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� A continuous and eco-friendly
method for complete stereo-
complexation (sc) was proposed.

� Quantitative relationship between
ratio of sc-crystallites and hydrolysis
resistance was investigated.

� Quantitative relationship between
ratio of sc-crystallites and softening
point was investigated.

� Sc-PLA fibers had softening point and
MW retention rose by up to 61 �C and
up to 170%, respectively.

� Improvements of softening point and
hydrolysis resistance contributed to
industrial application.
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a b s t r a c t

A facile and clean technology for stereo-complexation of polylactides (PLAs) shows potential to be readily
incorporated into continuous industrial processes for manufacture of films, fibers and other plastic prod-
ucts. Using this approach, complete stereo-complexation of high-molecular-weight PLAs could be
achieved via simple thermal treatment, rendering the production of durable PLA commodities inexpen-
sive and industrially scalable. Currently, due to their high susceptibility to water and heat, PLA products
have restricted industrial applications, and cannot compete with their petroleum-derived counterparts.
Stereo-complexation of poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) could effectively decrease
water and heat sensitivity of common PLLA products. However, many stereo-complexation processes
required harmful solvents or nucleating agents, and thus, were costly, complicated, and had low potential
for short-term industrialization. Moreover, complete stereo-complexation was mostly achieved for PLAs
with weight-average molecular weight lower than 1 � 105. In this research, PLLA and PDLA both with
viscosity-average molecular weight of 3 � 105 were completely stereo-complexed (sc) via simple thermal
treatment. Comparing to PLLA fibers, sc-PLA fibers had softening points 60 �C higher, and their thermal
and hydrolytic stability significantly enhanced. Relationship among temperature of thermal treatment,
degree of stereo-complexation and performance properties of sc-PLA fibers were also established. This
clean technology makes possible industrial-scale production of commercializable biobased plastics.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Due to the continuously increasing population, global demand
for plastics is anticipated to reach 335 million tons by 2020 [1].
Production and disposal of fossil-derived plastics create a heavy
carbon footprint, which may be a critical cause for unfavorable cli-
mate change. To reduce carbon emission, it is imperative to switch
feedstock of plastics from non-renewable fossil to renewable bio-
based resources [2], such as polysaccharides. polylactide (PLA) is
one of the most widely used bioplastics polymerized from lactic
acid, which is fermented from starch [3]. PLA has good biodegrad-
ability and renewability [4,5]. The past decade has seen a remark-
able surge of research interest in developing durable PLA products
for applications in automotive, electronics, semi-structural parts
and other fields. However, the production and consumption of
PLA products are still negligible, comparing to their oil-derived
counterparts.

Poor resistance to thermostability and hydrolysis restricts wide
industrial applications of PLA products [6,7]. Due to the low soften-
ing points (60–70 �C) [8], PLA products are prone to deform under
heat, and thus can only be manufactured into products for applica-
tions within a small range from room temperature to 65 �C [9,10].
PLA products also degrade readily under wet conditions, especially
under heating. Unlike other petroleum-derived polyester fibers,
such as polyethylene terephthalate fibers, currently commercial
PLA fibers cannot be used in textile products, which are usually
dyed and finished under hot and wet conditions [11,12]. In addi-
tion, many other plastic products also need to being dyed and ther-
mally processed, or used under wet and hot environments or
conditions, disqualifying PLA [13–15]. To render PLA products eli-
gible for large-scale industrial applications, their thermostability
and hydrolysis resistance should be substantially improved.

Till now, relevant research was limited to blending, block
copolymerization and crosslinking of PLA [16–19]. Reddy et al.
[16] blended PLA with polypropylene (PP) for melt spinning to
obtain fibers with improved hydrolysis resistance. However, due
to the low compatibility of PLA and PP, the blended fibers had poor
mechanical properties. Also, due to the non-biodegradable nature,
incorporation of PP reduced the eco-friendliness of PLA fibers. Ma
and Zhou [17] improved hydrophobicity of PLA fibers via chemical
modification, which enhanced hydrolysis resistance moderately,
but remarkably decreased their strength. Via molecular modeling,
Karst and Yang proposed that blending of poly(L-lactic acid) (PLLA)
and poly(D-lactic acid) (PDLA) could yield PLA fibers with good
hydrolysis resistance [18,19]. However, they did not use experi-
ments to verify the proposition.

