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terephthalate (PET), are considered as polymers of difficult 
processability. In the case of PVC, the processability could 
be problematic due to the high molecular rigidity caused 
by the cohesive bonds produced by the dipole moments 
between the chlorine atoms, which are of high electroneg-
ativity and volume, giving rise to an amorphous polymer 
without the ability to crystallize. In addition, PVC is a ther-
mally unstable polymer, susceptible to thermal degradation, 
which generates hydrochloric acid [5, 6]. This is a gas toxic 
to humans by inhalation and highly corrosive to machin-
ery [7]. In the case of PET, the processability problems are 
related to its viscosity in molten state, which leads to the use 
of temperatures above its melting point to facilitate fluidity 
[8]. In the biopolymers classification, polymers with pro-
cessability drawbacks, such as polyhydroxybutyrate (PHB) 
and poly lactic acid (PLA) can also be found. PHB exhib-
its thermal instability above its melting temperature, which 
makes it susceptible to thermal degradation when processed 
[9, 10]. PLA, which it is investigated in the present work, 

Introduction

Conventional polymers, such as polyethylene (PE), ethyl-
ene vinyl acetate (EVA), and acrylonitrile butadiene styrene 
(ABS), among others, are considered easily processable 
polymers [1–4]. Meanwhile, other conventional poly-
mers, such as polyvinyl chloride (PVC) and polyethylene 
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Abstract
Gum rosin esters are some of the most common gum rosin derivatives used in different applications, such as coatings, 
paper, varnishes, chewing gum, and food industries. In this study, gum rosin esters are used as additives for polylactic 
acid (PLA) to improve its processability and thermal stability. Blends of an amorphous PLA with two different gum rosin 
esters, pentaerythritol ester and glycerol ester, were prepared by melt extrusion process in concentrations from 1, 3, and 5 
phr. Besides the comparison of thermal degradation, microstructure assessment, and melt flow index (MFI) analysis, the 
processability performance during testing samples production by injection molding process was evaluated. Experimental 
results showed that MFI values of PLA-gum rosin ester blends increased by 100%, 147%, and 164%, along with increas-
ing content of gum rosin esters addition, in both cases. Also, both derivatives slightly improved PLA thermal stability 
(around 3ºC higher). Injection molding temperature decreased by at least 20 °C for PLA-gum rosin ester blends compared 
with neat PLA. Furthermore, the maximum tensile strength of PLA-gum rosin esters was negligibly affected in formula-
tions with low content of gum rosin esters, and the FESEM images revealed a good dispersion and compatibility of gum 
rosin ester particles into PLA matrix in both concentrations.
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is an aliphatic polyester obtained through different meth-
ods, including direct polymerization of lactic acid at tem-
peratures above 120 °C. It possesses relatively high tensile 
strength, good transparency, and barrier properties. In addi-
tion, PLA is a promising biodegradable polymer widely 
used in different sectors, such as agriculture, [11, 12] food 
packaging, [13, 14] and medical and pharmaceutical indus-
tries, due to its biocompatibility characteristics, that makes 
it suitable for biomedical applications [15–17]. However, 
despite possessing attractive properties and good character-
istics as a compostable biopolymer, the high melt viscosity 
of PLA represents a drawback for additive manufacturing 
processes, if compared with ABS [18]. Moreover, its high 
rigidity is a limitation that prevents good processability by 
methods such as blown film extrusion [19, 20].

Due to the difficulties of processability shown by PLA, 
and the need of adapting it to various processing methods, 
different works have been conducted in order to provide 
an efficient solution. Those works include reactive extru-
sion and melt blending with various biopolymers and chain 
extender component [21, 22]: the use of additives that 
improve its properties, performance and processability is 
also increasing. Generally, these additives consist of sub-
stances that act as lubricants (internal or external), plasti-
cizers (mostly phthalic anhydride esters), fillers and heat 
stabilizers, e.g., organometallic compounds; tin (Sn), lead 
(Pb), Zinc (Zn), etc., [23, 24]. Part of the disadvantages of 
these additives, especially plasticizers and lubricants, is that 
they are synthetic-based chemical compounds, in addition 
to their easy migration drawbacks.

To this effect, the study and research of natural bio-based 
additives that can modify and enhance polymeric material 
properties and processability is highly interesting for indus-
try and academia [25–27]. Although these natural origin 
additives are extended to conventional polymers, they are 
mainly used in biopolymers, aiming to keep the eco-friendly 
and bio-based commitment of these biopolymers. Some 
natural additives of the most significant research inter-
est are fatty esters, oils (maleinized and epoxidized), and 
vegetable extracts of different compositions such as rosin 
resins [28–31]. In our previous work, gum rosin (molecu-
lar weight, 302 g/mol) and a pentaerythritol ester of gum 
rosin of low molecular weight (1469 g/mol) were used to 
study the modification of PLA mechanical performance and 
hydrophobicity [32] due to being abundant resources of 
renewable origin and eco-friendly substances already used 
as food additive [33], and as microencapsulation in phar-
maceutical applications [34]. The material preparation was 
done by melt extrusion. As well, both rosin derivatives were 
used for the development and improvement of polybutylene 
adipate terephthalate (PBAT)-rosin blends performance for 
injection molded materials [35].

