Document downloaded from:

http://hdl.handle.net/10251/151275

This paper must be cited as:

Aldas-Carrasco, MF.; Ferri, JM.; Lépez-Martinez, J.; Samper, M.; Arrieta, MP. (2020). Effect
of pine resin derivatives on the structural, thermal, and mechanical properties of Mater-Bi
type bioplastic. Journal of Applied Polymer Science. 137(4):1-14.
https://doi.org/10.1002/app.48236

The final publication is available at

https://doi.org/10.1002/app.48236

Copyright  3ohn Wiley & Sons

Additional Information

"This is the peer reviewed version of the following article: Aldas, M., J. M. Ferri, J. Lopez-
Martinez, M. D. Samper, and M. P. Arrieta. 2019. Effect of Pine Resin Derivatives on the
Structural, Thermal, and Mechanical Properties of Mater-Bi Type Bioplastic. Journal of
Applied Polymer Science 137 (4). Wiley: 48236. doi:10.1002/app.48236, which has been
published in final form at https://doi.org/10.1002/app.48236. This article may be used for
non-commercial purposes in accordance with Wiley Terms and Conditions for Self-

Archiving."



The effect of pine resin derivatives on the structural, thermal and mechanical
properties of Mater-Bi® type bioplastic
M. Aldas*?”, J. M. Ferri®, J. Lopez-Martinez®, M. D. Samper®, M. P. Arrieta®”

2 Departamento de Ciencia de Alimentos y Biotecnologia, Facultad de Ingenieria
Quimica y Agroindustria, Escuela Politécnica Nacional, 170517 Quito, Ecuador
b Instituto de Tecnologia de Materiales. Universitat Politécnica de Valéncia, 03801
Alcoy-Alicante, Spain
¢ Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, Avenida Complutense s/n, Ciudad Universitaria, 28040

Madrid, Spain.

* Corresponding author: Miguel Aldas, Marina P. Arrieta

E-mail: miguel.aldas@epn.edu.ec; marina.arrieta@gmail.com

Postal address:

Laboratorio C1L2

Instituto de Tecnologia de Materiales. Universitat Politécnica de Valéncia.
Plaza Ferrandiz y Carbonell n° 1,

03801 Alcoy (Alicante), Spain

Tel.: (+34) 64 474 75 47

Fax: (+34) 96 652 84 78



Abstract

The effect of three additives derived from pine resin: gum rosin (GR) and two
pentaerythritol ester of gum rosin, Lurefor (LF) and Unik Tack (UT) in 5, 10 and 15
wt.%, on the properties of Mater-Bi®, based on plasticized starch, poly(butylene
adipate-co-terephthalate) (PBAT) and poly(g-caprolactone) (PCL) obtained by injection
moulding processes was studied. The mechanical, microstructural and thermal
properties were evaluated. LF had a cohesive behaviour with the components of Mater-
Bi®, increasing the toughness of the material up to 250% accompanied by an increase
of tensile modulus and tensile strength. UT had an intermediate behaviour, conferring
cohesive and plasticizing effects, allowing an increase of 105% in impact resistance. GR
had a more marked plasticizing effect. This allows processing temperatures of about 50
°C lower than those used for neat Mater-Bi®. Also, an increase of the elongation at
break, toughness and impact resistance in 370%, 480% and 250%, respectively, was

achieved.

Keywords: Biodegradable polymers; Thermoplastic starch; Gum rosin; Pine resin

derivatives, Compatibilizer; Plasticizer.

1. Introduction

The consumption of the “commodities” plastics has been growing during the last
decades. In fact, the worldwide consumption in 2016 of only thermoplastics,
polyurethanes and thermosets was 335 million tonnes and 60 million in Europe.’ The

worldwide concern for the generation of high amounts of plastic waste, added to the



environmental impact caused by traditional plastics after their useful life has motivated
the research on more environmentally friendly materials.> Not only in those plastics that
are biodegradables, but also in those that comes from renewable sources.®® As a
consequence, bio-polymers are gaining interest in several industrial applications. Thus,
the research on polymeric materials that combine both properties, biobased sources and
biodegradable character, such as polylactides (polylactic acid, PLA), the family of
poly(hydroxyalkanoates) (PHAS), proteins (caseinates, soya) as well as polysaccharides
(i.e.: chitosan, pectins, ligno-cellulosic products, gums, starch, etc.) among others, has
been increasing in recent years>® Among the bio-based polymers currently
commercialized, those derived from agro-resources, such as starch and in particular in
its thermoplastic form, are the most widespread and economic bio-polymers.*?14 In fact,
the introduction of starch in the plastic sector has been motivated by its low cost due to
the fact that it is available in large quantities. However, starch cannot be processed
through conventional processing plastic techniques without further modification since
its degradation begins at a temperature lower than its melting point.® Therefore, its
thermoplastic form, thermoplastic starch (TPS), has gaining considerably interest in
several industrial sectors in which biodegradability is a key factor, including the
packaging industry, disposable products for hygienic and sanitary uses, etc.™® However,
the development of TPS-based materials is still limited due to its fragility, low water
resistance and dependence on the mechanical properties on the environmental
moisture.!®Y’ In fact, it is widely known that, bioplastic materials may have lower
performance than traditional synthetic plastics due to their inherent characteristics.®18-2
This is why TPS has also been blended with other polymers with a view to widening its
range of applications*>?, as in the case of bags produced in association with PCL by

extrusion displaying low-density polyethylene-like mechanical performance.!*



Therefore, to obtain real alternatives to traditional synthetic polymers it is essential to
improve their overall performance, so that novel formulations based on biopolymers
will compete with traditional synthetic ones.?® The plastic processing industry
frequently modified the final properties of the polymers with additives, which are
gradually replaced by natural ones, due to their advantages in terms of their lower
environmental impact.?2?* In this sense, Novamont commercializes blends based on
TPS with biologically degradable polyesters under the trade name Mater-Bi®.
Moreover, from both technical and environmental points of view, there is an increased
interest on the use of agricultural biomass resources for the development of high-tech
materials.

On the other side, materials with natural origin such as resins derived from pine
trees, that has been used since prehistory,?® result interesting for the bioplastic
industry.?22 In this sense, gum rosin and its derivatives has gained a renewed attention
for the plastic field during the last years, as a source of monomer for polymer
synthesis?® and as additives (i.e.: stabilizers, plasticizers, viscosity increasing agents,
nanoparticles modifiers, etc.).1%?22327 Two products can be obtained after the resin, or
gum, first distillation: “gum rosin” and *“gum turpentine”. Resin production is a
defensive response of the conifers to external factors such as bark boring insects and
fungal pathogens, that can be induced by external factors (i.e.: mechanical wounding,
abiotic stress, hormones and chemical stimulants or insect attack.> Most of gum rosins
are composed mainly by abietic, levopimaric and pimaric acids,?#?2® which are
monocarboxylic acids with the empirical formula C2H3z002 and have conjugated double
bonds and carboxylic acids.?**° However, gum rosin shows relatively low thermal
stability for the plastic processing industry. In this sense, some chemical modifications,

such as hydrogenation and esterification confer to gum rosin higher thermal stability.



