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Abstract

Polysorbates are non-ionic amphiphilic organic compounds, widely used as surfactants. They have a molecular weight in
the 1200-1400 g mol~' range, so they are on the borderline between monomeric and polymeric plasticizers. Therefore,
they can potentially provide the benefits of both plasticizer types. In this work, polyethylene glycol sorbitan monolaurate
(Tween® 20), and polyethylene glycol monooleate (Tween® 80) are proposed as environmentally friendly plasticizers
for PLA with enhanced ductile properties. The addition of 20 wt% of polysorbates into a PLA matrix, leads to a notice-
able increase in elongation at break, from 4.0% (neat PLA) up to values around 180%. The plasticization efficiency was
assessed by the decrease in the glass transition temperature (7,), from 61.0 °C (neat PLA) down to such los values of
29.5 °C, and 36.6 °C, for plasticized PLA formulations with 30 wt% Tween® 20, and 30 wt% Tween® 80, respectively.
Moreover, due to the high molecular weight of polysorbates, they are not highly volatile, which allows processing PLA by
conventional extrusion and injection molding without plasticizer volatilization. This works widens the industrial applica-
tions of polysorbates, as cost-effective, highly efficient and environmentally friendly plasticizers for PLA with enhanced

toughness.
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Introduction

With the increasing environmental concern, biopolymers
have raised as a need to replace or reduce petroleum-based
polymers. Biopolymers can be classified attending to their
origin and potential of biodegradation (or compostability).
The best combination from an environmental standpoint is
a group of polymers of natural origin which are also biode-
gradable. This group includes polysaccharides (starch, pec-
tin, chitin, arabinoxylans, among others), proteins (gluten,
soy protein, zein, pea protein, casein, among others), bacte-
rial polyesters such as polyhydroxyalkanoates (PHA), and
poly(lactide) (PLA) which can be obtained by ring opening
polymerization (ROP) of lactide derived from starch fer-
mentation. Despite this group of polymers is very attracting,
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their properties are still far from most of petroleum-based
polymers in both performance and cost. Poly(lactide) (PLA)
is, with difference, one of the most promising biopolymers
and is commercially available at a reasonable cost and bal-
anced properties which make it suitable for a wide range
of applications, including packaging industry, medical sec-
tor, furniture, automotive industry, textiles, toys, 3d-printing
material and so on [1].

Despite its relatively easy processing, good transparency,
moderate barrier properties, its main drawback lies on its
intrinsic brittleness due to a very low elongation at break,
which leads to low toughness too [2, 3]. This fact limits its
widespread use, and, in many cases, specific additives are
required to overcome this. Copolymerization is a technical
solution to overcome brittleness by inserting a flexible chain
into the PLA backbone [4]. Different monomers have been
proposed to improve PLA toughness such as g-caprolactone
[5], o-valerolactone [6], glycolide [7], ethylene glycol [8],
propylene carbonate [9], dibutyl maleate [ 10] and monobutyl
maleate [11] which have been reported to provide increased
flexibility. Nevertheless, control of the copolymerization to
tailor the desired properties is complex (comonomers ratio,
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temperature, time, type and amount of catalysts), and con-
sequently, this technology is not always transferred to an
industrial scale [12]. Another technical approach is blending
with flexible polymers such as poly(e-caprolactone) (PCL),
poly(butylene succinate) (PBS), poly(butylene succinate-
co-adipate) (PBSA), poly(butylene adipate-co-terephthal-
ate) (PBAT), poly(diethylene glycol succinate) [13, 14].
The final performance of these blends highly depends on
miscibility. As most of the above-mentioned polymers show
poor compatibility with PLA, the improvement in flexible
properties is not usually remarkable. Moreover, blending
PLA with immiscible polymers leads to the loss of transpar-
ency [15]. Finally, plasticization has been traditionally used
to give improved toughness to PLA. Plasticizers usually
promote a shift of the glass transition of PLA (7}) to lower
values, thus enhancing plastic deformation.

A wide range of monomeric (e.g. citrates, terpenes and
terpenoids, cinnamic acid esters, itaconates, tartrates),
and oligomeric/polymeric plasticizers (e.g. oligomers of
lactic acid-OLA, polyethylene glycol-PEG, polypropyl-
ene glycol-PPG, polysebacates, polyadipates), have been
proposed as plasticizers for PLA [16-21]. Low molecular
weight monomeric plasticizers give exceptional ductile
properties to PLA, but they offer higher migration than
polymeric plasticizers. Phtalates such as dioctyl phthalate
(DOP) or diisononyl phthalate (DINP) have been reported
to be excellent plasticizers with a very low cost, however,
due to their toxicity and migration problems, other envi-
ronmentally friendly plasticizers are being investigated as
alternatives [22, 23]. Also, PEG and PPG have always been
reported as an excellent plasticizer for PLA, as they offer a
very good elongation at break and a considerable reduction
of the glass transition temperature [24], nonetheless, their
petroleum-derived origin makes them decrease the environ-
mental potential of PLA, and therefore, other alternatives
are being explored. Polysorbates have been extensively
used as non-ionic surfactants with applications in clean-
ers, personal care and cosmetics, pharmaceutical applica-
tions [25], and fragrance ingredients, as well as emulsifying
agents. Merle et al. [26] reported the use of Tween® 80 as
surfactant for the production of bio-based foams. However,
their use as plasticizers for biobased injection-molded ther-
moplastic parts has not been extensively studied. Thauvin
et al. [27] reported on the use of Tween® 60 and Tween® 65
in the development of PLA formulations for control drug
delivery, developing polymers with great hydrophilicity.
Their particular chemical structure is very interesting since
they offer hydrophilic groups (ethylene oxide units), as well
as hydrophobic groups (mainly fatty acids), and they have
been proposed as plasticizers for PLA since their solubility
parameters are very close. Polysorbate 20 (Tween® 20) and
polysorbate 80 (Tween® 80) have a solubility parameter of
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22.10 and 21.30 MPa'? as reported by Shakeel et al. [28],
and the solubility parameter for PLA ranges from 20.7 to
21.7 MPa'? [29, 30] Moreover, polysorbates possess high
molecular weight compared to other monomeric plasticiz-
ers and this feature could be of special interest to prevent
plasticizer from migration [31]. Polysorbates have been
proposed as plasticizers for poly(ethylene oxide) (PEO), to
reduce crystallinity of PEO-based electrolytes [32]. Zhang
et al. [33] reported the exceptional plasticization properties
of polysorbates on carnauba wax, widely used in dentistry.
Koocheki et al. [34] observed a clear decrease in 7, of poly(-
d, 1-lactide-co-glycolide) membranes for controlled drug
release containing several amounts of Tween 80® (polyeth-
ylene glycol sorbitan monooleate). Yokesahachart et al. [35]
reported the exceptional plasticization properties of Tween®
60 (polyethylene glycol sorbitan monostearate, 1.55 wt%)
on plasticization of cassava starch, with improved process-
ability. Sorbitan-based surfactants have been successfully
used as plasticizers for cellulose esters with an exceptional
decrease in T, [31, 36]. Tween® 80 addition to PLA films
obtained by solvent casting, led to lowering the glass tran-
sition temperature, 7, of neat PLA from 58.5 °C down to
values of 32 °C for a polysorbate content of 20 wt%, as
reported by Girdthep et al. [37].