In this work, the research aim is focused on the develop-
ment of a novel PLA-gum rosin ester blend using two gum 
rosin esters of higher thermal stability and tackifier behavior 
than those used in the previous study. Those improvements 
in gum rosin esters make them suitable as multifunctional 
additives for the coating material, rubber production, and 
oil-based lubricant and enhance thermoplastic road-making 
paints [36–39]. Therefore, noticing the suitability of those 
gum rosin esters as multifunctional additives, pentaerythri-
tol ester of gum rosin of high molecular weight (2074 g/mol) 
and a glycerol ester of gum rosin were melt-compounded 
with PLA polymer matrix in concentrations of 1, 3, and 5 
parts per hundred resins (phr) by extrusion method to evalu-
ate its performance. The evaluation of their processability 
by injection molding, compared with the materials behavior 
under MFI analysis was carried out. Additional techniques 
for characterization, such as thermal degradation analysis, 
mechanical test, microstructure assessment and FTIR analy-
sis were conducted as evaluation and quality control meth-
ods on the resulting materials.

Experimental

Materials

A commercial grade of biodegradable polylactic acid (PLA) 
Purapol LX-175, supplied by Corbion Purac (Amsterdam, 
Netherlands) was used to prepare the blends. This PLA con-
tains 4% of D-isomer, its melt flow index (MFI) is on the 
range of 3–5 g/10 min (190 °C, 2.16 kg) and its density is 
1.24 g cm− 3. For the binary compound formulations, two 
gum rosin esters were used as additives: UTP120, a pentae-
rythritol ester of gum rosin (labeled as UTP, with softening 
point between 110 and 115 °C and maximum acid value of 
15) and UTG88, a glycerol ester of gum rosin (labeled as 
UTG, with softening point between 86 and 90 °C and maxi-
mum acid value of 15). Figure 1 depicts the typical molecu-
lar structures of modified rosin products after esterification 
[40–43]. Both gum rosin esters were kindly supplied by 
United Resins. Produção de Resinas S. A (Figueira da Foz, 
Portugal).

Preparation of the Binary Blends

Prior to processing, UTP and UTG gum rosin esters were 
cracked into small fragments using a porcelain mortar. 
Then, they were sifted in a RP09 CISA® (Barcelona, Spain) 
sieve shaker to be used in grain form (particle size between 
3 and 5  mm). The gum rosin esters (in grain form) were 
blended with PLA in concentrations of 1, 3 and 5 parts per 
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hundred resins (phr). The formulations coding is indicated 
in Table 1.

Before processing the formulations, PLA pellets and 
the gum rosin esters (UTP and UTG) were subjected to a 
drying process at 50  °C for 12  h in a dehumidifier oven 
model D-82,152 from MMM Medcenter GmbH (München, 
Germany) to reduce the residual moisture. Subsequently, 
materials were premixed in plastic bags by manual agita-
tion according to each formulation prepared. After that, the 

premixed formulated materials were dosed by a K-QX2 sin-
gle-screw gravimetric feeder, from K-Tron GmbH (Nieder-
lenz, Switzerland), into a compounder twin-screw extruder, 
with a length-to-diameter ratio of 25 mm (L/D), from Haake 
Rheocord 9000 system torque (Karlsruhe, Germany) with a 
temperature profile of 60/160/165/170/175/180/180°C from 
the feed hopper to the material outlet nozzle, at a screw 
speed of 20 rpm. Following, the melt-blended materials were 
injected-molded in standard test specimens for characteriza-
tion in a Meteor 270/75 injection machine from Mateu-&-
Solé (Barcelona, Spain). The injection molding parameters 
were settled as shown in Table 2, obtaining dumbbell and 
rectangular testing specimens according to ISO 527-2 [44] 
and ISO 179-1 [45].

Table 1  Composition and coding of neat PLA and PLA with different 
amount of UTP and UTG.
Code for UTP Code for UTG Resin 

con-
tent 
(phr)

PLA -
PLA-1UTP PLA-1UTG 1
PLA-3UTP PLA-3UTG 3
PLA-5UTP PLA-5UTG 5

Table 2  Injection molding parameters of PLA and PLA-gum rosin ester blends
Injection molding parameters Samples

PLA PLA-1UTP PLA-3UTP PLA-5UTP PLA-1UTG PLA-3UTG PLA-5UTG
Injection temperature (°C) 180 160 160 160 160 160 160
Injection rate (cm3/s) 20 15 15 10 15 10 10
Injection pressure (Bar) 110 70–80 70–80 70–80 70–80 70–80 70–80
Packing pressure (Bar) 105 65 65 65 65 65 65
Packing time (s) 25 14 14 14 14 14 14
Dosing volume (cm3) 35 45 45 45 45 45 45