Most common alcohols used to stabilize the gum rosin are pentaerythritol, triethylene
glycol and glycerol.?#?831 Resin and its derivatives have been proposed as low-cost,
sustainable, and easily obtainable additives for plastic field.?>3%3233 |n fact, the natural
resins have the viability to be used in both, thermoplastic and thermoset polymers, due
to their reactivity centres, the carboxyl group and its double bonds.?23435 Particularly,
the resins employed in this work, Lurefor (LF) and Unik Tack (UT) have different
content of carboxylic groups, so that they posses different acid number which will
provide better thermal stability as well as different ability to react with the polymeric
matrix. The revalorization of gum rosin derivatives as plastic additives is interesting not
only due to their natural origin and their similar structure in rigidity to rigid petroleum
chemicals,® but also since cleaning activities are required for good forest management
practices in terms of fire risk.?? In this sense, in a previous work a triethylene glycol
ester of gum rosin (TEGR) was used as the natural viscosity-increasing agent for
polyvinyl chloride (PVC).?? Several plastisols with tuneable mechanical and thermal
performance were obtained depending on the TEGR proportion used, resulting

interesting for several industrial applications.

In this work, three natural additives derived from pine resin: gum rosin, and two
pentaerythritol ester of gum rosin were used as Mater-Bi® additives in three different
compositions to improve the processability of the blends and to obtain materials with a
broader spectrum of properties. The formulations were melt-extruded and further
processed by injection moulding, to simulate the most typical processing approaches
currently used at industrial level for traditional plastics. The effect of pine resin
derivatives type and loading on the novel Mater-Bi® based formulations in terms of
structural, thermal and mechanical properties was studied to get information regarding

the possible applications of these novel formulations at the industrial level.



2. Experimental

2.1. Materials

Mater-Bi® NF 866 based on thermoplastic starch (TPS) and aliphatic aromatic
polyesters (PBAT and PCL) was supplied by Novamont SPA (Novara, Italy). As
additives, three pine resins derivatives were used: gum rosin (GR), supplied by Sigma-
Aldrich (Mostoles, Spain); Lurefor 125 resin (LF, softening point of 125 °C and acid
number 11.9), kindly supplied by LureSA (Segovia, Spain); Unik Tack P100 resin (UT,
softening point of 90 °C and acid number 15), kindly supplied by United Resins

(Figueira da Foz, Portugal).

2.2. Preparation of Mater-Bi®-resin formulations

The resin contents added to the Mater-Bi® matrix were 5, 10 and 15 wt.% and
ten Mater-Bi®-resin based formulations were obtained, as shown Table 1. Initially, all
materials were dried at 50 °C for 24 hours in an air circulation oven. Subsequently, the
Mater-Bi®-resin formulations were premixed in plastic containers. Finally, to process
the materials the following procedure was followed: (1) extrusion of the material
formulations, (2) milling into pellets and (3) injection moulding to obtain test
specimens. The materials were processed in a twin-screw extruder (Dupra S.L, Castalla,
Spain), with a temperature profile of: 160 °C, 150 °C, 140 °C, 100 °C (from die to
hopper) at 50 rpm. An injection moulding machine (Sprinter-11, Erinca S,L., Barcelona,

Spain) was then used to obtain injection moulding test specimens. In this work, the



injection moulding process parameters were varied for each formulation by trial-and-
error practice until good quality injected moulded test samples were obtained.
Therefore, the injection moulding temperature profiles varied considerably in each
group of formulations and are detailed in Table 1. The test specimens were standard
rectangular specimens (80 x 10 x 4 mm) and standard tensile specimens “1BA” (length
> 75 mm, with 10 mm and thickness > 2 mm) according to UNE-EN 1SO 527.3¢ Starchy
materials are water sensitive and it has been observed that TPS based materials
performance are influenced by the humidity (i.e.. mechanical®’ and thermal®®
properties). Therefore, all samples were conditioned 24 h at 251 °C and 50+5% HR

previous to be characterized.

Table 1. Mater-Bi®-resin formulations and their injection moulding temperature

profiles

Formulation labelling Resin content in each Injection moulding temperature
formulation profiles (from die to hopper) (°C)

(wt.%)

Mater-Bi® 0 165, 160, 160

MaterBi-5LF ) 165, 160, 160

MaterBi-10LF 10 150, 150, 145

MaterBi-15LF 15 145, 140, 135

MaterBi-5UT ) 150, 145, 140

MaterBi-10UT 10 150, 145, 140

MaterBi-15UT 15 120, 115, 105



MaterBi-5GR 5 130, 125, 115

MaterBi-10GR 10 117, 112, 100

MaterBi-15GR 15 117,117, 105

2.3. ATR-FTIR characterization

All developed materials as well as the starting raw materials (pine resins and
Mater-Bi®) were characterized by Attenuated total reflectance - Fourier Transform
Infrared Spectroscopy (ATR-FTIR), using a Perkin Elmer — Spectrum BX (FT-IR
system) within the range of 4000 to 650 cm™, with a resolution of 4 cm™ and 32 scans.
FTIR of resins were recorded using KBr discs made by blending the resins and KBr
powder in transmission mode. FTIR of Mater-Bi® and Mater-Bi®-resin formulations

were obtained from the injected samples.

2.4. Mechanical characterization

The tensile and flexural properties of the Mater-Bi®-resin based formulations
were assessed in a universal test machine lIbertest Elib 30 of SAE Ibertest (Madrid,
Spain) at room temperature, according to 1SO 527% and 1SO 178,*° respectively. The
tests were performed with a loading cell of 5 kN and a test speed of 10 mm min™. At
least five specimens from each formulation for both, tensile strength as well as for
flexural measurements, were tested. In addition, to analyse the toughness of the
materials, the area under the typical stress-strain curve and the increase of toughness

with respect to the neat Mater-Bi® were calculated. For each sample, one curve was



chosen to be representative of the average behaviour of each formulation.?® The area
was calculated using the OriginPro2015 program.

The resistance to the Charpy Impact by drop of pendulum was measured in a
Metrotec S.A. machine (San Sebastian, Spain), using a 1 J pendulum and notched
specimens under the 1SO 179%. The geometry of the notch was type A, with a
background radius of 0.25 + 0.05 mm, the remaining width of 8.0 £ 0.2 and the notch
angle was 45° £ 1°. At least five specimens were tested, and the mean was reported.

Shore D hardness of samples with 4 mm thickness was measured on a durometer
Model 673-D from Instrument J.Bot S.A. (Barcelona, Spain), under the 1SO 868.*! The
mean of at least 20 measurements was reported as the hardness values.

Significance in the mechanical data differences were statistically analyzed with
OriginPro 8 software. One-way analysis of variance (ANOVA) was carried out and
significant differences among formulations were recorded at 95% confidence level

according to Tukey’s test.