Ikada et al. [20] first reported stereo-complexation between
PLLA and PDLA polymers in 1987. Stereo-complexation (sc) of
enantiomeric PLA polymers is now a major approach to improve
hydrolytic and thermal stability of PLA products to expand their
commercial applications [21–23]. However, current stereo-
complexation methods are difficult to be scaled up and incorpo-
rated into existing industrial production processes. PLLA and PDLA
were usually co-dissolved in chloroform, dichloromethane, acry-
lonitrile and other environmentally unfriendly organic solvents
for stereo-complexation [24–26]. The dissolution-associated
stereo-complexation processes are usually expensive, time-
consuming, require complicated equipment for solvent collection
and may cause environmental problems due to solvent disposal.
Furthermore, nucleating agents, such as carbon nanotube [27],
polyethylene glycol [24], aryl amide derivatives [25], zinc
phenylphosphonate [26], etc. were also commonly used during
stereo-complexation. Addition of these nucleating agents could
pose significant difficulty and increase cost of production, and thus
is not practical either. Last but not the least, using current stereo-
complexation methods, it was difficult to achieve 100% stereo-
complexation for high viscosity-average molecular weight (Mv)
PLA polymers, which are usually required in production of high-
quality plastics. Complete stereo-complexation of PLA with Mv
higher than 3 � 105 has not been found [27–29].

In this research, to seek a clean method for continuous produc-
tion of polylactide fibers with complete stereo-complexation and
investigate the quantitative relationship between ratio of sc-
crystallites and hydrolysis resistance and softening temperature
of PLA fibers, PLLA and PDLA polymers both with Mv of 3 � 105

were stereo-complexed via a facile thermal treatment. The sc-
polymers are intentionally developed into textile fibers to verify
the potential for the treatment to be introduced into commercial
production lines. PLLA and PDLA pellets were directly mixed, melt
spun and annealed into fibers with crystalline regions composed of
stereo-complexed structures. Different degrees of stereo-
complexation were controlled via post-spun thermal treatment.
The ratio of sc-crystallites, thermal properties and hydrolysis resis-
tance of PLLA/PDLA fibers were characterized by Wide Angle X-Ray
Diffraction, Differential Scanning Calorimetry, Dynamic Mechani-
cal Analyzer and correlated.

2. Materials and methods

2.1. Materials

PLLA (Mv = 3 � 105 g mol�1) was purchased from a company.
PDLA (Mv = 3 � 105 g mol�1) was synthesized via ring-opening
polymerization of D-lactides provided by Xinning Biomaterial Co.
Ltd., Zhejiang, China. The pilot-scale reaction catalyzed by stan-
nous octoate was performed at 140–180 �C for 6 h under vacuum.
As measured by differential scanning calorimetry (DSC), melting
temperatures (Tm) of PLLA and PDLA were 175 �C and 176 �C,
respectively; and glass transition temperatures (Tg) were 62 �C
and 63 �C, respectively. Chloroform (99%) and hexafluoro-2-
propanol (HFIP) (99%) were purchased from Sigma-Aldrich, St.
Louis, MO, USA. Sodium dihydrogen phosphate and sodium
hydroxide were purchased from Alfa Aesar, Haverhill, MA, USA.

2.2. Sample preparation and stereo-complexation

Pellets of PLLA and PDLA were dried at 80 �C in a vacuum oven
overnight before being grinded and mixed to prepare blend of PLLA
and PDLA (50:50, wt%) in a laboratory mixing extruder (Dynisco,
Franklin, MA, USA). In the same extruder, the PLLA/PDLA blend
and PLLA were heated at 240 �C and 220 �C, respectively, and
extruded through a die with inner diameter of 0.5 mm at 230 �C
and 200 �C, respectively. The fibers were taken up at 200 mmin�1.
The as-spun PLLA/PDLA fibers were drawn for 3 times at a temper-
ature between 60 �C and 140 �C. Glass transition temperature of
PLLA or PDLA was around 60 �C, making the fibers glassy and
unable to be drawn below 60 �C. Above 140 �C, the fibers tended
to melt and could not be drawn either. For stereo-complexation
via annealing, the drawn PLLA/PDLA fibers were heated in a cham-
ber at 160 �C, 180 �C and 200 �C for 5 min under tension of 10 MPa.
The PLLA fibers were drawn for 3 times at 80 �C and annealed at
100 �C for 5 min, based on a widely accepted protocol [16]. In this
research, PLLA/PDLA fibers without annealing were named as
PLLA/PDLA fibers, while those after annealing were named as sc-
PLA fibers.

