
1. Introduction

Poly(lactic acid), or PLA, which belongs to the fam-

ily of linear polyesters, is industrially produced via

Ring Opening Polymerization (ROP) of the cyclic

dimer of lactic acid (lactide), which is made from the

fermentation of dextrose, a renewable feedstock avail-

able from sugar or corn, among others [1, 2].

Processing, crystallization, final properties and degra-

dation behaviour of PLA are all strongly influenced

by the structure and composition of the polymer

chains, specifically the ratio of the L- and D-isomer

of lactic acid [3–7]. This stereochemical structure of

PLA can be tuned by copolymerization of mixtures

of L-lactide and meso-, D-, or rac-lactide resulting

in high molecular weight amorphous or semicrys-

talline polymers with a melting temperature from

130 to 185 °C [8, 9]. Isotactic PLLA or PDLA ho-

mopolymers (comprising only L-lactide and D-lac-

tide, respectively) are semicrystalline materials with

the highest melting point, while PLA copolymers

with low optical purity (relative proportion of the

major PLA enantiomer) show lower melting points

and dramatically slower crystallization rate. Finally,

they become fully amorphous at proportions above

12% of the other PLA enantiomer [6, 7, 10].

PLA has experienced strong market growth over the

last decades in comparison with other widely used

petroleum-based plastics due to its bio-based and

biodegradability nature [2] and its good technical

properties [11–13]. Because of its high potential re-

placement to petrochemical plastics in many appli-

cations such as packaging, bio-medical area and
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agriculture [14] and its viability at industrial scale,

this bioplastic has been extensively studied [15–19].

However, some of PLA deficiencies such as low

thermal resistance and low melt strength limit the use

of this polymer in some industrial areas. Increasing

the crystallization rate of PLA could be a way to im-

prove the thermal properties due to, in its amorphous

form, the range of applications is severely restricted

by its low glass transition temperature (55°C).

Another strategy to obtain a high thermal resistance

material is blending both PLA enantiomers (PLLA

and PDLA). The interaction between them prevails

and a stereoselective association of the former poly-

mer pair takes place. Such association is described

as stereocomplexation or stereocomplex formation

and a new crystalline structure, induced by hydrogen

bonds and Van der Waal forces, is formed [20, 21].

Several studies about PLA stereocomplexation have

been carried out [22–27]. These new crystallites (sc-

PLA) have a melting point 50 °C greater than the

homocrystallites of PLLA or PDLA, thus this mate-

rial is by itself interesting in terms of heat resistance

(view Table 1).

PLA stereocomplexation could take place in the ab-

sence of a solvent (in bulk: crystallization from the

melt or during polymerization), or in the presence of

solvent (in solution) [29]. However, in bulk blend-

ing, when the molecular weights of PLA reach a crit-

ical value (such as 6 kg·mol–1 for the PLLA/PDLA

blends [30]), both PLA homo and stereocomplex

crystallites would develop, and the phase separation

between PLLA and PDLA would occur due to the

restrained mobility of polymers chains [24, 31].

The synthesis of the sc-PLA in solution is a potential

alternative to the bulk procedure in order to obtain

poly(lactic acid) stereocomplex with only racemic

crystallites even for high molecular weight poly-

mers. They can be formed when the polymer concen-

tration in a solution exceeds a critical value, which

depends on several factors such as the solvent, the

molecular weight, the solution temperature, among

others [29]. In this circumstance, the stereocomplex

crystallization starts and the solution of both PLA

enantiomers, initially transparent, becomes turbid

due to the PLA precipitates formation. According to

Tsuji [29], the critical concentration for PLA stereo-

complex crystallite formation is much lower than

that for homo-crystallite formation of either PLLA

or PDLA (homo-crystallization). The yield of PLA

stereocomplexation in solution depends on many

factors such as the optical purity and molecular weight

of PLA enantiomers, the polymer concentration, the

ratio of PDLA (XD), the solvent, the solution tem-

perature and the stirring rate [22].

The aim of this work was to obtain a high molecular

weight sc-PLA by precipitation after blending PLLA

and PDLA in dioxane without observing crystal phase

separation between both homocrystals, PLLA and

PDLA. Another objective of this paper was to study

the influence of the solution temperature on the ki-

netics of the PLA stereocomplex formation and on

the quality of the racemic crystallites produced. The

hypothesis contemplated was that at higher temper-

atures the chain mobility increases and thus it is pos-

sible to obtain more thermally stable PLA stereo-

complex crystallites.