2.5. Microstructural characterization

Scanning electron microscopy (SEM) micrographs from the fracture surface of
the impact specimens were obtained using a Phenon SEM equipment of FEI
(Eindhoven, The Netherlands) with a voltage of 5 kV and using a working distance for
1000 X and 5000 X of 241 um and 48 um, respectively. Previously, the samples were
coated with a gold-palladium alloy to make their surface conductive, on a Sputter Mod

Coater Emitech SC7620, Quorum Technologies (East Sussex, UK).



2.6. Thermal characterization

DSC experiments were conducted in a DSC 2000 calorimeter TA Instruments
(New Castle, USA) under nitrogen atmosphere (50 mL min'). Samples were subjected
to a thermal cycle consisting in a first heating stage from -60 °C to 190 °C, to remove
thermal history; followed by a cooling process down to -60 °C and subsequent heating
up again to 190 °C, all scans at a heating rate of 10 °C min’. The degree of crystallinity
(Xc) of the formulated materials was evaluated according to equation 1 and considering

PBAT the most abundant polymeric fraction in Mater-Bi® of 70 wt.%.°

AH;—AHcc
¢ FXAHE,

x 100 )
Where AH,,m is the melting enthalpy and AH is the cold crystallization enthalpy of
PBAT. AHS, is the calculated melting enthalpy of purely crystalline PBAT, being 114
Jig.22

Thermogravimetric analysis (TGA) was conducted in TGA Q500 thermal
analyser TA Instruments (New Castle, USA). Samples were heated under TGA dynamic
mode from 55 °C to 700 °C at 10 °C min under nitrogen atmosphere (flow rate 50 mL
min™). The onset degradation temperatures (Ts%) were determined at 5% of mass loss,
while temperatures of the maximum decomposition rate (Tmax) were calculated from the
first derivative of the TGA curves (DTG).

The Heat Deflection Temperature (HDT) was determined using a VICAT/HDT
station DEFLEX 687-A2, Metrotec SA (San Sebastian, Spain) according to ISO 75

(method A)* applying a force of 1.8 MPa with a heating rate of 120 °C h'.,
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Dynamic mechanical thermal analysis (DMTA) in torsion mode was done on
rectangular samples sizing 40 x 10 x 4 mm, in an oscillatory rheometer AR G2 from TA
Instruments (New Castle, USA) equipped with a special clamp system for solid
samples. The temperature of the test was from -50 °C to 110 °C at a heating rate of 2 °C

min! at a frequency of 1 Hz and 0.1% of maximum deformation.

3. Results

3.1. Processing behaviour

The determination of the process parameters for injection moulding is highly
skilled task and it is mainly based on a intuitive sense during the preparation of the
formulations by the skilled operator's "know-how" acquired through long-term
experience.** In this work, as reports Table 1 during the samples preparation with each
pine resin derivative, it was necessary to change the temperature profile to achieve
optimal fill of the mould for the injection moulding process. Although to scale up the
injected moulded materials developed here for their commercial production the process
optimization is required, including a proper experimental design instead of trial-and-
error practice, some interest aspects were observed during materials processing. For
instance, the profile of temperature on the injection moulding process vary
considerably, from 165 °C in die of the machine for neat Mater-Bi®, to 145 °C, 120 °C
and 117 °C for MaterBi-15LF, MaterBi-15UT and MaterBi-15GR, respectively. Hence,
it is possible to point out the effect of pine resin derivatives on the injection moulding
processing properties of the Mater-Bi®. This drop of temperature is related to the
reduction of softening point of resins and it could help to save energy when processing,

very interesting for their processing at industrial level. Moreover, this effect could be
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interesting in materials that have a narrow processing window or when high processing

temperatures are not allowed, to prevent the materials thermal degradation.3633

3.2. FTIR characterization

Figure 1 shows the FTIR spectra of all developed materials as well as the
starting raw materials (pine resins and Mater-Bi®). Mater-Bi® exhibits a peak at 2915
cm corresponding to C-H stretching in aliphatic and aromatic groups; others at 1724
cm and 1250 cm™ due to the carbonyl groups (C=0) and the C-O link respectively,
found in the ester linkage.'* A group of peaks reported at 1578, 1504, 1458 and 1022
cm? attributed to stretching of phenylene groups and at 728 cm™ a peak attributed to
four or more adjacent methylene (-CH>-) groups. Finally, bending peaks of the benzene
substitutes are located between 900 and 700 cm™. All these groups are attributed to
PBAT portion.>*4® The plasticized starch portion of the Mater-Bi® results in peaks
between 3900 - 3300 cm™, attributed to O-H stretching; 1445 - 1325 cm™, due to C-H
bending and wagging and peaks between 1250-900 cm™ attributed to C-O stretching
and hydrogen bonding peaks. The peaks at 1180 and 1104 cm™ correspond to C-O
stretching of the C—O-H group (the starch group which mainly participates in hydrogen
bonding). The peak at 1022 cm™ corresponds to C-O stretching of the C—-O—C group of
the starch anhydroglucose ring which also can participate in hydrogen bonding.*’8
There are also PCL characteristic peaks which are due to C=0 stretching (1724 cm™),
symmetric CH; stretching (2853 cm™) and asymmetric CH; stretching (2952 cmt).49%0
Thus, the commercial Mater-Bi® used in this study is based on PBAT, plasticized

starch and PCL as well as other additives in less proportion, in well accordance with the
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literature.>#5464849 According to Borchani et al., the content of each polymer is about

70, 20 and 10 wt.%, respectively.®
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Figure 1. FTIR spectra of gum rosin (GR), pine resin derivatives (UT, LF), Mater-Bi®,

and studied materials

FTIR spectra of gum rosin (GR) and its derivatives (LF and UT) shows common
peaks around 3500 cm™ attributed to rosin, which after esterification in LF and UT
showed two shoulders attributed to the appearance of O-H stretching of COOH in the
resins, suggesting the presence of acids stabilizers in pentaerythritol ester resins and/or
somewhat amount of resin in the form of gum rosin due to the incomplete reaction of
pentaerythritol esters.?® There are two peaks at 2944 cm™ and 2872 cm™ because of the
C-H stretching. Also one peak at 1698 cm™, attributed to hydrogen bonded acid dimers
of gum rosin and to the C=0 stretching of the gum rosin. This peak corresponding to the

carboxylic acids groups has been slightly shifted to 1730 cm™ in LF and UT. Peaks at
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1450 cm™* are due to CH, bending mode, 1362 cm™ are due to CH3 bending, while those
at 1225 cm™ and 1215 cm™ are due to the C-O stretching of acid groups. Finally, some
peaks from 1000 to 650 cm™ correspond to C-H out of plane bending. 305152