2.3. Hydrolysis

To evaluate the effect of practical industrial process on fiber
properties, PLLA fibers and sc-PLA fibers were hydrolyzed in pH 5



Fig. 1. WAXD patterns of PLLA/PDLA fibers as spun and drawn for 3 times at 60 �C,
80 �C, 100 �C, 120 �C and 140 �C, respectively.

Fig. 2. DSC thermograms of PLLA/PDLA fibers as spun and drawn for 3 times at
60 �C, 80 �C, 100 �C, 120 �C and 140 �C, respectively.
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buffer solution with a fiber-to-liquid ratio of 1:50 at 130 �C for
60 min in sealed bottles [30]. Here, 130 �C and 60 min are typical
temperature for polyester dyeing, and holding time after reaching
the dyeing temperature, respectively. Subsequently, the fibers
were withdrawn, washed with distilled water and dried
under ambient conditions. All the fibers were then conditioned in
the standard testing atmosphere (65% Relative Humidity, 21 �C)
for at least 24 h before testing.

2.4. Characterization

2.4.1. Thermal behavior
Thermal analysis was carried out using a Mettler Toledo D822e

Differential Scanning Calorimeter (Mettler Toledo Inc., Columbus,
OH, USA) under a nitrogen atmosphere. The fibers were heated at
a rate of 10 �C min�1 from 25 �C to 250 �C [31]. Crystallization tem-
perature (Tc), Tg, Tm and enthalpy of glass transition, crystallization
and melting (DHg,DHc andDHm, respectively) of fibers were deter-
mined. DHm,H and DHm,S are DHm of homo-crystallites and sc-
crystallites, respectively.

2.4.2. Crystallinity
Fractions of homo-crystallites and sc-crystallites of the PLLA

and sc-PLA fibers were determined using Wide Angle X-Ray
Diffraction (WAXD). The WAXD measurements were performed
at 25 �C using a Rigaku SmartLab Diffractometer (Rigaku, Tokyo,
Japan) with a Cu-Ka source. Diffractograms of the fibers were
obtained at 40 kV and 44 mA with scanning angles of 5� to 40� at
a scanning rate of 3�min�1 [32]. The X-ray diffraction patterns
were analyzed using Jade 5.0 software (Materials Date, Livermore,
CA, USA). The crystalline peak areas for sc-crystallites and homo-
crystallites relative to the total area between the diffraction profile
and the baseline were used to estimate the degree of sc-crystallites
(Xc,S) and degree of homo-crystallites (Xc,H), respectively, according
to the following Eqs. (1)–(3):

Xc;S ð%Þ ¼ 100Ssc=ðSsc þ Shc þ SaÞ ð1Þ

Xc;H ð%Þ ¼ 100Shc=ðSsc þ Shc þ SaÞ ð2Þ

%sc ¼ Xc;S=ðXc;S þ Xc;HÞ ð3Þ
Where, Ssc, Shc and Sa are diffraction peak areas of sc-crystallites,
homo-crystallites and amorphous regions, respectively. %sc is
degree of stereo-complexation, a.k.a., fraction of sc-crystallites in
both sc-crystallites and homo-crystallites.

2.4.3. Tensile properties
All fibers were conditioned in a standard testing atmosphere of

21 �C and 65% Relative Humidity for at least 24 h before testing. An
Instron 4400 tensile tester (Instron Co., Canton, MA, USA) equipped
with a 5 N load cell was used to determine tensile strength, break-
ing elongation and Young’s modulus of PLLA and sc-PLA fibers
before and after treatments, according to ASTM standard 3822. A
gauge length of 1 inch with a cross-head speed of 50 mmmin�1

was used. About 20 replicates were tested for each condition,
and the average and standard error were reported. Tensile proper-
ties of PLA fibers prepared under various conditions were tested to
verify the effect of stereo-complexation on improving resistance of
PLA fibers to hydrolysis.% retention of mechanical properties is the
ratio of tensile properties, including tensile strength and breaking
elongation of PLA fibers after hydrolysis over the values of the
same properties of the same fibers before hydrolysis.

