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Abstract

Polylactic acid (PLA) is an attractive candidate for replacing petrochemical polymers because it is from renewable
resources. In this study, a specific PLA 2002D was melt-mixed with two plasticizers: triethyl citrate (TEC) and acetyl
tributyl citrate (ATBC). The plasticized PLA with various concentrations were analyzed by differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), melt flow index (MFI), thermogravimetric analysis (TGA),
X-ray diffraction (XRD), UV-Visible spectroscopy and plasticizer migration test. Differential scanning calorimetry
demonstrated that the addition of TEC and ATBC resulted in a decrease in glass transition temperature (Tg), and the
reduction was the largest with the plasticizer having the lowest molecular weight (TEC). Plasticizing effect was also
shown by decrease in the dynamic storage modulus and viscosity of plasticized mixtures compared to the treated PLA.
The TGA results indicated that ATBC and TEC promoted a decrease in thermal stability of the PLA. The X-ray diffraction
showed that the PLA have not polymorphic crystalline transition. Analysis by UV-Visible spectroscopy showed that
the two plasticizers: ATBC and TEC have no effect on the color change of the films. The weight loss plasticizer with
heating time and at 100°C is lesser than at 135 °C. Migration of TEC and ATBC results in cracks and changed color of
material. We have concluded that the higher molecular weight of citrate in the studied exhibited a greater plasticizing

effect to the PLA.
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1. Introduction

Biobased polyesters have attracted much attention due to
their biodegradability and biocompatibility which offer clear
advantages for both customers and environment. In recent
years, Polylactic acid (PLA) is one of the most promising
candidates as partial alternative of petrochemical polymers
because it is biodegradable and produced from lactic acid
obtained by fermentation of renewable raw materials and
readily biodegradable!!!. PLA like most synthetic polymers
from petroleum resources, which are rarely used alone by
themselves, and needs to improve some properties by an
inclusion of additives!?..

Poly (lactic acid) PLA has very low toxicity and high
mechanical performance, comparable to other commercial
polymers, for example, poly (ethylene terephthalate) (PET)
and polystyrene (PS)P3. Tt is highly transparent and has
good barrier properties to aromas. In addition, PLA is also
biodegradable, compostable and has good mechanical
properties>®. However, its major drawbacks as high cost
and intrinsic characteristics (i.e. hard and brittle materials)
have hindered its wide spread use, especially in the area
of packaging applications!™. Plasticizers are widely used
additives for polymeric materials to enhance their flexibility,
processability, and ductility. Generally, an efficient plasticizer
has to reduce the glass transition temperature (T) and
melting point of the plasticized materials!'”. Different types
of plasticizers have been investigated to improve the flexible
properties of PLA such as poly (ethylene glycol) (PEG),
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citrate esters!!"!), oligomeric lactic acid!'* and triacetine!*!°!,
There are several important considerations when choosing
aplasticizer for PLA for biomedical applications. It should
be a nontoxic substance miscible with the polymer, thus
creating a homogeneous blend. Also, the plasticizer should
not be prone to migration as this would cause the material to
regain the brittleness of pure PLA!". Thus, good miscibility
between PLA and plasticizers is essential. Various plasticizers,
which have been proved as effective plasticizers for PLA,
citrate esters are used as plasticizers with a variety of
different polymers such as poly (methyl methacrylate)!'*!
and cellulose acetate!'”. They are nontoxic and approved
for use as additives in food, personal care products, and in
medical plastics!"®). The reason for good solubility of citrate
plasticizers in PLA is due to the polar interactions between
the ester groups of PLA and the plasticizer?”.

Two biodegradable, nontoxic plasticizers that have been
successfully blended with PLA are triethyl citrate (TEC) and
acetyl tributyl citrate (ATBC). At the concentrations used
(up to 30%) these esters were shown to be compatible with
PLA and to generate significant decrease in glass transition
temperature, thereby enhancing the ductility of the material.
The aim of this study is to investigate the effects of TEC
and ATBC with various molecular weight and contents on
thermal, dynamical, rheological and plasticizer migration
properties of PLA.
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2. Materials and Methods

2.1 Materials

Poly (lactic acid) (PLA 2002D, extrusion grade,
MEFTI: 5-7 g 10 min at 210 °C, 2.16 Kg) was provided by
Cargill-Dow (USA). The melting temperature (T ) was
180 °C and the glass transition temperature (T ) was 60 °C,
acetyl tributyl citrate (ATBC) and triethyl citrate (TEC)
(Scheme 1a and 1b) were purchased from Sigma Aldrich
(France).