Regarding formulated materials, the peaks observed for the raw starting
materials are also observed in the formulations. In LF based formulations, the peak at
3390 cm?, attributed to O-H stretching of TPS,*? increase its intensity. Meanwhile the
peaks at 2915 cm™ and 1724 cm™ of TPS were shifted to 2890 cm™ and 1710 cm™,
respectively suggesting somewhat positive interaction between the polymeric matrix
and the resin. The intensity of the peak corresponding to C-H stretching in aliphatic and
aromatic groups (2915 cm™) decrease when the content of resin increase. As expected,
the intensity of the carbonyl groups (C=0) and the C-O link increase with the resin
content, due to the increment of the esters linkage coming from the resin, while the shift
to lower wavelengths suggest hydrogen bonding interactions (see the expansion of the
spectra in the C = O stretching region in Figure 1). Moreover, the intensity of peaks
between 1250 and 800 cm increase their value when the resin content increase, due to
the increment of C-O stretching and also probably due to the formation of hydrogen
bonding interaction between Mater-Bi® hydroxyl groups and the resin carbonyl groups.
Finally, the peak corresponding to benzene substitutes (718 cm™) also increase with the
resin content due to the chemical structure of the resin, then again confirming the
correct incorporation of the LF resin into the polymeric matrix. Similar findings have
been found for UT based formulations, because both resins are gum rosin esters. For
instance, the peak corresponding to the carbonyl group (C=0) was shifted from 1724
cm™? to 1716 cm™ suggesting hydrogen bonding interactions (see the expansion of the
spectra in the C = O stretching region in Figure 1). On the other hand, the main

difference with GR based formulations is that the peaks at 1710 and 1638 cm™ are
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merged in a bigger one centered at 1680 cm™, probably due to the less hydrogen
bonding interactions previously commented for other additives (see the expansion of the
spectra in the C = O stretching region in Figure 1).

These FTIR spectra revealed that the molecular structure of the additives (gum
rosin and its derivatives) interacts with that of the Mater-Bi® during the formulation of
materials. The spectra of both materials, that is the polymeric matrix and the resin, are
well merged in the studied formulations. This phenomenon suggests a good chemical
interaction such as the formation of hydrogen bonds between each resin and the
components of the polymeric matrix, particularly in the case of pentaerythritol esters of
gum rosin, as it has been previously observed when using gum rosin derivatives as

polymer additives.?223:3052

3.3. Mechanical properties

The tensile properties of materials were evaluated, and it was observed that neat
Mater-Bi® has a tensile strength of 8.2 MPa, tensile modulus of 239 MPa and an
elongation at break of 18.4%. Figure 2-a and 2-b represents the variation of Young's
modulus and tensile strength in terms of percentage and type of resin. The incorporation
of LF and UT resins up to 10 wt.% in the blend, did not significantly (p < 0.05) modify
the Young's modulus while the tensile strength slightly increased (p > 0.05), around
13% in MaterBi-10LF, compared to neat Mater-Bi®. This behaviour could be explained
because of the modified resins make easier the compatibilization between the resin and
the polymeric matrix,> in good accordance with the already commented hydrogen
bonding interactions. For larger contents, that is 15 wt.% of LF, a significant increment

of 14% of the modulus was reached (p > 0.05). However, the maximum strength,
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although higher than neat Mater-Bi®, did not show significant changes when LF resin
content increases.

With UT resin, an intermediate effect between plasticizing and compatibilization
was observed. As the resin content increases, the Young’s modulus of the material tends
to decrease, up to 20% lower in MaterBi-15UT (p > 0.05) compared to the neat Mater-
Bi®. The tensile strength for the MaterBi-5UT and MaterBi-10UT presented a slight
significant (p > 0.05) increment respect to neat matrix, showing the positive interaction
between Mater-Bi® and UT resin probably due to the already commented hydrogen
bonding interactions. However, a saturation effect is observed from contents of 5 wt.%
of UT, where the higher value of tensile strength was achieved. The same effect was
observed by Ferri et al. when using maleinized linseed oil as Mater-Bi® and PLA
compatibilizer in ternary blends.® This effect makes that the maximum resistance
significantly (p > 0.05) drops from 9.3 MPa in the MaterBi-5UT to 7.6 MPa in MaterBi-
15UT, which represents the maximum decrease (7.3%) of Mater-Bi® tensile strength.
Borchani et al. also reported and increment in Young’s modulus and tensile strength in
Mater-Bi® by using Alfa fibers for the development of biocomposites, and they
attributed this result to the good interfacial adhesion between Mater-Bi® and the fibers
5. Therefore, it is possible to establish that the modified pine resins used in this work
have a good compatibilization effect among the Mater-Bi® components, in good
agreement with FTIR results.

A very different behaviour was observed in unmodified resin (GR) based
formulations. The Young's modulus and maximum strength had a significant loss (p >
0.05). Even though, the loss of tensile strength was not proportional to the resin content,
since all three formulations experienced a loss of 28% with respect to the strength of the

neat Mater-Bi®. In contrast, the Young's modulus showed a linear decrement
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behaviour, reporting a loss of Mater-Bi® Young’s modulus from a 40% up to 70% in
the MaterBi-5GR and MaterBi-15GR, respectively. This effect caused by GR in tensile
properties was also observed by Narayanan et al., in PLA/rosin materials.?®

The elongation at break (Figure 2-c) increased regardless the type or content of
pine resin suggesting a plasticizing effect, particularly in the case of the gum rosin. It is
important to observe that with a content of 10 wt.% of any type of resin, the elongation
at break was similar in all formulations, with a value of about 30%. This property
remains constant with 15 wt% in the blends with LF and UT (p < 0.05), while it
increased in GR based formulations (p > 0.05). In fact, MaterBi-15GR showed a
significant increase of the elongation at break, from 18.4% in neat Mater-Bi® to 85.7%
in MaterBi-15GR. This is an indicative of a plasticization effect, which let the reduction
of processing temperature, as it was already discussed in the processing behaviour of
Mater-Bi® and its blends. In all formulations, an increase in the cohesion of the
material was observed, although this behaviour is different depending on the pine resin
derivative. The LF and UT resins contribute to cohesion and higher resistance values.
This is due to the compatibilizing effect they produce on the Mater-Bi® components.>%
In contrast, GR confers lower strength and Young's modulus and a longer elongation at
break, an indicative of a marked solubilizing, compatibilizing and plasticizing effect,
thus providing a greater ductility to the Mater-Bi®. Moreover, the solubility of GR with
the polymeric matrix is considerably higher than the one for modified rosins, which
allows a greater movement of the polymer chains and, consequently, a greater
deformation and easier processability. In fact, in GR based formulations saturation is

not reached as shown in Figure 2-c.
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Analysing the flexural properties, charted in Figure 3, materials formulated with
LF did not showed significant (p < 0.05) changes either in flexural modulus (Figure 3-
a) or in maximum flexural strength (Figure 3-b). In contrast, the formulations with UT
and GR experienced a significant (p > 0.05) loss of both properties as their content
increases. Specifically, flexural modulus and maximum flexural strength decreased by
38% and 72% respectively, compared to neat Mater-Bi® for materials containing 15
wt.% of UT (p > 0.05); while decreased 27% and 54% respectively, for materials
containing 15 wt.% of GR. This behaviour is due to the increase of the ductility, more
marked in GR based formulations, produced thanks to the good solubility of this resin in
the Mater-Bi® polymeric matrix. Such solubility promotes the lubricity of the polymer
chains and therefore, an improved ductility. This phenomenon, also reported by
Narayanan et al. in materials containing GR, plays an effective role in enhancing the
elongation at break, providing suitable materials for industrial applications such as

biodegradable films.?3
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Figure 3. Effect of increasing amount of pine resin derivatives on the flexural properties
of Mater-Bi®-based formulations a) flexural strength and b) flexural modulus.
&€ Different letters within the same graph indicate statistically significant differences

between formulations (p < 0.05).