The PLA stereocomplexation process was followed

by Infrared Spectroscopy, Differential Scanning

Calorimetry, Scanning Electronic Microscopy, Wide-

Angle X-ray Scattering and Vicat Softening Temper-

ature. Precipitation was carried out under different

solution temperatures, keeping constant the PLA

concentration the mixing ratio (XD), the molecular

weight and optical purity of both PLA enantiomers

and the stirring rate.

2. Experimental

2.1. Materials

Both poly(L-lactic acid) (PLLA) and poly(D-lactic

acid) (PDLA) were semicrystalline and high molec-

ular weight polymers (140 and 120 kg·mol–1, respec-

tively) with an optical purity above 99,5% for each

PLA enantiomer and were kindly supplied by Ercros

S.A. (Barcelona, Spain). The molecular weights

were measured by GPC. The glass transition and

melting temperature of both PLA enantiomers is 55

and 178 °C, respectively. Anhydrous 1,4-Dioxane

stabilized with 25 ppm of BHT (3,5-Di-tert-butyl-4-

hydroxytoluene) was used as a solvent and supplied

by Scharlab (Barcelona, Spain). It was used as re-

ceived without any purification. Table 2 shows the des-

ignation, commercial brand name, number average
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Table 1. Thermal properties for semicrystalline and stereo-

complex of PLA [28].

Semicrystalline PLA sc-PLA

Tg [°C] 55–60 60–70

Tm [°C] 160–180 200–240

HDT-B [°C] 100–150 160–200



molar mass, polydispersity and optical purity of both

poly (lactic acid) enantiomers used in this study.

2.2. Stereocomplex preparation

PLA precipitates were obtained by the following

method. Both PLA enantiomers were dried in an

oven at 80 °C for 8 hours to prevent the polymer

from degradation by hydrolysis during the experi-

ment. Once the granules of each polymer enantiomer

were dried they were dissolved in dioxane separately

at 10 g·dl–1 warming if necessary, and obtaining after

4–8 hours a viscous and transparent solution. After

heating to the desired temperature, equal volumes of

each solution containing the enantiomers were mixed

and maintained under magnetic stirring in a closed

and thermostated recipients of 100 ml for 16 days.

The expected polymer mixing ratio was 1:1. Process

temperatures (Tc) were 25, 40, 60 and 80 °C. 2 ml

aliquots were taken daily and centrifuged for one

hour at Tc in thermostatized oven, in order to sepa-

rate the insoluble phase from the solution. The pre-

cipitate was then cleaned with fresher dioxane at Tc

to remove the non-complexed single polymers. Su-

pernatant liquid samples were recovered and dried,

to obtain the soluble phase (SP) specimens, usually

as transparent to translucent films. Before character-

ization, the precipitates (insoluble phase or IP) and

the SP samples were dried for 10 days in air and fi-

nally in vacuum at 60°C. IP precipates, prepared at

the indicated temperatures, were obtained as a white

powder and used without further handling. All sam-

ples were weighted up to 0.1 mg precision using a

calibrated electronic balance.

2.3. Testing bars preparation

Once the precipitates were dried they were com-

pressed in a Gumix LP 250/200 (Cornellà, Spain) at

200°C and 20 MPa for 15 minutes in order to obtain

the test bars by sintering, according to the method

developed by Bai et al. [32]. The compression

temperature was set 30°C lower than the melting

temperature of the precipitates in order to prevent the

sc-PLA crystallites from melting during processing.

2.4. Characterization methods

The average molar masses and the polydispersity of

the specimens were measured by SEC using a Wa-

ters Gel Permeation Chromatography (GPC) appa-

ratus equipped with a Waters 410 differential refrac-

tive index (Milford, MA, USA) and an Agilent ultra-

violet detector (Santa Clara, CA, USA). The analy-

ses were developed at 25°C and 0.8 ml·min–1 in hexa-

fluoroisopropanol (HFIP) from Apollo Sci (Brad-

bury, UK) on a PLgel column from Polymer Labo-

ratories Ltd (Palo Alto CA, USA) with 10 µm parti-

cle size. The calibration was performed with PMMA

standards from 2000 to 500·103 g·mol–1 from Sigma

(Saint Louis, MO, USA).

