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The Potential of an Itaconic Acid Diester as Environmentally
Friendly Plasticizer for Injection-Molded Polylactide Parts

Juan Ivorra-Martinez,* Miguel Angel Peydro, Jaume Gomez-Caturla, Teodomiro Boronat,

and Rafa Balart

This work reports on the use of dibutyl itaconate (DBI) as an environmentally
friendly plasticizer for polylactide (PLA) with different proportions of DBI in
the 2.5-20 wt% (weight content) range. A co-rotating twin-screw extrusion
process followed by injection molding is employed for the manufacturing of
the samples. The results show that the plasticized PLA formulation with

10 wt% DBI offers the most balanced overall properties, with a noticeable
increase in the elongation at break from 4.6% (neat PLA) up to 322%, with a
tensile modulus of 1572 MPa, and a tensile strength of 23.8 MPa. In the case
of 15 and 20 wt% DBI formulations, PLA reaches the saturation point with no
more increase in the elongation at break and a clear decrease in the tensile
modulus. DBI also decreases the glass transition temperature (T,) from

61.3 °C (neat PLA) down to 23.4 °C for plasticized PLA formulation containing
20 wt% DBI, thus showing the high plasticization efficiency of DBI.

(PHAs), Dbeing poly(3-hydroxybutyrate)
(PHB) a very promising biobased and
biodegradable polymer.’] Despite these
developments, poly(lactide) (PLA) is, by far,
one of the most promising polyesters.[*]
PLA is obtained from renewable resources
from starch-rich compounds and offers
biodegradation. In addition, it shows a rea-
sonable price compared to PHAs and other
biobased polyesters. For these reasons, PLA
is currently being used in the food packag-
ing industry.’] Moreover, PLA is a widely
used standard material in 3D printing and
in the manufacturing of medical devices,
since it is a biocompatible and resorbable
polymer.l®l PLA is synthesized through

1. Introduction

Plastics Europe’s annual report showed a 50.7 million tons plas-
tic total demand in 2019, from which 50% corresponded to sev-
eral grades of polyethylene (PE) and polypropylene (PP). Among
the most common uses for these polymers, the most popu-
lar one is the manufacture of packaging with a total share of
39.6%.11 As a result, a large amount of polymer wastes is gen-
erated, leading to severe environmental issues that have led to
an increased interest in the development of polymers from re-
newable sources and potential biodegradation (or disintegration
in controlled compost soil).[! In the last decade, important ad-
vances have been carried out on the development of polyesters
obtained from bacterial fermentation or poly(hydroxyalkanoates)
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biomass hydrolysis followed by fermenta-

tion, which produces lactic acid that is then

converted into lactide, and subsequently,
into poly(lactide) by ring-opening polymerization (ROP).[1%1 Al.
though its use provides the aforementioned advantages, there are
some drawbacks mainly related to a high stiffness and a brittle
behavior attributed to a T, (glass transition temperature) above
room temperature (close to 60 °C).[6-]

To minimize this brittleness, several approaches have been
explored. One technical solution is the use of plasticizers.l!112]
Another approach is blending PLA with other ductile poly-
mers with or without compatibilizers.['>-1°] Several researches
have been carried out to obtain PLA with improved tough-
ness by blending it with different biodegradable polymers such
as poly(e-caprolactone) (PCL), poly(butylene succinate) (PBS),
poly(butylene adipate-co-terephthalate) (PBAT) or thermoplastic
starch (TPS).['*" The main drawback when using blends is
a remarked poor miscibility between PLA and the other poly-
mer in the blend. This phenomenon leads to phase separation,
which in turn, has a negative effect on the final mechanical
properties. To overcome this situation, compatibilizers are often
used to improve the load transfer between the polymer phase
involved.!?-22] Ding et al. reported manufacturing of PLA blends
with PBAT (70/30 respectively), with an interesting increase in
the elongation at break from 6% (neat PLA) up to 30% for the
uncompatibilized blend. The use of monomethoxy poly(ethylene
glycol)-poly(lactide) di-block copolymers (MPEG-PLA) improved
compatibility/miscibility between PLA and PBAT so the elonga-
tion increased up to 296%.123] The use of plasticizers is reported
as the simplest and most economical method to improve the
ductility of PLA. In addition, plasticizers also contribute to bet-
ter processability.”?*] There are many plasticizer families with

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOWWID aAIIs1D) 8|qeotjdde ay) Aq peusenob a1e 901l VO ‘88N JO S9INJ 10 A%Iq1T 8UIIUO A1 UO (SUONIPUOD-PUR-SWBI ALY A 1M ARIq U1 |UO//STIY) SUONIPUOD PUe SWB | 811 88S *[2202/2T/ST] Uo ARiqiT8ulju A|IM eouse A 8 a1UISIod RISBAIN AQ 09002202 BUWRW/Z00T 0T/10p/LL0d A8 | 1M Aeiq Ul juo//Sdiy Wwo.j pepeojumod ‘2T ‘220z ‘YS0Z6ErT


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmame.202200360&domain=pdf&date_stamp=2022-08-25

ADVANCED
SCIENCE NEWS

M

Materials ana Engineering

www.advancedsciencenews.com

interesting plasticization properties. These plasticizers offer a
wide range of molecular weights, nonetheless, the use of plasti-
cizers with lower molecular weight results in a better plasticizing
effect.>1% When plasticizers are added to PLA, the mobility of the
polymer chains increases due to the reduction of the interactions
between them.[?] The main problem that arises when plasticiz-
ers are used, is the possibility of plasticizer migration, being espe-
cially critical in those situations in which the plasticized polymer
is in contact with food. This property highly depends on the com-
patibility of the plasticizer with the polymeric matrix. The use
of high molecular weight plasticizers substantially reduces this
migration phenomenon.l”?%l As a result of the modifications in-
volved when a plasticizer is introduced into a polymer matrix, the
most relevant one is the improvement of the ductile behavior as
the elongation at break and the impact strength. Moreover, some
physical properties like the tensile strength, tensile modulus,
hardness and storage modulus are reduced due to the lower in-
teraction between the polymer chains.[”?’] At the same time, the
introduction of a plasticizer also promotes modifications on the
thermal properties. Arrieta et al. reported that plasticization of
PLA films with 15 wt% limonene allowed to reduce the T, of neat
PLA by 30 °C; accordingly to this decrease in T,, plasticized PLA
with limonene (15 wt%) resulted in a highly ductile polymer with
an elongation at break of 150% which was remarkably higher
than that of neat PLA film (1.5%).1® T, of PLA is close to 60 °C,
which provides a rigid and fragile behavior at room temperature,
attributed to a low chain mobility state. The introduction of a plas-
ticizer promotes a reduction in T, close to room temperature, so
that an enhancement of the polymer chain mobility is achieved,
allowing to improve de ductile properties of the mixture.

Nowadays, the most commonly used plasticizers in the poly-
mer sector are petrochemically-derived. Among the different
families, phthalates have been, with difference, the most used
plasticizers in polymers, such as poly(vinyl chloride) (PVC). Ph-
thalates have also given good plasticization properties to PLA.[?°!
Nevertheless, the increasing concern about environment has
acted as the leading force for the development of environmentally
friendly plasticizers. In fact, phthalates have been increasingly
substituted by other families such as sebacates, adipates, epox-
idized vegetable oils (EVOs), citrates, among others, which are
obtained from renewable resources.?’3%3! [sosorbide diesters
also offer interesting plasticization properties compared to tradi-
tional phthalates as Yang et al. have reported. They obtained very
promising plasticization properties on PLA by using isosorbide
dioctanoate (SDO) (20 wt%), compared to conventional dioctyl
terephthalate (DOTP). The best outcome in this case was ob-
tained with SDO plasticizer with an elongation at break of 281%
while the phthalate-based plasticizer only provided an elongation
at break of 104%.13%]

