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Abstract
Biodegradable materials based on poly (lactic acid) (PLA) and a phenolic free modified rosin resin were obtained and studied 
to control the biodegradability under composting conditions of the materials. The resin was blended in concentrations of 1, 
3, 5, 10, and 15 parts per hundred (phr) of base polymer using industrial plastic processing techniques. Additionally, to study 
the effect of the resin on the compatibility of the PLA, the physical performance, water absorption, mechanical behavior, 
thermal stability, and microstructure of the materials were assessed. The resin incorporation decreased the resistance to 
thermal degradation of the resultant material, and the composting disintegration rate was slowed down with the increasing 
content of the resin. The water diffusion was delayed, and the diffusion and corrected diffusion coefficients decreased with the 
rising content of UP. The mechanical properties tend to decrease while a saturation effect was observed for contents higher 
than 3 phr of resin. The optimal amount of resin that can be added to achieve good interaction with PLA matrix, complete 
miscibility, and good material cohesion is 3 phr.
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Introduction

Global concern about the amount of polymeric waste mate-
rial generated in recent decades is growing. Although gov-
ernment institutions promote the circular economy and recy-
cling policies, much of the polymeric waste derived from 
post-consumption is in landfills, rivers, and even oceans in 
many other cases, causing an environmental imbalance. It 
should be kept in mind that recycling these polymers is a 
good alternative, but more is needed since a large number 
of plastic products are single-use [1]. Biodegradable or bio-
plastic polymers are an excellent alternative to traditional 
polymers for this type of single-use product [2, 3].

Currently, the consumption of bioplastics is approxi-
mately 1% compared to the quantity of commercial plastic 
produced worldwide. However, the demand for bioplastics 
is expected to increase in the coming years, even after stag-
nating in 2020 because of Covid-19. The market concerns 
especially polylactic acid (PLA), which production capacity 
is estimated to increase by 80% by 2027, according to data 
collected by European Bioplastics in cooperation with Nova-
Institute of Research [4].

PLA is one of the most interesting biopolymers to be 
used as a substitute for petroleum-based polymers, in 
applications with a short life cycle, due to its relatively 
short decomposition time under composting and hydro-
lytic disintegration conditions [5, 6]. Besides its com-
mercial availability at an affordable price (2.80–3.20 €/
kg, data obtained in 2023) and the versatile characteris-
tics that make it suitable to be transformed by most of 
the conventional plastics processing methods (extrusion, 
injection molding, blow molding, biaxial-oriented films 
manufacturing, and other) [7–9]. PLA is a biodegrad-
able and biobased linear polyester that is synthesized by 
polymerization from sugars obtained from biomass (such 
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as sugar cane or corn), mainly by ring-opening polymeri-
zation (ROP) of lactic acid obtained in the fermentation 
of biomass [10]. Compared with other biopolymers, PLA 
possesses a high rigidity, low elongation at break (of about 
5%) [11, 12], and low water and oxygen permeability [13, 
14]. Research in different directions is carried out to try to 
overcome these drawbacks and improve the physical prop-
erties of PLA. On the one hand, copolymerization with 
other biopolymers can be carried out [15, 16], but more 
economically viable solutions exist. On the other hand, 
PLA plasticization could be carried out using vegetable 
oil derivatives such as epoxidized cottonseed oil (ECSO), 
epoxidized fatty acid esters, epoxidized Karanja oil (EKO) 
[17–20] and blending with other biopolymers such as ther-
moplastic starch [21, 22], polyhydroxyalkanoates (PHAs) 
[23, 24], poly (ε-caprolactone) (PCL) [25, 26].

In addition, some polymers derived from petroleum 
resource has been used to provide ductility to PLA, such as 
polyethylene terephthalate (PET) [27], polyvinyl chloride 
(PVC) [28], and polyethylene (PE) [29, 30]. Blending is one 
of the most feasible options in polymer mixtures’ prepara-
tion methods since it combines profitability with a balance 
in the properties obtained.

It should be noted that it is preferable to blend PLA with 
other biodegradable polymers since, otherwise, it could lose 
one of the intrinsic properties of PLA, its biodegradability. 
One of many particularities of PLA degradation involves the 
need for a controlled or particular environmental condition 
to be effective, as is the case of enzymatic degradation and 
the degradation under composting. Some authors state that 
PLA biodegradation begins on the material’s surface and 
rapidly spreads into the whole structure [31].

This statement relates well to the combined factors of 
degradation under composting conditions. On one side is 
the chemical and/or enzymatic hydrolysis, and on the other 
is the action of the microorganisms that coexist in the aero-
bic reactor compost [32, 33]. Due to the action of microor-
ganisms, lactide acid is digested. Therefore, PLA is mainly 
decomposed into water and organic material. In this basic, 
the possibilities of modifying some properties by incorpo-
rating additives from natural origin should be remembered 
since it allows respecting the bio-based commitment and 
biodegradable properties of PLA. In this sense, rosin was 
used to provide antibacterial properties to PLA/PBAT blends 
[34]. The natural resin of pine trees, gum rosin, can give a 
plasticity effect, enhance the biodegradability of PLA [35] 
and increase its melt flow index [36], which allows, with 
slight modifications of the resin and adjusting the quantities 
added, the improvement of PLA properties for its use in dif-
ferent applications and its transformation by various process-
ing techniques. Another aspect that may be of interest to be 
controlled is the degree of biodegradability, according to the 
lifetime of the final products. In this sense, small amounts of 

fumaric acid can be used to control the hydrolysis process of 
PLA, making it more durable [37].