2.4.4. Molecular weight
Viscosity-average molecular weight (Mv) of the fibers was mea-

sured by the viscosity method using an Ubbelohde capillary
viscometer. The intrinsic solution viscosity [g] was determined
in chloroform containing 10 vol% of HFIP at 25 �C [33]. The Mv

was calculated from the [g] using the Mark-Houwink equation
given as [34]

½g� ¼ 0:0153�M0:759
v ð4Þ
2.4.5. Softening temperature
Softening temperature (Ts) of a fiber is defined as the tempera-

ture at which the strain reaches 2% in the temperature-strain
curves with a constant load of 0.01 N. Thermomechanical tests
were carried out in a Q800 Dynamic Mechanical Analyzer (DMA)
(TA Instruments, New Castle, DE, USA). The temperature was raised
from 40 to 150 �C at a heating rate of 2 �C min�1 in a nitrogen
atmosphere. The samples were tested in tension mode.

2.4.6. Morphology
The surface morphologies of the sc-PLA fibers before and after

annealing at 200 �C were observed using a Nikon Ti-S optical
microscope (Nikon, Tokyo, Japan). Magnification of images was
40�.

2.5. Statistical analysis

Data generated was analyzed using Tukey’s multiple-pair wise
comparison using SAS program (SAS Institute, Raleigh, NC, USA).
A significance level of a = 0.05 was considered as statistically
significant.



Table 1
Characteristics of thermal properties of PLLA/PDLA fibers as spun and drawn for 3 times at 60 �C, 80 �C, 100 �C, 120 �C and 140 �C, respectively.

Fiber Type TDa

(�C)
Tgb

(�C)
Tcc/DHc

c

(�C)/(J/g)
Tm,H/DHm,H

d

(�C)/(J/g)
Tm,S/DHm,S

e

(�C)/(J/g)

PLLA/PDLA – 60 87/21.59 174/15.68 226/48.28
60 64 84/7.54 172/9.68 226/43.20
80 – 90/3.82 175/9.00 228/40.94
100 – – 175/14.92 228/57.47
120 – – 177/14.27 228/58.06
140 – – 176/14.87 225/50.29

a Drawing temperature.
b Glass transition temperature.
c Cold crystallization temperature (Tcc) and melting enthalpy (DHc).
d Melting temperature (Tm,H) and melting enthalpy (DHm,H) of homo-crystallites.
e Melting temperature (Tm,S) and melting enthalpy (DHm,S) of sc-crystallites.

Fig. 3. (a) Tensile strength, (b) elongation at break, and (c) Young’s modulus of
PLLA/PDLA fibers as spun and drawn for 3 times at 60 �C, 80 �C, 100 �C, 120 �C and
140 �C, respectively. Linear densities of the as-spun and drawn PLLA/PDLA fibers
were 11.2 D and 3.5 D, respectively.
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3. Results and discussion

3.1. Effects of drawing

3.1.1. Effect of drawing on crystalline structures of PLLA/PDLA fibers
Fig. 1 shows WAXD spectra of PLLA/PDLA fibers to demonstrate

the effect of drawing and drawing temperature on their crystalline
structures and crystallinity. The diffraction peaks at 12� and 16.7�
indicate formations of sc-crystallites of PLLA and PDLA, and homo-
crystallites of individual PLLA or PDLA [35,36]. In the as-spun PLLA/
PDLA fibers and PLLA/PDLA fibers drawn at 60 �C, none of these
two peaks appeared, suggesting that these fibers contained only
amorphous phases. As the drawing temperature increased to
80 �C and 100 �C, diffraction peaks at 16.7� arose, demonstrating
homocrystallization of individual PLLA or PDLA. As the drawing
temperature reached 120 �C and 140 �C, peaks at both 12� and
16.7� appeared, indicating presence of homo-crystallites and sc-
crystallites after drawing. In summary, as the drawing temperature
increased, the percentage of homo-crystallites decreased while
that of sc-crystallites increased. Raising drawing temperature
could enhance mobility of individual PLLA and PDLA macro-
molecules, and facilitate their mixing. Subsequently, PLLA and
PDLA molecules could re-combine into more regularly arranged
sc-crystallites, resulting in increased degree of crystallinity.