As a result of an increasing environmental concern, plasticiz-
ers from natural resources are gaining special attention in PLA
industry. In particular, the use of renewable raw materials and
their biodegradability are of great interest.**) Some of these en-
vironmentally friendly plasticizers with interesting plasticization
properties on PLA, are epoxidized soybean oil (ESO), epoxidized
palm oil (EPO), lactic acid oligomer (OLA), citrate oligoesters,
malonate oligomers, triacetine, citrate esters, glycerol, adipates
and poly(adipates), among others.?*3] Ttaconic acid (IA) is a bi-
ological molecule obtained by fermentation of citric acid.3* Ita-
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Figure 1. Scheme of the reaction of itaconic acid (IA) and n-butanol to
give dibutyl itaconate (DBI).

conic acid could be used as a biobased building block for the poly-
mer industry. Ma et al. reported interesting plasticization prop-
erties provided by itaconic acid-4-propylguaiacol ester (IPE) to
poly(vinyl chloride) films.[**) Wu et al. reported the synthesis of
methyl succinic acid (MSA) by direct hydrogenation of itaconic
acid. Then, they copolymerized MSA with 1,4-butanediol to give
a polymeric plasticizer, namely poly(butylene 2-methylsuccinate)
(PBMS).3¢) The esterification of itaconic acid with n-butanol pro-
duces dibutyl itaconate (DBI) (Figure 1), which proves to have
great applicability as a plasticizer, lubricant, adhesive, crosslinker,
and so on. Its dual functionality (ester and carbon—carbon double
bond) offers a wide range of possibilities in the polymer industry
as a biobased building block for polymers, copolymers, chemical
modification of polymers macromolecules and hydrogels.!?’-°]

The novelty of this work relies on the evaluation, for the first
time, of the potential of a diester of itaconic acid, namely DBI,
as a plasticizer in PLA formulations with improved toughness
and ductile properties. Plasticized PLA formulations with differ-
ent DBI proportions in the 2.5-20 wt% range were obtained by
a co-rotating twin screw extrusion process followed by injection
molding to manufacture standard test samples. The processing
conditions for the injection molding stage were set according to
a prior capillary rheology study which allowed to define optimum
processing temperatures. In order to measure the final prop-
erties of the obtained materials, mechanical, thermal, thermo-
mechanical, fracture morphology and X-ray diffraction tests were
carried out.

2. Experimental Section

2.1. Materials and Solubility

PLA grade PURAPOL L130 from Total Corbion PLA (Gorinchem,
The Netherlands) with a minimum 1-isomer content of 99% and
a melt flow index of 16 g/10 min (ISO 1133-A 210 °C/2.16 kg)
was used in this study. Dibutyl itaconate was supplied by Sigma-
Aldrich S.A. (Madrid, Spain), main properties are summarized
in Table 1.
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Table 1. Some thermal and physicochemical properties of dibutyl itaconate
(DBI).
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Table 2. Summary of the plasticized poly(lactide) (PLA) formulations with
dibutyl itaconate (DBI) according to the weight content (wt%).

CAS number 2155-60-4
Molecular weight 242.31 g mol™!
Ester content 96%

Appearance Transparent colorless liquid at 25 °C
Refraction index n20/D 1.444

Boiling point 284 °C

Density 0.985 g mL~" at 25 °C

Viscosity 5.6 mPas

Acid index (itaconic acid) Max 0.1%

Water solubility Very low

Surface tension 0.035 N m~" at 25 °C

2.2. Theoretical Approach to Solubility

The solubility parameter (8) is crucial to achieve a correct dis-
persion of the additive in the polymeric matrix. The solubility
parameters of both DBI and PLA were calculated following the
Hoftyzer—Van Krevelen group contribution method. The solu-
bility parameter (§) contained different contributions: dispersive
forces (84), polar forces (6,), and hydrogen bonding (5,,) as seen
in Equation (1). Each of these parameters was obtained from the
contribution of each of the molecular groups of the molecule
given by D.W. van Krevelen et al. and K. te Nijenhuis et al.*"]
Additionally, the molar volume (V,,) was obtained from the ratio
between the molar mass (M,,) and the density (p).

§=1/8;+ 82+ 6 MJm ) 1)

Where:
VEE
6y =~ (Mjm~)"" ®)

[SE.
5, = ZV hi (M]m‘3)°'5 (4)

The group contribution method proposed by Hoftyzer and Van
Krevelen provided the characteristic molar attraction constants
for each chemical group for both the dispersive (F;) and the po-
lar (F;) contributions, allowing a rather accurate estimation of §,
and 8, respectively, as indicated in Equations (2) and (3). Never-
theless, the F-method cannot be applied to the calculation of 6.
As indicated by Hansen, the hydrogen bonding energy E; per
structural group was almost constant and it was useful to esti-
mate &, as shown in Equation (4). The three solubility coordi-
nates can be plotted in a 3D-space with axes 64, 6,,, and §;,, each
one with the corresponding units of a solubility parameter, that
is, (M] m—)%°. The more similar the solubility parameter coordi-
nates of the plasticizer (64 pp;, 6, ppr, and &y, pp;) to those of PLA
(B4 p1ar Opprar and &y, pr4), the better solubility/miscibility will be
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Code PLA [wt%] DBI [wt%)]
PLA 100 0.0
2.5DBI/PLA 97.5 2.5
5DBI/PLA 95.0 5.0
10DBI/PLA 90.0 10.0
15DBI/PLA 85.0 15.0
20DBI/PLA 80.0 20.0

obtained. The geometrical 3D distance between the solubility pa-
rameters was a simple way to quantify how close is DBI to PLA
in terms of their solubility parameter coordinates. As a 3D-space
was considered, the solubility threshold (maximum distance to
allow miscibility) of a particular polymer was defined as the maxi-
mum distance from the center, which was represented as a spher-
ical region in this 3D-space, with the center located in the corre-
sponding solubility parameter coordinates of the polymer. If the
solubility parameter coordinates of a particular plasticizer fell in-
side this spherical region, the plasticizer was miscible with the
polymer. Otherwise, miscibility will be restricted. This threshold
distance was characteristic of each polymer and was referred to as
the radius of the solubility sphere, R, with units (M] m—3)%°. The
region in which a plasticizer is miscible, was obtained by means
of a thermodynamical difference that allowed to give miscible
mixtures and took a value of R, = 10.7 (M] m~3)%° for PLA.[1141]
Thus, plasticizers inside PLA sphere will be miscible, while those
outside will not. To quantify the distance between the base poly-
mer (PLA) and the plasticizer (DBI), a parameter R,, was defined
as the geometrical distance between both solubility parameters
as proposed by the Hansen solubility parameters (HSP) theory
(Equation (5)). The constant 4 in this equation allowed obtaining
spherical solubility regions instead of spheroidal regions.

2 2

+ (84 b1 — B, PLA)

®)

R, = \/4<5d pBI ~ 04 PLA)2 + (619 pB1 ~ O PLA)

The ratio between R, and R, allows determining the relative
energy difference (RED) according to Equation (6). When values
close to zero are obtained, a miscible mixture is achieved. Val-
ues higher than 1 stand for the plasticizer is outside the sphere
defined by the PLA and the resulting blend is immiscible.['?#2]

Ra
RED = =2 (6)
RO

2.3. Processing of Plasticized PLA Formulations with DBI

PLA was dried at 60 °C for 48 h in a dehumidifying dryer MDEO
from Industrial Marsé, (Barcelona, Spain) to remove any residual
moisture avoiding the hydrolysis. The necessary amount of each
component was weighted and then premixed in a zipper bag ac-
cording to the compositions proposed in Table 2. The premixed
materials were then fed into the main hopper of a co-rotating
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Table 3. Summary of the optimized temperature profiles for the injection
molding process of PLA and plasticized poly(lactide) (PLA) formulations
with dibutyl itaconate (DBI).

