogeneity (representative 
pictures in Figure S2) and continuous flow, although the noticed melt 
strength has not been sufficient to produce a windable filament [78]. 
The so-produced samples have been coded according to the wt% content 
of the added plasticizer as follows: PHB (neat polymer), PHB2.5GT, 
PHB5GT, and PHB10GT. 

The thermal properties of the extruded compounds have been 
investigated using differential scanning calorimetry (DSC, details in the 
experimental section). The plasticizer intercalation among the poly-
meric chains induces a reduction of the interaction strength among the 
functional groups of the macromolecules. This also leads to an increased 
macromolecular mobility and reduced energy required to activate their 
movements [79]. This phenomenon is clearly visible in terms of glass 
transition temperature (Tg) reduction as shown in Fig. 2A (Tg values 
were extrapolated from the thermograms shown in Figure S4A). In 
particular, the neat PHB showed a Tg of 4 ◦C which decreased to 0 ◦C and 
− 5 ◦C with only 2.5 and 5 wt% of GT respectively, indicating a signif-
icant plasticization effect. However, the addition of 10 wt% of GT did 
not result in further Tg reduction, which value is settled to approx. − 4 ◦C 
similar to the PHB5GT. 

DSC curves (Figure S4B) have been further processed to evaluate the 
effect of GT on the melting temperature (Tm), and crystallinity degree 
(Xc, calculated by Eq. (2) in the experimental section) of PHB. Tm rep-
resents an important parameter, for semicrystalline polymer as PHB, for 
evaluating the improvements in terms of processability in the molten 
state. As shown in Fig. 2B, by increasing the plasticizer content, the Tm 
has been reduced from 177 ◦C for the neat polymer to 175, 173, and 169 
◦C for 2.5, 5, and 10 wt% of GT, respectively. The reduction in the Tm has 
been also followed by a decrease in Xc (Fig. 2C). In particular, neat PHB 
exhibited Xc of 59 %, which decreased to 58 % for PHB2.5GT and to 
52 % for PHB5GT, whereas 10 wt% of GT did not produce any further 
diminishing. Similarly, the plasticizing effect of GT was evident during 
the DSC analysis cooling scan. As shown in Figure S4C, the crystalliza-
tion peaks of the formulations shifted to lower temperatures with 
increasing GT content, as reported in Table S4. Specifically, the crys-
tallization temperature (Tc) of PHB decreased from 119 ◦C to 115 ◦C and 
112 ◦C with the addition of 2.5 % and 5 wt% of GT, respectively. 
However, with 10 wt%, no further decrease in Tc was observed. After 

Scheme 1. Schematic representation of the flowchart used for the study.  

E. Togliatti et al.                                                                                                                                                                                                                                



Additive Manufacturing 89 (2024) 104290

4

analyzing the experimental results, PHB5GT has been selected as the 
most promising formulation to compare GT with commercial plasti-
cizers. PHB compounds have also been prepared with 5 wt% of ATBC 
and DINCH (composition reported in Table S1) using the same extrusion 
apparatus and processing parameters previously reported for GT com-
pounds (Table S2). These two samples have been named PHB5ATBC and 
PHB5DINCH (representative pictures in Figure S2). 

As shown in Fig. 2A, PHB5GT performed significantly better than 
both PHB5ATBC and PHB5DINCH in terms of Tg reduction, showing that 
the addition of the two commercial plasticizers causes only a negligible 
effect on the Tg when compared to the neat PHB. On the other hand, GT, 
ATBC, and DINCH plasticizers showed a similar effect on the decrease of 
Tm (Fig. 2B). GT outperformed the two commercial additives in reducing 
the crystalline fraction (Fig. 2C) and Tc (Figure S4C), which are mostly 
unaffected by the presence of ATBC and DINCH (DSC results are sum-
marized in Table S4). 

FT-IR analysis reported in Figure S3 has revealed no significant 
variations in terms of chemical structure between PHB and the different 
compounds. The spectra represent the plasticizers (peak assignment in 
Table S3) and the plasticized formulations. The unaltered structure in-
dicates that the thermal processing has not resulted in detectable ma-
terial degradation. Moreover, also the addition of plasticizers has not 
induced chemical modifications of the polymeric structure even after 
thermal processing. 