Fig. 1  Molecular structures of modified rosin products after esterification
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crystallinity (Xc) of PLA and PLA-gum rosin ester blends, 
were calculated using the following Eq. 1:

XC =
[

∆Hm − ∆Hcc

∆H0
m • (1 − w)

x100
]

� (1)

Where ∆Hm is the thermodynamic melting enthalpy (Jg-1) 
of each sample taken from the thermal-curves of the reheat 
cycle, ∆Hcc is the cold crystallization enthalpy (Jg-1), ∆H0

m 
is considered as the theoretical melting enthalpy of a 100% 
crystalline PLA, i.e., 93.0 (Jg-1) [47] and (1- w) corresponds 
to the weight fraction of PLA in the samples.

The thermomechanical characterization, of neat PLA and 
its blends with gum rosin esters, was carried on an oscillat-
ing rheometer AR G2 from TA Instruments (New Castle, 
USA). The tests were done over testing specimens sizing 
40 × 10 × 4 mm3, with a temperature program from 30 to 
130 °C, at a heating ramp of 2 °C min-1, maximum defor-
mation (γ) of 0.1%, and a frequency of 1 Hz.

In addition, Vicat softening temperatures (VST) and Heat 
deflection temperature (HDT) were assessed in a Vicat/
HDT compact equipment Deflex 687-A2 from Metrotec 
S. A (Sebastian, Spain), in a heating bath with silicone oil. 
VST values were obtained using method B50 of ISO 306, 
with a standard flat-ended-needle. HDT measurements were 
obtained according to method A of ISO 75. Both tests were 
performed with rectangular injected-molded specimens siz-
ing 80 × 10 × 4 mm3.

Tensile Properties

The tensile properties of PLA-gum rosin ester blends were 
obtained according to ISO 527-2 guidelines [44], conducted 
on standards testing samples (dumbbell-shape “1BA” type) 
as referred on the standard. Tests were done in a univer-
sal tensile tester machine ELIB 30 from S.A.E. Ibertest 
(Madrid, Spain) using a loading speed of 10  mm min− 1, 
with a load cell of 5 kN. Five samples were tested for each 
formulation and the average values of the calculated tensile 
strength (MPa), tensile modulus (MPa) and elongation at 
break (%) were reported. In addition, Charpy impact test 
was carried out to determine the energy absorption of the 
materials, by using a 6  J Charpy pendulum in an impact 
test machine from Metrotec, S. A, (San Sebastián, Spain), 
under ISO 179 standard. Five specimens without notch were 
tested for each formulation, at room conditions (24 °C and 
relative humidity of 35%).

Field Emission Scanning Microscope (FESEM)

The microstructure assessments of PLA-gum rosin blends 
were conducted in a field emission scanning microscope 

Techniques for Characterization

Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were recorded in 
the wave number region between 4000 and 600 cm− 1 (118 
scans, at 4  cm− 1 resolution) over injected-molded pieces 
by ATR mode, in a JASCO 615 plus spectrometer (Easton, 
MD, USA). Tests measurements were overwritten in a back-
ground spectrum, previously recorded to compensate the 
moisture effect and presence of carbon dioxide in the air.

Melt Flow Index Analysis

The melt flow index (MFI) determination was performed 
under the guidelines of ISO 1133 [46], at a die temperature 
of 190 °C with a fixed nominal load of 2.16 Kg, using an 
Melt flow indexer Mod. 452 from MP Strumentti (Bussero, 
Italy) equipped with a standard die of 2  mm diameter in 
nozzle and 8 mm in length.

Thermal Analysis and Thermomechanical Characterization

Thermogravimetric analyses (TGA) and differential scan-
ning calorimetry (DSC) tests were performed as evaluation 
analyses. The tests were carried out to assesses the effect 
of gum rosin esters derivatives (UTP and UTG) over the 
thermal stability and main thermal phase transitions of the 
PLA binary melt-blended formulations, i.e., changes from 
the vitreous to the rubbery state, crystallization behavior, 
and melting point; throughout the determination of the glass 
transition temperature (Tg), cold crystallization temperature 
(Tcc) and melting temperature (Tm), respectively.

The thermal stability was determined using a TGA equip-
ment model PT1000 from Linseis Inc. (Selb, Germany), 
by monitoring the weight changes of initial mass samples 
(15–18 mg), running a dynamic heating cycle from 30 to 
700 °C, at a constant heating rate of 10 °C/min in presence 
of nitrogen atmosphere (30 mL min− ). The initial thermal 
decomposition (T5%) of the samples were determined at 5% 
of their mass loss, whereas the temperatures of the maxi-
mum degradation rate (Tmax) were obtained from the cor-
responding peak of the first derivative of the TGA curves 
(DTG).