3.1.2. Effect of drawing on thermal structures of PLLA/PDLA fibers
Fig. 2 demonstrates DSC thermograms of PLLA/PDLA fibers to

illustrate the effect of drawing temperature on their thermal prop-
erties. Melting peaks of homo-crystallites and sc-crystallites
appear at the temperature ranges of 140–180 �C and 210–240 �C,
respectively [37–41]. The as-spun and 60 �C drawn PLLA/PDLA
fibers had obvious glass transition behaviors, indicated by the
peaks between 60 �C and 70 �C, attributed to the total amorphous
phase of the two types of PLLA/PDLA fibers (Fig. 1). However, no
such peak could be detected in the thermograms of any PLLA/PDLA
fibers drawn between 80 �C and 140 �C, attributed to the increased
amounts of crystallites (Fig. 1).

As temperature increased to 80–100 �C, exothermic peaks
appeared in the thermograms of PLLA/PDLA fibers drawn under
60 �C and 80 �C, demonstrating formation of homo-crystallites in
the total amorphous structures. Similar phenomenon was also
reported by Furuhashi et al. [42–44]. However, no peaks around
70 �C existed in the PLLA/PDLA fibers drawn under 100–140 �C.
In these fibers, homo-crystallites and sc-crystallites already formed
during fiber drawing, leaving limited amounts of free PLLA and
PDLA molecules available for crystallization at around 70 �C.

Thermograms of all PLLA/PDLA fibers showed two endothermic
peaks at around 175 �C and 225 �C, indicating melting of homo-
crystallites and sc-crystallites, respectively (Table 1). However, as
indicated in XRD results (Fig. 1), both PLLA/PDLA fibers without



Fig. 4. Optical photomicrographs of sc-PLA fibers before (a) and after (b) annealing at 200 �C.

Fig. 5. DSC thermograms of PLLA fibers and sc-PLA fibers annealed at 160 �C, 180 �C
and 200 �C for 5 min.

Fig. 6. Post-hydrolysis tensile properties of PLLA fibers and sc-PLA fibers annealed
at 160 �C, 180 �C and 200 �C for 5 min. All fibers were hydrolyzed in pH 5 buffer
solution with a fiber-to-liquid ratio of 1:50 at 130 �C for 60 min in sealed bottles.

Fig. 7. Molecular weights of PLLA fibers and sc-PLA fibers annealed at 160 �C,
180 �C and 200 �C for 5 min before and after hydrolysis. All fibers were hydrolyzed
in pH 5 buffer solution with a fiber-to-liquid ratio of 1:50 at 130 �C for 60 min in
sealed bottles.
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drawing and those drawn under 60 �C were amorphous. The crys-
tallites detected in these fibers might be formed via re-
crystallization of melted molecules during the heating process of
DSC analysis.

3.1.3. Effect of drawing on mechanical properties of PLLA/PDLA fibers
Fig. 3 presents tensile properties of PLLA/PDLA fibers as spun

and drawn at 60 �C, 80 �C, 100 �C, 120 �C and 140 �C, respectively.
Comparing with as-spun PLLA/PDLA fibers, tensile strength,
Young’s modulus and elongation of the drawn fibers were higher,
the same, and much lower, respectively. The difference might be
ascribed to drawing, which could align PLA crystalline regions in
the fibers to achieve better orientation. Comparing with the drawn
fibers, the tensile strength increased as the drawing temperature
increased from 60 �C to 100 �C, and did not change as the temper-
ature continued to increase. The elongation first decreased and
then increased. There was no difference among the Young’s modu-
lus as the drawing temperature changed.

3.2. Effects of annealing

3.2.1. Effect of annealing on morphologies of PLLA fibers and sc-PLA
fibers

Annealing did not obviously change width of sc-PLA fibers. As
shown in Fig. 4, there was no significant difference in diameters
(30.38 lm VS 30.09 lm) of sc-PLA fibers before and after annealing
at 200 �C. Sc-crystallites, which already existed in sc-PLA fibers
before annealing assisted in maintaining the fiber morphologies
and were not affected by the annealing process.