Regarding the toughness of materials (T), which is shown in Table 2, the toughness
of all formulations increased considerably compared to neat Mater-Bi®, except for the
MaterBi-5GR formulation, which remains similar to Mater-Bi®. However, results for

MaterBi -15GR stands out because it showed an increase of toughness more than 450%
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higher than the neat matrix. Regarding UT and LF, these resin derivatives provided
greater cohesion to the Mater-Bi®, thus increasing their mechanical performance due to
the interaction of the polar groups of the resins with the aliphatic and aromatic groups
presents in the Mater-Bi®?* as it was previously observed by Arrieta et al. in PVC-resin
based materials.?? UT resin seems to have a significant higher cohesive effect at lower
contents (5 wt.%) than the LF resin, although with 10 wt.% of LF, MaterBi-10LF
achieved greater toughness and ductility than MaterBi-10UT. Moreover, with GR
addition, an increase of the ductility was also obtained, as a consequence of its greater

plasticization effect.!’

Table 2. Area of stress-strain curve (toughness) and its comparison with neat Mater-

Bi® toughness.

Formulation Toughness T (kJ.m) Increase of toughness (%)
Mater-Bi® 745 -
MaterBi-5LF 1388 86
MaterBi-10LF 2657 257
MaterBi-15LF 1514 103
MaterBi-5UT 2287 207
MaterBi-10UT 2141 187
MaterBi-15UT 1950 162
MaterBi-5GR 741 0
MaterBi-10GR 1227 65
MaterBi-15GR 4304 478
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A deeper analysis of the stress-strain curve (Figure 4) shows that with a 10 wt.% of
resin, the gain of Mater-Bi®-resin properties is much greater than that of the neat
Mater-Bi®, since its earning rate of elongation, without losing Young’s modulus. This
behaviour is very outstanding for LF which showed the higher softening point, while it

decreased for UT and GR based formulations in that order.

10

Stress (MPa)

Mater-Bi

- — MaterBi-10LF
- - - - MaterBi-10UT
MaterBi-10GR

02 03 = o4
Strain (m/m)

Figure 4. Stress-strain curve of neat Mater-Bi® and formulations with 10 wt.% of resin

Another property of the materials that gives an idea of the variation of the
ductile properties is the impact absorption per unit area. As shown in Table 3, there are
two clear trends: formulations added with UT and LF experienced a considerable
significant (p > 0.05) gain of energy absorbed at impact, although its saturation point is

at low contents (5 wt.%). Whereas, formulations added with GR underwent a larger
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increase than those provided by pentaerythritol esters of gum rosin (LF and UT). The
increment is linear as the GR content increases, up to 250 % for MaterBi-15GR (p >
0.05) respect to neat Mater-Bi®. This behaviour is related with the higher solubility of
GR with Mater-Bi® resulting in a high increase of the ductility. This interaction confers
high cohesion to the formulated material but low solubility of the resin in the Mater-
Bi® matrix. The solubility behaviour between pine resin derivatives with the Mater-
Bi® will be also confirmed by SEM observations, where it is possible to advise the
reduction of the materials porosity (see section 3.4).

Regarding the hardness properties (Table 3), LF did not significant modify (p <
0.05) Shore D hardness of the neat Mater-Bi®, regardless the content of resin. On the
other hand, when using UT and GR, the hardness significant decreased (p > 0.05), being

very low in MaterBi-15GR in about 17% (lower compared to neat matrix).
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Table 3. Variation of Charpy’s impact energy, Shore D harness and HDT of neat Mater-Bi® and Mater-Bi-resin formulations

Charpy’s impact energy Heat deflection
Shore D hardness
(kJ/m?) temperature HDT (°C)

Mater-Bi® 3,9+0.42 50.3 +0.6° 35.6
Rosin content

LF uT GR LF uT GR LF uT GR
(wt.%)
5 7,8+0.4° 8.0+0.8° 3.8+0.22 50.3+1.08* 50.0+0.5*¢ 46.4+0.6° 33.8 345 32.8
10 6,9+04°>¢ 68+0.3%¢ 80+0.8°° 504+10* 496+0.8°¢ 46.1+06° 313 256 *
15 52+04% 51+0.3*¢ 138+1.1f 50.7 £0.78 48.7+09% 42.0+0.8 34 * *

*HDT lower than room temperature (25 °C)

T Different letters within the same property indicate statistically significant differences between formulations (p < 0.05).
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3.4. Scanning electron microscopy

The effect of pine resin derivatives on the microstructure of Mater-Bi® was
studied by SEM. Figure 5 and Figure 6 show the SEM images of the fractured surface
of neat Mater-Bi® and formulations blended with pine resin derivatives at low and high
concentrations (5 wt.% and 15 wt.%), respectively.

A characteristic material with a lack of phase’s cohesion is observed for neat
Mater-Bi® (Figure 5-a and Figure 6-a). In addition, large discontinuities with flakes
shape are observed, confirming this lack of cohesion due to a low miscibility between
the components of the Mater-Bi® polymeric matrix (PBAT, plasticized starch and
PCL). This morphology is also characteristic of ductile fractures in poor cohesion
materials, mainly observed in binary or ternary blends with low miscibility (Figure 5-
a).%1° Specifically, small spheres attributed to the minor portion of PCL are
observed.>*** As well, plasticized starch domains are also observed and as a major
component the PBAT portion.

In Figure 5-b and c, corresponding to the SEM micrographs of MaterBi-LF
formulations, small domains of homogeneously distributed LF are observed. This
morphology is due to the low solubility of this resin within Mater-Bi® matrix (Figure
5-b and Figure 6-b), showing some “empty” interface between the two polymeric
phases, suggesting a poor interfacial adhesion.> These domains increased with the
increment of LF content (15 wt.% of resin, Figure 5-c and Figure 6-c). However, it is
observed that the porosity of the material decreased considerably (Figure 6-b) with
respect to neat Mater-Bi® (Figure 6-a). In addition, flakes due to lack of cohesion
fracture were still observed, but these were smaller than those observed in the SEM

images of Mater-Bi® matrix (Figure 5-a and Figure 6-a). Although the modified pine
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resins were not completely miscible with the components of Mater-Bi® (PBAT,
plasticized starch and PCL), they may have a good interaction with some of those
components and, consequently, they increase the cohesion of these components.®
Therefore, it seems that LF confers a compatibilizing (cohesive) effect on the Mater-
Bi®-based material, which was previously corroborated by the increase in tensile
modulus and tensile strength, being higher for higher LF contents.