The addition of plasticizers also typically affects the rheology of the 
polymer melt by reducing the intermolecular forces among polymer 
chains [80], which results in lowering the viscosity (thus increasing 
flowability) of the moulten. This clearly affects the melt processing 
conditions, such as temperature and shear rate, required to process the 
material. By studying the rheological behavior of polymer/plasticizer 
compounds, the processing conditions can be optimized, minimizing the 
time and energy required. The rheological properties of PHB/GT for-
mulations have been tested at the representative temperature of 190 ◦C, 
in a shear rate range between 0.001 and 1000 s− 1. This shear rate range 
covers the typical values required for polymer processing techniques 
such as Ex, IM, and FDM [81,82]. All the samples displayed a 
shear-thinning behavior, with a decrease in viscosity as shear rate 
increased, due to the gradual alignment of the polymer chains [83]. As 
shown in Fig. 2D, the viscosity decreases by increasing the plasticizer 
content. Neat PHB has shown value of η0 equal to 65 Pa•s, while it has 
been possible to achieve values of 53, 47 and 35 Pa•s with the formu-
lation at 2.5, 5, and 10 wt% of GT, respectively. Over the entire studied 
range of shear rates, the highest concentration of GT (10 wt%) led to a 
substantial decrease in viscosity compared to lower contents of the 
plasticizer (2.5 and 5 wt%), as expected. Although the rheological 
properties of PHB2.5GT and PHB5GT were almost identical from 0.001 
to 1 s− 1, the two compounds started diverging after shear rate values of 
1 s− 1, with the PHB5GT that exhibits a more pronounced viscosity 

Fig. 1. (A) Full FT-IR spectra of the reaction mixture at different time points. The shaded areas represent the peaks highlighted in figure (B); (B) peaks used to follow 
the reaction progress. On the left the time decreasing peak of the hydroxyl groups (3600–3000 cm− 1) and on the right the arising peaks at 1733 cm− 1 related to the 
ester bonds and the time-constant peak at 1713 cm− 1 ascribable to the ketonic groups of LA. (C) Kinetics of the reaction obtained by FT-IR data analysis. Intensity 
ratio (calculated by Eq. 1) represents the ratio between the intensity of the peaks at 1733 cm− 1 and 1713 cm− 1. 
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reduction. The differences between PHB2.5GT and PHB5GT become 
more and more significant from 10 to 100 s− 1, which is the typical shear 
rate range at which Ex operates [81]. Similarly, the decrease in viscosity 
is even more noticeable in the range from 100 to 1000 s− 1, which is 
typical for IM [81] and FDM [82]. Additionally, the rheological prop-
erties of PHB5ATBC and PHB5DINCH have been investigated using the 
same analysis conditions, to compare the plasticization effects. As re-
ported in Fig. 2D, PHB5ATBC shows a η0 of 46 Pa•s, performing 
comparably to PHB5GT. On the contrary, PHB5DINCH presentes a η0 of 
54 Pa•s, similar to what is obtained with PHB2.5GT. In the shear rate 
regime at which Ex, IM, and FDM operate, the commercial formulations 
(with ATBC and DINCH) presente viscosity values comparable to the one 
obtained with 5 wt% GT, overall. Based on the rheological results, GT 
appears to be a promising bio-based alternative plasticizer for PHB. 

The addition of a plasticizer can also importantly influence the me-
chanical properties of a polymer [41]. To analyze the mechanical 
behavior of the plasticized PHB formulations, dog-bone specimens have 
been produced through injection molding (Figure S5). The main pa-
rameters such as temperature, shot size, cooling time, and extraction 
time (reported in Table S5) have been optimized during the process. To 
ensure the material a proper fluidity for the injection, the temperature in 
the plasticization cylinder has been kept constant at 180 ◦C, just slightly 
above the Tm of neat PHB. It is important to underline that, compared to 
neat PHB, the temperatures of the injection cylinder and nozzle has been 
decreased by 5 ◦C (170 ◦C) for PHB2.5GT, PHB5GT, PHB5ATBC and by 
10 ◦C for PHB10GT. On the other hand, for PHB5DINCH, the tempera-
tures remained unchanged (180 ◦C) as for pristine PHB. The possibility 

of a decrease in the injection temperature is a clear sign of the increased 
fluidity of the material due to the plasticizer, in accordance with the 
rheological tests (Fig. 2D). The so obtained specimens did not show any 
significant difference, except for slight chromatic variations due to the 
color of the plasticizer (Figure S5). The reduction in the injection tem-
peratures did not affect the final appearance of the samples, but it 
certainly limited the effects of thermal degradation. 

The specimens have been used in Dynamic Mechanical Analysis 
(DMA) tests to better understand the viscoelastic behavior of the poly-
meric compounds. The DMA results have been divided and analyzed into 
two distinct data sets. The first set (referred to as the GT series) consists 
of neat PHB and PHB/GT compounds, to investigate how the different 
content of additive affects the properties of pristine PHB (Fig. 3A). The 
second set (referred to as the 5 % series) of data allows to compare the 
properties of neat PHB and PHB plasticized with 5 wt% of GT, ATBC and 
DINCH (Fig. 3B). 