3.2.2. Effect of annealing on thermal properties of PLLA fibers and
sc-PLA fibers

Fig. 5 demonstrates the DSC thermograms of PLLA fibers and
sc-PLA fibers drawn at 120 �C and annealed under different tem-
peratures. PLLA fibers only had a sharp melting peak of homo-
crystallites at 175 �C, which shrunk until disappeared as the



Fig. 8. WAXD patterns of PLLA fibers and sc-PLA fibers annealed at 160 �C, 180 �C
and 200 �C for 5 min before and after hydrolysis. All fibers were hydrolyzed in pH 5
buffer solution with a fiber-to-liquid ratio of 1:50 at 130 �C for 60 min in sealed
bottles.
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annealing temperature increased from 160 �C to 200 �C in sc-PLA
fibers. The crystallites in sc-PLA fibers annealed at 200 �C were
100% stereo-complexed. Meanwhile, the peak at 225 �C indicating
melting of sc-crystallites enlarged accordingly as the annealing
temperature increased from 160 �C to 200 �C. Since Tm of PLLA or
PDLA is 175 �C, annealing at 160 �C could only liberate PLLA and
PDLA molecules in the amorphous regions, leading to formation
of small amounts of sc-crystallites. By increasing the annealing
temperature to 180 �C, which is slightly higher than the Tm,
homo-crystallites could be melted and form sc-crystallites. As the
annealing temperature further increased to 200 �C, which is sub-
stantially higher than the Tm, all homo-crystallites could be melted,
leading to formation of 100% sc-crystallites in the crystalline
regions of sc-PLA fibers. There are double peaks and triple peaks
for sc-PLA fibers annealed at 225 �C. The sc-crystallites in sc-PLA
Table 2
Characteristics of melting temperature and crystallinity of PLLA fibers and sc-PLA fibers a
samples were hydrolyzed in pH 5 buffer solution with a fiber-to-liquid ratio of 1:50 at 13

Sample Annealing Temperature (�C) Total degree of crystallinity
(%)

Before After % Increase

PLLA fiber 100 53.9 74.4 38.0
sc-PLA fiber-160 160 60.1 74.6 24.1
sc-PLA fiber-180 180 66.7 72.8 9.2
sc-PLA fiber-200 200 60.6 61.8 2.0
fibers might have different aggregation sizes, accounting for the
slight differences among melting temperatures. This phenomenon
is consistence with many other reports [45–47]. It could be seen
that, annealing played a much more important role in stereo-
complexation comparing to drawing.

3.2.3. Effect of annealing on mechanical properties of PLLA fibers and
sc-PLA fibers after hydrolysis

As shown in Fig. 6, after treated in water at 130 �C for 60 min,
tensile properties of PLLA fibers were not testable due to severe
hydrolysis, while that of sc-PLA fibers did not decrease signifi-
cantly. Percent retention of tensile strength, breaking elongation
and Young’s modulus of sc-PLA fibers annealed at 160 �C were
56%, 67% and 55%, respectively, while the values of sc-PLA fibers
annealed at 200 �C were 92%, 91% and 96%, respectively. The higher
the percentage of sc-crystallites, the higher the % retention of
mechanical properties of sc-PLA fibers due to better resistance to
hydrolysis.