To enhance rosin resin properties, they are often modi-
fied with alkyl phenols or formaldehyde, among others. 
However, some modifications are not desired due to human 
health risks and increasing environmental awareness. New 
alternative approaches of phenol-free modifications are cur-
rently being studied, such as ones based on acrylic acid or 
maleic anhydride. Unik Print 3340 (UP) is a solid amor-
phous phenolic-free modified rosin resin primarily used in 
ink production and manufacturing of road marking products. 
Due to the adhesive and tack behavior in the hot melt state, 
besides the intrinsic hydrophobic and antibacterial charac-
teristics of pine trees resin and its derivatives, these natural 
products could be used as an additive for PLA to modify 
some of its properties, such as brittleness excess and control 
the hydrolysis during degradation to obtain more durable 
products. Considering all these points, this study was pro-
posed to control the biodegradability of the PLA and the 
phenolic-free modified rosin resin blends under composting 
disintegration conditions.

For this reason, UP was added at different concentrations 
to the PLA matrix and processed by industrial-level process-
ing techniques (extrusion blending and injection molding). 
To study the effect of the rosin additive on the compatibility 
between both components, the physical performance, the 
mechanical behavior, the thermal stability, the microstruc-
ture, and the disintegrations under controlled composting 
conditions of the final materials were studied.

Experimental

Materials

Polylactic acid (PLA) Purapol LX175, obtained from Cor-
bion Purac (Amsterdam, Netherlands), was used as a ther-
moplastic matrix. This commercial grade is characterized 
by having a 96% of L-isomer, a density of 1.24 g  cm−3, and 
a melt flow rate (MFR) of 8 g/10 min (210 °C, 2.16 kg). 
To prepare the binary compound formulations, a phenolic-
free modified rosin resin was used under the trade name 
Unik Print 3340 (UP), kindly supplied by United Resins—
Produção de Resinas S. A (Figueira da Foz, Portugal). UP 
is a maleic anhydride and fumaric acid modified-rosin resin 
with a softening point of 135 °C, acid value <35 mL KOH/g, 
and viscosity in the range of 15–30 Pa·s (23 °C, 25  s−1).

Binary Blend Compound Preparation

For better handling, UP was used in powder form. It was 
ground by hand using a porcelain mortar and then processed in 
an RP09  CISA® (Barcelona, Spain) sieve shaker to obtain the 
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powder (maximum particle size of 250 µm). Before material 
processing, PLA pellet and UP powder were stored for 12 h 
at 50 °C in a dehumidifier oven model D-82152 from MMM 
Medcenter GmbH (München, Germany) to reduce the mois-
ture and avoid PLA degradation during the extrusion process 
(since PLA is susceptible to hydrolytic degradation). Subse-
quently, PLA and UP powder were dosed into a compounder 
twin-screw extruder (25 L/D ratio) Haake Rheocord 9000 sys-
tem torque (Karlsruhe, Germany) to obtain a homogeneous 
blended material. PLA was dosed by a K-QX2 single-screw 
gravimetric feeder from K-Tron GmbH (Niederlenz, Switzer-
land), while UP powder was dosed by a K-SFS-24 twin-screw 
gravimetric powder feeder, from K-Tron GmbH (Niederlenz, 
Switzerland). The profile temperature program for the extru-
sion process was 60, 160, 165, 170, 175, 180, and 180 °C 
(from the feed hopper to the material outlet nozzle), with a 
selected screw speed of 20 rpm. The extruded materials were 
cooled in a water bath at 20 °C and pelletized using a Haake 
D-76227 rotary knife unit (Karlsruhe, Germany). Blends were 
designated as described in Table 1. Before obtaining the test-
ing specimens for characterization (dumbbell shape “1BA” and 
rectangular specimens 80 × 10 × 4  mm3), the pellets were dried 
for 12 h at 50 °C in a dehumidifier oven model MDEO from 
Industrial Marsé (Barcelona, Spain), then processed using a 
Sprinter 11t injection machine from Erinca S.L (Barcelona, 
Spain) with the temperature profile of 175 °C (chamber) and 
185 °C (injection nozzle), filling and cooling time set on 2 and 
30 s, respectively.

Thermal Analysis

The thermal degradation was studied using thermogravimetric 
analysis (TGA). The thermogravimetric analysis (TGA) was 
carried out in a Linseis TGA PT1000 (Selb, Germany), plac-
ing an average sample weight of 15 mg in standard alumina 
crucibles (70 μL). The test was conducted from room tempera-
ture (25 °C) to 700 °C, at a heating rate of 10 °C  min−1, in an 
inert nitrogen atmosphere (30 mL  min−1). The main thermal 
transitions of the processed materials were determined using 
a differential scanning calorimeter (DSC) from Mettler-Toledo 
821 equipment (Schwerzenbach, Switzerland). DSC analyses 
were done in two different conditions to evaluate its behavior.

Condition 1: programmed in three dynamic thermal cycles; 
initial heating from 25 to 180 °C, then cooling from 180 to 
−50 °C, and a second heating cycle from −50 to 350 °C, were 
employed. The average sample weight was 6 mg placed into 

40 µL standard aluminum crucibles, with a heating–cooling 
rate of 10 °C  min−1.

Condition 2: it was programmed with the same three 
dynamic thermal cycles indicated in condition 1. However, the 
tests were performed at a heating–cooling rate of 5 °C  min−1. 
The degree of crystallinity (Xc) of the samples was calculated 
using the following Eq. 1:

where ΔH
m
 is the melting enthalpy  (Jg−1), ΔH

cc
 is the cold 

crystallization enthalpy  (Jg−1), ΔH0

m
 represents the theoreti-

cal melting enthalpy of a full crystalline PLA i.e. 93.0  (Jg−1) 
[38] and (1 − w) correspond to the weight fraction of PLA 
in the samples. As formulations were prepared in parts per 
hundred (phr), the PLA quantity was normalized to the cor-
responding weight fraction for each formulation.