Within the GT series, as expected, the increase in plasticizer content 
caused a storage modulus (E’) reduction over the entire temperature 
range analyzed. According to Scandola et al., this reduction can be 
attributed to the crystalline content of the polymer, which decreases 
with the increasing amount of plasticizer [84], as indeed observed in this 
case (Fig. 3A). 

The loss modulus (E’’) is related to the rheological behavior of the 
material and represents the energy dissipated in the irreversible move-
ment of the polymer chains. In Fig. 3A, it is possible to notice a shift in 
the E’’ curves towards lower temperatures, as well as an increase in the 
subtended area, as the amount of GT in the polymer increases. This 

Fig. 2. (A) Glass transition temperature (Tg), (B) melting temperature (Tm) and (C) crystallinity degree (Xc, calculated by Eq. 2) of neat PHB, PHB/GT compounds 
and PHB compounded with 5 wt% of ATBC and DINCH. (D) Rheological behavior at 190 ◦C of neat PHB and its compounds with GT, ATBC and DINCH. The shaded 
areas represent the typical range of shear rate for extrusion (Ex, yellow), injection-molding (IM, green) and fused deposition modelling (FDM, red). 
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suggests that an increasingly larger fraction of the energy is used for 
chain relaxation at a lower temperature, indicating an effective 
plasticization. 

The damping factor (Tanẟ) curves, obtained by the ratio between E” 
and E’ (Fig. 3A), show by the first peak corresponding to the glass 
transition temperature (Tg,DMA), which can be attributed to β relaxation 
[84]. The addition of GT caused the peak to broaden and shift, indicating 
the early onset of the transition and shift of Tg,DMA to lower values. In 
fact, the reduction in Tg,DMA is the main effect obtained and exploited by 
the addition of a plasticizer to a rigid polymer, resulting in improved 
flexibility [36]. The second peak observed in the Tanẟ curves, between 
the glass transition and melting, can be associated with the α relaxation, 
related to the mobility of more extended segments of the polymeric 
chains [85]. Again, the start of the transition is shifted to lower tem-
peratures, proportionally to the plasticizer content. Both effects on E’ 
and Tanẟ can be attributed to the uniformly distributed plasticizer 
molecules, that can weaken the intermolecular interactions among 
polymer chains, thus increasing the free volume [41,70]. 

The Fig. 3B reports the DMA curves of the 5 % series. The E’ values of 
the plasticized formulations with 5 wt% of GT, DINCH, and ATBC are 
lower compared to the neat PHB. It is noteworthy that PHB5GT has 
shown a reduction of E’ modulus that is comparable to that obtained 
with ATBC, considered the most effective citrate-based plasticizers for 
PHAs [86]. As reported in Fig. 3C and in Table S6, all the plasticized 
formulations have shown a decrease in Tg,DMA if compared to neat PHB. 

To further highlight the effect of the plasticizer on the thermo- 
mechanical behavior of the PHB, the reduced modulus (Ered), 
expressed as the ratio between the storage modulus of a compound (E’i- 
th) and the pristine polymer (E’PHB) is shown in Fig. 3. Ered was calculated 
using Eq. 3 (details in the experimental section) at different tempera-
tures: at 0 ◦C (below the Tg, Fig. 3D), at 25 ◦C (room temperature, 
Fig. 3E), and at 36 ◦C (mean body temperature, Fig. 3F), considering the 
potential applications of PHB in the biomedical field [87]. 

The Ered decreases with the increase of the GT content for all 
analyzed temperatures (Fig. 3D–F). It is also possible to observe that Ered 
decreases more significantly for temperatures above the glass transition 
(Tg,DMA and Ered are listed in Table S6), indicating an increased plasti-
cization efficiency in the conditions where materials is most likely to be 
used or processed. For example, for PHB5GT, below Tg the Ered is 
reduced by about 12 %, while above Tg the reduction reaches a value of 
over 24 %, compared to the reference value of neat PHB. A similar trend 
can be also observed when a different content of plasticizer is used. 

The comparison of Ered between GT and the commercial plasticizers 
reveals similar behavior, especially for 25 and 36 ◦C (Fig. 3D–F). 