DSC tests were carried out in a Q200 calorimeter from 
TA Instruments (New Castle, USA). Samples (mass range 
of 7–10 mg) placed in sealed standard aluminum crucibles 
(40 µl) were subjected to a dynamic thermal program with a 
heating/cooling ramp of 10 °C min− 1, settled in three steps: 
(i) heated from 30 to 190 °C, (ii) a cooling step from 190 to 
-30 °C, and (iii) a reheat step up to 200 °C in presence of 
nitrogen atmosphere (stream-rate 30 mL min− 1).The degree 
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the spectrum of neat PLA, other than the small absorption 
peaks located between 1800 − 1500 cm− 1, according to the 
literature, corresponding to typal peaks of gum rosin esters, 
gathering much attention the peak located at 1460  cm− 1 
ascribed to the scissoring vibration of -CH2- in gum rosin 
esters [38, 53, 54]. In addition, an increasing intensity of 
the stretching vibration of the carbonyl group (C = O) of 
PLA was observed. This could be attributed to a success-
ful incorporation of gum rosin esters into PLA matrix, since 
the rosin’s characteristic groups are found in the same range 
of the stretching vibration of the carbonyl group of PLA. 
Therefore, the increasing intensity of the peak at 1757 cm− 1 
with the increasing content of gum rosin esters in the blends 
is assumed to be associated to the interfacial adhesion of the 
gum rosin esters with the PLA matrix, that in return causes 
higher energy absorption before rupture from the impact test 
in the formulations with lower content of gun rosin ester. 
This result can be correlated with the observed microstruc-
ture in the blends, where spherical domains were formed 
without surrounding empty space between the PLA matrix 
and the domains of the gum rosin esters.

Melt Flow Index and Processability Evaluation

Initially, MFI of neat PLA was investigated, and it was 
found to be 17 g/10 min (a higher value than the MFI value 
indicated in the technical data sheet of the supplier, 3 g/10 
min). It should bear in mind that, technical data sheets 
give typical properties values, which are suggested not to 
be construed as specifications. Subsequently, the MFI of 
PLA-gum rosin ester blends was investigated at the same 
test condition of low shear rate under constant load. The 
results of MFI measurements, shown in Fi g. 3, indicate that 
the addition of gum rosin esters increases the MFI of PLA 
with the increasing content of gum rosin esters, facilitating 
the movement of the polymer chain in the molten state. It 
should be highlighted that both gum rosin esters are com-
pounds with low softening points between 86 and 115 °C. 
Therefore, the increment of MFI values could be ascribed 

(FESEM) ZEISS Ultra-55 from Oxford-Instruments 
(Oxfordshire, United Kingdom) operated at 2  kV. The 
images recording was done on broken specimen surfaces of 
the impact tests, mounted in a sample holder using conduc-
tive carbon adhesive tape, and coated with a thin layer of 
gold-palladium alloy for better conductivity, employing a 
Emitech SC7620 Sputter-Coater from Quorum Technolo-
gies (East Sussex, UK).

Results and Discussion

FTIR Measurements

The FTIR spectra of UTP and UTG are shown in Fig.  2, 
as well as the FTIR spectra of PLA and PLA-gum rosin 
ester blends. The results of (FTIR) spectral analysis allowed 
us to validate both commercial rosin derivatives as gum 
rosin esters. The peak exhibited at 1726  cm− 1 for UTP 
and UTG gum rosin esters in (Fig.  2a and b) correspond 
to the stretching vibration of (C = O ester), which occurs 
after the esterification reaction [38, 48] derived from rosin 
acids and the –OH hydroxyl groups of pentaerythritol (four 
hydroxyl groups) and glycerol (three hydroxyl groups), in 
good accordance with that formerly reported by Aldas et al. 
(2020), who observed that in a pentaerythritol rosin ester 
the characteristic groups are found at the 1727 cm− 1, rep-
resentative of the -C = O stretching of the ester group [49]. 
For neat PLA spectrum, the typical stretching of carbonyl 
group (C = O) of lactide is located at 1757 cm− 1 as a high 
intensity peak [50]. The asymmetric and symmetric stretch-
ing of the methyl group (CH3) is observed as a band with 
double peak at 2992 and 2957 cm− 1. The asymmetric and 
symmetric bending of the methyl group (CH3) bands are 
located at 1455 and 1365  cm− 1, respectively. Finally, the 
-C-O bond stretching vibration is found as low intensity 
peaks at 1040 and1256 cm− 1 [51, 52]. When analyzing the 
FTIR spectra of PLA-gum rosin ester blends (Fig. 2a and b), 
no significant differences were observed when compared to 

Fig. 2  FTIR spectra of (a) UTP 
gum rosin ester and PLA/UTP, 
(b) UTG gum rosin ester and 
PLA/UTG.
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the PLA matrix allowing a lower friction between the PLA 
chains.