Disintegration Under Controlled Composting 
Conditions

The disintegration rate under controlled composting condi-
tions of PLA, UP resin, and PLA-UP mixtures was performed 
by following the guidelines of ISO-20200 standard. Wet syn-
thetic compost was prepared by mixing 40% sawdust, 10% 
mature compost, 30% rabbit food, 10% corn starch, 5% sugar, 
4% corn oil, and 1% urea. Additionally, it was mixed with 
water in a 45:55 ratio. Samples sizing 25 × 25 × 1  mm3 were 
prepared in an MP170 manual hydraulic heat press machine 
(160 °C for PLA and PLA-UP mixtures and 100 °C for the 
UP resin samples). After, they were dried at 50 °C for 48 h in 
a dehumidifier oven model MDEO. Then, each sample was 
weighed in an AG245 analytical balance from Mettler Toledo 
Inc. (Schwerzenbach, Switzerland) and contained in a textile 
mesh to allow easy removal from the compost and the moisture 
and microorganism access.

Subsequently, all samples were buried at about 5 cm depth 
in a perforated plastic box reactor (300 × 200 × 100  mm3) con-
taining the wet synthetic compost. All samples were immersed 
in distilled water before being placed into the aerobic compost. 
To guarantee the aerobic conditions, the reactor was intro-
duced in an air-circulating oven at 58 °C for 91 days, and the 
wet synthetic compost was periodically mixed according to the 
ISO-20200 standard. One sample of each formulation (PLA-
UP mixtures and PLA) was extracted from the disintegration 
reactor at 3, 7, 14, 21, 28, 35, 42, 49, and 56 days of the test; 

(1)X
C
=

[

ΔH
m
− ΔH

cc

ΔH0

m
× (1 − w)

]

× 100

Table 1  Composition of the 
formulated materials and 
labeling

Polymeric matrix Resin derivative Resin content (phr)

0 1 3 5 10 15

PLA UP3340 (UP) PLA PLA-1UP PLA-3UP PLA-5UP PLA-10UP PLA-15UP
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while UP resin samples were extracted at 3, 7, 14, 21, 28, 
35, 49, 63, 70, 77, 84 and 91 days of composting. After the 
extraction, samples were gently cleaned with distilled water, 
dried in an oven at 40 °C for 24 h, and reweighed. To evaluate 
the disintegration degree (D), the weight of the samples was 
normalized, at different days of incubation, to the initial weight 
using Eq. 2. In addition, the evolution of the disintegration 
process was evaluated by a series of optical images taken from 
each sample after the extraction from the reactor.

where Wi is the initial dry mass of the test material, and Wr is 
the dry mass of residual test material recovered from sieving.

Water Absorption Study

The water absorption evaluation was performed under soaking 
conditions by immersing rectangular shape testing specimens 
(80 × 10 × 4  mm3) into distilled water (at 23 ± 1 °C). Before the 
soaking test, all samples were dried at 50 °C for 24 h; then, 
cooled to room temperature, and right after, initial samples 
weight (m0) was measured using an electronic AG245 analyti-
cal balance from Mettler Toledo Inc. (Schwerzenbach, Swit-
zerland) with a precision of ±0.1 mg. The evolution of water 
absorption was followed periodically by taking out the samples 
and removing the residual water from their surface with secant 
paper and then measuring the wet weight (m1). This procedure 
was repeated for 15 weeks, setting the weight changes assess-
ment periods every 1 h during the first 10 h of immersion. 
Then, it was increased to every 24 h until completing the first 
week of immersion, and then, a weight change assessment was 
established weekly. The materials’ water absorption (M%) was 
calculated by using Eq. 3:

where Wt is the weight after a specific t immersion time, 
and W0 corresponds to the initial weight of the dry sample 
before immersion.

From the water absorption data, in specific from the satura-
tion weight  (Ws), estimated in the linear region of the weight 
gain graph, ISO 62:2008 allows the application of Fick’s first 
law to determine the diffusion coefficient (D) by using Eq. 4 
[39–41]:

where D is the diffusion coefficient, d is the initial thickness 
of the sample (mm), and Ws is the saturation weight in the 
linear region.

(2)D =

[

W
i
−W

r

W
i

]

× 100

(3)M% =

[

W
t
−W

0

W
0

]

× 100

(4)
W

t

W
s

=
4

d

(

Dt

�

)

1

2

A graph representation of Wt/Ws versus t1/2 permits an esti-
mation of the diffusion coefficient by calculating the slope (θ). 
Therefore, the diffusion coefficient (D) can be determined by 
following Eq. 5:

where d is the initial thickness of the sample (mm), and θ is 
the slope of Wt/Ws versus the t1/2 graph. Equation 5 is valid 
for the diffusion coefficient calculation of films since it is a 
one-dimensional shape. However, Eq. 6 considers different 
corrections to make this equation suitable for three-dimen-
sional shapes [40].

where Dc is the corrected diffusion coefficient, considering 
the three-dimensional geometry, h is the total length (mm), 
w is the width (mm), and d is the sample thickness (mm). 
This equation assumes that the diffusion rates are the same 
for all directions [5, 42].

Mechanical Properties

Mechanical properties of PLA and PLA-UP mixtures were 
assessed by tensile tests following the guidelines of ISO 527, 
using an Ibertest electromechanical universal testing machine 
model ELIB 30 (Madrid, Spain), equipped with a 5 kN load 
cell. The tensile tests were performed at a speed rate of 
10 mm  min−1. Moreover, the Charpy impact resistance and 
hardness of the processed materials were studied. The energy 
absorption of the materials was determined using a 6J Charpy 
pendulum in an impact test machine from Metrotec, S. A (San 
Sebastián, Spain), under ISO 179 standards. Five specimens 
were employed for the tensile and impact resistance tests, 
respectively. The Shore D hardness was measured in triplicates 
under the guidelines of ISO 868, at room conditions (24 °C 
and relative humidity of 35%), using a durometer 676-D from 
Instruments J. Bot SA (Barcelona, Spain). In all the tests, the 
mean and the standard deviation are reported.

In addition, a dynamic mechanical, thermal analysis 
(DMTA) in torsion mode was performed on the PLA-UP 
blends, carried out on an AR G2 oscillating rheometer from 
TA Instruments (New Castle, USA). Specific clamps were 
adapted for fastening the tested specimens (approximate 
dimensions of 40 × 10 × 4  mm3). Tests were performed from 
30 to 130 °C, at a heating rate of 2 °C  min−1, with a frequency 
of 1 Hz and a maximum deformation (γ) of 0.1%.