The hindering effect on the intermolecular forces among macromo-
lecular chains, due to intercalated plasticizer molecules, can cause not 
only a decrease in Tg but also an increase in flexibility and strain at 
break. For this reason, the mechanical behavior of PHB and plasticized 
formulations have been further explored through Uniaxial Tensile Test 
(UTT). In particular, Young’s modulus (E), tensile strength (σB), 

Fig. 3. Storage modulus (E’), loss modulus (E’’) and loss factor (Tanẟ), from DMA tests, of (A) neat PHB and PHB/GT compounds and (B) neat PHB and 5 wt% of GT, 
DINCH and ATBC. (C) Glass transition temperature from DMA data (Tg,DMA); Ered (calculated by Eq. (3)) extrapolated at (D) 0 ◦C, (E) 25 ◦C and (F) 36 ◦C, as a function 
of the GT content. (G) elastic modulus (E), (H) tensile strength (σB), (I) elongation at break (εB) and (L) toughness (T) as a function of the GT content, obtained 
by UTT. 
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elongation at break (εB), and toughness have been investigated to 
evaluate the effect of the plasticizer on mechanical properties (all data 
are collected in Table S7). PHB is known as a polymeric material char-
acterized by a high stiffness and limited elongation at break [88], the 
compounding with GT caused a significant reduction in the E and a 
slight decrease in σB, compared to pristine PHB. Specifically, 2.5 and 
5 wt% GT produced a decrement in stiffness of 26 and 28 % (Fig. 3G), 
and a reduction in σB of 14 and 16 % (Fig. 3H), respectively. Considering 
the typical high brittleness of PHB and the relatively low additive con-
tent used (2.5 and 5 wt% GT), the obtained increase in εB of 21 and 32 % 
(Fig. 3I) must be considered a remarkable result to narrow the me-
chanical gap between conventional plastic commodities and PHB. 
Regarding the sample PHB10GT, E decreased following the trend of the 
other formulations, whereas σB has shown a considerable drop of − 49 % 
(Fig. 3G and H). The εB did not constantly grow with the GT content, 
decreasing by 6 % with comparison to pristine PHB (Fig. 3I) when 10 wt 
% GT is compounded with the polymer. Interestingly, from these me-
chanical tests, 5 wt% represents the best compromise between reduced 
stiffness and increased elongation at break. Moreover, the herein pro-
posed plasticizer, when added at 5 wt%, had an effect on the mechanical 
properties comparable to different commercial plasticizers (ATBC and 
DINCH) added at the same concentration (Fig. 3G–I). As a consequence, 
the incorporation of GT also results in an enhancement in toughness (T) 
compared to neat PHB. Once again PHB5GT was found to be the best 
overall formulation considering that T drops when the additive content 
is further increased to 10 wt% (Fig. 3L). Furthermore, PHB5GT and 
PHB5ATBC present a similar T increment of (0.20 and 0.18 MJ•m− 3, 
respectively), compared to neat PHB (0.17 MJ•m− 3). On the other hand, 
a decrease to 0.14 MJ•m− 3 for PHB5DINCH has been found, confirming 
the trend already observed with the other mechanical parameters, pre-
viously described. 

The UTT results further confirm that the hindrance of GT molecules 
can effectively increases the free space among macromolecular chains, 
thus limiting the intermolecular forces and increasing their mobility. 

The compounds produced via twin screw extrusion were then pro-
cessed using a single screw extruder (parameters detailed in Table S8) to 

create a filament suitable for the 3D printing of porous scaffolds. These 
scaffolds have potential biomedical applications [89,90] such as bone 
tissue regeneration, thanks to the previously demonstrated non-toxicity 
of GT [69]. These customizable constructs are designed to mimic the 
complex structure of natural bones and provide a suitable support for 
cell ingrowth and vascularization. In fact, scaffolds for bone regenera-
tion are usually designed with open and interconnected porous archi-
tecture that allows the diffusion of nutrients into the scaffold and the 
removal of metabolic wastes resulting from cellular activity [91]. Cy-
lindrical scaffolds (Fig. 4A) have been 3D printed, by FDM technique, 
using different temperatures and plasticizer concentrations to optimize 
the print quality of the scaffolds. 

A temperature of 200 ◦C has been initially selected for all formula-
tions and gradually reducing by 5 ◦C at each step until reaching 180 ◦C. 
In accordance with the Tm observed by DSC analysis (Fig. 2B), a further 
reduction of the printing temperature below 180 ◦C did not lead to a 
complete melting and an appropriate viscosity of the molten polymer. 