The chemical structure was evaluated by Infrared

Spectroscopy (IR) with a PerkinElmer model Spec-

trum Two with a UATR unit (Waltham, MA, USA).

The study was carried out after and before mixing

both enantiomeric PLA samples with the objective

to find out the differences in the spectrums due to

stereocomplex crystallites formation.

A TA Q1000 (New Castle, DE, USA) differential

scanning calorimeter (DSC) was used to study the

thermal properties of the PLA precipitates, in partic-

ular the fusion behaviour of the racemic crystallites

synthesized at different solution temperatures. Sam-

ples of 6-8 mg were taken from the PLA precipitates

and sealed in aluminium pans. All samples were

heated from 30 to 250 °C at a heating rate of

10 °C·min–1 under a nitrogen flow of 30 ml·min–1.

Crystallinity degree of PLA stereocomplex was cal-

culated by Equation (1):

(1)

where ΔHm,sc is the melting enthalpy of stereocom-

plex crystals [J·g–1] and ΔH0,sc is the theoretical

melting enthalpy value for a 100% stereocomplex

crystalline PLA, estimated in 142 J·g–1 [33].

The crystalline structure of the PLA stereocomplex

crystallites were investigated by WAXS in the

Barcelona Research Center in Multiscale Science

and Engineering. It was carried out on powder sam-

ples of the racemic crystallites from the insoluble

phase synthetized at different temperatures of mix-

ing by means of a Bruker D8 Advance model

(Billerica, MA, USA)  powder diffractometer with

X
H

H
C,sc

0,sc

m,sc

D
D

=
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Table 2. PLA enantiomers: designation, commercial brand

name, number average molar mass, polydispersity

and optical purity.

Designation PLLA PDLA

Brand name ErcrosBio® LL650 ErcrosBio® LD600

Mn [kg·mol–1] 110 70

Polydispersity, D 2.31 2.37

Optical purity [%] >99.5 >99.5



Cu Kα radiation of wavelength k = 0.15406 nm. A

range of 2θ from 10 to 30° was recorded, by a step

size of 0.02° per second.

The morphology of the racemic crystallites of PLA

was observed using a Scanning Electronic Micro-

scope (SEM) JEOL JSM-7001F (Peabody, MA,

USA) coated with Pt/Pd: 80%/20%.

Samples were sintered for determining the Vicat

softening temperature at which a flat-ended needle

penetrated 1 mm into the sample at a specific load

of 5 kg (Vicat-B). The test was performed in a JBA

687-A4 model (Cabrils, Spain). Methyl silicone was

used in an oil bath at a heating rate of 50°C·h–1.

The evaluation of the viscosity of the precipitates

formed at 25°C was determined by a Rosand RH2000

(Malvern, UK) capillary rheometer with a capillary

length and diameter of 16 and 0.5 mm, respectively.

3. Results and discussion

3.1. Effect of the stereocomplex synthesis on

the molecular weight

Dioxane has been chosen because of its high boiling

temperature and low volatility. No representative

losses of this solvent have been detected during the

process of formation of the stereocomplex. Recovery

of partial fractions of IP and the final product has

been developed by centrifugation and the materials

sedimented easily.

Since poly(lactic acid) can suffer thermal and hy-

drolytic degradation [34] it was noteworthy to study

by GPC the possible decrease of the molecular

weight of PLA during the synthesis of stereocom-

plex. Table 3 shows the number average molecular

weight (Mn) and the polydispersity of the precipitates

synthesized at 25 and 80°C. As it can be observed

in Table 3, both precipitates presented a lower mo-

lecular weight than the arithmetic mean of the mo-

lecular weight between both enantiomers

(90 kg·mol–1). With increasing the solution temper-

ature, the precipitates presented higher degradation.

In particular, the precipitate formed at 80°C suffered

a dramatic drop. Moreover, an increase of the poly-

dispersity of IP synthesized at 25°C was observed,

while the polydispersity of the precipitate at 80 °C

decreased compared to original PLA enantiomers.

This fact can be illustrated in Figure 1, which shows

the three GPC chromatograms corresponding to PLA

LL650 grade and the IP synthesized at 25 and 80°C,

which were the lowest and highest temperatures ap-

plied in this work, respectively.

Therefore, it is assumed that the molecular weight

of PLA in the precipitates did not remain constant

during the synthesis and degradation increased with

the solution temperature. Consequently, this fact could

be relevant to justify the following results.