Morphological Study

The microstructure of the cross-section of the broken impact 
test specimens was observed and characterized by a field 

(5)D = 0.0625�d
2
�
2

(6)D
c
=

(

1 +
d

h
+

d

w

)−2
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emission scanning microscope (FESEM), using a micro-
scope ZEISS ULTRA 55 from Oxford Instruments (Oxford-
shire, United Kingdom) operated at 2 kV. Before observa-
tion, all samples were coated with a gold–palladium alloy 
to increase their surface conductivity on a Sputter Coater 
Emitech SC7620, Quorum Technologies (East Sussex, UK).

Results and Discussion

Thermal Degradation and Thermal Characterization 
of PLA‑UP Blends

Thermogravimetric analysis (TGA) was used to evaluate 
the weight reduction and thermal stability of the PLA-UP 
mixtures. Figure 1 shows the plot comparison of thermo-
gravimetric (TGA) and derivative thermogravimetric (DTG) 
curves obtained by the TGA technique. It also shows the 
onset degradation temperatures (T5%, temperature at 5% of 
mass loss) and the temperatures of the maximum decom-
position rate (Tmax, calculated from the first derivative of 
the DTG curves. In Fig. 1a, the single degradation step 
that characterizes PLA can be observed, with a T5% around 
341.7 °C, a similar value to those formerly reported by other 
studies [43–45].

It can also be observed that the other TGA curves, cor-
responding to PLA-UP mixtures, are placed more to the 
left side if compared to the neat PLA TGA curve. To this 
fact, it is evident that the degradation process of PLA-UP 
mixtures occurs at lower temperatures. Even though the T5% 
of PLA-UP mixtures remains at high values (~340 °C) for 
UP content equal to or lower than 3 phr, it was observed 
that, beyond this content, it remarkably reduced the T5% to 
lower values, dropping up to 294 °C for PLA with 15 phr 
UP content, about 47 °C of difference compared to neat PLA 

(T5% = 341.7 °C). These earlier mass loss of the PLA-UP 
mixtures, compared to neat PLA, could be explained due to 
the beginning of UP molecules degradation, which is also 
manifested in the appearance of small peaks in the DTG 
curves around 330 °C, as shown in Fig. 1b, which are related 
to the degradation of some components of the UP molecules 
(fumaric acid) [37], in good accordance with the T5% of UP 
resin, as shown in Fig. 2a. According to the Tmax, UP resin 
degrades at higher temperatures than PLA, as shown in 
Fig. 2 (PLA Tmax = 370.8 °C, UP Tmax = 410.5 °C). However, 
when UP is added into PLA in the content above 10 phr, the 
beginning of the resin degradation causes a considerable 
reduction in the Tmax, about 5 and 10 °C for the PLA-10UP 
and the PLA-15UP, respectively.

According to previous studies, the thermal degradation 
of PLA depends on the hydroxyl groups at the end of its 
chain, which is associated with non-radical cleavage and 
intermolecular transesterification due to the susceptibility of 
ester groups to thermal degradation [46–48]. In this study, 
the reduction of PLA thermal stability could be explained 
by the fact that UP resin addition decreases the activation 
energy of the transesterification reaction, inducing it to hap-
pen at lower temperatures and, therefore, encouraging the 
PLA chain scission when UP resin is added in content equal 
or higher than 5 phr. In previous work, Valentina et al. [37] 
reported that fumaric acid enhances the thermal stability of 
PLA, increasing its onset degradation temperature by more 
than 20 °C with only a 1% addition. However, the addition 
of UP to PLA led to a contrary effect. It must be considered 
that even though UP is a fumaric acid-modified rosin resin, 
UP resin contains other components (such as maleic anhy-
dride adduct) that could increase PLA thermal degradation.

The main thermal parameters obtained by DSC of PLA-
UP mixtures were taken from the curves of the second heat-
ing cycle and are shown in Table 2 and Fig. 3. As can be 

Fig. 1  Comparative TGA (a), and DTG (b) curves of PLA-UP mixtures
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observed, a glass transition temperature (Tg) value of about 
62 °C was obtained for neat PLA, related to the transition 
of amorphous regions of the polymer to a more flexible and 
rubbery state. The thermal parameters associated with the 
phase transition that characterize thermoplastic semi-crys-
talline materials, cold crystallization temperature (Tcc), and 
melting temperature (Tm) were also clearly identified for neat 
PLA. Due to the packing and rearrangement of the neat PLA 
polymer chains, the cold crystallization process occurred at 
around 130 °C, and its melting temperature was at ~160 °C. 
For PLA-UP mixtures, no significant change was observed 
in the Tg values since the baseline steps associated with this 
thermal phenomenon remained in a temperature range from 
61.2 to 62.2 °C (1 °C of difference), as shown in Table 2 and 
Fig. 3. However, it was observed that the incorporation of 
UP resin to the PLA noticeably reduced the cold crystalliza-
tion enthalpy (ΔHcc) values, as the area of the exothermic 
peak became smaller up to gradually disappear the crystal-
lization peaks with the increasing content of UP resin, indi-
cating a very low crystallization rate of the PLA, except for 
the mixture with 1 phr content of UP resin. For neat PLA, 
a ΔHcc value of 27.8  Jg−1 was obtained; meanwhile, adding 

Fig. 2  TGA (a), and DTG (b) curves of UP resin

Table 2  Main thermal transition values of PLA and PLA-UP mixtures, obtained from the differential scanning calorimetry (DSC) second heat-
ing cycle, performed at a speed rate of 10 °C  min−1 and 5 °C  min−1, respectively

Samples DSC results (at a speed rate of 10 °C  min−1) DSC results (at a speed rate of 5 °C  min−1)