Code Zone 1[°C] Zone 2 [°C] Zone 3 [°C] Zone 4 [°C]
(hopper) (injection nozzle)
PLA 210 205 200 195
2.5DBI/PLA 205 200 195 190
5DBI/PLA 200 195 190 185
10DBI/PLA 195 190 185 180
15DBI/PLA 185 180 175 170
20DBI/PLA 175 170 165 160

twin-screw extruder from Construcciones Mecanicas Dupra, S.L.
(Alicante, Spain). This extruder had a screw diameter of 25 mm
with a length-to-diameter ratio (L/ D) of 24. The extrusion process
was carried out with a residence time of 1 min in all cases. The
temperature profile, from the hopper to the die was set as follows:
185-180-175-170 °C. The different compositions were extruded
and subsequently pelletized using an air-knife unit.

After the extrusion process, the pellets were stored in the de-
humidifying dryer to avoid moisture absorption. Standard sam-
ples were obtained with the 270/70 injection molding machine
from Mateu&Solé (Barcelona, Spain) with 3 min as an average
residence time. The introduction of the plasticizer induced a sig-
nificant viscosity change of the base PLA polymer. To enhance
processing of specimens of plasticized PLA formulations some
adjustments in the temperature profile had to be done, since the
viscosity was dramatically reduced by increasing DBI content.
These temperature profiles were obtained from a capillary rheol-
ogy study that allowed optimizing temperatures to provide simi-
lar viscosity, which is a key factor in processing plasticized poly-
mer formulations. Therefore, the lubrication effects provided by
DBI allowed to decrease the temperature profile thus preventing
DBI loss. Similar changes in processing temperatures have been
proposed by Lascano et al.,[*}! in plasticized PLA formulations
with oligomers of lactic acid (OLA), since the decrease in viscos-
ity produced by the plasticizers made processing impossible by
injection molding without adjusting the temperature profile to
obtain similar viscosities in all compositions. The temperature
profiles considered for the processing of the injection molded
samples are summarized in Table 3.

2.4. Material Characterization
2.4.1. Mechanical Properties

Tensile tests were carried out in a universal testing machine ELIB
50 from S.A.E. Ibertest (Madrid, Spain) on injection-molded
specimens (ISO 527-2:2012 type 1B shape). A 5-kN load cell was
used, and the cross-head speed was set to 20 mm min~!. Shore
hardness was measured in a 676-D durometer from J. Bot Instru-
ments (Barcelona, Spain), using the D-scale, on injection-molded
samples with 4 mm thickness, (ISO 868:2003). Impact behavior
was also studied on injection-molded rectangular samples (ISO
179:2010 type 1 shape) by the Charpy impact test with a 6-] pen-
dulum from Metrotec S.A. (San Sebastidn, Spain). Samples were

Macromol. Mater. Eng. 2022, 307, 2200360 2200360 (4 of 15)
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notched with a 0.25 mm radius “V”-notch type. All tests were per-
formed at room temperature, and at least five specimens of each
formulation were tested to obtain the corresponding parameters.
The obtained results were averaged and the standard deviation
was calculated.

2.4.2. Morphology

Fractured tensile test samples were subjected to a sputtering pro-
cess with gold—palladium alloy in a SC7620 sputter coater from
Quorum Technologies Ltd. (East Sussex, UK). Samples were
placed in the vacuum chamber of a ZEISS ULTRA 55 field emis-
sion scanning electron microscope (FESEM) from Oxford Instru-
ments (Abingdon, UK). The working distance was set to 4 mm
and the acceleration voltage was 2 kV.

2.4.3. Thermal Properties

Differential scanning calorimetry (DSC) was used to assess the
main properties of the plasticized PLA formulations with DBI. In
particular, the melting temperature (T,,), the cold crystallization
temperature (T, ), melting enthalpy (AH,,), cold crystallization
enthalpy (AH_), and the degree of crystallinity y_ (%) were ob-
tained from DSC runs. The degree of crystallinity was obtained
with the Equation (7) where w represents the weight fraction of
PLA and AH? is the melt enthalpy of a theoretically fully crys-
talline PLA, which was considered as 93 ] g™' as reported in
literature.[*]

§H,, — 6H,,

£ (0) = g 100 7)

DSC runs were collected in a modulated heat flow DSC model
Q2000 from TA Instruments (New Castle, DE, USA) with nitro-
gen atmosphere (66 mL min~') and a sample weight between 5
and 7.5 mg. The dynamic DSC runs were performed into three
stages. First a heating cycle was performed to erase the thermal
history from 30 to 200 °C at 10 °C min~'. Then, a controlled
cooling step was carried out down to —40 °C with a cooling rate
of =10 °C min~"'. Finally, a second heating cycle was performed
up to 240 °C at 10 °C min~'. The main parameters of thermal
degradation, namely the onset degradation temperature (T, ob-
tained at a mass loss of 5%), the maximum degradation rate
temperature (Ty,), and the residual weight (%), were obtained
in a thermogravimetric TG-DSC2 thermobalance from Mettler—
Toledo (Columbus, OH, USA). Samples with an average weight
of 6 mg were placed into alumina crucibles and subjected to a
single dynamic heating program from 30 to 700 °C at a heating
rate of 10 °C min~! in air atmosphere. Additionally, a quantifica-
tion of the DBI mass loss related to processing conditions, was
obtained in isothermal thermogravimetric analysis (TGA) condi-
tions at the maximum working temperatures in each tempera-
ture profile (see Table 2, zone 1). The heating rate to reach the
desired isothermal temperature was 100 °C min~?; once the tar-
get temperature was reached, the mass loss as a function of time
was recorded for a total time of 40 min. All thermal tests were
carried out in triplicate.
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Table 4. Summary of the poly(lactide) (PLA) and dibutyl itaconate (DBI)
solubility parameters according to the Hoftyzer—Van Krevelen group con-
tribution method and the relative energy difference (RED).

54 MM 5, Mm% 5 MJm™1%5 6 [MJmTP°S R, RED

PLA 15.3 8.4 11.0 20.7
DBI 15.1 2.8 7.6 17.1 6.6 0.62

2.4.4. Thermomechanical Properties

Dynamic mechanical thermal analysis (DMTA) was carried out
in a Mettler-Toledo DMA1 (Columbus, OH, USA) in single can-
tilever mode. Samples with dimensions 20 X 6 X 3 mm?> were
used for DMTA characterization. The maximum dynamic deflec-
tion was set to 10 um and the frequency for the sinusoidal de-
formation was set to 1 Hz. Regarding the heating cycle, tests
started at —100 °C and samples were heated up to 100 °C with
a heating rate of 2 °C min~!. To evaluate the dimensional stabil-
ity, a thermomechanical analyzer (TMA) Q400 from TA Instru-
ments (New Castle, DE, USA) was used. Rectangular samples
sized 10 X 10 X 4 mm? were subjected to a heating cycle from
—20to 100 °C at a heating rate of 2 °C min~! and a constant load
of 20 mN. The coeflicient of linear thermal expansion (CLTE) of
the plasticized PLA formulations was determined as the slope in
the plot of the expansion versus temperature. All tests were car-
ried out in triplicate.

2.4.5. Rheological Properties

The rheological properties of PLA and plasticized PLA for-
mulations were obtained using a capillary rheometer Thermo-
Haake from Rheoflixer (Baden-Wurtemberg, Germany). This
was equipped with a capillary of 1 mm diameter and a length-to-
diameter (L/D) = 10. The tests were performed according to ISO-
11443. All materials were dried at 60 °C for 48 h in a dehumidi-
fying dryer MDEO from Industrial Marsé, (Barcelona, Spain) to
replicate the same residual moisture used in the processing by
extrusion/injection molding. All tests were carried out five times
to obtain reliable results.

3. Results and Discussion

3.1. Theoretical Approach to Solubility between PLA and DBI

Table 4 shows the results obtained for each of the solubility com-
ponents and the total solubility parameter. In all cases, similar
values are shown for both components, which leads to the as-
sumption that there may be solubility between both materials.
Additionally, the relative energy difference (RED) was found to
be 0.62, which indicates that there may be solubility between PLA
and DBI. For a plasticized PLA with derivatives of levulinic acid
and valeric acid it was possible to observe a positive effect on the
final properties showing that a plasticization process had taken
place. For these plasticizers, the RED values obtained were com-
prised between 0.5 and 0.7,[* thus being in a similar range to
that obtained in this work.
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Figure 2. Bagley's solubility diagram for poly(lactide) (PLA) and dibutyl
itaconate (DBI) where the 6, = (&3 + 55)0'5.