2.2 Sample preparation

Before processing by melt-blending PLA was dried
for 24 h at 60 °C, PLA was blended with the plasticizers
in a Brabender plastograph. The temperature was 190 °C
and the blending time 7 min, and blend rotation speed was
30 rpm. The plasticizers TEC and ATBC were blended to
PLAat5, 10, 15, 20 and 30% weight. Table 1 summarizes
the compositions of each formulation.

2.3 Characterization

2.3.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was conducted
on a TA instruments DSC Q10. All samples were exposed to
consecutive heating and cooling programs to eliminate their
thermal history: first heating from 25 °C to 220 °C, isothermal
for 3 min, cooling from 220 °C to —50 °C, isothermal for
3 min, and second heating from —50 °C to 220 °C. The heating
and cooling rates were 10 °C min™'.
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Scheme 1. Chemical structure of: (a) (TEC); (b) (ATBC).
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2.3.2 Dynamic mechanical analysis (DMA)

Measurements were carried out with a dynamic
mechanical analyzer (RSAII) at a frequency of 1 Hz. All films
(30 x 7 x 0.5 mm?) were tested at a strain of 0.01% using a
3 °C min!, temperature ramp from —50 to 120 °C.

2.3.3 Melt flow index (MFI)

Melt flow index (MFI) is the mass flow rate index,
expressed in grams, extruded isothermally 10 min under
constant load through a die of standard dimensions was
measured by using Melt Flow Indexer (MFI Controlab
Melt flow rate apparatas model 5) at 190 °C and 2.16 Kg.

2.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the samples was
studied by using TA instrument Q100 (TA). The samples
were heated from 30 to 500 °C with the heating rate of
10 °C min' under nitrogen atmosphere at the flow rate of
20 ml min".

2.3.5 X-ray diffraction (XRD)

X-ray diffraction (XRD) of films study was carried
out using a Bruker D8 Advance diffractometer with Cu-Ni
radiation (A=1.54184 nm). The diffractogram was scanned
in the ranges from 6-70° at a scan rate of 0.05° min .

2.3.6 UV-Visible spectroscopy

The light transmittance of treated and plasticized PLA
with TEC and ATBC were measured with a UV-Visible
spectrophotometer instrument (Unicam 300UV; England)
in the range of 200-600 nm at room temperature.

2.3.7 Plasticizer migration

The samples were placed in a vented oven at isothermal
temperatures of 100 and 135 °C. In defined time intervals
(200, 400, 600 and 800 min) the samples were weighted.
Before weighting the surface were cleaned up from the
migrated plasticizer®). The weight loss of the plasticizer
was assumed as the total weight loss of the samples during
heating time (t) and calculated according to Equation 1:

my —my

Weight loss (%) = x100 (1)

my
where m is the weight before migration and m, is the weight
of after migration at t.

Table 1. Composition of treated (Trt) PLA and plasticized PLA
with TEC and ATBC plasticizers.

Formulation PLA (%) TEC or ATBC (%)
Trt PLA 100 0
PLA-TEC5 95 5
PLA-TEC10 90 10
PLA-TECI5 85 15
PLA-TEC20 80 20
PLA-TEC30 70 30
PLA-ATBC5 95 5
PLA-ATBCI10 90 10
PLA-ATBCI15 85 15
PLA-ATBC20 80 20
PLA-ATBC30 70 30
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3. Results and Discussion
3.1 Differential scanning calorimetry (DSC)

During the last heating scan the glass transition, cold
crystallization and melting temperature of the material were
determined. The degree of crystallinity (X ) was calculated
from the DSC data using the following relationship:

M %100 )
AHAXpp A

where AH_, AH_  and X, , are the enthalpy of melting,
enthalpy of cold crystallization and weight fraction of PLA
respectively, AH, is the heat of fusion defined as the melting
enthalpy of 100% crystalline PLA, which is 93 J.g" 1?2,