Tg (°C) Tm (°C) ΔHm  (Jg−1) Tcc (°C) ΔHcc  (Jg−1) Xc (%) Tg (°C) Tm (°C) ΔHm  (Jg−1) Tcc (°C) ΔHcc  (Jg−1) Xc (%)

PLA 62.2 159.8 33.5 129.5 27.8 6.1 60.5 158.7 32.5 124.1 26.6 6.3
PLA-1UP 61.9 157.1 32.5 124.8 29.4 3.4 60.6 157.8 32.9 119.3 29.0 4.2
PLA-3UP 62.0 157.6 3.4 132.3 2.1 1.4 60.3 156.0 33.5 122.3 32.1 1.5
PLA-5UP 61.7 157.0 1.1 132.8 0.5 0.7 60.4 156.9 12.8 130.9 12.0 0.9
PLA-10UP 61.2 157.0 1.2 133.0 0.7 0.6 60.2 156.6 7.5 131.1 6.9 0.7
PLA-15UP 61.4 157.0 2.2 134.1 1.8 0.4 60.0 156.4 12.1 131.4 11.7 0.5

Fig. 3  Differential scanning calorimetry (DSC) curves, second heat-
ing cycle at a speed rate of 10 °C  min−1, of PLA and PLA and PLA-
UP mixtures
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3 and 5 phr of UP, the ΔHcc values were 2.1 and 0.5  Jg−1, 
respectively. A similar effect was formerly observed on PLA/
based composites, as reported by Quiles-Carrillo et al. [7] 
who suggested that the poorly defined Tcc peaks could be 
ascribed to a rupture of the crystalline structure of PLA.

Furthermore, increasing UP resin content beyond 1 phr 
gradually shifted the Tcc peaks to higher temperatures. These 
results suggest that the higher the UP content is in the PLA 
matrix, the more complex the crystallization phenomenon 
is to occur due to aromatic groups present in UP resin may 
act as a steric hindrance (causing a steric hindrance effect 
[49]) to PLA molecular chains by preventing their rearrange-
ment. The higher value of Tccwas obtained for the mixture 
with 15 phr content of UP resin (134.1 °C), a percentage 
increment of about 22%. However, incorporating 1 phr con-
tent of UP resin slightly decreased the Tcc value to 124.8. 
This behavior is assumed to be ascribed to a plasticizing 
effect provided by UP resin in this low content, which is 
insufficient to produce the steric hindrance effect. Instead, it 
allows the crystallization nuclei to continue growing. Hence, 
a relatively high crystallinity degree (Xc) is still observed 
(3.4%). Nevertheless, it was already lower than neat PLA 
(6.1%) and gradually reduced to 0.4% for the mixture with 
15 phr of UP resin.

To corroborate the effect of steric hindrance, the analyzes 
were performed at 5 °C  min−1. This new assessment allowed 
us to refute that the crystallization process of PLA could 
have been promoted to a lower cooling rate. Although, this is 
well known by the scientific community since there is more 
time for the chains to be ordered. Only the Tcc values shift 
to lower temperatures. However, neither the ΔHcc nor the Xc 
has changed. Therefore, it can be concluded that the steric 
hindrance effect exerted by the UP resin is corroborated.

Disintegration Under Controlled Composting 
Conditions of PLA‑UP Mixtures

Since PLA is considered a biodegradable polymer due to 
its inherent sensibility of the ester linkages on its structure 
to enzymatic and chemical hydrolysis [50], it was evaluated 
the effect of the incorporation of UP resin on the biodegrad-
able characteristics of the mixtures to understand better the 
interaction between UP resin and PLA matrix, as well as 
evaluate the influence of the natural resin derivative (with 
the hydrophobic character) over the chemical hydrolysis of 
PLA during the disintegration process.

Figure 4 shows the visual appearance of the samples of 
UP resin, neat PLA, and PLA-UP mixtures after different 
incubation times under controlled composting conditions. 
At the beginning (day 0, before being placed into the dis-
integration reactor), UP resin is characterized by having a 
shiny yellow tone, PLA is well known for its intrinsic trans-
parency aspect, and PLA-UP mixtures have a distinctive 

characteristic from whitish to yellowish color (with the 
increasing UP resin content). It is well known that PLA deg-
radation primarily begins due to the autocatalytic hydroly-
sis reaction of the ester linkages along its backbone, which 
causes the loss of transparency of the polymer, making it 
opaque and whitish [50], as it is observed in the PLA sample 
after 3 days of incubation. Similar behavior was observed 
for PLA mixture with 1 phr of UP resin content. Meanwhile, 
samples with more than 3 phr of UP resin content did not 
show significant changes in appearance after 3 days of incu-
bation. Still, after 7 days of the test, these samples showed 
color differences due to the mentioned hydrolysis reaction. 
Next, neat PLA and its mixtures with lower content of UP 
resin (1 and 3 phr) became breakable after 14 days in com-
post, evidenced by the slight cracks observed on the sur-
face of the samples. After 28 days, they started to fall apart 
into small pieces. On the contrary, it is not until the 21 days 
when samples with the highest content of UP (5, 10, and 
15 phr) start to show cracks on their surfaces, which spread 
throughout the samples until causing their separation into 
small pieces at the end of the disintegration period (from day 
35 to day 56). In previous work, Pantani et al. [51] reported 
that amorphous regions of PLA seem more easily accessible 
by enzymatic attacks. In the present study, it was confirmed 
by the DSC technique that PLA-UP mixtures become more 
amorphous with the increasing content of UP resin. There-
fore, a higher disintegration rate for PLA-UP mixtures could 
be expected along with the disintegration process regarding 
neat PLA. Nevertheless, it was observed that the disintegra-
tion rate was reduced with the increasing content of UP resin 
into PLA rather than being accelerated by the enzymatic 
attack on the amorphous regions. This reduction in PLA’s 
disintegration rate by adding UP resin could lead to obtain-
ing more durable products to be used in the agriculture sec-
tor for mulch film protector [52] and soil sterilization [53], 
creating the possibility of being reused.