3.2. Kinetic study of the sc-PLA formation

From an industrial and productive point of view, it

is important to study the influence of the temperature

of mixing on the kinetics of sc-PLA formation.

Initially, the mixture between PLLA and PDLA in

dioxane was homogeneous and transparent. However,

after some days, a white precipitate (IP) appeared, and

was expected to be the sc-PLA according to Tsuji et
al. [22]. In order to study the kinetics of the sc-PLA

formation at different temperatures, the percentage of

the IP was weighted over the total polymeric mass for

each aliquot, according to Equation (2):

(2)

where massIP and massSP were the masses of the in-

soluble and soluble phases, respectively.

Differences in the kinetics of the sc-PLA formation

were observed with increasing the temperature of

mixing. Such behaviour is presented in Figure 2.

The insoluble phase increased over the mixing time

displaying a sigmoidal-type profile, particularly at

high mixing temperatures, i.e. 60 and 80°C. For each

temperature, a similar behaviour can be observed.

%IP 100mass mass
mass

IP SP

IP $= +! $
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Table 3. Number molecular weight and polydispersity of the

PLA grades tested.

PLA grade
Mn

[kg·mol–1]
D

IP 25°C 80 3.25

IP 80°C 45 1.92

Figure 1. GPC chromatograms of LL650 and the IP syn-

thetized at 25 and 80°C.



Initially, the percentage of IP in the mixture is zero,

subsequently followed by an induction period where

the first sc-PLA nuclei are formed. For better under-

standing, the induction period was set in this exper-

iment when the first precipitates were detected at

each temperature. After a certain period, when the

nuclei were large enough, the crystal growth started

and finally reached asymptotically a maximum for-

mation level.

On one hand, at low temperatures (25 and 40°C) the

induction period was almost negligible because the

nuclei were formed during the first hours of the ex-

periment. Besides, the first precipitates that were ob-

served belonged to the experiment at 25°C at early

hours whereas the induction time for the system at

40 °C was set at 1 day. On the other hand, at high

temperatures, i.e. 60 and 80°C, the induction period

could be observed at 2 and 5 days, respectively. There-

fore, the induction period increases with the mixing

temperature. This trend can be explained by the fact

that nucleation of sc-PLA is strongly affected by the

solubility, which increases with the temperature.

Differences in the maximum percentage of IP at

16 days at each mixing temperature were detected.

While the plateau levels for 25, 40 and 60°C were sim-

ilar, around 90% over the total polymeric mass, the

plateau for the experiment at 80°C reached a value

of only 65%. This deviation from the other experi-

ments could be explained by the fact that the critical

PLA concentration in the SP increases with the tem-

perature, in agreement with Tsuji et al [25].., who

developed a study using low molecular weight PLA

When the PLLA and PDLA concentration dropped

at the critical value at each temperature, the system

reached equilibrium, limiting further development

of PLA stereocomplexation. Another factor to take

into account to understand the formation profile of

the IP formed at 80 °C is that at high temperatures

PLA suffers a higher decrease of its molecular

weight, as it is shown above. A decrease in the mo-

lecular weight increases the critical concentration

[29], reducing the range of precipitation and thus the

plateau value.

It is noteworthy to mention that the optimum tem-

perature in terms of kinetics of the sc-PLA formation

is around 40 °C since the overall crystallization

process is not only affected by solubility but also by

the polymer chain mobility. With rising the temper-

ature, the chain mobility gradually became more sig-

nificance, being able to cause further rearrangements

between both PLA enantiomeric forms. Moreover,

solubility increases with temperature, reducing the

precipitation rate, particularly at 60 and 80°C. 

It was intended to fit the experimental data to the

Avrami model, which is a conventional model that

explains the kinetics of polymer crystallization from

melt state or dilute solutions [35]. The general Avra-

mi law is described by Equation (3):

(3)

where Xc is the relative degree of crystallinity at cer-

tain crystallization time t, n is the Avrami exponent

depending on the nature of nucleation and the growth

geometry of the crystals and k is the crystallization

rate constant involving both nucleation and grow

rate parameters [35].

In order to estimate the Avrami parameters, the rel-

ative degree of crystallinity (Xc) was assumed as the

percentage of insoluble phase (IP), and the induction

period (tinduction) was presupposed as the time

when the first precipitate appeared at each tempera-

ture. The linear form of this equation can be ex-

pressed as Equation (4):

(4)

The Avrami parameters n and k were obtained from

the slopes and the intercepts of Equation (4), respec-

tively. The data aligned according to Equation (4) is

presented in Figure 3.