The printed porous scaffolds have been analyzed through optical 
microscopy to investigate the quality of the printed object, as a function 
of both the printing temperature and compound composition. As a 
general remark, the use of GT results in the reduction of the printing 
temperature up to 20 ◦C, while maintaining the same resolution ob-
tained with pure PHB filament printed at 200 ◦C (Fig. 4A). This is a very 
significant result since it is well-known that 200 ◦C is the onset tem-
perature where the thermal degradation process leads to a quick and 
uncontrollable drop of PHB molecular weight [92,93]. With 2.5 wt% of 
GT, good printing quality has been achieved by employing a tempera-
ture of 190 ◦C. A further decrease of 10 ◦C (printing temperature = 180 
◦C, Fig. 4A) has been achieved for both PHB5GT and PHB10GT samples. 
It is noteworthy that for the PHB5GT scaffold (Fig. 4A) the printing 
resolution is completely comparable to the neat PHB scaffold printed at 
200 ◦C. On the contrary, in the PHB10GT sample (Fig. 4A) the filament 
begins to thin out losing some regularity in the unsupported areas, 
leading to a drop-like shape in the strand where the extruded filament is 
deposited at the intersection points of the raster. This behavior might be 
associated to the significant decrease in the viscosity of the molten 

Fig. 4. Optical images of the 3D-printed scaffolds at different temperatures and GT concentration. A) Scaffolds printability increasing GT concentration; B) scaffolds, 
obtained with PHB5GT formulation, printed at increasing temperatures from 180 to 200 ◦C; C) scaffolds printed at 180 ◦C with three different plasticizers (5 wt% ), 
respectively GT, ATBC and DINCH. In the insets the internal strands of the scaffolds are shown in detail. 
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compound, as shown in Fig. 2D. 
Therefore, the PHB5GT formulation has been selected as a bench-

mark for further investigations. In particular, by increasing the printing 
temperatures from 180 to 200 ◦C, the filament became less and less 
viscous and tended to thin out, especially in the unsupported sections of 
the print. At the highest tested temperatures (195 and 200 ◦C) the 
thinning became very significant and led to the break of the strand, 
interrupting the continuity of the filling geometry, as shown by Fig. 4B. 
The most regular and continuous deposition of the filament has been 
obtained at 180 ◦C (Fig. 4B). Moreover, at this temperature, the internal 
pores of the scaffold have maintained a squared geometry over the entire 
surface area and even near the external border, with a resolution very 
similar to the one obtained for neat PHB printed at 200 ◦C. The print-
ability of PHB5GT at 180 ◦C, has also been compared to the corre-
sponding formulations with commercial ATBC and DINCH. Fig. 4C 
shows that 5 wt% of the two commercial plasticizers leads to small ir-
regularities where the filaments of two consecutive layers overlap and 
therefore to a loss in printing resolution when compared to PHB5GT. 

Based on the UTT, DSC and DMA investigations, the herein presented 
PHB compounds exhibits a suitable stiffness over a wide temperature 
range, high crystallinity and Tm, making these materials a potential so-
lution for repairing bone and cartilage defects [15]. In this context, the 
possibility to fabricate scaffolds through FDM 3D printing with precise 
shape and porosity control, facilitated by the enhanced processability 
achieved through the incorporation of bioplasticizers, makes these ma-
terials highly attractive for a wide range of biomedical prototypes [94]. 

3. Conclusions 

The growing interest in the use of PHB in various applications has 
driven research toward additives that allow this promising biopolymer 
to become a valuable alternative to the fossil-based commodity plastics. 
To achieve this, the limited melt processability and mechanical prop-
erties of PHB must be improved and, at the same time, the biodegrad-
ability and biocompatibility typical of the PHAs polymer family must be 
preserved. 

In this work, PHB has been compounded with GT bioplasticizer and 
the plasticization effect has been compared with two commercial plas-
ticizers (ATBC and DINCH) that have recently raised several health 
concerns. The synthesis of GT has been optimized by kinetics study, 
obtaining an increase in molar yield of the reaction up to 82 % and a 
reduction in the reaction time to 16 h. 

GT allowed to achieve an effective plasticization, as expressed by the 
reduction of the glass transition temperature of PHB evaluated by both 
DSC and DMA. DSC also revealed a decrease in both the melting tem-
perature and the crystallinity degree by increasing GT content. These 
parameters also have an important effect on the mechanical properties 
of PHB. In particular, with only 5 wt% of GT, the flexibility has been 
increased (elastic modulus reduced up to 28 %) with an overall increase 
in toughness of approximatively 10 %. Furthermore, the rheological 
analysis highlighted a shear thinning behavior with a decrement in the 
melt viscosity as a function of the plasticizer content. Based on these 
results, 5 wt% of GT appears to be the best compromise to have an 
effective plasticization of PHB and minimize the leaching, which is 
known to increase with the additive content. 