As shown in Fig. 5, from day 21, the mass loss starts to 
increase due to the scission of the polymer chain caused by 
the hydrolysis [37], which is remarkably accelerated after 
day 35. For days 42 and 49, neat PLA shows about 65% and 
88% of mass loss, respectively; meanwhile, these percent-
ages were lower for PLA-UP mixtures (e.g. day 42; 47% for 
PLA-10UP and 31% for PLA-15UP). In addition, at 56 days 
of incubation, it was observed that neat PLA and PLA sam-
ples with the lowest content of UP resin exceeded the 90% 
disintegration degree required by the ISO 20200. Mean-
while, PLA samples with the highest content of UP resin 
reached this limit point of disintegration degree after 56 days 
and later reached 100% of disintegration at 63 days. This 
low rate of weight loss is attributed to the presence of UP 
resin on the mixtures, which delays the water diffusion into 
the material due to its hydrophobic nature as a rosin deriva-
tive, thus preventing the hydrolysis of the PLA polymeric 
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chain. Moreover, it is considered that when the hydrolysis 
and random chain cleavage of the ester groups are delayed, 
thus the attack of the microorganisms (present in the com-
posting reactor) on the lactic acid, dimers, and oligomers 
formed after hydrolysis, is also delayed [54]. As shown in 
Fig. 5, UP resin was unaffected by the microorganisms in 
the composting reactor since no variation in the weight of 
the samples was observed after being extracted throughout 
the disintegration period (a total of 91 days of incubation). 
Thus, the hydrophobic and antibacterial characteristics of 

UP resin are confirmed. Only shape and color changes were 
observed on UP resin samples (Fig. 4) due to the tempera-
ture conditions they were subjected to during the compost-
ing process (58 °C). It is considered that the fractions of UP 
resin, added in the mixtures with PLA, became part of the 
compost along the disintegration process by breaking down 
into tiny fragments, which were considered as disintegrated 
material when sieved, as imposed by ISO 20200. Therefore, 
no visible residues were observed. Contrary to the disinte-
gration results obtained in this study, Kaavessina et al. [35] 

Fig. 4  Visual appearance of UP 
resin, neat PLA and PLA-UP 
mixtures after different incuba-
tion time under controlled 
composting conditions
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have formerly reported an increased degradability rate of 
PLA by the increasing content of gum rosin (gondorukem). 
The study stated that gondorukem might be acting as a deg-
radation agent. However, it should be considered that gon-
dorukem is the unmodified solid fraction obtained from the 
exudated liquid of pine trees after evaporating the volatile 
component [55, 56]. Unmodified gum rosin is characterized 
by low thermal and oxidative stability and relatively high 
susceptibility to biodegradation [57]. On the other hand, UP 
resin is a chemically modified rosin resin with higher ther-
mal stability and water resentence (hydrophobicity prevents 
the water diffusion and hydrolysis reaction). Hence, it could 
be concluded that along with the disintegration test, the deg-
radation behavior for neat PLA and PLA-UP blends was split 
into fragments. This tendency of PLA to break into small 
pieces was formerly reported in previous work by studying 
PLA/PCL blends under composting conditions [25].

Figure  6 shows the graphical evolution of the water 
absorption (wt.%) for neat PLA and PLA-UP mixtures as a 
function of the immersion time into distilled water at room 
temperature. It also shows the water absorption (wt.%) plot 
versus the square root of immersion time. Such graphical 
evolution illustrates an obtained water absorption percent-
age for neat PLA around 0.8% during the trial period, a 
similar value previously reported in other studies [45]. In 
this regard, unlike the PLA mixtures with 10 and 15 phr 
content of UP resin, the PLA-UP mixtures presented lower 
water absorption values than those obtained for neat PLA, 
mainly at the first stage of the test, where the increase of 
water absorption had a linear behavior. For PLA-10UP and 
PLA-15UP, the amount of water absorbed from day 28 was 
higher than that shown for neat PLA and the other mixtures. 

This low rate of water absorption obtained for PLA-UP 
mixtures regarding neat PLA could be explained due to the 
high hydrophobic characteristic of UP resin, which hinders 
the water diffusion into the material, as is confirmed by the 
values shown in Table 3, where both diffusion coefficient 
(D) and corrected diffusion coefficient  (Dc) values tend to 
decrease with the increasing content of UP resin added. Neat 
PLA presented a  Dc value of 15.3 ×  10–7  mm2  s−1, in accord-
ance with the previously reported value [42]; meanwhile, 
with only 1 phr addition of UP resin, the  Dc decreases by 
almost half. This confirms the low disintegration rate under 
composting conditions (shown in Sect. “Disintegration 
under controlled composting conditions of PLA-UP mix-
tures”) due to the delayed water diffusion and, therefore, the 
delayed hydrolysis reaction. On the other hand, the incre-
ment of water absorption rate for PLA mixtures with 10 
and 15 phr content of UP resin after 28 days is attributed 
to a capillary action [58] in the PLA matrix caused by UP 

Fig. 5  Degree of disintegration of UP resin, neat PLA and PLA-UP 
mixtures as a function of incubation time under controlled compost-
ing conditions

Fig. 6  Evaluation plot of water absorption (wt.%) for neat PLA and 
PLA-UP mixtures as a function of the immersion time into distilled 
water at room temperature

Table 3  Diffusion coefficient (D) and Corrected diffusion coefficient 
(Dc) values for neat PLA and PLA-UP mixtures, estimated from the 
linear region of the weight gained in the first 10 h, by applying Fick’s 
first law

Samples (D) (×10–6)  (mm2  s−1) (Dc) (×10–7) 
 (mm2  s−1)

PLA 3.33 15.3
PLA-1UP 1.97 9.06
PLA-3UP 1.84 8.36
PLA-5UP 1.78 8.26
PLA-10UP 1.67 7.86
PLA-15UP 1.43 6.63
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resin saturation (deeply explained in Sect. “Morphological 
characterization”). Despite UP resin delaying the entry of 
water molecules to the polymer chains, over time, water 
molecules can become lodged in more significant amounts 
into the internal micro-cracks and empty spaces left by UP 
saturation. However, it was observed that UP resin (modi-
fied rosin) does not increase the water absorption of PLA 
samples as it does the unmodified gum rosin, as formerly 
reported in previous work [36].