3.2.4. Effect of annealing on molecular weights of PLLA fibers and sc-
PLA fibers after hydrolysis

Changes in molecular weight retention of PLLA fibers and sc-
PLA fibers inferred the critical role stereo-complexation played in
enhancing resistance of sc-PLA fibers to hydrolysis. Fig. 7 indicates
that, the higher the percentage of sc-crystallites in fibers, the
higher the Mv of PLA after hydrolysis. Before hydrolysis, PLLA
and PDLA in both PLLA fibers and sc-PLA fibers had Mv of
3 � 105, which decreased to Mv too small to be tested for the PLLA
fibers, and for less than 10% to Mv of around 2.7 � 105 for the sc-
PLA fibers annealed at 200 �C with 100% of crystalline regions
stereo-complexed. The sc-PLA fibers annealed at 180 �C and
200 �C might have higher crystallinity than PLLA fibers and sc-
PLA fibers annealed at 160 �C. Hydrolysis of PLA fibers could be
divided into two stages, fast hydrolysis of amorphous regions
and slow hydrolysis of crystalline regions, due to the high and
low diffusion rates of water molecules in these two regions,
respectively [48–50]. With more amorphous regions, the fibers
were more easily to react with water and had polymers scissored.
Thus, sc-PLA fibers annealed at 200 �C and 180 �C were more resis-
tant to hydrolysis comparing to PLLA fibers and sc-PLA fibers
annealed at 160 �C both with less sc-crystallites (Fig. 5). Homo-
crystallites are more easily to be hydrolyzed comparing to sc-
crystallites, due to their weaker intermolecular force. Thus, sc-
PLA fibers annealed at 200 �C with 100% of sc-crystallites in crys-
talline regions were more resistant to hydrolysis, comparing to
sc-PLA fibers annealed at 180 �C with less sc-crystallites.

3.2.5. Effect of annealing on crystalline structures of PLLA fibers and sc-
PLA fibers before and after hydrolysis

Fig. 8 demonstrates WAXD spectra of PLLA fibers and sc-PLA
fibers before and after hydrolysis. As shown in Fig. 8a, before
nnealed at 160 �C, 180 �C and 200 �C for 5 min before and after hydrolysis. All fiber
0 �C for 60 min in sealed bottles.

Crystallinity of homo-
crystallites (%)

Crystallinity of sc-crystallites
(%)

% of sc-
crystallites in
both homo-

crystallites and
sc-crystallites

Before After % Increase Before After % Increase Before After

53.9 74.4 38.0 0 0 – 0 0
36.8 46.1 25.3 23.3 28.5 22.3 38.8 38.2
16.1 19.2 19.3 50.6 53.6 5.9 75.9 73.6
0 0 – 60.6 61.8 2 100 100



Fig. 9. Softening temperatures of PLLA fibers and sc-PLA fibers annealed at 160 �C,
180 �C and 200 �C for 5 min.
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hydrolysis, sc-PLA fibers annealed at 160 �C and 180 �C had peaks
at 12�, 16.7� and 24�, while sc-PLA fibers annealed at 200 �C had
peaks at 12�, 21� and 24�, and PLLA fibers only had one peak at
16.7�. The crystalline regions in PLLA fibers, 160 �C and 180 �C
annealed sc-PLA fibers, and 200 �C annealed sc-PLA fibers con-
tained only homo-crystallites, both homo-crystallites and sc-
crystallites, and only sc-crystallites, respectively. The XRD results
were consistent with DSC results (Fig. 5), suggesting that annealing
at higher temperature increased the amount of sc-crystallites and
simultaneously decreased that of homo-crystallites. As shown in
Fig. 8b, hydrolysis did not change peak positions, but changed
intensities, indicating variation in the percentages of homo-
crystallites or sc-crystallites in PLLA fibers or sc-PLA fibers.

Changes in degrees of crystallinity of PLLA fibers and sc-PLA
fibers annealed at different temperatures before and after hydrol-
ysis are listed in Table 2. The % increase of crystallinity degree
due to hydrolysis was highest for PLLA fibers, due to easier elimi-
nation of amorphous regions, which was the highest among all
the fibers. Though the crystallinity of PLLA fibers was similar to
that of 160 �C annealed sc-PLA fibers, the % increase of crystallinity
of the latter was lower, probably because the interaction between
PLLA molecules and PDLA molecules might be stronger than that
among PLLA molecules. The % increase of crystallinity degree of
sc-PLA fibers gradually decreased as the percentage of sc-
crystallites increased. The 160 �C annealed sc-PLA fibers had larger
increase in crystallinity degree than the 180 �C annealed sc-PLA
fibers. For 200 �C annealed sc-PLA fibers which contained 100%
Fig. 10. Schematic of crystallization process of sc-crystallites at high temperature (Tm,h
sc-crystallites).
sc-crystallites in crystalline regions, change in degree of crys-
tallinity was not detected after hydrolysis. With higher amount
of sc-crystallites, PLLA and PDLA molecules in both amorphous
and crystalline regions could be better protected from hydrolysis
due to enhanced intermolecular forces and reduced contact with
water molecules. The changing trend of crystallinity degree was
also in consistence with that of tensile properties fibers (Fig. 6),
and Mv of PLLA and PDLA polymers (Fig. 7). For sc-PLA fibers
annealed at 160 �C, the percentage the homo-crystallite peak at
16.7� increased to a larger extent than the sc-crystal peak at 12�.
On contrast, for sc-PLA fibers annealed at 180 �C, the percentage
the homo-crystallite peak at 16.7� increased to a smaller extent
than the sc-crystal peak at 12�. Further research is needed to
explain the difference in the change of peak intensity.
3.3. Softening temperatures of PLLA fibers and annealed sc-PLA fibers