The plasticization effect of GT on PHB has been also compared with 
that of the compounds containing ATBC and DINCH commercial plas-
ticizers. Overall, GT can enhance mechanical, thermal, and rheological 
properties to a degree that matches or even exceeds the performance of 
the commercial plasticizers, establishing it as a viable and sustainable 
green alternative. Moreover, an enhanced melt processability was 
observed, allowing to reduce the AM processing temperature from 200 
to 180 ◦C, thus significantly expanding the PHB’s processability thermal 
range. This temperature and viscosity reduction is also promising for 
facilitating the printing suitability. In particular, 3D printing through 
FDM technique allowed to successfully obtain scaffolds potentially 

suitable for bone and tissue regeneration, at 20 ◦C lower than the most 
typical printing temperature. In comparison to ATBC and DINCH, the 
use of GT leads to smoother and more homogeneous scaffolds, with 
deposition of more uniform strands and minimizes the strand distortions 
at the junctions between two layers. 

The herein presented results confirm that GT can represent a valu-
able and safer alternative to the currently available commercial “green” 
plasticizer for biopolyesters. In particular, using GT it is possible to 
overcome well-known disadvantages that limit the diffusion of PHB as 
replacement of the plastic commodities. 

4. Experimental 

4.1. Materials 

The following listed reagents were all supplied by Sigma-Aldrich and 
used for the synthesis of the glycerol trilevulinate (GT) plasticizer: lev-
ulinic acid (LA, 98.0 %), glycerol (GLY, ≥ 99 %), water (HPLC grade), 
sodium sulfate (Na2SO4, anhydrous, ≥ 99 %), and sodium chloride 
(NaCl). Additionally, sodium bicarbonate (NaHCO3, ≥ 99.5 %, obtained 
from Carlo Erba), p-toluenesulfonic acid monohydrate (PTSA, 98.5 %, 
obtained from Alfa Aesar), ethyl acetate (EtAc, 99.96 %, obtained from 
Fischer Chemicals) and deuterated chloroform (CDCl3, 99.8 atom% D, 
contains 0.03 % v/v tetramethylsilane TMS, supplied by WVR Chem-
icals) were used. All above-mentioned reagents and solvents were used 
as-received without further purification. 

Polyhydroxybutyrate (PHB) was obtained from Gruppo MAIP (Iam-
NATURE B6 T P001Y, Mw 240,000 g mol− 1). The polymer was analyzed 
by nuclear magnetic resonance (1H NMR) to obtain detailed information 
on its composition. The related experimental procedure is reported in 
the supporting information followed by 1H NMR spectrum in Figure S7. 
The 1H NMR investigation showed the presence of 0.3 % mol (calculated 
by Equation S1 in supporting information) of 3-hydroxyvaleric acid 
units (3HV) with respect to 3-hydroxybutyric acid (3HB). This negligible 
amount of 3HV units cannot produce significant modification of the 
polymer properties. The commercial plasticizers 1,2-cyclohexane 
dicarboxylic acid diisononyl ester (Hexamoll® DINCH) and acetyl 
tributyl citrate (ATBC, ≥ 98 %) were obtained from BASF and Sigma 
Aldrich, respectively. 

4.2. Plasticizer synthesis 

The GT solvent-free synthesis and product purification were carried 
out adjusting the procedures reported elsewhere [69]. In brief, GLY 
4.758 g/0.0517 mol, LA 30 g/0.2585 mol and PTSA catalyst 
0.445 g/0.00259 mol (5 % mol. with respect to GLY) were placed in a 
round-bottom flask and heated up to 110 ◦C for 24 h (in an oil bath) 
under magnetic stirring, leaving the flask open. Afterwards, the mixture 
was cooled down at room temperature and quenched with a saturated 
NaHCO3 (aq) solution to neutralize the excess of LA. The solution was 
then extracted twice, by a separation funnel, with EtAc. The extracted 
organic phase was washed two further times with saturated NaHCO3 
(aq) and once with saturated NaCl (aq) solution. After drying over 
anhydrous Na2SO4, the residual solvent was evaporated with a rotary 
evaporator under reduced pressure until a yellowish viscous product 
was obtained. The reaction yield and selectivity were optimized study-
ing the reaction kinetics, mainly varying reaction time. 

4.3. Fourier Transform Infra-Red Spectroscopy 

The reaction was monitored through Fourier Transform Infra-Red 
Spectroscopy (FT-IR). Spectral data were obtained using a Perkin 
Elmer Spectrum Two spectrometer that featured a diamond attenuated 
total reflection crystal (ATR). Each spectrum was collected by recording 
16 scans and the selected spectra window ranged from 4000 to 
400 cm− 1. The data obtained from the spectra were processed using 
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Spectrum 10 software (PerkinElmer). The progress of the reaction was 
monitored by calculating the ratio between the intensity of the peaks at 
1713 and 1733 cm− 1 with Eq. (1): 

Intesity ratio = [T1713cm− 1 (%) − T1733cm− 1 (%) ]/T1733cm− 1 (%) (1) 

Intensity ratio was plotted vs. reaction time and the data were fitted 
by the modified Hill function with offset (by Origin Pro, version 
9.8.200). 