This work proposes an alternative use of two different
polysorbates, namely Tween® 20 (polyethylene glycol sor-
bitan monolaurate), and Tween® 80 (polyethylene glycol
sorbitan monooleate), as environmentally friendly plasticiz-
ers for poly(lactide) (PLA) formulations for injection mold-
ing with improved ductility. The effect of the polysorbate
type and amount on mechanical, thermal and thermome-
chanical properties is addressed, with the aim of widening
the potential applications of these cost-effective materials in
PLA plasticization.

Experimental
Materials

PLA used in this study was Purapol L130 supplied by Total
Corbion PLA (Amsterdam, the Netherlands). It has a den-
sity of 1.24 g cm™, an approximate molecular weight of
180 kg/mol and a 99% L-isomer content. Polysorbates,
Tween® 20 and Tween® 80, were supplied by Sigma Aldrich
(Madrid, Spain). Tween® 20 corresponds to a polyethylene
glycol sorbitan monolaurate, with an average molecular
weight of 1225 g mol~!, and a density of 1.095 g/cm?. On
the other hand, Tween® 80 is the tradename of polyethyl-
ene glycol sorbitan monooleate, with a molecular weight of
1310 g mol™', and a density of 1.064 g/cm’. Both contain
an average number of ethylene oxide of 20 units per unit of
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sorbitol, while the main fatty acid is lauric and oleic acid for
Tween® 20 and Tween® 80, respectively (see Fig. 1).

Processing of Plasticized PLA Formulations with
Polysorbates

PLA pellets were first dried at 80 °C for 12 h to remove
residual moisture, since polyesters are very sensitive to
hydrolysis at elevated processing temperatures. After this,
pure PLA and PLA formulations with several composi-
tions of each one of the polysorbates (10, 20 and 30 wt%
of each) were weighed and pre-mixed in aluminium pods
and fed into a 15-cc twin screw micro compounder Xplore
MC 15 HT from Xplore Instruments BV (Sittard, The Neth-
erlands). All formulations were mixed at a temperature of
190 °C for 2 min, using a screw speed of 100 rpm. After
this, the hot blends were charged into a removable barrel
of a 12-cc micro injection molding machine Xplore IM 12
from Xplore Instruments BV (Sittard, The Netherlands),
and injected into a mold cavity by the action of a plunger
operated by compressed air, to obtain standard samples. The
injection molding process was carried out at 190 °C. After
demolding, the samples were stored in a vacuum desiccator
at room temperature for further characterization.

HO
@)

Mechanical Properties

Tensile properties of plasticized PLA formulations con-
taining different amounts of polysorbates (Tween® 20 or
Tween® 80) were obtained in a universal testing machine
from S.A.E. Ibertest (Madrid, Spain), model IBERTEST
DUOTRAC 10/1200 with a mounted load cell of 10 kN
according to ISO 527-2:2012. The crosshead speed was set
to 15 mm min~! and the initial length was set to 50 mm to
appropriately calculated the elongation at break after elastic
recovery. In particular, the elastic modulus £, the maximum
tensile strength (,,,), and the percentage of elongation
at break (%eg,) were determined for at least five different
samples, and the average values of each tensile property,
together with the standard deviation were obtained. More-
over, the work of fracture (WOF) was obtained by integrat-
ing the area under the stress-strain curve and averaged for at
least five different samples.

The Shore D hardness of neat PLA and the plasticized
formulations with polysorbates was obtained in a durometer
from J. Bot S.A. (Barcelona, Spain), model 673-D, accord-
ing to the guidelines of ISO 868:2003. At least, ten different
measurements were made, and average Shore D values and
standard deviations were obtained for each formulation.

a) O\/ﬁ\O)‘\/\/\/\/\/\
a O

x+ty+z+w=20

x+y+z+w=20

Fig. 1 Chemical structure of polysorbates, (a) polyethylene glycol sorbitan monolaurate, Tween® 20, and (b) polyethylene glycol sorbitan mono-

oleate, Tween® 80
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Morphology

Morphology of the fractured impact test samples of neat
PLA and plasticized PLA formulations with the polysorbates
was assessed by field emission scanning electron micros-
copy (FESEM). Initially, the samples underwent sputter
coating with a gold-palladium alloy using an EMITECH
sputter coating mod. SC7620 from Quorum Technologies,
Ltd. (East Sussex, UK). Subsequently, FESEM images
were captured using a ZEISS ULTRA 55 microscope from
Oxford Instruments (Abingdon, United Kingdom), operat-
ing at 2 kV.

Thermal Properties

The thermal properties of PLA and plasticized PLA for-
mulations with polysorbates, were obtained by differential
scanning calorimetry (DSC) in a DSC-821 calorimeter from
Mettler-Toledo Inc. (Schwerzenbach, Switzerland) in nitro-
gen atmosphere (50 mL min~"). Samples with a weight in
the 5-10 mg range were subjected to a first heating step
from 25 to 180 °C to remove previous thermal history at 10
°C min~". Then, a cooling step down to 0 °C at -10 °C min~"
was programmed to cool down the material in controlled
conditions; finally, a second heating step was programmed
up to 300 °C at a heating rate of 10 °C min™'. The main
thermal parameters were obtained from this second heating
cycle. In particular, the glass transition temperature (7,), the
cold crystallization peak temperature (7,.) and the melting
peak temperature (7,,) were obtained, as well as the enthal-
pies associated with the cold crystallization (AH,,) and the
melting process (AH,,). The degree of crystallinity devel-
oped during cooling (x,), and the maximum degree of crys-
tallinity (y, ,...) were obtained by using Eq. 1 and Eq. 2,
respectively.

AH,— AH
%)= —""M T T w100
X ¢ ( () AH?,, (1 _w) (1)
AH,
maz (N) = ——5—"—— x 100
X ¢ _mazx ( L) A H?n (1 — w) X (2)

where AH,, and AH  stand for the melting and cold crystal-
lization enthalpies of PLA, respectively, AH,* is the theo-
retical melting enthalpy of a fully crystalline PLA, that is,
93.7 J g~! [38], and the term (1-w) represents the weight
fraction of PLA in plasticized formulations.