The differential scanning calorimetry (DSC) results
(last scan) for the treated and plasticized PLA in Brabender
plastograph are shown in Figure 1 and summarized in Table 2.
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The plasticizers decreased the glass transition temperature
(Tg) of treated PLA from 60.42 °C to 10.29 °C and to 12.21 °C
with addition 30% of TEC and ATBC respectively. As expected,
by increasing plasticizer content, a decrease in T, occurs,
which is true for the TEC and ATBC. The low molecular
size of the plasticizer allows it to occupy intermolecular
spaces between polymer chains, reducing the energy for
molecular motion and the formation of hydrogen bonding
between the polymer chains, which in turn increases free
volume and molecular mobility. By increasing the content
of the plasticizer, the effectiveness of the citrate plasticizer
to reduce the Tg of the PLA is generally enhanced®.

The addition of TEC or ATBC to the PLA affects the
cold crystallization temperature (T, ). The T observed in
treated PLA at 130.94 °C is depressed to 71.72°C and to
69.26 °C with addition of 30% of TEC and ATBC respectively.
The decreasing of Tg, T and melting temperature (T, ) were
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Figure 1. DSC diagrams of treated PLA and plasticized PLA with: (a) PLA/TEC; (b) PLA/ATBC at various concentrations.

Table 2. Thermal properties and crystallinity of treated and plasticized PLA with TEC and ATBC at various concentrations.

Formulation T, (((®)] AH_ (J/g) T, (°C) AH,_ (J/g) T, (°C) X, (%)
Trt PLA 60.42 4.986 130.94 5.240 151.90 0.27
PLA-TECS 50.48 19.15 120.27 18.46 147.89 0.78
PLA-TECI0 41.20 10.62 114.77 11.46 149.04 1.00
PLA-TECI15 31.21 21.35 104.39 22.48 145.90 1.42
PLA - TEC20 23.56 19.38 91.73 23.07 143.55 4.95
PLA -TEC30 10.29 16.63 71.12 22.22 143.27 8.58
PLA — ATBC5 52.94 22.53 116.03 24.71 146.91 2.46
PLA-ATBC10 44.22 21.33 108.29 24.24 150.04 3.47
PLA - ATBC15 36.67 21.09 101.10 24.73 148.14 4.60
PLA — ATBC20 27.02 20,63 89.03 24.46 146.80 5.14
PLA - ATBC30 12.21 13.97 69.26 19.88 138.41 9.07

T,: glass transition temperature; T, : melt temperature; T_ : cold crystallization; AH, : melting enthalpy; AH_: enthalpy of the cold crystallization;

X.: crystallinity.
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enhanced with a higher plasticizer content as a result from
the enhanced chain mobility**.

The decrease of T, T, T and the increase of degree
of crystallinity as show in Table 2 was seen to depend on
the plasticizer content. The percentage of crystallinity of
the plasticized PLA is higher than that the treated PLA.
For the plasticized PLA with TEC, greatest crystallinity is
observed with addition of 30% for a value of 8.58%, and a
rate of 9.07% for the plasticized PLA/ATBC. This increase
indicates that the crystallization of the PLA becomes easier
with the mobility of the chains caused by the citrate ester.

The action of a plasticizer is to increase the free volume
and to decrease the polymer chain interactions which induce
higher chain mobility at lower temperature, the effect
linked to plasticization is most probably superposed with
a decrease of the glass transition temperature due to chain
mobility. Labrecque et al.l'’ studied the effect of plasticizers
on the thermal properties of PLA and they have found that
all plasticizers were miscible with PLA. The reason for
good solubility of PLA in citrate plasticizers is due to the
polar interactions between the ester groups of PLA and the
plasticizer?”.,

3.2 Dynamic mechanical analysis (DMA)

Curves displaying storage modulus (E’), loss modulus
(E”) and loss factor (tan 8) were recorded as a function of
temperature for the treated PLA and the plasticized PLA
are described in Figures 2, 3 and 4 respectively.