The same FT-IR setup was used to conduct the structural analysis on 
the polymer, pure plasticizer and compounds. 

4.4. Nuclear Magnetic Resonance 

To confirm the chemical structure of GT and to evaluate the 
composition of the PHB, 1D Nuclear Magnetic Resonance (NMR) spec-
troscopy was employed. 1H NMR spectra were recorded at room tem-
perature using a Varian Mercury 400 instrument running at 400 MHz 
(nominal frequency: 399.96 MHz). The solvent used was CDCl3 con-
taining 0.03 % vol. of tetramethylsilane (TMS) as the internal reference. 
Chemical shifts (δ) were reported in parts per million (ppm) relative to 
the residual solvent signals (CHCl3 at 7.26 ppm). The NMR spectra were 
processed using MestReNova software (Mestrelab Research S.L.). 

4.5. Compounds preparation 

The PHB granules, with original dimensions of 2–4 mm, were ground 
using an analytical mill (IKA A11 basic) in cryogenic conditions. Liquid 
nitrogen (N2) was used during this phase to lower the temperature below 
the glass transition temperature (Tg), increasing the brittleness and 
allowing better grinding, obtaining granules with dimensions lower than 
2 mm. This step was necessary to be able to subsequently process the 
polymer with the twin screw extruder. Ground polymer and plasticizer 
were pre-mixed in the analytical mill under room conditions according 
to the compositions listed in Table S1. Before extrusion, the premixes 
were dried at 40 ◦C for 4 h in the oven, to remove any residual moisture 
that could cause inhomogeneity during the extrusion process. The pre- 
mixed materials were processed using a co-rotating twin screw 
extruder (RES-2 P/12A Explorer Extruder, Zamac Mercator, Poland), 
having an 11 mm screw diameter and a 40 L/D screw ratio. The 
equipped screws have a variable profile along their length, which 
allowed the homogenization of the melt by compacting and transporting 
the polymer from the hopper zone to the extrusion head. The tempera-
ture profile in the six heating zones of the screws is shown in Table S2 
and it was kept the same for all the treated compositions. The maximum 
temperature was set in zones 3 and 4, corresponding to the mixing 
section of the screws, to lower the viscosity of the polymer and ho-
mogenize it with the plasticizer. The temperature was then lowered 
again toward the head (zones 5 and 6) to achieve a consistency more 
suitable for extrusion. The extruded blends were collected, air-cooled, 
and reduced to pellets (Figure S2) using a shredder (Felfil, Italy). The 
pellets obtained were used to produce injection-molded dumbbell 
specimens and 3D printing filaments. The pellets obtained after the twin 
screw processing were partially used to produce injection-molded 
specimens through a Babyplast 10/12, equipped with a mold of a 
model 5 A dumbbell-shaped specimen according to ISO 527 standard. 
The parameters used for the injection molding are reported in Table S5. 

4.6. Single screw filament extrusion 

The other part of the pellet obtained after twin screw processing was 
used to get filament suitable for 3D printing. For this purpose, a 
benchtop extrusion system (Felfil Srl., Italy), composed of a single screw 
extruder equipped with a cooling fan array was used. The diameter of 
the filament (Figure S2) was set to 1.55 ± 0.1 mm by an optical control 
equipped with the spooler. Extrusion parameters are reported in 
Table S8. 

4.7. 3D printing 

3D printed scaffolds were designed with SolidWorks software, hav-
ing a cylindrical geometry of 15 mm in diameter and 5 mm in height. 
The objects were obtained using a Prusa i3 MK3S+ printer equipped 
with a 0.4 mm nozzle, setting the printing parameters in the PrusaSlicer 
software. Specifically, layer height was set at 0.2 mm and strand width 
was set at 0.4 mm, infill density, and geometry were set to 30 % and 
linear, respectively, alternating the infill direction by 90◦ between 
adjacent layers, printing speed was set to 25 mm•min− 1, and finally 
extrusion flow was set to 1.1. The cylinders were printed with 2 wall 
loops and 0 top/bottom layers. All scaffolds were printed with a 4 mm 
brim support and some glue to ensure adequate adhesion to the printing 
plate, which was heated at a temperature of 60 ◦C. The printing tem-
perature range between 200 and 180 ◦C was investigated. 