As observed in Figure 2, the Bagley’s diagram also suggests
that DBI has solubility with PLA. The red sphere indicates the
solubility region of PLA, and the § coordinates of DBI fall into
this region, thus indicating DBI is a good plasticizer for PLA,
proved to its solubility with PLA. This theoretical approach has
also been conducted with other linear polyesters such as poly(3-
hydroxybutyrate) (P3HB) to assess its solubility with different or-
ganic solvents.[*l Ramos et al. confirmed that the theoretical re-
sults were in agreement with the experimental results, thus sug-
gesting the usefulness of the theoretical approach to select the
appropriate solvent.

3.2. Effect of DBI on the Rheological Properties of Plasticized PLA
Formulations

In spite of the fact that some polymers show a shear-thickening
(dilatant) behavior, such as cornstarch in water, almost all poly-
mer melts show a shear-thinning behavior, which is the typi-
cal non-Newtonian or pseudoplastic behavior, characterized by
a decrease in viscosity with rising the shear rate. Osswald et al.
studied the rheology of different grades of poly(ethylene) (PE)
and poly(propylene) (PP), and characterized their pseudoplas-
tic behavior.[*’ Depending on the processing technique, the ap-
plied shear rate is different. For example, the shear rate used in
an injection-molding process is usually comprised between 100
and 10 000 s, while lower shear rates of 10-1000 s™! are typi-
cally employed in extrusion processes.[*®! Plasticizers usually pro-
vide a decrease in viscosity due to their lubricant effect on poly-
mer chains. Therefore, it is useful to study the effects of DBI on
the rheology of plasticized PLA formulations, as it allows to de-
fine the proper temperature profiles for optimizing the injection
molding process. Once a polymer reaches a low viscosity state
due to high temperatures or plasticizer addition, a leakage from
the cavity of the mold occurs and as a result, burrs appear. To
minimize this effect, the working temperatures were reduced,
considering that the polymer flow must be enough to completely
fill the mold.
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In a first attempt to analyze the rheological behavior of PLA
with DBI, a temperature of 210 °C and a shear rate range be-
tween 100-10 000 s were selected, being this a usual working
temperature for a PLA, and a usual shear rate for an injection
molding process. The results obtained by capillary rheometry are
shown in Figure 3. As seen in Figure 3a, not all materials could
be tested under these conditions because the resulting viscosity
at 210 °C was critically reduced and the equipment was not able
to record the pressure generated to obtain the corresponding vis-
cosity values. As Yoo et al. proposed, PLA viscosity can be mod-
ified with the working temperatures,[*” so the behavior of the
formulations proposed can be controlled during the manufactur-
ing by the programed temperatures. Figure 3a shows plasticized
PLA formulations with DBI at a constant temperature of 210 °C.
Due to a reduction in the interaction of the polymer chains as a
result of the plasticizer introduction, a remarkably lower viscos-
ity was measured.®® Sun et al. have reported similar decrease
in viscosity of chitosan and zein protein mixtures by increasing
the amount of different plasticizers.l>!] Since viscosity plays a key
role in injection molding, to get similar rheological behavior in all
the plasticized PLA formulations, an iterative process was carried
out to obtain the optimum temperatures for the injection mold-
ing process. The resulting curves and temperatures are shown in
Figure 3b. The differences that emerge by the modification of the
working temperatures can be also seen in Figure 3¢, while a dra-
matic decrease of Eta-zero was observed at 210 °C, the iterative
process carried out to optimize de working temperatures allowed
to reduce the variations that arise with increasing plasticizer con-
tent.

3.3. Effect of DBI on the Mechanical Properties of Plasticized PLA
Formulations

The addition of DBI into the PLA polymeric matrix had a re-
markable effect on the final mechanical properties of the con-
sidered PLA/DBI formulations as proven by Table 5 and Figure
4. First, the effect of the increase in plasticizer proportion over
the stiffness of the material was studied. In this case, unplasti-
cized PLA showed a tensile modulus of 4076 MPa and the ad-
dition of 2.5 wt% DBI decreased the tensile modulus by 3.1%,
which suggests some plasticization. The effect of DBI on the stift-
ness was most noticeable at a DBI content of 10 wt% leading to
a remarkably lower tensile modulus of 1572 MPa, as it was ex-
pected. This tensile modulus is within the range of some com-
modities such as high-density poly(ethylene) (HDPE) with ten-
sile modulus ranging from 600 to 900 MPa and poly(propylene)
(PP) with moduli comprised between 900 to 2000 MPa.l’>>3] In
fact, the tensile modulus in plasticized PLA with 10 wt% DBI is
similar to poly(propylene). This decrease in stiffness provided by
the DBI plasticizer can be explained by different theories such
as the lubricity, the gel and the free volume theories.l**! One of
the most known phenomena about the introduction of plasticiz-
ers in polymers is that they promote a reduction in the attraction
forces between the chains of the polymer (hydrogen bonding, van
der Waals forces, and so on). As a result, the movement of the
polymeric chains requires less energy.*®! In samples containing
15 and 20 wt% DBI, a remarkable decrease in the tensile mod-
ulus was observed, resulting in 58.5 MPa for the 20DBI/PLA.
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Figure 3. Rheological behavior of neat PLA and plasticized PLA formu-
lations with different dibutyl itaconate (DBI) content: a) viscosity versus
shear rate at a constant temperature of 210 °C, b) viscosity versus shear
rate after iteration process to give similar viscosity profile, and c) Eta-zero
versus DBI content.
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Table 5. Summary of mechanical properties of neat PLA and plasticized
PLA formulations with different dibutyl itaconate (DBI) content: tensile
modulus (E), maximum tensile strength (c,,,,), elongation at break (e),
Shore D hardness, and impact strength.

Code E[MPa]  ©6,, [MPa] ¢, [%] Shore D Impact strength
hardness [k) m™2]
PLA 4076 +34 550+18 46+05 81.0+12 4.8+0.2
2.5DBI/PLA 3949+90 462+17 32+04 833+10 4.8+0.2
SDBI/PLA  3460+50 444+18 3.1+04 815+09 54+02
10DBI/PLA 1572 +63 23.8+04 322+17 756+ 1.1 7.7+0.4
15DBI/PLA 162 +9 169+08 263+9 582+138 nb
20DBI/PLA 585+2 15.0+0.1 262+7 503+0.6 nb

*nb: no break was observed even on “V”-notched specimens.

These results suggest that plasticized PLA formulations with
more than 10 wt% DBI have a tensile modulus value similar to
thermoplastic poly(urethane) (TPU). For example, Bueno-Ferrer
et al. developed different formulations of biobased thermoplastic
poly(urethanes) (TPU) with tensile modulus ranging from 0.7 to
11.1 MPa.l’] Kumar et al. obtained similar results by plasticizing
PLA with 30 wt% of a polymeric plasticizer, namely poly(ethylene
glycol) (PEG) with a measured tensile modulus of 140 MPa.l”]
Similar decrease in stiffness can also be achieved by blending
PLA with poly(e-caprolactone) (PCL). In this sense, Mittal et al.
reported on PLA/PCL blends with a tensile modulus of 866 MPa
by blending PLA with 50 wt% PCL.I®]