The Avrami parameters and t1/2 are shown in Table 4.

As it can be observed in Figure 3 and Table 4, the ex-

perimental data properly fitted to the Avrami model

with correlation coefficients of all studied systems

of 0,990 or larger. Avrami exponent n ranged from

0.81 to 1.68. A maximum on the kinetic constant (k)

expX k t t1c induction

n
$= - - -S R W X

log ln log logIP k n t t1 induction$- - = + -Q Q RVV W
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Figure 2. Evolution of the IP formation over time at 25, 40,

60 and 80°C.



of the overall crystallization process was observed

around 40°C since the overall crystallization process

was affected by solubility and chain mobility.

Moreover, the profile of the evolution of k is asym-

metric over the mixing temperature range tested.  At

higher temperatures, i.e. 60 and 80°C, where nucle-

ation of racemic crystallites was limited, the drop of

the kinetic constant value was more significant than

the k value at 25°C, where nucleation was favourable

but the crystal growth was restricted due to its lower

chain mobility.

Besides, t1/2, which was defined as the time when the

system reached 50% of insoluble phase over the total

polymeric mass, could be calculated by means of

Equation (3). The behaviour of t1/2 at the different

mixing temperatures was equivalent to the k trend,

in this case with a minimum value at 40 °C. The k
profiles and t1/2 are depicted in Figure 4.

3.3. FT-IR

The FT-IR spectra of IP and SP produced at 80 °C

of mixing temperature and PLLA LL650 grade in the

C–H stretching region of methyl group (a) and C=O

stretching region (b) at room temperature are pre-

sented in Figure 5. A shift to low frequencies of 2,6

and 3,5 cm–1 in the C–H stretching region of methyl

group and C=O stretching region was observed, re-

spectively, from SP and PLLA samples to IP sam-

ples. The same behaviour was detected for the sam-

ples synthetized at the other mixing temperatures.

The frequency shifts of the stretching vibration

modes of the methyl and carbonyl groups confirmed

that IP samples contained stereocomplex of PLA ac-

cording the literature [20].

On the other hand, no frequency shifts of the same

peaks of SP samples were observed comparing with

the PLLA sample. As the SP samples were obtained

evaporating quickly the supernatant solution at room

temperature in order to prevent both enantiomeric

forms, PLLA and PDLA, from forming sc-PLA during
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Figure 3. Experimental data aligned according to Avrami

model.

Table 4. Comparison of the Avrami parameters of sc-PLA

formation with the different mixing temperatures.

T
[°C]

n k
[d–n]

R2 t1/2

[d]

25 0.81 0.32 0.995 3.0

40 0.83 0.53 0.991 2.6

60 1.19 0.12 0.992 5.9

80 1.68 0.02 0.997 13.6

Figure 4. Evolution of k and t1/2 with the mixing tempera-

ture.

Figure 5. Changes of the IR spectra in the C–H stretching region of methyl group (a) and C=O stretching region (b) of the

insoluble and soluble phase synthetized at 80°C and PLLA LL650 grade.



the evaporation, the FT-IR results suggested that no

sc-PLA is formed in the soluble phase during the

evaporation.

3.4. DSC and WAXS

DSC thermograms of different precipitates from

mixed solutions of PLLA and PDLA at various tem-

peratures are given in Figure 6. The first heating at

10°C·min–1 was analysed to determine the crystallini-

ty and the fusion behaviour of every samples.

On the DSC curve of the IP precipitated at 25, 40 and

60°C, a Tg transition was detectable around 80–85°C.

This result contrasted with the Tg value given in some

papers, which reported that sc-PLA has a Tg value

around 65–72°C [36]. However, the precipitates syn-

thetized at 80°C did not present the Tg transition. No

cold crystallization peak was detectable during the

heating scan for every precipitate. Only the melting

peak of the racemic crystallites (sc-PLA crystallites)

was observed around 230°C for every precipitate

crystallized at 25, 40, 60 and 80°C. No fusion peak

related to PLA homo-crystallites was detected.

On the other hand, the DSC curve of the polymeric

sample that remained in solution during the experi-

ment (SP) only showed an endothermic peak around

177 °C related to the fusion process of the PLA

homo-crystallites. Therefore, this result confirmed

again that no racemic crystallites were formed in the

soluble phase an only the precipitates contained sc-

PLA crystals.