In Figure 5-d and Figure 5-e as well as Figure 6-d and Figure 6-¢, the effect of
the UT resin on the Mater-Bi® matrix is observed. As with LF, less porosity and
smaller flakes were detected. In general, UT formulations show fewer discontinuities
than the Mater-Bi® matrix (Figure 5-a and Figure 6-a). The morphology showed
greater cohesion, which may be due to chemical interactions between UT resin and the
components of the Mater-Bi® matrix.>%22 This double effect, cohesive and plasticizing,
can be corroborated with the evolution of the mechanical properties previously
discussed; which, at low UT contents higher values in modulus and resistance were
found, with respect to Mater-Bi®. However, for high UT contents (Figure 5-e and
Figure 6-e), signs of a plasticizing effect were observed, in accordance with the
increased elongation at break and reduced strength, Young's modulus and hardness, as
reported in mechanical properties results.

Finally, in Figure 5-f and Figure 5-g as well as Figure 6-f and Figure 6-g,
corresponding to the MaterBi-GR formulations, a very marked plasticizing effect confer
by GR was observed. In these images, it is impossible to identify the different domains
previously observed in neat Mater-Bi® (Figure 5-a and Figure 6-a), even more
difficult for higher resin content (Figure 5-g and Figure 6-g). Thus, from the
microstructure analysis it is possible to state that MaterBi-GR based formulations

resulted in the most compatibilized samples. The discontinuities of the material are
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considerably reduced. This behaviour results from the high affinity of the GR with the
Mater-Bi® components. The small size of the GR molecules together with its reactivity
centres, the carboxyl group and its double bonds?>*® allowed GR to be solubilized in the
intramolecular free volume of the Mater-Bi® polymeric matrices. In addition, the free
volume increases and this behaviour contributes to an important increase in the
miscibility between the components of the Mater-Bi® (PBAT, plasticized starch and
PCL) and GR.® Thus, GR shows a plasticizer-compatibilizing effect, as it was also
reflected in the reduction of the processing temperature as well as the mechanical
performance, characterized by an increase in elongation at break, a significant decrease

in strength and hardness, as well as an important increment in the impact energy.
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Figure 5. SEM images from impact fracture surface at 1000 X of: a) neat Mater-Bi®,
b) MaterBi-5LF, c) MaterBi-15LF, d) MaterBi-5UT, e) MaterBi-15UT, f) MaterBi-

5GR and g) MaterBi-15GR
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Figure 6. SEM images from impact fracture surface at 5000 X of: a) neat Mater-Bi®, b)
MaterBi-5LF, c) MaterBi-15LF, d) MaterBi-5UT, e) MaterBi-15UT, f) MaterBi-5GR and

g) MaterBi-15GR.
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3.5. Thermal properties

Figure 7 shows the DSC second heating curves as well as the DSC cooling
curves of samples added with 15 wt.% of pine resin as example to show the DSC
changes more clearly. In addition, the thermal data of all formulations are summarized
in Table 4. Mater-Bi® exhibited a thermal transition at -32 °C, corresponding mainly to
the glass transition of the PBAT fraction (Tgesat) With a combination of the Tgy of the
plasticized starch fraction (Tgplasticized starch) OF the Mater-Bi®.>°>% In addition, Mater-
Bi® presents a thermal transition at 56.3 °C, attributed to the PCL melting.5**3%" Due to
the PCL content in Mater-Bi® is estimated to be less than 10 wt.%,° this thermal
transition is very trivial, and no melting peak is observed. Moreover, the calorimetric
curve of Mater-Bi® presents a cold crystallization peak at 107.3 °C, attributed to the
cold crystallization of the PBAT portion. Finally, it is possible to determine two groups
of melting peaks: one at 124.7 °C, corresponding to the melting of PBAT fraction,* and
other two peaks centred at 150.3 °C attributed to the melting of the plasticized starch
fraction.® The DSC cooling assessment in Mater-Bi®, shown in Figure7-b, exhibits a
peak at 92.5 °C attributed to the crystallization of the PBAT fraction. This peak was also
observed by Borchani et al., who used a similar Mater-Bi® in their study,® and by
Lendvai et al.*® and Muthuraj et al.>®, who worked with TPS-PBAT blends and with an
hydrolytically degraded PBAT, respectively. The TgpcL, established between -40 and -
60 °C,%%358 could not be observed, possibly due to the low content of PCL in the
Mater-Bi® (estimated to be less than 10 wt.%).>

Regarding the changes in the glass transition temperature, results showed that the
effect of resins in Mater-Bi® is to slightly increase it. LF and UT resins increased the Tq

in about 5 °C when using 15 wt.% content of resin. Meanwhile, GR increased the Tg in
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about 10 °C at the same percentage. Due to this Tg is attributed to the PBAT portion of
Mater-Bi® the trend suggests that all additives used in this work are thermodynamic
compatible with this component of the Mater-Bi®.>® Moreover, the shift of T4 to high
temperatures could show that PBAT interacts with the plasticized starch portion of the
material with the aid of pine resins; thus, it increases the miscibility of these two
portions confirming the compatibilizing and plasticizing effect of resins.

Regarding the melting temperature corresponding to PCL portion (TmpecL),
typically in the range of 40 and 60 °C,%%%380 the pine resin derivatives slightly modify it.
A shift to low temperatures was detected, due to the interaction of the resins with the
PCL portion of Mater-Bi®. The PCL is also plasticized with the pine resin derivatives;
even if this effect is light detectable in DSC, because the content of this portion is lower
than 10 wt.%.° In addition, it is possible to notice that GR has an important effect on the
PCL portion as showed the decreasing trend of the TmpcL.