The most surprising effect of DBI on mechanical properties is
the drastic increase in elongation at break it provides. PLA is usu-
ally characterized by a brittle behavior.®! As a result, a very low
elongation at break (4.6%) is obtained for unplasticized PLA. The
addition of small amounts of plasticizer (up to 5 wt% DBI) pro-
moted a decrease in elongation at break, resulting in values be-
tween 3.1% and 3.2%. This effect has been observed when other
plasticizers are used in small amounts in several polymers, and
this phenomenon is known as anti-plasticization.®®] Neverthe-
less, plasticized PLA with 10 wt% DBI shows a considerable in-
crease in the elongation at break up to values of 322%, which is
clear evidence of the high plasticizing potential that DBI can pro-
vide to PLA. This exceptional plasticization effect exerted by DBI
provides to PLA is observed in Figure 4a which gathers the char-
acteristic stress—elongation curves of neat PLA and plasticized
PLA formulations, together with the broken specimens after the
tensile test (Figure 4b). For the 15 and 20 wt%, the elongation at
break is not increased which is related to PLA reaching the satu-
ration point due to plasticizer introduction as observed by Ferri et
al. in plasticized PLA with 5 phr (parts by weight of plasticizer per
100 weight parts of base polymer) octyl epoxy stearate.[®! Xuan
et al. reported plasticized PLA formulations with elongation at
breaks comprised between 446% and 643% with 20 wt% of dif-
ferent plasticizers derived from levulinic acid.[®!! The results ob-
tained with DBI are much better than the ones obtained with
other biobased plasticizers such as those derived from chemi-
cally modified vegetable oils. Orue et al. reported an interesting
increase in elongation at break up to 25% in PLA blends with
20 wt% vegetable oil-derived plasticizers.[®”) Thus, the obtained
results suggest that esters from bioderived itaconic acid could
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Figure 4. a) tensile stress versus elongation plots for neat PLA and plas-
ticized PLA formulations with different dibutyl itaconate (DBI) content; b)
appearance of PLA/DBI specimens after the tensile test (left neat PLA and
right 20DBI/PLA) (scale bar = 100 mm).

represent a feasible technical solution for achieving effective PLA
plasticization.

Regarding tensile strength, a clear decreasing trend as a
function of the amount of plasticizer was obtained, which is also
a typical plasticization effect. Tian et al. observed this behavior in
PLA films plasticized with triethyl citrate (TEC) and glycerol tri-
acetate (GTA), while Singh et al. reported this same tendency in
poly(vinyl alcohol) (PVA) films plasticized with sorbitol.[%3¢* The
effect of DBI on the internal structure of the base PLA polymer
resulted in a reduction of the intermolecular forces between PLA
polymer chains, resulting in a reduction of the maximum tensile
strength.®] Neat PLA is characterized by a tensile strength
of 55.0 MPa, while plasticized PLA with 10 wt% DBI shows a
tensile strength of 23.8 MPa, which represents approximately
half the value of neat PLA. It is important to bear in mind that
the tensile strength of most commodities is comprised in the
20-35 MPa range.[] Therefore, plasticized PLA formulations
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containing 10 wt% DBI provide balanced mechanical properties,
similar to those of poly(olefins). As expected, a higher amount
of plasticizer resulted in a decrease in tensile strength down to
15.0 MPa (20 wt% DBI).

The appearance of the tensile specimens after the tensile test
is shown in Figure 4b. It is clearly seen that for a DBI content
of 10, 15, and 20 wt%, the elongation at break is much higher
than that of neat PLA or plasticized PLA formulations with low
DBI content. This is indicative of a positive contribution of DBI
toward the obtention of high ductile PLA materials. The whiten-
ing in the deformed region is promoted by the formation of voids
during the tensile test as proposed by Chieng et al.,l%! as well as
a preferential PLA polymer chain alignment during axial defor-
mation.

Additionally, Table 5 shows the hardness results of the PLA-
based materials as a function of the amount of DBI plasticizer
content. As expected, since hardness is a resistant mechanical
property, it follows the same tendency observed for the tensile
modulus and tensile strength. The addition of small amounts of
DBI does not vary Shore D hardness, maintaining values around
80. 10 wt% DBI plasticized PLA formulations show a remarkable
difference in Shore D values in relation to neat PLA, decreasing
the hardness from 81.1 down to 75.6. As the proportion of DBI is
increased, Shore D hardness further decreases down to 50.3 for
the sample containing 20 wt% DBI. These results are in agree-
ment with those reported by Bouti et al. on PLA plasticized with
epoxidized sunflower 0il.l?7]

As it has been stated, PLA is a rather brittle polymer with low
toughness. Plasticization usually leads to improved toughness. It
is important to bear in mind that toughness is related to the abil-
ity for energy absorption during deformation-break. Therefore,
toughness is related to both tensile strength and elongation at
break. Accordingly, toughness can be estimated by the area under
the stress—strain curve. As observed in a qualitative way in Fig-
ure 4a, the area under the stress—strain curve increases with in-
creasing DBI content, except from plasticized PLA formulations
with 2.5 and 5.0 wt% DBI, which show an evident lower area than
neat PLA. Table 4 also gathers the values of impact strength for
neat PLA and its plasticized formulations with DBI. As expected,
DBI has a positive effect on impact strength over PLA for plas-
ticized formulations with 10, 15, and 20 wt%. In fact, the plas-
ticized specimens with 15 and 20 wt% DBI did not break due
to a stiffness reduction. Despite the area under the stress—strain
curves suggest lower toughness for low DBI content (5 wt% or
lower), these materials offer good behavior in impact conditions.
This phenomenon may be promoted by the higher degree of crys-
tallinity that DBI provides, as proposed by Lin et al.[®®! The low
impact strength of neat PLA (4.8 k] m~2) is improved as the DBI
content increases, with values of 7.7 k] m~2 for plasticized PLA
with 10 wt% DBI. These results are in total accordance with those
reported by Jiao et al. on PLA plasticized with 20 wt% PEG.[*! In
this case, DBI provided similar results with lower concentration.

3.4. Effect of DBI on the Morphology of Plasticized PLA
Formulations

Figure 5 shows the morphology of tensile test fractured samples
of neat PLA and plasticized PLA/DBI blends. The introduction
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of DBI showed visual changes in the morphology of plasticized
PLA formulations. The flat fracture surface of neat PLA (Fig-
ure 5a) is representative of a brittle behavior, implying low plastic
deformation.[® On the other hand, as the DBI content increases,
a clear change in the surface morphology is detected, indicated
by a rougher surface, ascribed to plastic deformation. This phe-
nomenon occurred even on specimens with low DBI contents
(5 wt% or lower) although, as it has been mentioned above, they
showed slightly lower ductile behavior. A clear plasticization ef-
fect is noticed in Figure 5d for the 10DBI/PLA with a fracture
surface with high roughness. Due to the improved elongation
at break and, subsequently, ductility, ridges and tears emerged
on the fracture surface.l”! This morphology was not observed in
plasticized formulations with 15 and 20 wt% DBI. In fact, their
characteristic fracture morphologies show great roughness, but
are smoother than the plasticized material with 10 wt%. Similar
findings were reported by Ahmad et al. in PLA formulations plas-
ticized with 10 wt% TEC. Moreover, they observed some phase
separation at high TEC concentrations.!”!) In this case, phase sep-
aration is not observed by FESEM, but the morphologies of plas-
ticized formulations with 15 and 20 wt% DBI suggest less plastic
deformation that led to lower elongation at break values.

Despite the elongation at break results suggest a PLA structure
saturation due to an excessive amount of plasticizer, no phase
separation evidence was observed in all plasticized PLA formula-
tions, which is representative of a miscible mixture. This demon-
strates the theoretical solubility results previously analyzed. The
absence of phase separation is good for the system since phase
separation phenomena derived from polymer structure satura-
tion can exert a negative effect on mechanical properties as re-
ported by Rojas et al.”?] It is also worthy to note that the morphol-
ogy of plasticized PLA formulations with high DBI content (i.e.,
20 wt%), show presence of voids at high magnification (Figure 5).
This phenomenon is usual when plasticizers are introduced, as
reported by Celebi et al. and Iglesias et al.[”374]

3.5. Effect of DBI on Thermal Properties of Plasticized PLA
Formulations

Plasticization of PLA with DBI resulted in a noticeable change in
the thermal properties of the resulting materials. These changes
were assessed by differential scanning calorimetry (DSC) (Fig-
ure 6) and the main results from the second heating step are
gathered in Table 6.