The thermal characterization of the fusion peak of

every sc-PLA formed at different temperatures of

mixing is summarized at Table 5. The fusion peak

temperature (Tm) was about 227–231 °C without

pointing a clear trend with the mixing temperature.

On the other hand, a clear trend was observed in the

other calorimetric parameters with rising the temper-

ature of the solution. For example, the onset temper-

ature of the fusion peak of the racemic crystallites in-

creased with the mixing temperature, indicating that

the stereocomplex crystallites are more thermally

stable when they were prepared at higher solution

temperatures, in agreement with Tsuji et al. [22]. Be-

sides, the fusion peak width, which was calculated as

the difference between the temperatures at 95 and 5%

of the peak area, decreased with forming the precip-

itates at higher temperatures, especially at 80°C.

Lower peak width could suggest higher homogeneity

of crystal thickness. Finally, the sc-PLA crystallinity

(XC,sc), which was calculated by Equation (1), in-

creased with the mixing temperatures, almost reach-

ing 70% of racemic crystallites over the total poly-

meric mass. According to Tsuji et al. [24], a decrease

of the molecular weight could lead to an increase of

the melting enthalpy of the racemic crystallites.

Therefore, the decrease of the molecular weight that

suffer the PLA specimens, particularly those synthe-

sized at high temperatures, could be another factor

to understand the DSC results.

Furthermore, some differences were detected in the

profile of the fusion peak of the sc-PLA. The precip-

itates formed at 25, 40 and 60°C had a melting pro-

file with a fusion process or shoulder (peak b) before

the main melting peak of sc-PLA (peak a). Peak a is

observed at almost the same temperature (230 °C)

with identical shape, independent of the precipitation

temperature, while peak b became smaller, shifting

to higher temperature with an increase in the precip-

itation temperature. The accompanying shoulders are

not due to the crystallites of PDLA or PLLA but to

the racemic crystallites, since peak b did not disap-

pear even after extracting the precipitates with fresh

dioxane at 80°C, in good agreement with literature

data [25]. Precipitates formed at 80°C only showed

peak a, denoting that with increasing the temperature

of the polymer solution, more thermally stable racemic

crystallites could be formed, probably, because higher
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Figure 6. DSC thermograms of the precipitates from mixed

solutions of PLLA and PDLA at 25, 40, 60 and

80°C.

Table 5. Thermal characterization of the precipitates formed

at various mixing temperatures.

Sample
Tm

[°C]

Onset Tm

[°C]

Peak width

[°C]

XC,sc

[%]

IP at 25°C 231.3 213.3 15.4 51.3

IP at 40°C 229.7 216.3 14.7 57.9

IP at 60°C 227.4 216.9 13.4 65.2

IP at 80°C 229.7 219.6 8.6 66.0



chain mobility at higher temperatures allowed the

polymer chains in the precipitate to reorganize to a

more stable state, resulting in a higher degree of

crystallinity. Each precipitate was analysed on DSC

three times.

Tsuji et al. [25] studied the fusion profile of pre-

cipitates synthetized at different temperatures in

acetonitrile solutions with low molecular weight

PLA (25 kg·mol–1). We obtained similar results in

the fusion behaviour of high molecular weight PLA

precipitates formed at various solution temperatures

in dioxane.

WAXS patterns of different precipitates synthetized

at various mixing temperatures are presented in Fig-

ure 7. The main peaks of PLLA annealed at 90°C for

1 hour appeared at 2θ values of 15, 16.5 and 19°.

They fit with the results of the α form of PLLA crys-

tallized in a pseudo-orthorhombic unit cell of dimen-

sions: a = 1.07 nm, b = 0.595 nm, and c = 2.78 nm,

which contains two 103 helices, in accordance with

literature data [29, 37].

On the other hand, the most intense peaks of the pre-

cipitates were observed at 2θ values of 12, 21 and

24 °C, which are the main characteristic peaks in

WAXS patterns for sc-PLA and crystallized in a tri-

clinic unit cell of dimensions: a = 0.916 nm, b =

0.916 nm, c = 0.870 nm, α = 109.2°, β = 109.2° and

γ = 109.8°, in which L-lactide and D-lactide seg-

ments are parallel packed taking 31 helical confor-

mation, in accordance to different literature data [37].