4.8. Material characterizations 

Differential Scanning Calorimetry (DSC) was used to measure the 
thermal properties, such as the melting temperature (Tm), glass transi-
tion temperature (Tg), crystallinity degree (Xc) and crystallization tem-
perature (Tc) of both neat and plasticized polymeric samples. The DSC 
analysis was performed using a Q10 instrument from TA Instruments . 
The DSC cell was equipped with a Discovery Refrigerated Cooling Sys-
tem (RCS90) and operated under a nitrogen atmosphere with a purge 
flow rate of 20 mL min− 1. Approximately 10 mg of each sample were 
initially cooled down to − 60 ◦C. The samples were then heated up to 200 
◦C at a heating rate of 20 ◦C min− 1. After a cooling step at a rate of 10 ◦C 
min− 1 to − 60 ◦C, the samples were heated for a second time at a rate of 
10 ◦C min− 1 up to 200 ◦C. The crystallinity degree (Xc) of the samples 
was calculated using Eq. (2): 

Xc(%) = ΔHm
/

ΔH0
m • 100 (2)  

which takes into account the melting enthalpy (ΔHm) obtained from the 
DSC measurement and the melting enthalpy of the 100 % crystalline 
polymer (ΔH0

m). For the calculation, the selected enthalpy of melting for 
100 % crystalline PHB was determined to be 146 J•g− 1 [95,96]. Three 
samples were measured for each formulation to ensure repeatability. 

DSC curves were processed with TA Universal Analysis 2000 soft-
ware (TA Instruments) to extrapolate the Tm and ΔHm from the first 
heating scan, Tc from the cooling scan and Tg from the second heating 
scan. 

Viscosity measurements under steady-state conditions were con-
ducted using a rotational rheometer Physica MCR 301 (Anton Paar, 
GmbH Austria), which was equipped with a Peltier heating system and a 
solvent trap kit. The shear-rate viscosity correlation was analyzed at a 
temperature of 190 ◦C, with the range of shear rates varying between 
0.01 and 100 s− 1. For these experiments, a cone-plate geometry 
(CP50–1) with a diameter of 50 mm, an angle of 0.989◦, and a gap of 99 
μm was used. The experimental data obtained from steady-state vis-
cosity measurements were fitted with the Carreau-Yasuda model [97] to 
calculate the zero-shear viscosity η0. All experiments were performed 
three times to ensure the results repeatability. 

Dynamic Mechanical Analysis (DMA) was conducted in duplicate on 
the prepared samples using a TA Q800 instrument. The test was per-
formed following the ASTM D7028 standard with a single cantilever 
clamp in a temperature ramp mode, applying the following parameters: 
10 μm for the amplitude strain deformation, 1 Hz frequency, tempera-
ture range from − 60 to 175 ◦C, with initial isothermal soak time of 
10 min, and temperature ramp 3 ◦C•min− 1. Before testing, the samples 
were stored under vacuum at room temperature. The values of storage 
modulus (E’), loss modulus (E’’), and damping factor (Tanẟ) were 
collected and reported as a function of the temperature. The glass 
transition temperature (Tg,DMA) was obtained from the maximum of the 
Tanẟ curve. Based on E’ values obtained from the DMA analysis, the 
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reduced modulus (Ered) was calculated according to Eq. (3) [98]: 

Ered = Eʹ
i− th

/
Eʹ

PHB (3) 

Mechanical properties were tested by performing the uniaxial tensile 
test (UTT) on the injection molded specimens. Measurements were 
conducted with a 112 TesT GMBH Universal Testing Machine (Ger-
many), with a 2 kN load cell. Ten specimens of pure PHB and each 
plasticized material were tested at a constant tensile speed of 
0.5 mm•min− 1, at room temperature (approx. 25 ◦C). The test was 
considered completed at specimen failure. Tensile properties such as 
Young’s modulus (E), tensile strength (σB), elongation at break (εB), and 
toughness (T) were recorded and compared [99]. 

The optical Optika B-380 series (Optika Srl, Italy) microscope was 
used to observe the macroscopical appearance of the printed scaffolds 
and evaluate the quality of the individual deposited strands. 
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[67] S. Pierucci, J.J. Klemeš, L. Piazza, S. Bakalis, A.M. Gamba, J.S. Fonseca, D. 
A. Méndez, A. Viloria, D. Fajardo, N.C. Moreno, I.O. Cabeza, Assessment of 
different plasticizer-polyhydroxyalkanoate mixtures to obtain biodegradable 
polymeric films, Chem. Eng. Trans. 57 (2017), https://doi.org/10.3303/ 
CET1757228. 
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