One of the most relevant thermal parameters affected by the
presence of a plasticizer in a polymer is the glass transition tem-
perature (T,). In fact, the efficiency of the plasticizer can be as-
sessed by a decrease in T, it can provide to the base polymer. Be-
low the glass transition temperature, a polymer is in a glassy state
characterized by highly restricted chain mobility. Above the glass
transition temperature, the polymer chains adopt a high mobil-
ity state, which provides increased ductility.l?”7>7¢] Unplasticized
PLA has a T, of 61.3 °C as observed by DSC.[”’) The decrease
in the T, is significant in plasticized PLA formulations contain-
ing 5, 10, 15, and 20 wt% DBI. The progressive increase in the
amount of DBI into the PLA matrix leads to a noticeable decrease
in T, down to values of 23.4 °C for a DBI content of 20 wt%.
This suggests good plasticization efficiency, with a remarkable
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Figure 5. Field-emission scanning electron microscopy (FESEM) images of the fractured surfaces from tensile tests taken at 500x and inset at 5000x. a)
PLA, b) 2.5DBI/PLA, c) 5DBI/PLA, d) 10DBI/PLA, e) 15DBI/PLA, and f) 20DBI/PLA (scale bar = 10 um in all images except the inset scale bar = 1 pm).

increase in chain mobility in the amorphous PLA domains.!”®]
As observed in mechanical characterization, plasticized PLA for-
mulations with 15-20 wt% DBI show a low stiffness behavior.
This is in agreement with the low T, values obtained by DSC.
Similar changes in T, were reported by Harte et al. with differ-
ent citrate ester plasticizers with results suggesting that despite
a decrease in T, is related to an increase in chain mobility, there
is not a direct relationship with mechanical properties.””) Muller
et al. work focused on the use of amorphous and semicrystalline
PLA grades to obtain mono-and bilayer films with several plasti-
cizers. They reported the influence of cinnamaldehyde in several
bilayer PLA-based films and the effect of this plasticizer on me-
chanical performance.®] As the DSC curve for neat PLA used
in this study suggests, this is a semicrystalline PLA with a low
degree of crystallinity grade as the small melting peak suggests,
thus indicating low tendency to crystalize. Nevertheless, the only
addition of 2.5 wt% DBI leads to a remarkable change in the ther-
mal behavior with the appearance of a well-defined cold crystal-
lization process with a peak located at 115.1 °C. This suggests that
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DBI clearly favors crystallization. As the DBI content increases,
the crystallization peak is moved to lower temperatures, reaching
a minimum of 77.7 °C for the plasticized PLA formulation con-
taining 20 wt% DBI. Choin et al. observed a similar effect when
polyethylene glycol monoacrylate (PEGA) was used as plasticizer
in PLA by reactive extrusion (REX), resulting in a crystallization
peak temperature of 85.2 °C for a PEGA content of 20 wt%.[8]
Ferri et al. reported the same phenomenon on plasticized PLA
with maleinized linseed oil (MLO) plasticizer.®?] With regard to
the melting peak temperature, neat PLA has a melt peak located
at 168.7 °C. As the DBI content increases, a decrease down to
160.9 °C is observed. Hassouna et al. also observed this phe-
nomenon with PEG plasticizer on PLA with a melt peak temper-
ature decrease from 154 °C down to 150 °C for the plasticized
PLA with 20 wt% PEG and 10 wt% maleic anhydride-grafted-
PLA.33] Regarding the normalized enthalpies, as the DBI con-
tent increased, the cold crystallization enthalpy (AH,.) decreases
while the melt enthalpy increases, thus indicating an increased
crystallinity as shown in Table 6.
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Figure 6. Differential scanning calorimetry (DSC) thermograms of the sec-

ond heating step for neat PLA and plasticized PLA formulations with dif-
ferent dibutyl itaconate (DBI) content (scale bar =5 mW).

The neat PLA used in this study has very low degree of crys-
tallinity (y.%) of 4.5%. Unlike other commercial PLA grades,
which are more crystalline, as reported by Muller et al. that used
a semicrystalline PLA with a y % of 27%. The degree of crys-
tallinity is highly dependent on the polymer structure and the
thermal cycle.®) As shown by Table 6, the degree of crystallinity
shows an increasing trend as a function of the amount of DBI,
reaching values up to 24.5% for a plasticized PLA formulation
containing 20 wt% DBI, this results are also in accordance with
those obtained for XRD analysis provided in Supporting Informa-
tion. The crystallization of PLA was promoted by the introduction
of different additives that enhance the formation of crystallization
nuclei. Choi et al. managed to promote PLA crystallization by us-
ing up to 10 wt% PEG on PLA. Higher amounts of PEG plas-
ticizer resulted in a saturation of the plasticizer in the polymer
structure and hence, the degree of crystallinity decreased.l®!] Gu-
mus et al. reported a clear increase in PLA crystallinity by the ad-
dition of nanoclay particles that act as heterogeneous nucleant.!””]

TGA allows to evaluate thermal degradability through study-
ing the mass loss with temperature. This mass loss is usually
attributed to polymer chain scission at high temperatures and
evaporation of low molecular weight compounds such as plas-
ticizers. A comparison of the mass loss (wt%) curves is shown

www.mame-journal.de
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Figure 7. Thermogravimetric analysis (TGA) of neat PLA, DBI, and plasti-
cized PLA formulations with different dibutyl itaconate (DBI) content: a)

weight loss curves versus temperature; b) first derivative (DTG) curves
versus temperature.

in Figure 7 while the main characteristic parameters are gath-
ered in Table 7. As seen in Figure 7, DBI is a volatile substance
that evaporates at temperatures below than the PLA starts to de-
compose. Despite the boiling point of DBI is 284 °C, a 5% mass
loss (Tsy,) is obtained at relatively low temperatures of 164.9 °C
with the maximum mass loss rate temperature (T,,,) located at

Table 6. Summary of thermal properties of neat PLA and plasticized PLA formulations with different dibutyl itaconate (DBI) content: glass transition tem-
perature (T,), cold crystallization peak temperature (T.), melting peak temperature (T,,), normalized cold crystallization enthalpy (AH_.), normalized

g
melting enthalpy (AH,,,), and degree of crystallinity (. %).

Code T Te [°€] T [°€] AH [ g™] AH, [ g7 2%

PLA 61.3+23 168.7 + 1.3 4202 45+03
2.5DBI/PLA 582+4.1 5.1+ 1.4 166.8 + 1.4 325+13 37.8+0.9 58412
5DBI/PLA 400+ 13 873+ 10 1649+ 17 22215 28.7+038 72+1.1
10DBI/PLA 352423 848+ 15 164.5 + 2.0 231409 340+ 1.4 13.0+19
15DBI/PLA 314422 808+ 1.9 162.1+ 2.1 209407 350+ 13 178415
20DBI/PLA 23.4+3.4 77.7+1.7 160.9 + 1.9 16.6 £ 0.8 348+ 12 245+19
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Table 7. Summary of thermal degradation properties of neat PLA, DBI, and
plasticized PLA formulations with different dibutyl itaconate (DBI) con-
tent: temperature at 5% mass loss (Ts5o;), temperature at the maximum
mass loss rate (T,,,), and residual weight at 700 °C.