It should be noted that the material has a specific degree
of crystallinity when it is produced, and after the first heat-
ing cycle in DSC, the material is melted completely, erasing
any thermal history. Then, the sample is cooled in a cooling
cycle, where it can undergo melt crystallization. Finally, in
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the second heating cycle, it can also undergo cold crystalli-
zation process, and the Xc_max is the total crystalline frac-
tion that includes both the melt crystallization (generated in
the cooling cycle) and the cold crystallization (generated in
the second heating cycle).

The thermal degradation of PLA and the plasticized for-
mulations with polysorbates was followed by thermogravi-
metric analysis (TGA) in a TG-DSC2 thermobalance from
Mettler Toledo (Columbus, Ohio, USA). A sample weight in
the 7-10 mg range was placed into standard alumina cylin-
drical crucibles of 70 pL and covered with a lid. Then, the
samples were subjected to a dynamic heating program from
30 °C to 700 °C under nitrogen atmosphere (50 mL min~") at
a heating rate of 20 °C min~'. The main thermal parameters
obtained by TGA were the onset degradation temperature
(Tso,) (taken as the temperature at which the material suf-
fers a mass loss of 5%), and the maximum degradation rate
temperature (7,,,,,), Which corresponds to the peak tempera-
ture of the first derivative TGA curve or DTG. All samples
characterized by DSC and TGA were analyzed in triplicate
to obtain reliable results.

Thermo-Mechanical Characterization

Dynamic mechanical thermal analysis (DMTA) was car-
ried out in a Mettler Toledo DMA1 (Columbus, Ohio, USA)
under single cantilever conditions. The selected frequency
was 1 Hz, and the maximum amplitude in the free cantile-
ver was set to 10 um. Samples with average dimensions of
25x 10 x4 mm?® were subjected to a dynamic heating ramp
from — 50 °C up to 100 °C using a heating rate of 2 °C min~".
The evolution of the storage modulus (£°), the loss modulus
(E”), and the dynamic damping factor or tan J, were recorded
as a function of temperature. With regard to the dimensional
stability of neat PLA and plasticized formulations contain-
ing polysorbates, thermomechanical analysis (TMA), was
used to collect data of dimensional change with increasing
temperature. A thermomechanical analyzer (TMA) model
Q400 from TA Instruments (New Castle, Delaware, USA)
was used. Samples with dimensions 10x 10x4 mm?® were
heated from — 50 °C up to 120 °C at a constant heating rate
of 2 °C min~', with a constant force of 20 mN. The coef-
ficient of linear thermal expansion or CLTE, was calculated
as the slope in the linear regions below 7, and above cold
crystallization to give a CLTE of the material in the glassy
state (below T), and another CLTE in the rubbery-like state
(above the cold crystallization). All TMA tests were run in
triplicate to obtain reliable results.
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Results and Discussion

Mechanical Properties of Plasticized PLA with
Polysorbates

Figure 2 shows a comparative plot of the tensile stress-
strain graph for neat PLA and plasticized PLA with differ-
ent amounts of Tween® 20, and Tween® 80. As expected,
neat PLA is a rather brittle polymer with a high tensile
strength of about 78.7 MPa, a high tensile modulus of 2.1
GPa and a remarkable low elongation at break of 4.0%.
Similar values have been reported in the literature having
a tensile strength in the 40-70 MPa, and an elongation at
break lower to 10%, which is responsible for low tough-
ness and a brittle behavior. The addition of both Tween®
20 and Tween® 80, at lower concentrations of 10 wt% does
not improve the ductile properties, but a decrease in ten-
sile strength to values around 60 MPa is suggesting that
some plasticization phenomenon is occurring, however,

the amount of plasticizer is not high enough to trigger the
plastic deformation mechanisms. Similar findings have
been reported by Baiardo et al. [39] in plasticized PLA with
different molecular weight polyethylene glycol (PEG) and
acetyl tributyl citrate (ATBC) plasticizers. Despite the plas-
ticization effects were confirmed by a decrease in the glass
transition temperature, they did not observe a clear increase
in elongation at break until a threshold plasticizer content
was reached. In the case of ATBC, this threshold was 10
wt%. Below 10 wt% ATBC, the plasticized PLA showed an
elongation at break of around 3%, while at slightly higher
ATBC concentration of 12.5 wt%, the elongation at break
dramatically increased up to 218%. They concluded that the
exceptional elongation at break observed in different plas-
ticized PLA formulations was related to the glass transition
temperature (7). It was necessary to reach such a low T,
of 35 °C to observe this exceptional increase in elongation
at break. The results obtained in this work agree with this
hypothesis and, as it will be discussed in the next section,
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Fig. 2 Comparative plot of the stress-strain curves of neat PLA and plasticized PLA formulations containing different amounts of polysorbates,

Tween® 20, and Tween® 80
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plasticized PLA formulations containing 20 and 30 wt%
polysorbates offer a T, close to 35 °C, or even lower. At a
concentration of 20 wt%, polysorbates lead to a noticeable
increase in elongation at break of around 180%, which is
similar to the values reported by Greco et al. [40] in plas-
ticized PLA containing 20 wt% cardanol, epoxidized car-
danol acetate (ECA), and polyethylene glycol (PEG), thus
confirming the exceptional plasticization effect polysorbates
can provide to PLA in terms of ductility. As expected, the
mechanical resistant properties, i.e. the maximum tensile
strength (o,,,.), and the elastic modulus (E), decrease with
increasing polysorbate content. It is important to remark
that plasticized PLA formulations containing 30 wt% poly-
sorbates, show g,,,. values of 23-24 MPa which are typi-
cal of some commodities. Recently, Barandiaran et al. [18]
have reported this phenomenon on plasticized PLA with 20
wt% of different esters of cinnamic acid. As cinnamates are
relatively low molecular weight plasticizers, they can enter
into the amorphous regions and improve chain mobility in a
greater extent than high molecular weight plasticizers such
as polysorbates. Thus, the mechanical resistant properties
are reduced in a more remarkable way, e.g. o,,,, changes
from 52.7 MPa for neat PLA down to values of 14-20 MPa
with different cinnamates. Moreover, if polysorbates are
compared with traditional plasticizers for PLA, like epoxi-
dized soybean oil (ESO), the elongation at break obtained
in this study is quite superior to the elongation obtained by
Xu et al. [41] for ESO plasticized PLA, where they reported
a maximum elongation at break of 5.42% for an ESO con-
tent of 15 wt%. Additionally, polyethylene glycol (PEG),
another traditional plasticizer for PLA, has been reported to
provide PLA with an elongation at break of 96.6% at a com-
position of 20 wt%, which still is below the values reported
for both polysorbates at 20 wt% [42], thereby showing the

Table 1 Mechanical properties of neat PLA and plasticized PLA for-
mulations containing different amounts of polysorbates, Tween® 20,
and Tween® 80

Tensile Elongation  Tensile =~ Work of  Shore
strength,  at break, &, modulus, fracture D
Comax (%) E(MPa) (MJm™) hard-
(MPa) ness
PLA 78.7+2.4 40+03 2.1+01 19+0.1 60+4
PLA- 63.5+3.4 43+03 23403 1.6+0.1 59+3
10Tw20
PLA- 335+1.7 1858+189 1.2+0.1 422428 57+1
20Tw20
PLA- 235426 194.0+24.0 09+0.1 34.0+2.1 51x2
30Tw20
PLA- 60.5+3.3 39405 2.1+02 1.5+0.1 57«3
10Tw80
PLA- 41.8+1.2 1798+153 1.5+02 402+2.6 563
20Tw80
PLA- 23.9+0.7 1484+349 1.0+0.1 23.6+19 491
30Tw80
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great potential this environmentally friendly polysorbates
have as plasticizers for PLA.