Moreover, it was observed that UTG addition causes 
a slightly higher increment in MFI values than UTP. This 
could be explained given that UTG is a glycerol gum 
rosin ester with lower molecular weight and lower soften-
ing point (as shown later in DSC analysis) compared with 
UTP-pentaerythritol gum rosin ester. Therefore, those fac-
tors also influence the tackifier and viscosity behavior of 
the gum rosin esters. Furthermore, after the incorporation of 
gum rosin esters, a notable change in the injection molding 
parameters was observed (see Table 2). Neat PLA testing 
samples were injected at an average temperature of 180 °C, 

to a lubricating action [43] provided by the gum rosin esters 
incorporation, reducing the internal friction in polymer-
polymer interaction and allowing the material to easily flow 
[55]. The lubricating action could be also promoted due to 
the low molecular weights of the gum rosin esters (UTG 
945–1100  g/mol and UTP 2074  g/mol), thus the molecu-
lar structure of gum rosin esters provides greater movement 
of the PLA polymer chain in the molten state. In addition, 
the fact that the additives themselves contain ester groups 
makes them chemically compatible since PLA also contains 
ester groups. Therefore, this facilitates the good interaction 
between both, promoting the additives to homogenize in 

Fig. 3  MFI comparative trends of neat PLA and its blends with gum rosin esters
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Initial characterization of the gum rosin esters was per-
formed. It was found that both gum rosin esters degrade in 
a two steps process, initiated by hydrogen absorption fol-
lowed by a second-order reaction and activation energy as 
described in the literature [57, 58]. Also, it is known that 
unmodified gum rosin´s thermal and oxidation stability is 
governed solely by the resin acids, which present a high 
susceptibility to react in the presence of oxygen, due to the 
conjugated double bonds in levopimaric and abietic acids. 
However, in the nitrogen atmosphere, gum rosin remains 
stable when heated up to 200 °C. In the case of gum rosin 
esters, it exhibits greater thermal stability, over 300 °C [38]. 
As previously reported by M. Aldas et al. [29], the onset 
thermal decomposition (T5%) of UTP was located around 
316 °C, with a maximum degradation peak (Tmax) at 445 °C 
and a second thermal degradation step at 570 °C. Whereas, 
lower T5% located around 310 °C was found for UTG, with 
a Tmax at 416 °C and a second thermal degradation step at 
550 °C. Despite the small difference of about 6 °C on T5%, 
between the two gum rosin esters, results corroborate the 
information found on literature regarding the higher thermal 
stability of pentaerythritol rosin ester (due to its chemical 
structure) over glycerol rosin ester [48, 59].

On the other hand, the evaluation of TGA curves from 
Fig.  4a reveals that the presence of gum rosin esters into 
PLA matrix did not produce remarkable increase on the 
thermal stability of PLA, since PLA-gum rosin ester blends 
showed similar decomposition pattern (a single step pro-
cess) as in the case of neat PLA. However, meanwhile neat 
PLA exhibited a T5% at 341 °C with a maximum decomposi-
tion rate at 370 °C, PLA-gum rosin ester blends presented a 
T5% in the range of 342–344 °C, with a difference of about 
3 °C. These results suggests that gum rosin esters incorpora-
tion on PLA improves slightly the thermal stability of lactic 

meanwhile, PLA-gum rosin esters blends were injected 
at an average temperature of 20  °C lower. This behavior, 
in correlation with the increment of MFI values, indicates 
that 160 °C can be considered as a suitable temperature to 
achieve the adequate fluidity in the injection molding pro-
cess. In addition, the required injection pressure for PLA 
samples (110 Bar) decreased of more than 30% during the 
PLA-gum rosin esters blends injection (70 Bar), conse-
quently, the packing pressure was also decreased of about 
38%. An additional improvement aspect can be seen in the 
increased capacity of the mold filling, going from incor-
porating 35 cm3 to incorporating 45 cm3. As the MFI of 
the formulations with gum rosin esters increases, the melt 
completely fills the mold cavity. From the technical point 
of view, the use of gum rosin esters as lubricant additives 
on polylactide polymer could be of high interest for indus-
trial applications, due to the fact that it is a material based 
on a renewable resource, able to provide excellent lubricat-
ing properties in the molten polymer, reducing, in turn, the 
equipment wear and energy consumption [56].

Thermal Evaluation and Thermomechanical 
Properties Measurements

Thermal Stability

To evaluate the effect of gum rosin esters (UTP and UTG) 
over the thermal stability of PLA, thermogravimetric anal-
ysis was performed. TGA thermal parameters obtained 
from the dynamic heating cycle have been summarized in 
Table 3. Weight loss and derivative curves (DTG) of gum 
rosin esters and PLA blends are reported in Figs. 4 and 5, 
respectively.