Mechanical Properties

Figure 7 shows the tensile properties evaluation, and Table 4 
shows Charpy’s impact energy and harness values of PLA 
mixture materials with different UP resin contents. As 
observed, neat PLA was characterized by a tensile strength 
value of 56 MPa and elongation at break of 5%. After the UP 
resin addition, tensile strength remains relatively constant 
at high values (56–57 MPa) from 1 to 3 phr content; mean-
while, the elongation at break slightly increases to 7.6% for 
up to 3 phr UP resin content. However, the values of tensile 
strength and elongation at break started to decrease for con-
tents higher than 3 phr of UP resin, which may be associated 
with a saturation alteration. These saturations act as stress 
concentrators.

In the case of tensile modulus, this parameter was reduced 
in all formulations, compared to that shown for the neat PLA 

(3140 MPa), which is ascribed to an increment of PLA duc-
tility by the UP resin effect in the content of 1 and 3 phr. 
Nevertheless, for PLA-5UP, a slight increase in modulus 
is observed due to the saturation of UP resin, which acts 
as reinforcing loads, slightly stiffening the mixtures. From 
the 10 phr content of UP resin, the tensile modulus declines 
again due to the saturation alteration.

These results, along with the increment of the energy 
absorption value from 30.4  kJ   m−2 (neat PLA) up to 
37.3 kJ   m−2 in the mixture with 3 phr of UP resin (see 
Table 4), suggest that the optimal amount of UP resin to 
achieve optimal performance and good interaction with 
PLA matrix, as well as retaining the material cohesion and 
increasing its ability to undergoes plastic deformation, is 
close to 3 phr content. As UP resin increases, stress concen-
trations increase, reducing impact energy absorption. No sig-
nificant change was observed regarding the UP resin effect 
on PLA hardness since all mixtures show values between 
81 and 83.

It is well known that a plasticization effect increases the 
elongation at break and the impact resistance, but it also 
tends to reduce tensile modulus and strength. For example, 
Orue et al. [59] reported that epoxidized vegetal oil (EVO) 
as a plasticizer significantly improved PLA elongation at 
break with a remarkable decrease in tensile modulus and 
strength. Ferri et al. [18] also reported a plasticization effect 
of PLA by using an epoxy-type plasticizer derived from a 

Fig. 7  Tensile properties 
evaluation of PLA mixture with 
different UP resin content

Table 4  Charpy’s impact 
energy and hardness values 
for PLA-UP mixtures in terms 
of the rosin resin derivative 
contents

Property Resin content (phr)

0 1 3 5 10 15

Charpy’s impact 
energy (kJ  m−2)

30.4 ± 0.7 31.1 ± 0.9 37.3 ± 1.0 29.5 ± 1.2 28.5 ± 0.7 24.4 ± 0.4

Hardness (Shore D) 83 ± 0.5 81 ± 0.8 82 ± 0.8 82 ± 0.5 83 ± 0.6 82 ± 0.8
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fatty acid, octyl epoxy stearate (OES). The main benefit of 
OES was the remarkable increase of elongation at break 
value from below 10% for neat PLA up to 40%. An improve-
ment in the impact-absorbed energy with a percentage incre-
ment of 75% was also obtained. Both enhancements were 
achieved by adding only 5 phr of OES. However, Quiles-
Carrillo et al. [7] observed an interesting effect of malein-
ized hemp seed oil (MHO) on PLA. Beyond obtaining the 
expected improvement in elongation at break and increased 
impact-absorbed energy due to the MHO plasticizer, they 
also reported a noticeable increment in both tensile modu-
lus and strength. They proposed that this behavior could be 
ascribed to a chain-extension effect provided by MHO due to 
the possibility that maleic anhydride (MAH) groups present 
in MHO could react with terminal hydroxyl (–OH) groups 
of the PLA chains.

In this study, a different effect of UP resin on PLA was 
observed, which could be attributed to a possible interaction 
of PLA matrix and the UP resin used due to partial miscibil-
ity between components, especially in the mixtures with low 
content of UP resin. Generally, a partially miscible mixture 
would obtain intermediate properties to the expected [60].

The dynamic mechanical analysis shows another route 
to understanding the mechanical properties and the viscoe-
lastic behavior of the neat PLA and PLA-UP mixtures in 
the analyzed temperature range. The storage modulus (Gʹ) 
and damping factor (tan δ) are shown in Fig. 8. From 60 to 
70 °C, an important Gʹ loss is associated with PLA’s chain 
motions. It is correlated to the glass transition temperature 
(Tg) of PLA, being through the damping factor (tan δ) peak 
(Fig. 8b) from where its exact values are obtained. No 
significant changes in Tg can be observed due to the poor 
plasticizing effect of the UP resin on PLA. The Tg of PLA 
and PLA-UP mixtures are similar (around 65 ℃). The low 