Regarding Shore D hardness, the results shown in
Table 1 follow the expected tendency. As the plasticizer
content increases, Shore D hardness also decreases due to
the improved ductile properties. By calculating the work of
fracture as the area under the stress-strain curve, it is pos-
sible to observe in a clear way the remarkable improvement
on toughness that polysorbates provide to PLA. PLA shows
a very low work of fracture of 1.9 MJ m~>. Sing et al. [43]
have reported a work of fracture of 1 MJ m~ for PLA.
Similar values have been reported by Harpool et al. [44] in
3D-printed PLA samples with different infill patterns. In this
work, the addition of 10 wt% polysorbate does not improve
the toughness and a slight decrease in the work of fracture
is detected. Nevertheless, for a plasticizer concentration of
20 wt%, the work of fracture increases in a noticeable way
up to values of 40-42 MJ m~3, while higher plasticizer con-
centration leads to a decrease in the work of fracture, thus
suggesting that 20 wt% plasticizer content gives the best
balance in mechanical properties. Zhang et al. [45] have
reported a work of fracture or tensile toughness of 8.8 MJ
m~> for neat PLA. They studied the effect of natural rubber
on tensile toughness by adding natural rubber in the 1-10
wt% range. They observed an increase in tensile toughness
up to 35.6 MJ m~> (with an elongation at break of 137.4%),
for blends with 10 wt% mixed for 10 min. Ramlee et al.
[46] also observed an increase in toughness from 6.7 MJ
m™ (neat PLA) up to 45.8 MJ m™ in a binary blend of
PLA and 50 wt% polyethylene carbonate (PEC). Therefore,
the improvement on toughness that polysorbates provide to
PLA are comparable to other different approaches made to
overcome PLA brittleness.

Morphology of the Plasticized PLA Formulations
with Polysorbates

In order to complement the mechanical properties analysis
of the plasticized PLA samples, FESEM images were taken
for all the samples at 500x magnification, which are gath-
ered in Fig. 3. As it is observed, the morphology of neat
PLA is quite flat with absence of indicatives of plastic defor-
mation, as it is typical in this kind of polymer. This morpho-
logical behavior is indicative of a brittle fracture, and it is in
total accordance with the low elongation at break shown in
the previous Sect. (4%). Figure 3b and ¢ show a very similar
morphology, displaying a very flat surface with very little
roughness, also indicating a very high brittleness, which
corresponds to both samples with 10 wt% of each one of the
polysorbates, which also presented a very brittle behavior
with elongations at break very similar to that of neat PLA.
On the other hand, Fig. 3d, e, fand g show a totally different
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Fig. 3 FESEM images at 500x magnification for: (a) PLA; (b) PLA-10Tw20; (c) PLA-10Tw80; (d) PLA-20Tw20; (e¢) PLA-20Tw80; (f) PLA-
30Tw20; (g) PLA-30Tw80
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morphology, with quite higher roughness compared to the
previous samples, with a cavernous morphology and the
appearance of filament-like structures that are indicative of
a certain plastic deformation. This behavior demonstrates
the plasticization effect exerted by both polysorbates at 20
and 30 wt% composition. These results are also in accor-
dance with the mechanical results, which shown elongation
at break values between 148 and 194% for these samples.
Additionally, all the morphology images present an homo-
geneous structure, with little presence of particles, which
confirms good compatibility and affinity between the poly-
mer and the plasticizers. This good compatibility was also
observed by Tan et al. [47] in PLA films plasticized with
cellulose-based polypropoxy ether carboxylates (CPPEA),
which also increased considerably the elongation at break of
PLA, acting as effective plasticizers for this polymer.

Thermal Properties of Plasticized PLA with
Polysorbates

In order to assess the thermal transitions of neat PLA and
the plasticized PLA formulations differential scanning calo-
rimetry (DSC) was carried out. Figure 4a shows the general
thermograms obtained from this analysis from 0 to 220 °C.
Nonetheless, additional Figures have been constructed in
order to focus more on each transition that occurs in the
materials.

The effect of both polysorbates on the glass transition
temperature of PLA is noticeable (Fig. 4b and c). The T,
of neat PLA, located at 61.0 °C, is moved down to values
0f 29.5 °C and 36.6 °C for the plasticized formulations con-
taining 30 wt% Tween® 20, and Tween® 80, respectively,
thus giving clear evidence of the exceptional plasticization
effectiveness of the proposed polysorbates.

This decrease is similar to that reported by Maiza et al.
[48] in plasticized PLA formulations with acetyl tributyl
citrate (ATBC), or triethyl citrate (TEC) at a concentra-
tion between 20 and 30 wt%. Fehri et al. [49] reported a
decrease in the 7, of PLA from 59.4 °C to 38.9 °C with the
addition of 15 wt% of a polyester derived from adipic acid
and different alcohols. Litauszki et al. [50], reported the
exceptional plasticization effects of oligomers of lactic acid
(OLA) and adipates as effective plasticizers for PLA, with a
noticeable decrease in 7, from 60 °C (neat PLA with 1.4%
D-lactide) to values comprised between 43 and 47 °C with
10 wt% of the plasticizers mentioned above. This decrease
in 7, is attributable to increased chain mobility due to the
free volume provided by plasticizers [51]. As Tween® 20
has a slightly lower molecular weight compared to Tween®
80, its effect on lowering the 7, of PLA is slightly supe-
rior since low molecular weight plasticizers provide higher
chain mobility than high molecular weight, oligomeric, or
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polymeric plasticizers as reported in literature with plas-
ticizers that cover a wide range of molecular weights [18,
52-55]. If the reduction in Tg is compared to the results
obtained for traditionally used plasticizers for PLA, such as
ESO and PEG, Ozkoc et al. [42] reported a Tg of 29.4 °C for
PLA plasticized with 20 wt% of PEG, which is an incred-
ible reduction, which in this case is very similar to the one
reported for the sample plasticized with 30 wt% of Tween®
20. Ching et al. [56] reported a Tg of 45.8 °C for a sample of
PLA plasticized with 10 wt% of ESO, which is a value very
similar to the ones herein reported for 10 wt% of Tween®™ 20
and Tween® 80 (47.1 and 47.3 °C, respectively). This results
demonstrate that both polysorbates are ideal candidates as
environmentally friendly PLA plasticizers that can compete
with traditional plasticizers.