Fig. 4  Plot evaluation of TG (a) and DTG (b) curves of the gum rosin esters
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Differential Scanning Calorimetry

The effect of gum rosin esters on the main thermal transi-
tions of PLA matrix was investigated by using differential 
scanning calorimetry (DSC). Prior DSC analysis of the gum 
rosin esters was carried out, and their DSC thermograms 
depicted in Fig. 6a show a drop on the baseline at 53.3 °C 
for UTG, whereas UTP presents a baseline drop at 62.6 °C, 
confirming the higher susceptibility of UTG against tem-
perature compared with UTP, in good accordance with the 
TGA results previously reported. DSC thermograms of 
neat PLA and PLA-gum rosin ester blends, taken from the 
second heating ramp, are plotted in Fig. 6b, c. Besides, the 
detailed thermal parameters are summarized in Table 3. As 
it can be observed, neat PLA showed a characteristic glass 
transition temperature (Tg) close to 62  °C, clearly identi-
fied by the change of the slope in the heat flow curve in 
Fig. 6b. The exothermic peak located around 131 °C associ-
ated with the cold crystallization process and the endother-
mic peak at 159 °C, related to the melting temperature (Tm) 
were also identified. These results are typical of amorphous 

acid polymer, considering the grade of PLA used to run the 
experiment.

Moreover, a reduction of thermal stability of PLA-gum 
rosin ester blends could have been expected, due to the 
lower T5% of gum rosin esters, about 25 °C lower than T5% 
value for PLA. Nevertheless, the amount of gum rosin esters 
used on the formulations is presumed to be well mixed and 
dispersed into polymer matrix, which does not allow the 
gum rosin esters molecules to degrade within their typical 
temperature range (310–316  °C). This behavior was also 
observed on the maximum degradation rate, where tempera-
tures kept within the range of 368–373 °C, associated with 
the limited effect produced by the quantities of gum rosin 
esters incorporated (1–5 phr). It is worth to mention the dis-
agreeing effect observed by C. Pavon et al. [35], who used 
pentaerythritol rosin ester to modify polybutylene adipate 
terephthalate (PBAT), describing the successful enhance-
ment of PBAT thermal stability by increasing its T5% in at 
least 10 °C by adding only 5 phr of gum rosin ester. To this 
effect, it can be state that depending on the chemistry of the 
polymer matrix, the pentaerythritol rosin ester will have a 
positive or negative effect.

Table 3  DSC thermal properties and TGA principal parameters of neat PLA and its blends with gum rosin esters (UTP and UTG).
Samples DSC (at a heating rate of 10 °C min− 1) TGA

Tg(°C) Tcc(°C) ΔHcc(Jg− 1) Tm(°C) ΔHm(Jg− 1) Xc(%) T5%(°C) Tmax(°C)
PLA 61.8 131.5 20.7 159.3 22.1 1.5 341.7 370.2
PLA/1UTP 61.2 138.9 3.6 158.8 4.9 1.4 342.0 368.5
PLA/3UTP 61.0 142.1 0.7 158.8 2.2 1.7 343.6 370.6
PLA/5UTP 61.0 142.2 0.6 158.2 2.2 1.7 344.6 371.5
PLA/1UTG 61.6 138.9 1.5 158.1 1.8 0.3 342.0 372.0
PLA/3UTG 61.4 138.7 1.5 158.0 1.7 0.3 342.4 373.0
PLA/5UTG 61.3 132.4 3.2 158.0 3.3 0.1 342.9 372.0

Fig. 5  Plot evaluation of TG (a) and DTG (b) curves of neat PLA and its blends with gum rosin esters (UTP and UTG).
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min− 1. Additionally, it can be supposed that the decrement 
of crystallization rate produces a delayed-on crystal forma-
tion, therefore, the slight increment of the cold crystalliza-
tion temperature in all formulations, reaching values up to 
142.2 °C for PLA/5UTP.

As it can be seen in Fig. 6b and c, the reduction of the 
cold crystallization peaks and melting peaks after incorpo-
ration of gum rosin esters did not significantly influenced 
the degree of crystallinity, being the values still represen-
tative of amorphous polylactide polymer. Disagreeing with 
this study, Mysiukiewicz et al. [62] observed a decreasing 
tendency of the cold crystallization peaks without reduc-
tion on the melting peaks, when studying the crystalliza-
tion of polylactide-based green composites. They ascribed 
this phenomenon to changes in the nucleation of crystal-
lites, where higher number of active nucleation centers are 

polylactide polymer, similar to those previously reported by 
other studies [50, 60, 61].