crystallinity percentage of neat PLA is the reason for the 
significant decrease in Gʹ and the increase of the viscous 
component during the glass transition process, resulting 
in a very important softening of the material. Therefore, 
Gʹ of neat PLA is reduced by up to three orders of magni-
tude. On the other hand, adding UP resin to PLA results 
in lower G values than neat PLA, including the values 
obtained in the glass transition process. Only adding 3 phr 
content of UP resin, Gʹ decreases from 1.31 GPa (neat 
PLA) to 1.25 GPa (at 40 °C). The higher the UP resin 
content is, the lower Gʹ values are observed. The tan δ 
values corresponding to PLA-UP mixtures do not show 
significant changes to that obtained by neat PLA. How-
ever, Gʹ shows differences with the variation of UP resin 
content, especially for the temperature range between 80 
and 110 ℃. The increase of Gʹ in this temperature range 
is attributed to the crystallization process, which can also 
be evaluated from the DMTA analysis perspective beyond 
the DSC test. With only 1 phr content of UP resin added, 
the beginning of the crystallization process is achieved at 
lower temperatures regarding neat PLA; meanwhile, for 
higher UP resin contents, the beginning of the crystalliza-
tion is achieved at higher temperatures. Therefore, it is 
confirmed that the UP resin that remains saturated in the 
PLA matrix acts as a steric hindrance, making the rear-
rangement of the PLA chains difficult. Finally, adding UP 
resin to PLA slightly increases the viscous component and 
decreases the elastic component of the complex modulus, 
thus showing materials with slightly higher ductility. This 
is observed for PLA mixtures with low UP resin contents, 
especially those below the saturation value. However, in 
general terms, the observed changes in the complex modu-
lus due to the incorporation of UP resin are not significant, 
as can be seen for other properties studied in this work.

Fig. 8  Comparative evaluation plot of the storage modulus (Gʹ) (a) and damping factor (tan δ) (b) for PLA and PLA-UP mixtures



5473Journal of Polymers and the Environment (2023) 31:5462–5476 

1 3

Morphological Characterization

The morphology microstructure of neat PLA and PLA-UP 
mixtures observed by FESEM, shown in Fig. 9, discloses 
that the PLA mixtures with 1 and 3 phr content of UP resin 
are completely miscible. Meanwhile, by increasing the UP 
resin content above 3 phr, the mixtures become immiscible 
since saturation of UP resin is observed. Figure 9a shows 
a neat PLA rough surface due to its relative brittleness, 
characteristic of the quick cracks spread during the impact 
test. The fractured surface of PLA mixtures containing 1 
and 3 phr of UP resin, Fig. 9b and c, respectively, reveal 
the monophasic structure that evidences the miscibility. In 

addition, it can be observed some filaments, emphasized 
with white ovals, in which a detachment of material in a 
ductile way has occurred. Indeed, the FESEM images sug-
gest that the materials have undergone a significant plastic 
deformation during the impact test, in accordance with the 
increment of the impact-absorbed energy values obtained 
for these mixtures. However, some spherical microdomains 
began to appear from the 5 phr content of UP resin (Fig. 9d), 
emphasized with white arrows. In Fig. 9e and f, it can be 
seen that, as the contents of UP resin increase, the amount 
of non-homogeneous size spherical microdomains also 
increases, which are ascribed to the UP resin dispersed into 
the PLA matrix. Such microdomains are suggested to be 

Fig. 9  Cross-section images of 
impact fracture specimens of 
the neat PLA and the PLA-UP 
mixtures, obtained by FESEM: 
a neat PLA at 200×, b PLA-
1UP at 2000×, c PLA-3UP at 
2000×, d PLA-5UP at 2000×, 
e PLA-10UP at 5000× and f 
PLA-15UP at 5000×
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responsible for the mechanical properties decrease in mix-
tures that contain over 5 phr of UP resin, causing a fragile 
fracture due to saturation of the UP resin. Similar results 
have been formerly reported by Aldas et al. [61], who stud-
ied binary blends of thermoplastic starch (TPS) and pine 
resin derivatives. Their studies describe the observation 
of some micro-voids and micro-domains attributed to the 
presence of pine resin derivatives in the TPS matrix. These 
defects are responsible for reducing mechanical resistance 
and, in some cases, phase debonding [61–63]. In addition, 
in Fig. 9e and f, almost perfect spherical microdomains 
surrounded by empty space and some fractured spherical 
microdomains are also observed. This microstructure sug-
gests that the spherical microdomains are separated from 
the PLA matrix. Therefore, there has been low miscibility 
and interfacial adhesion between the UP resin and the PLA 
polymeric chains. On the other hand, the fractured spherical 
microdomains are attributed to the saturation of UP, which 
is a brittle material at room temperature.

Conclusions

Biodegradable materials containing a phenolic-free modi-
fied rosin resin (UP) in different content to control the bio-
degradability of poly (lactic acid) (PLA) under composting 
conditions were successfully obtained and characterized. It 
was observed that with the lower UP resin contents (1 and 
3 phr), the thermal characteristics remained as that of neat 
PLA. However, with the increasing content of UP resin, the 
thermal degradation resistance decreases. UP resin addition 
promoted higher chain mobility and modified the crystal-
linity structure of the PLA; thus, the material became more 
amorphous as UP resin content increased. Moreover, the 
disintegration rate was reduced with the increasing content 
of UP resin in PLA due to the hydrophobic and antibacte-
rial characteristics of the UP resin. Also, delaying the water 
diffusion into the material, thus preventing the hydrolysis 
of PLA, and the attack of the microorganisms on the PLA. 
Regarding the mechanical properties, for 1 and 3 phr con-
tent, the tensile strength remains similar to PLA values; 
meanwhile, the elongation at break slightly increases. How-
ever, the values of tensile strength and elongation at break 
started to decrease for contents higher than 3 phr UP, while 
the tensile modulus was reduced in all formulations. These 
results are associated with a saturation of the UP resin (for 
compositions above 3 phr). This behavior, also observed 
by Charpy’s impact and DMA assessment, was confirmed 
by the study of the microstructure of the materials, where 
the mixtures with lower contents UP resin were completely 
miscible and showed a significant plastic deformation dur-
ing the impact test in good accordance with the increased 
impact-absorbed energy values obtained for these mixtures. 

In contrast, for contents above 3 phr, the mixtures become 
immiscible, and the UP resin's saturation was observed in 
spherical microdomain shapes. Results suggest that 3 phr 
is the optimal amount of UP resin to achieve good interac-
tion with the PLA matrix and retain the material cohesion, 
increasing its ability to undergo plastic deformation.
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