The cold crystallization peak present in neat Mater-Bi® (Tcc) disappeared in all the
formulations studied, suggesting that all the resin based formulations were able to
promote the complete crystallization of the PBAT fraction at the low cooling rate
applied. In fact, while the AH¢ and the AHm of PBAT was mainly maintained in neat
MaterBi®, the degree of PBAT crystallinity increased for all resin based formulations.
Concerning the melting temperature of PBAT portion (TmesaT) there was a noticeable
decrement of this temperature with all resin derivatives, mainly when using UT and GR.
The variation on this temperature reaches 16 °C in MaterBi-15GR formulation.
Moreover, analysing the tendency of the melting enthalpy of the PBAT portion
(AHmpgAT), it increased as the pine resin content increased in the formulation, regardless
of the type of additive used. All these behaviours show that pine resin derivatives cause

an important plasticizing effect on the base polymeric matrix, more specifically with the
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PBAT portion of the Mater-Bi®. Furthermore, this behaviour suggests that all the pine
resin derivatives studied are compatible with PBAT fraction of the Mater-Bi®.>18195°
Analysing the melting temperature (Tm plasticized starch) and the melting enthalpy (AHm
plasticized starch) linked to the plasticized starch fraction, it is possible to verify a slight
interaction between pine resins derivatives and the plasticized starch fraction of the
formulations. The melting temperature decreased in about 4 °C for the formulations that
contains LF and UT, and 7 °C in the MaterBi-GR based formulations. This is an
indicative that GR has a better plasticizing effect on the Mater-Bi®, than the chemically
modified resins (LF and UT). The melting enthalpy has a similar behaviour, which
trends to decrease more evidently in the UT and GR added formulations. This explains
the difference between the interactions of LF and UT, and the interaction of GR with the
Mater-Bi® matrix. On one hand, LF has mainly a marked cohesive effect on Mater-
Bi®, and UT has both effects, plasticizing and cohesive, already advised on the
mechanical properties. On the other hand, GR confers a marked
plasticization/compatibilizing effect, even greater than the other resins derivatives, with
influence in the mechanical, thermal and morphological properties of the formulations
based on MaterBi-GR blends.

Finally, regarding the crystallization temperature (T¢), it is possible to observe that
ormulations show a noticeable decrement in this transition temperature that reaches 5.6,
10.8 and 16 °C with LF, UT and GR at 15wt.%, respectively. Meanwhile, no significant

changes were observed on the crystallization enthalpy (AHc) for all formulations.
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Figure 7. a) DSC second heating and b) DSC cooling of neat Mater-Bi® and

formulations with 15 wt.% of pine resin derivatives
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Table 4. DSC thermal properties of neat Mater-Bi® and Mater-Bi®-pine resin derivatives formulations

DSC second heating DSC Cooling

Ty TmpcL Tee  AHee Tmpeatr  AHmpBaT T plasticized starch AHnm plasticized starch Xe Tc  AHc
Formulation °C) (¢ (C) () (°C) (J/9) (°C) (J/9) (%) (°C) (9)
Mater-Bi® -320 56.3 1073 2.2 127.9 2.3 150.3 2.5 01 925 9,2
MaterBi-5LF -31.0 56.3 - - 126.4 3.0 146.1 2.6 1.8 88.0 10.2
MaterBi-10LF -29.1  56.5 - - 123.9 3.6 146.6 2.1 20 869 111
MaterBi-15LF -27.7  56.6 - - 123.7 3.5 146.6 2.1 18 882 85
MaterBi-5UT -29.7 57.3 - - 124.2 3.7 147.4 2.1 22 866 95
MaterBi-10UT -27.0  56.6 - - 119.9 6.0 148.5 11 3.3 833 107
MaterBi-15UT -27.0 56.4 - - 118.9 5.9 147.6 1.0 31 817 95
MaterBi-5GR -28.6  56.2 - - 123.9 1.8 144.6 3.1 1.1 846 123
MaterBi-10GR -253 541 - - 122.4 2.6 142.8 2.5 24 829 99
MaterBi-15GR -22.3  53.6 - - 111.6 5.4 143.0 1.3 28 766 8.2
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148 Regarding TGA analysis, Figure 8-a shows the thermogravimetric curves of
149  neat Mater-Bi® and the formulations added with 15 wt.% of resin. Meanwhile, Table 5
150 summarizes the thermal data of the initial degradation temperature (5% of weight loss,
151  Tsu) as well as the maximum degradation peaks (Tmax), €xtracted from the TGA and

152 DTG curves, respectively.
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156 pine resin derivatives.
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The results showed that the polymeric matrix used in this study (Mater-Bi®) presents a
three step degradation process: the first step centred at 317 °C, corresponding to the
plasticized starch degradation.!®?14861 The second step centred at 349 °C, attributed to
either the degradation of the compatibilizing agents usually present in Mater-Bi®
formulations, or to interpenetrating networks formed by starch with the aliphatic
aromatic polyesters.®® The third step, with a maximum degradation peak at 412 °C,
corresponding to the degradations of the PBAT.® This peak could be overlapped with
the degradation peak of PCL, because it has similar degradation temperature® and also
because its fraction on Mater-Bi® is less than 10 wt.%.% The Tsy increased up to 4 °C
and 7 °C in formulations added with UT or LF, respectively. On the contrary, in GR
added formulations, the onset degradation temperature had a noticeable decrement
between 14 °C (in MaterBi-5GR formulation) and 51 °C (in MaterBi-15GR formulation)
compared to neat Mater-Bi®. This behaviour is attributed to the inherent thermal
characteristics of each pine resin derivative, where GR started the degradation at lower
temperatures than LF or UT, because pentaerythritol esters of gum rosin present a more
thermally stable chemical structure and also interact better with the polymeric matrix by
hydrogen bonding interactions leading to a stabilizing effect which protect the
polymeric matrix from thermal degradation.

As discussed for the neat Mater-Bi®, all formulations exhibit a three-step
degradation. The maximum degradation temperatures (Tmax) presented the following
behaviours: Tmax: increased their values in MaterBi-GR formulations, while LF and UT
did not modify these temperatures. Besides, Tmax2 tend to increase its values up to 18 °C
in MaterBi-10LF and MaterBi-5UT. In contrast, for GR added formulations, the peak
corresponding to Tmaxz Was overlapped with the peak corresponding to Tmaxe. This

behaviour reveals that GR had somewhat interaction with the plasticized starch portion
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of the Mater-Bi® than LF and UT. However, the thermal stability of the formulations
added with GR tends to decrease, and those with chemically modified resins, LF and
UT, tends to increase. On the other hand, the addition of resins did not influence the
degradation step corresponding to PBAT portion of the polymeric material (Tmaxs), even
though the tendency of this temperature is to decrease in higher GR resin contents. As
well in the DTG curves, shown in Figure 8-b, it is important to notice that MaterBi-
15LF and MaterBi-15UT curves presented a peak near to 460 °C due to the resin
remainder in the formulations, as can be seen from the DTG of neat pentaerythritol ester

of colophony.®!
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Table 5. Onset degradation temperature (Tsy%), temperatures of the maximum

decomposition rate (Tmaxt, Tmaxe and Tmaxa) for all formulations studied

Tsw Tmaxt Tmaxz Tmax3
Formulation

(°C) (°C) (°C) (°C)
Mater-Bi® 286 317 349 412
MaterBi-5LF 286 317 346 411
MaterBi-10LF 292 316 366 411
MaterBi-15LF 293 318 365 411
LF 345 - 415 561
MaterBi-5UT 287 316 367 410
MaterBi-10UT 290 317 358 411
MaterBi-15UT 290 315 365 412
uT 317 - 404 545
MaterBi-5GR 2172 320 - 411
MaterBi-10GR 253 321 350 411
MaterBi-15GR 235 322 - 409
GR 248 - 377 -

Finally, Table 3 shows the Heat Deflection Temperature (HDT) where is
possible to verify that this property followed the same tendency of the already discussed
properties. LF resin did not change significantly the HDT. In fact, Mater-Bi® chains did
not have easy movement, due to the low compatibilizing effect of the LF resin. This
behaviour also allowed confirming the lack of the plasticizing effect of LF. Whereas,

adding 10 wt.% of GR or 15 wt.% of UT, the HDT at room temperature was reduced,
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confirming their important plasticizing effect, since those resins facilitates the free

movements of the polymer chains.