After the incorporation of the gum rosin esters, no signif-
icant changes were observed in the Tg and Tm of PLA formu-
lations. However, and despite that the polymer matrix used 
for running the experiment is a low flow and amorphous 
PLA, lower values of crystallization enthalpy (∆Hcc) and 
melting enthalpy (∆Hm) were identified in all formulations 
compared with the corresponding values obtained for neat 
PLA (∆Hcc = 20.7 Jg− 1; ∆Hm = 22.1 Jg− 1), reaching values 
down to ∆Hcc = 0.6 Jg− 1 for PLA/5UTP and ∆Hm = 0.6 
Jg− 1 for PLA/3UTG. The results suggest that the presence 
of gum rosin esters into amorphous PLA does not lead to 
new crystal growth, instead it prevents the crystal formation 
by slowing down the crystallization rate, thus reducing the 
values of ∆Hcc and ∆Hm during the heating ramp of 10 °C 

Fig. 6  Comparative plot of DSC curves of neat PLA and its blends with gum rosin esters, taken from the second heating cycle
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of tan δ to the motion of amorphous phase in the polymer 
matrix. Thus, it is assumed that the slight increment of tan 
δ is associated with an improved ability of PLA-gum rosin 
esters blends to dissipate elastic strain energy during defor-
mation, compared to neat PLA.

The determination of Vicat softening temperature (VST) 
and the heat deflection-temperature (HDT) were comple-
mentary to corroborate the effect of gum rosin esters on the 
thermal behavior of PLA. Specifically, HDT was useful to 
correlate the results obtained by DSC analysis. According 
to literature [66, 67], one method to improve the heat resis-
tance of PLA is by increasing its crystallinity. Y. Liu et al. 
[68], reported the improvement of PLA crystallinity by the 
addition of a nucleating agent. Consequently, PLA exhibited 
an enhanced heat resistance, evidenced by a considerable 
increment of the heat deflection temperature. In this study, 
as reported in the DSC analysis section, the crystallinity 
degree of PLA was poorly affected by the incorporation of 
gum rosin esters, therefore, no noticeable changes of HDT 
values were expected. As it can be seen in Table 4, HDT val-
ues of all formulations remained without noticeable varia-
tion compared with neat PLA.

Moreover, the VST values, also reported in Table  4, 
shows a negligible variation of 1  °C, which indicates no 
crystallinity enhancement, thus, no improvement of heat 
resistance of PLA was observed after the incorporation of 
gum rosin esters. This is closely associated with the loss of 
storage modulus shown in the DMTA results, given the fact 
that loading stress cannot be endured by disarranged and 
tangled amorphous phase.

formed during cooling rather than during the heating cycle. 
It is worthy to mention that, in this study, no evidence of 
melt crystallization process was observed during the cool-
ing ramp.

Dynamic mechanical thermal analysis (DMTA).
To better understand the effect of gum rosin esters on 

PLA stiffness and the visco-elastic response of PLA-gum 
rosin ester blends, a dynamic mechanical-thermal analysis 
of produced blends has been carried out and compared with 
neat PLA. Figure 7a, b shows the variation of the storage 
moduli (G’) (representing the elastic properties) and the 
damping factor (tan δ) (representing the ability of elastic 
strain energy dissipation) both as a function of temperature.

As it is well-known, PLA presents high G’ value in the 
glassy state at room temperature due to its intrinsic stiffness. 
In Fig. 7a, a notable reduction of G’ values can be observed 
from 30 to 90°C in presence of the additives. This reduc-
tion of G’ values for PLA-gum rosin esters blends could be 
associated with a positive effect of gum rosin esters pres-
ence, which induce a decrement of the material stiffness. It 
is assumed that this behavior, in turn, facilitates the materi-
al’s processability by making it less challenging to be forced 
through the screw and nozzle of an extruder [63].

Additionally, the sudden decline of G’ values between 
60 and 70 °C, ascribed to polymer chains relaxation during 
the glass transition interval, also shows the limited capacity 
of gum rosin esters to plasticize PLA, since the curves were 
not significantly shifted to lower temperature (indicating no 
high reduction of Tg) in correlation with the DSC analysis. 
Further, in Fig. 7b it can be observed the slight increment of 
tan δ after gum rosin esters incorporation into PLA. Tan δ is 
yet another approach to identify the Tg by locating the maxi-
mum peak [64], but also Ferri et al [65], ascribed the height 

Fig. 7  Comparative storage modulus (G’) (a) and damping factor (tan δ) (b) curves for of neat PLA and its blends with gum rosin esters (UTP 
and UTG).
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In addition to thermomechanical characterization, the PLA-
gum rosin ester blends were evaluated in terms of their 
response when tensile and impact forces are applied. Fig-
ure 8 depicts the mechanical properties evolution of PLA 
injected-molded parts as a function of the gum rosin esters 
varying content. As it can be observed, in Fig. 8a PLA ten-
sile strength values remained without relatively appreciable 
changes. However, a remarkable decreasing trend in tensile 
modulus occurred with the increasing gum rosin esters con-
tent, see Fig. 8b. This reduction of tensile modulus was even 
more pronounced in the case of UTG addition compared 
with UTP, especially from contents greater than 3 phr. Ten-
sile modulus decreased from 3142 MPa (neat PLA) down 
to 2194 MPa and 1565 MPa with 5 phr content of UTP and 
UTG, respectively.Mechanical Properties