Code Tso [°C) Tmax [°C] Residual weight [%)]
PLA 3334+13 368.6 £ 0.4 0.7+0.2
2.5DBI/PLA 3322+ 1.1 368.1+0.6 0.6+0.2
5DBI/PLA 3264+ 13 368.3+0.5 0.4+0.2
10DBI/PLA 262.8 + 1.3 368.5+0.7 0.5+0.2
15DBI/PLA 2263 + 1.2 368.8 +0.8 03+0.2
20DBI/PLA 206.8 + 1.4 364.7 +£0.7 05+0.2
DBI 1649+ 1.7 2273+ 1.4 03+03

227.3 °C. These results agree with those reported by Richard et al.
on octyl itaconate, with a characteristic mass loss onset tempera-
ture of 200 °C. In addition, they observed an increase in the mass
loss onset as the length of the alkyl chain coupled to itaconic acid
increased.® As a result of the high thermal sensitivity that DBI
possesses, processing of PLA specimens with DBI is critical since
the typical processing temperatures for PLA are between 180—
200 °C. For this reason, as indicated previously, the temperature
profile for both the extrusion and injection molding was adjusted
to avoid DBI loss. In spite of the fact that some DBI plasticizer
was expected to be lost during processing, the overall effects on
mechanical and thermal properties imply exceptional plasticiza-
tion properties. Similar effects were reported by Arrieta et al. on
plasticized PLA with limonene a high volatile compound. Despite
the mass loss onset being very low (around 100 °C), limonene
provided good plasticization properties to PLA films processed
at 170 °C. These films offered an elongation at break of 165% for
a limonene content of 20 wt%./28] The same phenomenon was
reported by Jimenez and coworkers in plasticized PLA formula-
tions with poly(hydroxybutyrate) and several plasticizers, namely
PEG, and acetyl tributyl citrate (ATBC). They reported processing
of these PLA-based blends at 180 °C. This temperature can cause
some plasticizer loss during processing. They quantified this loss
of about 0.5 wt% after 1 min at 180 °C, and 1 wt% after 6 min. De-
spite this slight plasticizer loss, the overall plasticizer efficiency
was still very high as supported by the remarkable increase in
elongation at break.[%%]

As seen in Figure 7, PLA thermal degradation (decomposition
by chain scission) is characterized by a single mass loss process
with a Ty, of 333.4 °C of and a T,,,, of 368.6 °C. Obviously, the
TGA thermograms of plasticized PLA formulations with differ-
ent DBI content show two overlapped mass loss steps, one corre-
sponding to DBI evaporation, and a second one directly related to
PLA decomposition. As the DBI content increases, the T, of the
plasticized PLA formulations decreases due to the high volatility
of DBI. The maximum mass loss rate, mainly attributable to the
PLA chain scission, did not change in a remarkable way, showing
values around 368 °C. A similar mass loss behavior was reported
by Sessini et al. for plasticized PLA formulations with a biobased
polyether plasticizer derived from limonene.®®] With regard to
the residual mass, it was comprised in a very narrow range of
0.3-0.7% for all developed compositions. Battegazzore et al. ob-
tained a residue of 1% at 800 °C on neat PLA.[#]
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Figure 8. Thermogravimetric analysis (TGA) of DBI in terms of weight loss

curves versus time for different isothermal temperatures.

Since the mass loss of the DBI due to its volatility is related to
both exposure to high temperatures and time, the most aggres-
sive thermal conditions used in the processing by injection mold-
ing were reproduced in isothermal conditions, to give a quanti-
tative estimation of the lost plasticizer during processing. To this
end, isothermal TGA curves for DBI, at different temperatures
were programmed and the mass loss was recorded as a function
of the time (Figure 8). Depending on the isothermal tempera-
ture scheduled, the plot evolution of the mass loss versus time is
rather different.

As it was expected, the loss of the plasticizer as a result of
its high volatility was reduced when the temperature of the
isothermal profile was decreased, thus showing the importance
of the rheological characterization, which allowed to reduce the
processing temperatures, thus preventing the plasticizer from
volatilizing. During the extrusion process, PLA/DBI formula-
tions were exposed to a maximum temperature of 185 °C with
aresidence time of 1 min. Under these conditions, the mass loss
related to DBI volatilization is almost negligible as indicated by
Figure 8 (blue line). With regard to the injection molding pro-
cess, the residence time is close to 3 min (dashed line in Figure 8).
By considering the maximum temperatures of the corresponding
temperature profile (see Table 3, zone 1), it is possible to quantify
the maximum plasticizer loss. For plasticized PLA formulations
with 2.5 wt% DBI, the maximum temperature these formula-
tions had to withstand was 205 °C. At this isothermal temperature
and residence time (green line in Figure 8), the DBI loss is 11.5%.
Despite the nominal content was 2.5, the actual DBI content was
2.2 wt% as suggested by the isothermal volatilization curves of
DBI. As the isothermal temperature decreased, the correspond-
ing percentage of DBI lost was remarkably reduced, thus lead-
ing to the following nominal (actual) DBI contents: 2.5DBI/PLA
(2.2 wt% DBI), 5DBI/PLA (4.6 wt% DBI), 10DBI/PLA (9.4 wt%
DBI, 15DBI/PLA (14.5 wt% DBI), and 20DBI/PLA (19.8 wt%
DBI). Despite this slight plasticizer loss, the mechanical and ther-
mal characterization confirmed exceptional plasticization proper-
ties of DBI.
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Figure 9. Dynamic mechanical thermal analysis (DMTA) curves of neat
PLA and plasticized PLA formulations with different dibutyl itaconate
(DBI) content: a) Storage modulus (E’) versus temperature; b) dynamic
damping factor (tan §) versus temperature.

3.6. Effect of DBI and Temperature on Dynamical-Mechanical
and Dimensional Properties of Plasticized PLA Formulations

A comparative plot of the storage modulus (E’) and the dynamic
damping factor (tan §) is shown in Figure 9a,b, respectively. The
DMTA curve for neat PLA shows the typical a-relaxation process,
attributed to its glass transition temperature (T,). This is distin-
guished by the decrease of E’ by three orders of magnitude. Below
its T, PLA behaves as a rigid and stiff polymer since only local
rotational and vibrational motions are allowed (mainly related to
secondary relaxation processes such as the y- and f-relaxations).
Once the glass transition temperature T, is surpassed, long-
range translational coordinated molecular motions of PLA chains
can occur and this leads to a considerable softening.[8%! In spite
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Table 8. Summary of the dynamic mechanical thermal analysis (DMTA)
properties of neat PLA and plasticized PLA formulations with different
dibutyl itaconate (DBI) content.

Code T, [°C] Tan § Tan é peak  E’at—20°C E’ at 25 °C
peak FWHM?) [MPa] [MPa]
height [°C]
PLA 68.7+ 1.2 2.34 7.92 1855 + 25 1748 + 13
2.5DBI/PLA 620+ 1.1 2.54 8.01 1820 + 31 1722 + 16
5DBI/PLA 56.7+ 1.3 2.51 8.41 1832 + 20 1714 + 21
10DBI/PLA 453+ 14 0.79 16.83 1686 + 27 1353 + 14
15DBI/PLA 445 + 2.1 0.34 47.52 1510 + 29 563 + 10
20DBI/PLA 39.7+22 0.20 85.15 1388 + 15 437 + 12

% FWHM stands for the full-width at half-maximum taken from the tan & peak.