3.6. Dynamic-Mechanical properties

The effect of pine resin derivatives on the dynamic-mechanical properties of
Mater-Bi® was also studied. Figure 9 presents the trend of storage modulus of Mater-
Bi®-based formulations respect to the resin type and content (Figure 9-a), the evolution
of storage modulus (G’) and the gap between the loss modulus (G’’) and G’,
represented by the tangent of the gap (¢tan o), plotted against the temperature (Figure 9-
b and Figure 9-c, respectively). Considering the amount of resin added, the storage
modulus determined at 25 °C follows the same trend than Young’s modulus (Figure 2-
a) and flexural modulus (Figure 3-a). As discussed, LF and UT resins has a
compatibilizing effect between the resin and the polymeric matrix, while UT resin also
shows a plasticizing effect. On the other hand, increasing the amount of GR there is a
linear decrement in the storage modulus values, suggesting a solubilising,
compatibilizing and plasticizing effect. Plus, if the trend of storage modulus (G’) with
temperature (Figure 9-b) is observed, in the curve corresponding to the neat Mater-
Bi®, two important losses of G’ are observed.!” The first one corresponds to the
combination of the glass transition of the PBAT and the one of the plasticized starch
portion of the Mater-Bi® (Tgpeat and Tg plasticized starch) having associated a peak in tan o
at -28 °C.1° The second major loss of G’ is associated with a peak of tan & at 60 °C,
corresponding to the PCL and additives portion which represents the 10% of the Mater-
Bi® polymeric matrix, as discussed before on FTIR and DSC analysis.>® Thus, in these

dynamic mechanical analyses it was observed a peak around 60 °C that coincides with
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the melting temperature of the PCL.!35" Below the first Tq (Tgreat and Ty piasticized starch),
Mater-Bi® formulations with 15 wt.% of UT, LF and GR have a higher G’ value than
the neat Mater-Bi®. In addition, above this Ty, the formulations containing 15 wt.% of
UT and LF provide higher G values, increasing the values of the elastic component of
polymeric matrix. This is due to the chemical interaction between resin derivatives and
Mater-Bi® components. Moreover, this behaviour contributes to a greater cohesion
between the components of the Mater-Bi®, already observed in other properties. This
interaction may be due to the molecules of both chemically modified resins act as
compatabilizer agent, hindering molecular movement of the polymeric chains.
However, the formulation with 15 wt.% of GR showed values of G’ below to those
obtained for neat Mater-Bi®. In this case, GR acts as a compatibilizing agent between
the components of matrix (plasticized starch, PBAT and PCL), increasing the
intramolecular free volume and the solubility between them.®® This causes a lower
interaction between the functional groups of the polymer chains and increases the
viscous component of the Mater-Bi® and consequently its fluidity. Moreover, the
processability of the Mater-Bi®-resin based formulations is easier than that of neat
Mater-Bi®, standing out the MaterBi-GR based formulations.

Analysing the effect of tan ¢ peaks (Figure 9-c) of Mater-Bi® added with pine
resin derivatives it is possible to corroborate the effect of the LF, UT and GR resins on
the matrix. As observe from DSC results, LF and UT act as cohesive agents, probably
as a consequence of the chemical interactions between the functional groups of the
polymer components and the functional groups of the modified resin derivatives
commented in FTIR analysis.>>?? In fact, the peak of Tgpeat-Tgplasticized starch (DEtWeeEN -
20 and -25 °C) was well defined and separated from that corresponding to the melting of

PCL (around 60 °C).%" In contrast, the MaterBi-GR based formulations exhibited a very
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262

263

264

265

different behaviour: firstly, the peak corresponding to TgpeaT-Tg plasticized starch Was shifted
to higher temperatures (15 °C in the MaterBi-15GR). These shifts indicate an
improvement in the interfacial adhesion between the components of the neat Mater-Bi®
and the resins.® Secondly, the peak of PCL component at 60 °C disappeared. The
second peak of the MaterBi-15GR curve correspond to the melting of GR. The
disappearance of the melting peak is due to the greater compatibilizing effect of the GR
resin on the components of Mater-Bi®. Furthermore, said effect results in a large
increase in the solubility of the three polymeric fractions of the Mater-Bi®, which
increased their miscibility between them due to the GR presence in addition to an
important plasticizing effect. Finally, these results are in good agreement with the easier
processability of the Mater-Bi®-resin based formulations, the lower Shore D hardness
as well as the lower melting temperature of the MaterBi-GR based formulations which
are indicatives of the compatibilizing-plasticizer effect of the GR in the Mater-Bi®

matrix.
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267  Figure 9. DMA analysis: a) Effect of increasing amount of pine resin derivatives on the

268 storage modulus of Mater-Bi®-based formulations at 25 °C; b) storage modulus
269 and c) loss factor curves for neat Mater-Bi® and 15 wt.% of pine resin
270 derivatives formulations
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4. Conclusions

Mater-Bi®-resin based formulations were successfully processed by melt
extrusion followed by injection moulding process. Mater-Bi® was blended with three
pine resin derivatives which act in three different ways. GR exerts a marked
plasticizing, solubilizing and compatibilizing effect on the Mater-Bi® polymeric matrix.
That means, an increase of 365% in maximum elongation at break, 480% in toughness
and 250% in the Charpy’s impact energy, in material formulated with 15 wt.% of GR.
There is also a significant decrease on the processing temperatures, up to 50 °C lower
than the processing temperatures of neat Mater-Bi®. On the other hand, chemically
modified resins showed different behaviour. LF acts as a compatibilizer between the
components of Mater-Bi® (PBAT, plasticized starch and PCL), contributing up to
250% more toughness to the material, 5% more Young's modulus and 13% more tensile
strength in formulations with 10 wt.% of LF resin, with respect to neat Mater-Bi®.
Meanwhile, UT acts as a compatabilizer/plasticizer agent, which confers greater
cohesion to the components of the Mater-Bi®, improving its processability performance
by decreasing the processing temperature up to 45 °C and increasing the maximum
elongation at break by 72% in formulations with 15 wt.% of UT resin. Additionally,
SEM micrographs and the changes in thermal transitions corroborated the plasticizing
solubilising and cohesive behaviour observed in each formulation. Moreover, pine
resins and their derivatives are a viable alternative as natural additives for Mater-Bi®
(composed by plasticized starch, aliphatic/aromatic polyesters and aliphatic polyesters
as components). Finally, the processability properties conferred by the rosin resins
studied here opens the possibility of using these formulations in several industrial

applications such as food packaging, agricultural mulch films or greenhouse plastics.
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