Fig. 9 shows the Ts of PLLA fibers and sc-PLA fibers obtained
from temperature-strain curves. Comparing to PLLA fibers with Ts
at 72 �C, sc-PLA fibers annealed at 160 �C, 180 �C and 200 �C soft-
ened at substantially higher temperatures of 106 �C, 115 �C and
133 �C, respectively. Higher annealing temperature resulted in
higher percentage of sc-crystallites in the sc-PLA fibers, and subse-
quently better thermal stability due to stronger intermolecular
interaction between PLLA and PDLA molecules comparing to
among PLLA molecules. Thus, the sc-PLA fibers had good potential
for applications in textile and other industries, which contain mul-
tiple thermal and hydro-thermal treatments in their processing
procedures.
3.4. Mechanism of stereo-complexation of PLLA and PDLA polymers via
annealing

Fig. 10 shows the stereo-complexation process of sc-PLA fibers
from melt spinning/drawing to annealing. Melting spinning of
PLLA and PDLA polymers at 240 �C without drawing generated
blended PLLA/PDLA fibers with totally amorphous structures
(Fig. 1). Drawing under temperatures from 80 �C to 140 �C, which
was higher than Tg of PLA, could rearrange the PLA molecules
which were slightly mobilized in amorphous regions. Thus, the
quantities of homo-crystallites (16.7�) increased to large extents,
and that of sc-crystallites (12�) started to exist, though in almost
negligible amounts, as shown in Fig. 1. Since the drawing temper-
atures were still much lower than Tm (175 �C) of PLA homo-
crystallites, stereo-complexation requiring completely mobilized
PLLA and PDLA polymers could merely occur.
is the melting temperature of homo-crystallites, Tm,s is the melting temperature of
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Via subsequent annealing at 200 �C, or other temperatures
higher than Tm of homo-crystallites (175 �C, Fig. 5), but lower than
Tm of sc-crystallites (225 �C, Fig. 5), the PLLA or PDLA homo-
crystallites in PLLA/PDLA fibers melted. The sc-PLA crystallites,
with a majority formed during post-spinning annealing and a
minority formed during fiber drawing functioned as nucleation
centers to promote stereo-complexation of the molten PLLA and
PDLA polymers.

Temperature is of vital importance for effective stereo-
complexation. Under optimal temperature, the crystalline regions
in PLLA/PDLA fibers could be all stereo-complexed. If the tempera-
ture is too low, PLLA and PDLA molecules are not sufficiently
mobile to move to vicinities of their enantiomers. Resultantly, only
a small quantity of sc-structures could be formed. On the contrary,
if the temperature is too high, sc-crystallites which function as
nucleation centers might melt, and thus could not function as
nucleation centers, preventing formation of new sc-structures.

4. Conclusions

In this research, via a facile process, controllable stereo-
complexation was achieved for enantiomeric PLAs with high Mv
to obtain satisfactory hydrolytic and thermal resistance. Thermal
treatments at 160 �C, 180 �C and 200 �C increased the %sc of
PLLA/PDLA fibers from 0 to 38.8%, 75.9% and 100%, respectively.
The 100% sc-PLA fibers had the highest softening point of 133 �C,
and retained the highest percentages of their tensile strength,
breaking elongation and Young’s modulus after being treated
under a hot-wet textile dyeing condition. The satisfactory perfor-
mance properties made the PLA products suitable for a wider range
of industrial applications for replacement of non-biodegradable
synthetic polymers. This clean and inexpensive approach for com-
plete stereo-complexation of high-molecular-weight PLAs could be
readily incorporated into current continuous industrial-scale pro-
duction lines for manufacturing of thermoplastics.
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