The Fox Eq. (3) is one of the most used expressions to
predict the glass transition temperature of plasticized poly-
mers and polymer blends.

L
TH

Tt ()
Ty Tp

Where T, stands for the glass transition of the plasticized
PLA, T, is the glass transition temperature of neat PLA,
and w; is its weight fraction, while 7, corresponds to the
glass transition of Tween® 20 (-61 °C), or Tween® 80 (-64
°C), as reported in literature [25, 31], and w,, represents the
plasticizer weight fraction in the mixture.

As it can be seen in Fig. 5a and b, despite the decreas-
ing tendency of T, there is a positive deviation (the mea-
sured 7y, is higher than the predicted 7, value by the Fox
equation), which is higher as the weight fraction of the
plasticizer increases. This phenomenon could be ascribed
to stronger intermolecular interactions between the polymer
and the plasticizer, which exceeds the simple additive rule
of mixing expected by the Fox equation. As the plasticizer
content increases, the intermolecular interactions become
more significant, thus restricting the segmental mobil-
ity of the polymer chains, thereby increasing the T, value
with relation to the expected value. As a result, the poly-
mer chains require more thermal energy than the expected
energy by the additive rule to overcome these interactions
and increase their mobility. Amim et al. [31], observed good
agreement between the Fox equation and the experimental
T, values obtained for cellulose esters plasticized with dif-
ferent amounts of polysorbates. Despite good correlation
was observed at plasticizer concentration below 30 wt%
(Tween® 20, and Tween® 40), this threshold was lower with
plasticized cellulose esters with Tween® 60 (below 10 wt%).
As they concluded, as smaller is the plasticizer molecule,
the larger is the weight% plasticizer with good agreement to
Fox equation. The obtained results in plasticized PLA with
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Fig.4 DSC thermograms corresponding to the glass transition temperature region, 7, of unplasticized and plasticized PLA formulations with dif-
ferent amounts of polysorbates, (a) Tween® 20, and (b) Tween® 80

polysorbates, agrees to this phenomenon since the plasti-  al. [58], also described this behaviour in plasticized PLA
cized PLA formulations with Tween® 20 (lower molecular  with different molecular weight polyethylene glycol (PEG).
weight-smaller molecule) offer less deviations than formu-  They observed good agreement at low plasticizer content,
lations with Tween® 80 (with higher molecular weight).  while the lowest deviation between the theoretical values
Courgneau et al. [57], have reported the same phenomenon  and the experimental values was obtained for plasticized
on plasticized PLA with acetyl tributyl citrate (ATBC), with ~ formulations with the lowest molecular weight PEG, thus
experimental 7, values higher than those predicted by the  giving coherence to the obtained results in plasticized PLA
Fox equation. They also observed that the deviation was  with polysorbates.

higher as the plasticizer weight fraction increased. Pillin et
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ferent amounts of polysorbates, (a) Tween® 20, and (b) Tween® 80

Table 2 Characterization of the cold crystallization process of neat
PLA and plasticized PLA formulations containing different amounts

of polysorbates, Tween® 20, and Tween® 80

T CO) AH, (Jg™) FWHM (°C)
PLA 106.7+0.7 30.0£0.6 8.4+0.2
PLA-10Tw20 90.1+0.8 22.0+0.5 56+03
PLA-20Tw20 78.8+1.1 19.6+0.9 29+0.1
PLA-30Tw20 72.6+0.9 17.4x1.1 27402
PLA-10Tw80 94.8+0.8 23.4+1.0 4.7+03
PLA-20Tw80 82.6+0.7 18.9+0.7 3.6+02
PLA-30Tw80 80.0+04 17.3+0.4 35402

@ Springer

With regard to the cold crystallization (see Fig. 6) phe-
nomenon (cold crystallization peaks were obtained from
the second heating cycle), both polysorbates shift the cold
crystallization peak temperature (7,.) to lower values (see
Table 2) due to the increased mobility provided by the flex-
ible plasticizer molecules, as suggested by Maiza et al. [59]
in plasticized PLA formulations with different citrate esters.
This phenomenon has also been reported by Li et al. [55]
in plasticized PLA with poly(ethylene glycol) (PEG) with
different molecular weights (4004000 g mol~!). They
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Fig. 7 DSC thermograms corresponding to the melting range of unplasticized and plasticized PLA formulations with different amounts of poly-

sorbates, (a) Tween® 20, and (b) Tween® 80

observed PEG with a molecular weight of 400 g mol~!, led
to the highest decrease in both 7, and the cold crystalliza-
tion peak temperature (7). In this work, 7, changes from
106.7 °C (neat PLA) down to such low values of 72.6 °C and
80.0 °C for the plasticized formulations containing 30 wt%
Tween® 20, and Tween® 80, respectively. Another important
issue related to the cold crystallization is the peak shape as it
becomes narrower with increasing the polysorbate amount.
This narrow peak shape can be observed in Fig. 6, as well as
in Table 2, since the full-width at half-maximum (FWHM)
of the peak decreases as the plasticizer content increases for
both polysorbates. As this shift of the cold crystallization is
related to increased chain mobility, it is Tween® 20 (with
lower molecular weight) which gives the highest decrease
in 7. It has been proposed that plasticizers could enhance
crystallization at lower temperatures due to improved chain
mobility, and hence, PLA crystallization becomes easier
[60].

With regard to the effect of polysorbates on the melting
process, it is evident both polysorbates promote some inter-
esting changes (see Fig. 7) in the shape and maximum peak.
In particular, the melting peak temperature (7,,) is slightly
reduced from 171.7 °C for neat PLA down to 165.6 °C (for-
mulation with 30 wt% Tween® 20), or 167.7 °C (formulation
with 30 wt% Tween® 80). This phenomenon was more pro-
nounced in plasticized PLA with different citrate esters as
reported by Maiza et al. [59], with a decrease of 7,, of neat
PLA from approximately 165 °C down to such low values
of 138.55 °C (30 wt% triethyl citrate, TEC). They ascribed
this decrease in T, to the ability of citrate esters to destroy
de crystal structure of PLA. Plasticizer addition has also a

Table 3 Characterization of the melting process of neat PLA and plas-
ticized PLA formulations containing different amounts of polysor-
bates, Tween® 20, and Tween® 80

T,(O)  AH, Yike Yol max
degh ]