Figure 2a and Figure 2b shows the temperature
dependence on the storage modulus (E’) for the treated and
plasticized PLA with TEC and ATBC respectively. There
is a decrease in storage modulus values below T, as the
plasticizer continues to increase the mobility of the polymer
chains. The E’ curves for the blends display a short plateau
comparing with treated PLA. This indicates a decrease in
thermal mechanical stability with additional citrate esters in
PLA. The addition of plasticizer in PLA is often reported to
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to reduce the stiffness??*. The thermograms show o-relaxation
(main peaks). It is clearly shown in Figure 3a and Figure 3b
that the drop in storage modulus following the a-relaxation
was found at a lower temperature for the plasticized materials
as compared to treated PLA.

The curve loss modulus (E”) temperature in Figure 3
provides information about the dispersion and distribution
of citrate within PLA phase. Furthermore, a broadening
of the width of the peak reflecting the glass transition is
due to a plasticizer concentration gradient in all the PLA
blends, a widening of the width of the curve increased
with the plasticizer content (TEC and ATBC). Regarding
the decrease of E’ with temperature and the presence of
bumps in the tan § curves after the glass transition, they
are due to a cold-crystallization process®!. We can also
note that the peak area of E”, related to the energy required
to activate the molecular mobility within the material is
different depending on the compositions, the increase of
plasticizer content increase the peak area. This suggests
that the molecular mobility within the plasticized PLA are
easily activated than in the PLA alone. In their work on the
phenomena of molecular mobility, David et al.*"), showed that
the cooperativity increased with the decrease of disorder and
therefore the energy required to activate molecular mobility
of a material decreases with the increase of the desorder
of one, which is in agreement with the previous result of
DSC. The relaxation temperature which can be associated
with the glass transition was taken at the maximum of the
peak of the damping factor (tan J).

Figure 4 indicates that the T, was significant decreased
for all the plasticized PLA. The T, decreases with the increase
of plasticizer content in the PLA. For example, at 30% of
TEC and ATBC, the glass transition of PLA decreases from
62.23 °C to 17.49 °C and to 26.91 °C, respectively. These
values of glass transition temperature (T ) obtained by
DMA have the same tendency of the results found by the
DSC, where T,is decreased by the addition of plasticizer.
Table 3 presents the T, values for PLA plasticized with
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Figure 2. Variation of storage modulus (E”) with temperature of the treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various

concentrations.
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Figure 3. Variation of loss modulus (E”) with temperature of the treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various
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Figure 4. Variation of loss factor (tan §) with temperature of the treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various

concentrations.

(TEC or ATBC) obtained by DMA. Furthermore, citrate
esters addition also generated broader transition peaks
(the full-width half-maximum increased, as indicated in
Table 3 and Figure 4). This behavior describes materials
with a wide range of relaxation times”\. The presence of
citrate changes the microheterogeneity of the systems, i.e.,
TEC or ATBC chains can cause the formation of a number
of microenvironts with different compositions and different
interaction densities in the blends. Typical interactions are
hydrogen bonding between the hydroxyl groups from PLA

Polimeros, 25(6), 581-590, 2015

and citrate, as well as oxygen, from the citrate esters units,
which caused the broadening of the PLA glass transition peak.

3.3 Melt flow index (MFI)

The variation of melt flow index (MFI) with the addition
of TEC and ATBC was illustrated in Figure 5 respectively.
MFI data show that all formulations have higher MFI than of
treated PLA (4.6 g per 10 min). The addition of a plasticizer
increases the polymer chain mobility which implies a
reduction in viscosity and increase of MFI of plasticized
PLAP®. When lower quantity of citrate esters is added in
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Table 3. Glass transition temperature and FWHM of the treated
PLA and plasticized PLA with TEC and ATBC determined by

Table 4. TGA data of treated and plasticized PLA with TEC and
ATBC at various concentrations.