Other researchers propose a trigonal structure, which

has been studied in detail by 13C-NMR [38, 39].

No shifts were detected between the main peaks in the

WAXS profile of the precipitates formed at different

mixing temperatures. However, the peak area became

higher with increasing the solution temperature,

denoting that higher crystallinities could be obtained

when the precipitates were formed at high tempera-

tures. This experimental evidence fitted with the

DSC results, which were analysed above.

3.5. SEM observations

The shape and size of the precipitates formed at var-

ious solution temperatures were analysed by SEM.

The effect of crystallization temperature on the pre-

cipitate morphology is shown in Figure 8. The racemic

precipitates were composed of spherical, porous and

separated particles, regardless of the solution tem-

perature. These results contrasted with the informa-

tion reported by Tsuji et al. [22]. They studied the

effect of the precipitation temperature on the mor-

phology of precipitates formed in acetonitrile solu-

tions of low molecular weight PLA, finding that at

low temperatures the shape of the particles was in-

deed spherical, in contrast with the discoidal parti-

cles formed at 80°C.

For all precipitates, the particle size ranged from 4

to 6 microns. As it can be seen in Figure 8, it is note-

worthy to mention that the particle size of precipi-

tates formed at 25°C was slightly bigger compared

with the dimensions of the precipitates produced at

higher temperatures, particularly at 80°C. For each

precipitate, the size dispersity was almost negligible.

Finally, the precipitate synthesized at 80°C present-

ed higher porosity than the precipitate formed at

25°C. When the process was developed at high tem-

peratures, the amount of SP that remained in the sys-

tem was higher than at low solution temperatures.

Therefore, it is suggested that when the precipitate

was cleaned with fresh dioxane and dried, the SP ex-

tracted from the particles generated higher porosity

on it. These particles are very close to that presented

by Tsuji [22], which propose that they are spherulites

of sc-PLA. Sheets observed in Figure 8 (80°C) can

be considered as lamellae being part of the spherulites.

Particles precipitated at 25 °C could be formed by

highly crystalline spherulites and some amorphous

sc-PLA that refills the pores between the lamellae.

This explanation can be confirmed by DSC, which

shows a slightly lower crystallinity for particles ob-

tained at 25 °C compared with those prepared at

80°C.

3.6. Heat resistance

Nowadays, the conventional process to manufacture

thermoplastic polymers are based on melt processing,
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Figure 7. WAXS patterns of the precipitates from mixed so-

lutions of PLLA and PDLA at 25, 40, 60 and 80°C

and annealed PLLA at 90°C for 1 hour.



which involves melting the polymer, shaping it to

desired forms, and finally cooling it to stabilize the

dimensions.  However, melting the sc-PLA syn-

thetized would imply losing the crystalline structure

of the stereocomplex under inappropriate cooling

conditions. Therefore, taking into account the study

developed by Bai et al. [32], which suggested an al-

ternative processing method for sc-PLA by low-tem-

perature sintering, the bars of the different PLA pre-

cipitates used to measure the heat resistance were

prepared by sintering.

The precipitates, in powder form, were sintered at

200°C and 20 MPa for 15 minutes. Sc-PLA bars were

thus obtained in order to measure the heat resistance

of the PLA stereocomplex obtained in solution at

various precipitation temperatures. The temperature

to compress the samples was set 30°C lower than the

melting temperature of the precipitates in order to

prevent the sc-PLA crystallites from melting during

processing. The results of heat resistance in terms of

Vicat Softening Temperature are given in Table 6.

The precipitates performed higher heat resistance

than the bars of PLLA, amorphous or crystallized.

Moreover, with increasing the precipitation temper-

ature, an improvement of the heat resistance of the

precipitates was observed, from 125 to 140 °C for

the sc-PLA synthetized at 25 and 60°C, respectively.

This evidence could be explained regarding the DSC

results commented above (see Table 5).

These results suggested that more stable crystals and

higher crystallinity in the precipitates were obtained

at higher solution temperatures. Furthermore, no sin-

tering of the particles of the precipitates formed at

the highest temperature was observed even for com-

pression times of 45 minutes, suggesting that the sc-

PLA crystallites formed at 80°C are highly crystalline

and stable. Finally, degradation of the molecular

weight commented above did not negatively affect

the heat resistance properties of the material.

3.7. Capillary rheometry

The IP formed at 25 °C was tested in a capillary

rheometer. It was intended to evaluate its potential

processability in a conventional injection process

without melting completely the racemic crystallites.