of the fact that several methods exist to estimate the glass tran-
sition temperature by using the storage modulus (E’), the loss
modulus (E”), or the dynamic damping factor (tan &), the use
of tan § to assess the T, is the most widely employed method-
ology. Using the tan 6 criterion, neat PLA is characterized by a
T, of 68.7 °C and, as observed by DSC, this value is remarkably
moved down to values of 39.7 °C for the plasticized PLA formula-
tions containing 20 wt% DBI. Although the T, values obtained by
DMTA (tan § criterion) are higher than those observed by DSC,
the obtained values follow the same decreasing tendency. Plasti-
cizers have a remarkable effect on the storage modulus, as well
as on the dynamic damping factor (Figure 9b). The tan & peak for
neat PLA has a very narrow peak with a maximum value around
2.30, while plasticized formulations show a broader peak with no-
ticeably lower tan § values. For example, the tan § peak maximum
for the plasticized PLA formulation with 10 wt% DBI is close to
0.8 and, as noticed in Figure 9b, the peak is broader than that
of neat PLA (see Table 8). A similar phenomenon was reported
by Maiza et al. on plasticized PLA formulations with ATBC and
TEC with a remarkable decrease in the peak height related to tan
5.3% Additionally, Shirai et al. showed that plasticization of PLA-
thermoplastic starch blends with diethyl adipate (DEA), led to a
T, (tan & peak) above 36 °C, which was higher than the room tem-
perature. Despite this, at room temperature the material exhib-
ited highly ductile behavior as observed in the PLA/DBI system.
They concluded this was due to the fact that the tan 6 peak was
wide enough to allow PLA/TPS blend to behave as a ductile mate-
rial at 25 °C.°?! Tt is worthy to note the decrease of T, (tan & peak
criterion) with increasing the DBI content in plasticized PLA for-
mulations (Table 8). The tan § peak height also decreases, but
the peaks corresponding to highly plasticized PLA formulations
show a broader peak, measured through the full-width at half-
maximum (FWHM) which changes from 7.92 °C up to 85.15 °C
with 20 wt% DBI. Maiza et al. also reported this peak widening
with increasing the content of different biobased plasticizers in
PLA formulations.?*) Even with T, values above room tempera-
ture (calculated from tan 6 peak maximum), these formulations
exhibit an extremely high ductile behavior since the glass transi-
tion relaxation occurs in a broader temperature range.!®! Similar
findings have been reported by Quiles-Carrillo et al. in plasticized
PLA formulations by reactive extrusion with acrylated epoxidized
soybean oil (AESO).[*/l As it has been observed by DSC, neat
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Figure 10. Comparative plot of dimensional change versus temperature
obtained by TMA corresponding to neat PLA and plasticized PLA formu-
lations with different dibutyl itaconate (DBI) content.

PLA shows a very low degree of crystallinity, being mainly amor-
phous, thus, the cold crystallization process is quite smooth. As
the DBI content increases, the cold crystallization phenomenon
is more evident, and this is confirmed by the increase of the stor-
age modulus in the temperature range comprised between 60—
90 °C, depending on the DBI content as observed by DSC. Agiiero
et al. observed this cold crystallization phenomenon in PLA sub-
jected to several reprocessing stages in a more noticeable man-
ner since thermal degradation during processing reduces molec-
ular weight, thus allowing short chains readily to increase the
crystallinity.®")

Regarding dimensional stability, the CLTE was obtained from
the slope of the dimensional change versus temperature curve
obtained by TMA. Figure 10 shows representative TMA curves
of neat PLA and plasticized PLA formulations with increasing
DBI content. These TMA curves show different regions. By tak-
ing neat PLA as the reference curve, three different regions are
detected. At low temperatures (below 50 °C) a linear relationship
isnoticed. Athigh temperatures (above 90 °C) a linear relation be-
tween the dimensional change and temperature is also evident.
The third region is that comprised between 50-90 °C in which,
the glass transition occurs. Moreover, the shrinkage due to the
cold crystallization is overlapped in this temperature range. Due
to this overlapping, it is not easy to accurately assess the glass
transition temperature from these TMA curves. Usually, T, is cal-
culated as the interception between the extrapolation of both lin-
ear regions below and above the T,, but due to the overlapping of
the glass transition process and the cold crystallization, an accu-
rate T, value cannot be obtained from these TMA plots. The di-
mensional stability was measured by calculating the CLTE below
and above T,. Neat PLA has a CLTE of 58.3 um m™" °C! which
is in agreement with the values reported by Balart et al. for neat
PLA, around 78 um m~! °C~1.[2] As the DBI content increases,
the free volume does so, and this results in increased CLTE up to
values of 149.9 um m~' °C~! for the plasticized PLA formulation
containing 20 wt% DBI (Table 9).

The cold crystallization occurs in the 60-90 °C. During cold
crystallization, PLA chains mobility is increased to give a more
packed structure which in turn leads to a shrinkage process

Macromol. Mater. Eng. 2022, 307,2200360 2200360 (13 of 15)

www.mame-journal.de

Table 9. Summary of the coefficient of linear thermal expansion (CLTE) and
the total dimensional change over the test of neat PLA and plasticized PLA
formulations with different dibutyl itaconate (DBI) content, obtained from
TMA.

Code CLTE —20to 0 °C CLTE 90 to 100 °C Dimensional
[um m~1°C] [um m=1°C] change [um]
PLA 583+ 13 155.7 +2.2 573+12
2.5DBI/PLA 56.7 +£0.9 180.2 +£2.6 17.7+2.7
5DBI/PLA 523+12 168.0 +2.4 108.8 +2.6
10DBI/PLA 796 £ 1.5 201.8 £3.2 744+ 1.8
15DBI/PLA 873+ 2.1 209.1+3.8 779+ 1.4
20DBI/PLA 149.9 +2.3 202.5+3.7 819+ 15

which is evidenced by a dimensional contraction. It is important
to bear in mind that all samples were obtained by injection mold-
ing with a fast-cooling process which inhibits crystallization. As
seen in Figure 10, the plasticized PLA formulations with lower
degree of crystallinity (y.%) are more sensitive to the cold crys-
tallization at moderate temperatures and, subsequently, the ob-
served shrinkage is more intense. Plasticized PLA with a higher
amount of DBI did not show a noticeable shrinkage due to the
greater ease of crystallization during processing as it has been
confirmed by DSC. The ability of PLA to shrink is a common
phenomenon; Nasrin et al. and Agiiero et al. reported this shrink-
age during the TMA test on PLA.®}%3] Additionally, Espinach et
al. observed this phenomenon in PLA composites with leached
chemical fibers.”* Despite T, and the cold crystallization are
overlapped, the cold crystallization (shrinkage) is observed in the
temperature range of 75 to 90 °C. As observed by DSC, by in-
creasing the DBI content the cold crystallization moves to lower
temperatures of about 65 °C.

Once the cold crystallization process is finished, the dimen-
sional change follows a linear tendency again and, therefore, it is
possible to obtain the CLTE in this region. Below the Tg, only ro-
tational and vibrational motions of long chains are allowed, while
above the T,, translational motions of long chains are possible,
and these lead to a remarkably higher CLTE of 155.7 pm m™!
°C™". In a similar way as below T, as the DBI increases the CLTE
also does up to values around 200 um m~' °C~! for plasticized
PLA formulations with 10, 15, and 20 wt%. This trend was also re-
ported by Espinach et al. on fiber-reinforced PLA composites.[*4]

During the injection molding process, the polymer is pro-
gressively cooled inside the mold. This involves that the higher
the CLTE value of the material, the more intensely the resulting
injection-molded part will shrink. A constant pressure must be
applied in order to avoid the shrinkage of the injection-molded
parts while PLA is still in the melt state, thus avoiding the forma-
tion of sink marks.®>-%7]

4, Conclusions

DBI has shown high plasticizing efficiency over PLA formula-
tions processed by extrusion and subsequent injection molding.
DBI addition led to a remarkable decrease in viscosity and hence,
the temperature profile during injection molding had to be ad-
justed to lower temperatures as suggested by capillary rheology
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characterization, which in turn, prevented the plasticizer from
volatilizing. A remarkable increase in ductile properties was
achieved with DBI leading to an elongation at break of 322%
for 10DBI/PLA sample, which was considerably higher than
the elongation at break of neat PLA (4.6%). Higher DBI content
on plasticized PLA formulations did not promote an increase
in the elongation at break. In addition, the tensile strength and
the tensile modulus were reduced. The tensile strength changed
from 55.0 MPa (neat PLA) down to values of 23.8 MPa for 10 wt%
DBI which is similar to most commodities. Differential scanning
calorimetry showed two main effects related to DBI addition.
On the one hand, a decrease in the glass transition temperature
(T,) was observed with increasing DBI content from 61.3 °C
(neat PLA) to values of 23.4 °C with a DBI content of 20 wt%.
On the other hand, the degree of crystallinity increased with
DBI content, and the cold crystallization process of PLA was
moved to lower temperatures. Similar tendency was observed by
DMTA. Despite the slight mass loss undergone by DBI during
the processing of plasticized PLA formulations with DBI due to
its volatility, the plasticization efficiency is very good compared
to other biobased plasticizers such as ATBC and TEC and broad-
ens the potential of bio-derived itaconic acid and its esters as
environmentally friendly plasticizers in PLA formulations.
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