DMA. Formulation ~ T,(°C) T, (°C) T, (°C) T, (°C)
. T, (°C) Trt PLA 295.30 348.94 383.43 390.00
Formulation g FWHM (°C)*
from tan 6 curve PLA-TECS 247.51 331.56 383.26 391.43
Tit PLA 62.23 6.48 PLA-TECI0  206.11 303.54 38452 39552
PLA-TECS 3426 6.75 PLA-TECIS 17181 25943 38305  394.98
PLA-TECIO 4591 7:90 PLA-TEC20 156.53 211.04 377.72 392.25
PLA-TECI1S 38.71 8.70
PLA-TEC20 31.86 18.02 PLA-TEC30 141.08 193.40 373.98 391.32
PLA-TEC30 17.49 20.88 PLA-ATBCS 270.07 335.11 385.54 395.52
PLA-ATBCS 55.24 7.02 PLA-ATBC10  214.10 313.63 383.05 393.74
PLA-ATBCI10 50.08 9.24 PLA-ATBCI15 175.37 260.57 381.30 391.08
PLA-ATBC15 40.84 10.66 PLA-ATBC20 161.86 254.00 378.96 394.27
PLA-ATBC20 35.69 5118 PLA-ATBC30 14658 21436  373.85 390.01
PLA-ATBC30 26.91 61.45
3 FWHM): Full-width half-maximum measured from the tan § curve.
%1 —=—TEC .
PLA, the small citrate molecule can penetrate PLA matrix 30 —¢—ATBC
and then make PLA matrix slip and flow easier. With the
addition of citrate increased large amounts of citrate molecule 25
gathered with each other and surrounded the PLA matrix, =
which can resist slipping and flowing the PLA molecule € 4. o
chain. When the composition of the plasticizer increases, =)
more molecules of the TEC or ATBC surround the PLA, > 15 /
which becomes more fluid and slippery. The melt index % /o
is in good correlation with the results of DSC and DMA. 104 ' /
] '/
3.4 Thermogravimetric analysis (TGA) s, /
Thermogravimetric analysis (TGA) is an effective 1
approach evaluating the thermal stability of polymeric 0 : ; " ; ; ;
material. Figure 6a and Figure 6b shows the TG and DTG o NN M_s 0 N 0 S 0 N o NG

curves of the neat PLA and plasticized PLA with TEC and
ATBC respectively.

TGA were carried out on the different formulations reveals
that the initial decomposition temperature of plasticized PLA
with different concentrations of citrate esters is lower compared
to neat PLA. While the kinetics of degradation shows that
the plasticized PLA are stable within the range of interest
(130 °C). However, the initial decomposition temperature of
PLA shifts systematically to lower temperature when citrate
esters are added. This shift is globally more important when
the amount of plasticizer is higher. For example, a shift from
295 °C to 141 °C and to 146 °C is observed for the initial
decomposition temperature of the plasticized PLA with 30%
of TEC and ATBC respectively. The initial decomposition
temperature (T), temperature at 5% and 50% weight loss
(T,,) and (T, ) respectively and temperature of maximum
decomposition rate (T ) of treated and plasticized PLA
are shown in Table 4. On increasing the concentration of
TEC and ATBC, the T,, and T, are shifted towards lower
values. It was also observed the increased of T of PLA with
increased of TEC content, further indicating the role of TEC
in promoting the thermal resistance of PLA?’\. The thermal
stability of plasticized PLA with ATBC is greather than those
with TEC. The T, of the plasticized PLA with ATBC is
higher than the treated PLA. The presence of hydroxyl end
groups in the PLA oligomer chains was found to be critical
for degradation, initiating the chain-scission and decreasing
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Figure 5. Variation of MFI of treated PLA and plasticized PLA
with various concentrations of TEC and ATBC.

the thermal stability**3!. The range temperature between
284 and 335 °C corresponds to evaporation of plasticizer
components, that’s where the boiling point of TEC and ATBC
is 127 °C and 173 °C respectively, where they appear clearly
in DTG of plasticized PLA with 30% of TEC or ATBC.

3.5 X-ray diffraction (XRD)

The X-ray diffraction (XRD) is used to observe changes
in the crystallinity of the realized formulations. Figure 7a
and Figure 7b show the XRD patterns of treated PLA and
plasticized PLA with TEC and ATBC respectively.