PLA 1717406 31.8+04  1.9+0.1 33.9+04
PLA-10TW20 167.5+0.5 283+0.5  7.5+0.1 33.6+0.5
PLA-20Tw20 167.740.3 341408 193402 455+0.7
PLA-30TW20 165.6+0.7 32.8+40.6 23.5+02 50.0+0.5
PLA-10TW80 167.8+0.6 264+04  3.6+0.1 313+04
PLA-20TW80 169.5+0.5 34.6+0.6 209402 462+0.5
PLA-30TW80 167.740.6 32.140.5 22.6+02 48.9+0.6

pronounced effect on the degree of crystallinity (%y,) as can
be seen in Table 3. The degree of crystallinity (%y,) devel-
oped by PLA after cooling is 1.9% and its maximum degree
of crystallinity (%, 40> 15 33.9% which means, most of
its crystallinity is developed during the cold crystallization
process, as when the polymer undergoes the second heating
cycle, only 1.9% of the maximum crystallinity corresponds
to organized polymer chains before starting the second heat-
ing cycle. As the plasticizer content increases, the degree of
crystallinity (%oy,) dramatically increases up to 22-23% for
a plasticizer content of 30 wt% (both polysorbates). This
is related to the increased chain mobility provided by the
plasticizer molecules as reported by Xiao et al. [61], in plas-
ticized PLA formulations with 10-30 wt% triphenyl phos-
phate (TPP). They attributed this increase in crystallinity
to improved segmental molecular mobility of PLA which
makes easier crystallization in plasticized formulations.
They also observed an increase in the degree of crystallin-
ity developed during the cold crystallization process which
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lead to maximum degree of crystallinity values of 52.5%
for the plasticized formulation containing 30 wt% TPP
which is very similar to the values obtained in this study
with %y, ... values of 49-50% for both polysorbates with
the same concentration (i.e. 30 wt%). This phenomenon was
also observed by Ljungberg et al. [62], in plasticized PLA
formulations with several plasticizers with a fixed concen-
tration of 15 wt%, including tributyl citrate (TbC), diethyl
bishydroxymethyl malonate (DBM), and their oligomers.
The decrease in the melt peak temperature provided by the
plasticizers was similar to the change observed in this study,
and all plasticizers lead to increased degree of crystallinity.

With regard to the thermal stability, one critical con-
cern on the use of monomeric plasticizers is the potential
plasticizer loss during processing, due to the low molecu-
lar weight of most monomeric plasticizers. This can be
assessed by thermogravimetric analysis (TGA). PLA-based
formulations are usually processed at temperatures ranging
from 190 to 210 °C, which could lead to some plasticizer
loss as reported by Arrieta et al. [16], in plasticized PLA for-
mulations with limonene (boiling point at 176 °C). Ivorra-
Martinez et al. [30] have also reported this phenomenon on
plasticized PLA with dibutyl itaconate (DBI) (boiling point
at 284 °C). Recently, Gomez-Caturla et al. [17] have shown
the potential of geraniol esters as environmentally friendly
plasticizers for PLA. In spite of the fact that the boiling point
of these geraniol esters is comprised between 216 °C (gera-
nyl formate with a molecular weight of 182.3 g mol™') and
276277 °C (geranyl isovalerate with a higher molecular
weight of 238.4 g mol™"), they observed improved thermal
stability (by measuring the onset degradation temperature)
by increasing the molecular weight. In this work, both
polysorbates show a chemical structure that could be clas-
sified in the threshold between low molecular weight mono-
meric plasticizers and high molecular weight oligomeric/
polymeric plasticizers. Tween® 20 has a molecular weight
of 1225 g mol~!, while Tween® 80 has higher molecular
weight of 1310 g mol~!. The effect of these polysorbates
on the thermal stability of the plasticized PLA formulations
with varying plasticizer content, can be observed in Fig. 8a-
c, while the first derivative curve profiles (DTG) is gathered
in Fig. 8b-d. The most relevant parameters regarding the
thermal degradation are summarized in Table 4.

As it can be seen in Fig. 8a-c, the thermal degradation
of neat PLA occurs in a single step process with an onset
degradation temperature, 75, (temperature for a mass loss
of 5 wt%) of 304 °C, and a maximum degradation rate
temperature (7,,,,) of 343 °C. The thermal degradation of
plasticized PLA formulations with Tween® 20 and Tween®
80 also occurs in a single step process. Many authors have
reported a two-step degradation process in plasticized PLA
formulations, the first step consisting on the plasticizer loss

@ Springer

at lower temperatures than the high molecular weight PLA
chains. Maiza et al. [48] observed this phenomenon on plas-
ticized PLA with triethyl citrate (TEC) and acetyl tributyl
citrate (ATBC). They reported a decrease in the onset degra-
dation temperature (Ts,,) from 295 °C (neat PLA) down to
such low values of 141 °C and 146 °C for plasticized PLA
formulations containing 30 wt% TEC and ATBC, respec-
tively. In this particular case, the thermal degradation occurs
in a single step probably due to the fact that Tween®™ 20 and
Tween® 80 degrade in the same temperature range than
PLA, as it was reported by Bide et al. [63], who showed that
Tween® 80 thermodegrades in a single step between 350
and 400 °C, which is the same temperature span than for
PLA. An additional study performed by Kishore et al. [64]
also showed that Tween® 20 and Tween® 80 thermodegrade
in a temperature range between 350 and 400 °C.

Moreover, the TGA degradation profile changed from a
single step process for neat PLA to a several step degrada-
tion for both TEC and ATBC plasticizers, due to the higher
volatility of these plasticizers compared to PLA. Similar
findings were reported by Barandiaran et al. [18] in plasti-
cized PLA with esters of cinnamic acid. In fact, as the TGA
curves of plasticized PLA with cinnamates showed a two-
step degradation, the plasticizer loss during processing was
assessed by measuring mass loss related to the first degrada-
tion step observed by TGA. Arrieta et al. [65] also observed
this two-step degradation process in PLA-limonene and
PHB-limonene blends. On the other hand, Burgos et al.
[66] reported a single step degradation process for PLA and
plasticized PLA with oligomers of lactic acid (OLA with a
molecular weight of 957 g mol™"), with a decrease in the
onset degradation temperature (7s,,) with increasing the
plasticizer content, thus showing that thermal degradation
of high molecular weight plasticizers overlaps with that of
PLA. Similar findings have been reported by Lascano et al.
[52] in plasticized PLA with OLA for improved toughness.
In this work, polysorbates show a molecular weight above
1200 g mol~!, and accordingly to other oligomeric plasticiz-
ers, the degradation process proceeds in a single step pro-
cess with a decrease in the onset degradation temperature
(Tse,) with increasing plasticizer content, as summarized in
Table 4. Therefore, for the plasticized PLA formulation con-
taining Tween® 20, the T, changes from 304 °C (neat PLA)
down to 271 °C (plasticized PLA with 30 wt% Tween® 20).
Similar tendency can be observed for plasticized PLA for-
mulations containing Tween® 80, with slightly higher T. S04
values since it has higher molecular weight than Tween® 20.
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Table 4 Characterization of the thermal degradation by thermogravi-
metric analysis (TGA) of neat PLA and plasticized PLA formulations
containing different amounts of polysorbates, Tween® 20, and Tween®
80