Table 4  Measurements of Vicat softening temperature and heat deflec-
tion temperature of neat PLA and its blends with gum rosin esters 
(UTP and UTG).
Samples Vicat softening tempera-

ture, VST (°C)
Heat 
deflection 
temperature, 
HDT (°C)

PLA 57.1 ± 0.4 54.7 ± 0.5
PLA/1UTP 56.3 ± 0.3 54.4 ± 0.6
PLA/3UTP 56.1 ± 0.5 54.3 ± 0.4
PLA/5UTP 56.0 ± 0.4 54.3 ± 0.3
PLA/1UTG 56.1 ± 0.3 54.5 ± 0.5
PLA/3UTG 56.0 ± 0.5 54.2 ± 0.4
PLA/5UTG 55.9 ± 0.3 54.0 ± 0.5

Fig. 8  Plot evaluation of gum rosin esters effect on the mechanical properties of PLA formulations. Tensile strength (a), Tensile modulus (b) and 
Elongation at break (c) and Impact Charpy resistance (d)
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absorption showed in Fig. 8d. Furthermore, the abrupt dec-
rement of tensile modulus, elongation at break and impact 
energy absorption showed by the formulations with 5 phr 
content of UTP and UTG, is attributed to a saturation effect 
of the gum rosin esters into PLA. UTG and UTP saturations 
act as stress concentrators that, under impact conditions, do 
not allow the material to absorb the higher amount of energy 
as it should. On the other hand, although at high UTG and 
UTP contents there are signs of higher ductility, partly due 
to the effect of plasticization, and a lower Young’s modulus 
associated with this effect, the saturations prevent the mate-
rial from having a high elongation at break.

Microstructural Evaluation

The microstructural assessment was performed to reach 
a deep understanding of gum rosin esters interaction with 
PLA matrix and correlate the physical properties of the 
polymeric systems. The microstructure images of neat PLA 
and PLA-gum rosin ester blends are shown in Fig.  9. As 
it can be observed in Fig.  9a, the micrograph reveals the 
typical brittle fracture of neat PLA with smooth surface and 
sharp cracks due to its inherent fragility [28, 73]. These 
sharp cracks indicate that once fissures initiation occurred, 
they suddenly expanded causing an abrupt rupture of the 
material. However, along with the increasing content of 
gum rosin esters, roughness starts to appear on the fractured 
micro-surface of the polymer systems. From one side, for-
mulations with 1 phr content of gum rosin esters (Fig. 9b, 
c) shows small threads, which indicate tearing of materials 
during the rupture. As content of gum rosin esters increases 
in the blends (Fig. 9d, e, formulations with 3phr), the num-
ber of threads and roughness is more noticeable. This sug-
gests that the material has suffered a higher level of tearing 
during the rupture and, consequently, higher deformation. In 
addition, the filaments formed are due to increased ductility 
due to plasticization, which indicates that UTP and UTG are 
compatible with the PLA matrix. These filaments are more 
present in the formulations that contains UTP.

On the other hand, formulations with 5 phr content of gum 
rosin esters showed completely difference morphology, as 
shown in Fig. 9f and g. In this case, it is possible to observe 
the scarce dispersion of the gum rosin esters particles within 
the PLA matrix, becoming less uniform as the gum rosin 
esters content increases. This, as evidenced by the formation 
of little lumps with irregular shapes (emphasized with red 
arrows), leads to a clear immiscibility by phase separation. 
The formation of the little lumps is associated to a saturation 
of the gum rosin esters in PLA matrix, which are agglomer-
ated into small microdomains. Thus, it is assumed that the 
maximum quantity of gum rosin esters efficient for PLA 
performance improvement is close to 3 phr. If we consider 

It is well known that a plasticization process leads to 
change the mechanical response of a given polymer by 
lowering the tensile strength and modulus, along with the 
increment of the ductility [69–72]. Interestingly, the results 
reported herein show the typical reduction of tensile modu-
lus, nevertheless, the tensile strength values remain with a 
slight variation in a narrow range of 4  MPa. This behav-
ior could be explained due to a possible scarcely plasticiz-
ing action of gum rosin esters, and partial miscibility with 
PLA matrix, which allow the material to undergo higher 
deformation before rupture. This effect can be evidenced 
by the slight increment of elongation at break showed by 
the formulations with 1 and 3 phr content of UTP and UTG 
(Fig.  8c), along with the increment of the impact energy 

Fig. 9  Fractured surfaces images from impact test samples of PLA, 
PLA/UTP and PLA/UTG blends, observed by FESEM: (a) PLA 
at 2000x, (b) PLA/1UTP at 2000x, (c) PLA/1UTG at 2000x, (d) 
PLA/3UTP at 2000x, (e) PLA/3UTG at 2000x, (f) PLA/5UTP at 
2000x and (g) PLA/5UTG at 2000x
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