The minimum temperature at which the material

could flow through the capillary at the typical injec-

tion shear rate (10 000 s–1) was 230 °C. Below this

temperature, the material could not flow and pass

through the capillary rheometer at same shear rate.

Figure 9 shows the evolution of viscosity of the pre-

cipitate as a function of the apparent shear rate at

230°C.

At 10000 s–1, the viscosity of the material was around

25 Pa·s. A typical polypropylene (PP) viscosity value
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Figure 8. Effect of the solution temperature on the morphology of the sc-PLA precipitates. Particles precipitated a) at 25°C

and b) at 80 ºC

Table 6. Heat resistance of sc-PLA precipitated at different

solution temperatures. The heat resistance of PLLA

is also shown.

Sample
Vicat-B

[°C]

IP 25°C 125

IP 40°C 131

IP 60°C 140

IP 80°C Non sintered

Amorphous PLLA 060

Crystallized PLLA 90–100



at this shear rate is 18 Pa·s. Even though the precip-

itates formed at 25°C presented higher viscosity than

PP, it is assumed that IP formed at 25 °C could be

transformed by injection at 230°C. 

In order to know the degree of crystallinity that re-

mained in the extruded material, a heating scan of

the sample by DSC was performed (view Figure 10).

As it can be observed on the extruded material curve,

only the melting peak of the racemic crystallites (sc-

PLA crystallites) was observed around 230 °C and

no fusion peak related to PLA homo-crystallites was

detected. Moreover, comparing to the precipitate

formed at 25°C, the extruded material from the cap-

illary rheometer performed similar degree of crys-

tallinity, higher onset melting temperature and nar-

rower melting peak width.

Furthermore, the shoulder related to less thermally sta-

ble crystals that were present in the IP formed at 25°C

did not appear in the extruded material. Therefore, this

material seemed to perform better thermo-mechani-

cal properties than its precursor material. It is be-

lieved that when the material passes through the cap-

illary rheometer at 230 °C, the more disordered

racemic crystallites melt and recrystallize to the

more thermally stable racemic crystal form.

The SEM image in Figure 11 reveals the cross-sec-

tion of the extruded material. It is observed that the

particles has been welded, denoting a continuous

phase. However, it is also detectable the boundaries

of each particle.

Therefore, according to the results analysed above,

it could be possible to transform the precipitates syn-

thetized at 25 °C by a conventional injection ma-

chine, maintaining or even improving its crystalliza-

tion features and finally obtaining a 100% bio-based

material with excellent heat resistance properties.

Nevertheless, a deeper rheological study must be

done to confirm what is suggested in this paper, and

a high-controlled temperature process must be set to

prevent the sc-PLA from melting.

4. Conclusions

This paper represented an attempt to assess the effect

of the solution temperature on the formation of high

molecular weight PLA stereocomplex.

All the precipitates synthetized in the temperature

range from 25 to 80°C only consisted of sc-PLA with-

out observing crystal phase separation between both

homocrystals, PLLA and PDLA. In other words, the

rate of nucleation and growth of the racemic crystal-

lites is much higher than that of the crystallites of

single polymers in dioxane at an initial concentration

of 10 g·dl–1.

An increase of the solution temperature implied more

thermally stable racemic crystallites because higher

chain mobility at higher temperatures allowed the
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Figure 9. Evolution of the viscosity as function of the appar-

ent shear rate at 230°C.

Figure 10. DSC thermogram of IP formed at 25°C and the

extruded material form the capillary rheometer.

Figure 11. SEM image of the cross-section of the extruded

material.



polymer chains in the precipitate to reorganize to a

more stable state, resulting in a higher degree of crys-

tallinity but also in a higher polymer degradation.

The thermomechanical properties of the material also

increased with the solution temperature, reaching a

value of Vicat temperature as high as 140°C.

However, lower sc-PLA formation rate and yield

was obtained with increasing the solution tempera-

ture, particularly at 80°C. The synthesis of the pre-

cipitates involves the nucleation and growth of the

crystals, which were positively affected by temper-

ature and the precipitation of the spherical particles,

which was negatively affected by temperature.

Finally, the rheological results suggested that the pre-

cipitate formed at 25°C could be transformed in an in-

jection machine at 230°C obtaining a 100% bio-based

material with excellent heat resistance properties.
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