Te, (C) T (CO)
PLA 304+3 343 +4
PLA-10Tw20 289+4 346+5
PLA-20Tw20 278 +4 335+5
PLA-30Tw20 27145 321+4
PLA-10Tw80 298 +4 360+6
PLA-20Tw80 276 +5 326+4
PLA-30Tw80 276 +4 328+5

Thermo-mechanical Properties of Plasticized PLA
with Polysorbates

Figure 9 gathers dynamic-mechanical thermal analysis
(DMTA) graphs (storage modulus vs temperature, and tan
0 vs temperature) for PLA and plasticized PLA formula-
tions with polysorbates. The evolution of the storage modu-
lus (E’) with temperature can be seen in Fig. 9a and c, for
plasticized PLA formulations containing Tween® 20, and
Tween® 80, respectively. Several processes can be observed
for neat PLA as reported by Cristea et al. [67]. At low tem-
peratures (below 50 °C), the change in £’ with temperature
is almost negligible. In this temperature range, PLA shows
a brittle behavior since this temperature range corresponds
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Fig.9 Plot of the evolution of a-c) the storage modulus, £, and b-d) the dynamic damping factor, tan ¢, for neat PLA and plasticized PLA formula-
tions containing different amounts of polysorbates, Tween® 20 and Tween® 80

to its glassy region. In the 50-75 °C temperature range, a
three-fold decrease in £’ can be observed, which is attribut-
able to the glass transition temperature (7). At 75-80 °C, a
rubbery plateau region can be seen but, immediately above
80 °C, the cold crystallization process can be observed by
an increase in E’, since cold crystallization leads to a more
packed structure which, in turn, increases the resistance and
modulus. After 80 °C, a second rubbery plateau region can
be seen. These regions agree with those reported by Ferri et
al. [68] for neat PLA and binary blends with thermoplastic
starch (TPS). The evolution of the storage modulus, £, with
temperature for plasticized PLA formulations with polysor-
bates shows identical shape, but typical curves are shifted
to lower temperatures. Consequently, the above-mentioned
processes (glass transition, and cold crystallization) are
moved to lower temperatures. Moreover, as the plasticizer

@ Springer

content increases, the shift to lower temperatures is more
pronounced. These results are in total agreement with those
observed by DSC. As can be seen in Fig. 9a and c, the first
rubbery plateau region, comprised between the glass tran-
sition and the cold crystallization, is very narrow for neat
PLA but in plasticized PLA formulations with polysorbates
too. This has been explained by Cristea et al. [67], as a sud-
den increase in £’ just after the glass transition that may
be due to the fact that the glass transition can trigger the
cold crystallization due to the increased chain motion. The
onset of the cold crystallization (7. ,,..,) has been deter-
mined as this sudden increase in £ after the glass transition.
As expected, the onset of the cold crystallization is moved
down to lower values as the plasticizer content increases,
with similar trend with both polysorbates and in agreement
with the second heating in the previous characterization by
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DSC. The characterization in DMTA is related to the first
heating of the material, nonetheless, it helps to better under-
stand the cold crystallization phenomenon in general terms.

Despite there are several criteria to identify the glass
transition temperature (7,) by means of DMTA, the peak
maximum of the dynamic damping factor (tan J peak), is
usually employed (see Table 5). As can be seen in Fig. 9b,
d and T, decreases with increasing plasticizer content for
both polysorbates. More specifically, the T, of neat PLA,
located at 63.9 °C, decreases to values of around 49 °C
in plasticized formulations with 30 wt% Tween® 20, and
Tween® 80, thus showing the high plasticization efficiency
polysorbates can exert on PLA. Notwithstanding the 7, val-
ues are different to those obtained by differential scanning
calorimetry (DSC) due to the different thermal history, as it
has been previously commented, the same decreasing ten-
dency can be observed. As the plasticizer content increases
for both polysorbates, additional changes in the dynamic
damping factor peak occur. In particular, the peak height
decreases and the peak shape is broader. The peak shape
is assessed by the full-with at half-maximum (FWHM), as
shown in Table 5. PLA shows a narrow tan d peak, with a
FWHM value of 8.5 °C, while the plasticized PLA formula-
tions containing 30 wt% Tween® 20, and Tween® 80, show
a broader peak characterized by a FWHM of 12.6 °C for
both polysorbates. Similar tendency on the dynamic damp-
ing factor has been reported by Ren et al. [69] in plasticized
PLA with triacetine (TAC) and poly(1,3-butylene glycol
adipate) (PBGA). Ivorra-Martinez et al. [30] have reported
this phenomenon in plasticized PLA with dibutyl itaconate
(DBI). They concluded that this broadening highly depends
on the molecular weight and the plasticizer amount. Since
DBI has a low molecular weight (242.32 g mol™"), the
FWHM reaches such high values of 85.2 °C at a nominal
concentration of 20 wt% DBI. This phenomenon is related
to the micro heterogeneities generated by the presence of
plasticizer molecules inside the amorphous regions of PLA.
As a consequence, the interactions between PLA chains and

Table 5 Main thermal parameters obtained from dynamic-mechanical
thermal analysis (DMTA) of neat PLA and plasticized PLA formu-
lations containing different amounts of polysorbates, Tween® 20 and
Tween® 80

T,*(C)  tand,,  FWHM T, g
tan 3 (°C) (°C)
PLA 63.9+0.7 2.81+0.10 85+03 77.0+0.6
PLA-10Tw20 525409 221+0.11 9.6+02 64.1+0.9
PLA-20Tw20 491414 1.18+0.05 120404 59.4+0.8
PLA-30Tw20 483410 1.04+0.04 12.6404 60.1+0.7
PLA-10Tw80 528+0.8 2.17+0.12 9.7+03 60.6+0.4
PLA-20Tw80 502409 1.23+0.07 12.6+0.5 59.4+0.6
PLA-30TwS80 498+1.1 1.18+0.05 12.6+04 60.1+1.1

* The T, is calculated as the peak maximum of the dynamic damping
factor, tan o

PLA-plasticizer are affected, leading to a broader tempera-
ture range for the glass transition temperature, 7, [18]. As
concluded by Galvez et al. [70], a higher FWHM value is
representative for more interaction and contact between
PLA and plasticizer molecules, which leads to a wide range
of relaxation times. As low molecular weight molecules can
enter easily into the amorphous regions, this phenomenon is
more pronounced with low molecular weight plasticizers.
As polysorbates have a molecular weight in the threshold
of monomeric plasticizers (usually below 600 g mol~') and
oligomeric/polymeric plasticizers (ranging from 1000 to
10000 g mol~!, with an average of 3000 g mol~!) [71], they
promote this broadening phenomenon in a less extent than
low molecular weight monomeric plasticizers such as tri-
ethyl citrate (TEC) and acetyl tributyl citrate (ATBC) with
FWHM values of 50-60 °C at a plasticizer content of 30
wt% [59]. Additionally, some peaks in the tan d graphs can
be observed between 60 and 100 °C. These peaks are related
to the cold crystallization transition, which is observed as
an increase in the storage modulus as a result of an increase
in the rigidity of the materials due to crystallization. This
phenomenon was observed also by Ivorra-Martinez et al.
[30] in DBI-PLA plasticized samples. It is also seen how the
higher the polysorbate content, the lower the temperature at
which these peaks occur, which is in total accordance with
the DSC analysis previously commented.