The PLA has only a strong diffraction at 16.7° assigned
to the crystalline phase o, which confirms that the PLA has
no polymorphic crystalline transition®®?. The PLA alone
and various formulations have the same crystal structure?”,
The diffraction peaks corresponding to the plasticized
PLA are offset slightly with increasing TEC and ATBC
content and a greater shift for the composition PLA-TEC
or ATBC at 30% probably total crystallinity. This indicates
that the incorporation of the plasticizer accelerates the

Polimeros , 25(6), 581-590, 2015
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Figure 6. TGA/DTG thermograms of treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various concentrations.
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Figure 7. X-ray diffractograms for treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various concentrations.

crystallization of PLA, the same result found by DSC.
This can be explained by the finding by Miyajima et al.l**],
Li et al.’¥, that the chain mobility of amorphous PLA could
increase the crystallinity due to the production of PLA with
lower molecular weight and shorter chain which was more
mobile and more susceptible to crystallize than longer ones.

3.6 UV-Visible spectroscopy

To further study the effect of these plasticizers on the
transparency of the PLA. The UV-visible light transmittance
of treated and plasticized PLA with TEC and ATBC were
measured as shows in Figure 8a and Figure 8b.

The spectra clearly show that whatever the level of
plasticizer, the general appearances of all spectra are
identical. All the maximum absorbance range are between
about 208-214 nm. Both plasticizers (TEC and ATBC)
have no effect on the color change of the films. In the

Polimeros, 25(6), 581-590, 2015

same field, there appear weak staining is due to the effect
of film thickness.

3.7 Plasticizer migration

The weight loss, assumed as the weight loss of the
plasticizer, was calculated as an arithmetic mean of three
measured values. The variation of weight loss of treated and
plasticized PLA with TEC and ATBC as a function of time
at 100 °C and 135 °C is shown in Figure 9a and Figure 9b.
The plasticizer loss increases with time and at 100 °C is
lower than at 135 °C. It’s clear that higher temperature
favors the plasticizer migration. Citrate esters (TEC and
ATBC) migrated out of the PLA at elevated temperature.
Plasticizer weight loss was directly proportional to the
temperature and plasticizer concentration in PLA. Higher
temperatures eased plasticizer migration compared to lower
temperatures. The rate of weight loss at 135 °C is highest
at 400 min for all samples. After 800 min all citrate esters
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Figure 8. UV- Visible spectra of treated PLA and plasticized PLA with: (a) TEC; (b) ATBC at various concentrations.
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migrate from the simple and all the samples show little color
changes at 100 °C and 135 °C. The color change may be
evidence of the increase of PLA crystallinity and / or thermal
degradation. In the case of sample PLA plasticized with TEC
is transparent and colorless ATBC becomes opaque and it
can be concluded that the change in degree of crystallinity
is the main reason. After 800 min at 135 °C the effect of
the migration is more visible and the samples are cracked
and broken (especially plasticized PLA). The color change
of all samples is also more pronounced. In case of loss of
plasticizer is worsened flexibility, ie. The samples become
more rigid and easy to break.

4. Conclusions

In this study, the characterization of plasticized PLA with
TEC and ATBC by using the simple melt blending method
was reported. The thermal properties of plasticized PLA
shows that TEC and ATBC are effective in lowering the
glass transition temperature (Tg), the melting temperature
(T,) and the cold crystallization temperature (T, ) of the
PLA. In addition, its crystallinity increases with increasing
content of plasticizer. The evaluation of the influence of the
type and plasticizer content on the viscoelastic properties of
PLA with DMA indicates a decrease in the storage modulus
is observed for plasticized PLA, indicating the flexibility
and mobility of the amorphous phase of PLA caused by
TEC and ATBC. The value of the melt flow index (MFTI)
was observed for all samples are higher than those of neat
PLA. The TGA results indicated that the TEC and ATBC
promote a decrease in thermal stability of the PLA. X-ray
diffraction shows the appearance of a strong diffraction at
16.7° assigned to the crystalline phase a, which confirms
that the PLA has no crystalline polymorph transition.
UV-Visible spectroscopy shows that the two plasticizers:
ATBC and TEC have no effect on the color change of the
films. Thermally induced migration of citrate esters (TEC and
ATBC) from plasticizer PLA was investigated. The weight
loss plasticizer with heating time and at 100 °C is lesser than
at 135 °C. migration of TEC and ATBC results in cracks
and changed color of material., Finally it can be said that
the higher molecular weight of citrate exhibited a greater
plasticizing effect to the PLA.
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