With regard to the dimensional stability, thermome-
chanical analysis (TMA) gives interesting results about the
effect of polysorbate-type plasticizers on PLA. Figure 10
depicts the dimensional change in plasticized PLA formu-
lations containing different weight fractions of Tween® 20
(Fig. 10a), and Tween® 80 (Fig. 10b). The main results
obtained by TMA are gathered in Table 6. The dimensional
change of PLA with temperature is very helpful to under-
stand all the occurring phenomena in these materials. Below
its 7, (temperature range below 50 °C), there is a linear cor-
relation between the increase in temperature and the increase
in dimensional change. The glass transition phenomenon is
related to a softening, thus leading to increased deforma-
tion (expansion) as a consequence of the temperature rise.
Thus, the glass transition temperature can be detected as
the change in the slope of the linear region at temperatures
below 7}, (see orange arrows in Fig. 10).

On the other hand, at temperatures above 7,, PLA under-
goes cold crystallization, which leads to a more packed
structure. Subsequently, this phenomenon is observed by
TMA as a decrease in the dimensional change (contraction)
due to the fact that packed PLA chains occupy less volume.
Due to the glass transition phenomenon and the cold crystal-
lization processes are overlapped, it is possible to identify
the onset of the glass transition temperature (orange arrows),
and the endset of the cold crystallization (black arrows).
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Fig. 10 Plot of the evolution of the dimensional change with temperature for neat PLA and plasticized PLA formulations containing different
amounts of polysorbates, Tween® 20 and Tween® 80, obtained by thermomechanical analysis (TMA)

Table 6 Main thermal parameters obtained by thermomechanical anal-
ysis (TMA) of neat PLA and plasticized PLA formulations containing
different amounts of Tween® 20 and Tween® 80

T,* (°C) CLTE below T,  CLTE
(um m~' °C~ ]) above cold

crystallization

(umm~'°C")
PLA 55.6+2.3 76+4 161+7
PLA-10Tw20 43.8+1.8 80+4 170+9
PLA-20Tw20 353+19 99+5 1729
PLA-30Tw20 394+22  126+7 171 £8
PLA-10Tw80 47.1+2.6 865 168 +8
PLA-20Tw80 413+22 101+4 173+9
PLA-30Tw80 414429 131+5 170+ 8

* The T, is calculated as the onset of the increase in dimensional
change above the linear region

As reported by Cristea et al. [67], the glass transition can
trigger the cold crystallization and the effects of these two
phenomena on the dimensional change are overlapped, as
seen in Fig. 10. As the plasticizer content increases for both
Tween® 20 and Tween® 80, the glass transition tempera-
ture onset is moved down to lower values, according to the
results obtained by DSC and DMTA. Consistently, the end
of the cold crystallization also moves to lower temperatures
as previously observed. The effect of the plasticizer type and
weight fraction on the coefficient of linear thermal expan-
sion (CLTE) has been assessed by thermomechanical analy-
sis. This overlapping has been described by Ivorra-Martinez
et al. [30] in plasticized PLA with different amounts of dibu-
tyl itaconate (DBI). Since the glass transition and the cold
crystallization are overlapped, the CLTE has been measured
as the slope of the linear region before the glass transition
phenomenon (glassy state), and above the end of the cold
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crystallization (rubbery state). Neat PLA has a CLTE below
T, 0f 76 pm m~! °C~!, and this increases with increasing the
plasticizer weight fraction since plasticizer molecules enter
into the amorphous regions, thus weakening the polymer-
polymer interactions which in turn, leads to an increase in
the dimensional change with temperature as reported by
Balart et al. [72] in plasticized PLA with epoxidized linseed
oil (ELO). The effect both polysorbates is similar as can be
seen in Table 6. Above the cold crystallization, the CLTE
is higher due to the material is in a rubbery-like state and,
subsequently, the dimensional change with temperature is
higher. In the case of neat PLA, the CLTE above the cold
crystallization is 161 um m~' °C~!, and in a similar way,
as the plasticizer content increases, the CLTE increases too.
Similar findings have been reported by Quiles-Carrillo et al.
[73], in plasticized PLA with different weight fractions of
maleinized hempseed oil (MHO).

Conclusions

Polysorbates have demonstrated exceptional plasticization
properties on poly(lactide) (PLA) matrix, thus widening
their industrial applications in addition to their surfactant
properties. Polysorbates, with a molecular weight comprised
between 1200 and 1300 g mol~!, are in the frontier between
monomeric and polymeric plasticizers, thus offering the
benefits of both types of plasticizers. Moreover, due to their
surfactant properties, they show good miscibility with PLA,
much higher to that of similar molecular weight epoxi-
dized vegetables oils. This miscibility leads to a remarkable
increase in ductile properties. The elongation at break of the
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brittle, low-toughness PLA, is around 4.0% and is increased
up to values of 180% in formulations containing 20 wt% of
polysorbates. The plasticization efficiency of polysorbates
has been assessed by measuring the glass transition temper-
ature, T,. PLA-polysorbate blends give a unique 7, which
decreases with increased plasticizer content. Moreover,
the cold crystallization is moved down to lower tempera-
tures since the plasticizer molecules improve chain mobil-
ity. The maximum degree of crystallinity PLA can develop
after cooling plus a cold crystallization also increases in a
noticeable way, thus allowing potential annealing processes
to tailor the desired mechanical and thermal properties. As
polysorbates are medium-molecular weight organic mole-
cules, they are not highly volatile which provides plasticized
PLA formulations with good thermal stability. It has been
noted that the low molecular weight polysorbate (Tween®
20) has slightly higher plasticization efficiency than the high
molecular weight polysorbate (Tween® 80). This research
widens the potential of a new series of plasticizers based
on polysorbates, with interesting properties including cost-
effective, readily available, and environmental issues since
they can be obtained from renewable resources.
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