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Abstract: This work evaluated the influence of a novel organic nucleating agent, salicyloyl hydrazide
derivative (BS), on the crystallization and melting behavior of poly(L-lactic acid) (PLLA). Differential
scanning calorimetry revealed that the incorporation of BS (0.2 to 3 wt %) significantly promoted the
crystallization of PLLA on cooling at 1 °C/min. At BS content of 1.5 wt % in PLLA matrix, the highest
effectiveness of crystallization process was observed, this result was further demonstrated by X-ray dif-
fraction analysis of non-isothermal crystallization behavior at different cooling rate and measurements
after isothermal crystallization. X-ray diffraction studies showed also that the addition of BS did not
change the crystalline structure of PLLA. Based on the effect of the predetermined melting temperature
on the crystallization behavior of PLLA/BS, the optimum process temperature of 190 °C was found. The
comparative study on the melting behavior of PLLA/BS composite under different conditions (cooling
rate, melting temperature) also confirmed the ability of BS to promote the nucleation of PLLA crystal-
lization. The crystallization of PLLA/BS composite depends on the concentration of BS additive, crystal-
lization temperature and time as well as heating rate.

Keywords: poly(L-lactic acid), salicyloyl hydrazide derivatives, crystallization, melting, nucleation.

Krystalizacja i topnienie poli(kwasu L-mlekowego) modyfikowanego
salicyloilowa pochodna hydrazydu

Streszczenie: Badano wptyw nowego organicznego czynnika nukleujacego, salicyloilowej pochodnej
hydrazydu (BS), na krystalizacje i topnienie poli(kwasu L-mlekowego) (PLLA). Na podstawie badan me-
toda réznicowej kalorymetrii skaningowej stwierdzono, ze wprowadzenie dodatku BS (0,2-3,0 % mas.)
wyraznie promuje krystalizacje PLLA w warunkach chlodzenia z szybkoscia 1 °C/min. Zawarto$¢
1,5 % mas. BS w osnowie PLLA przyczyniala sie do zwiekszenia efektywnosci procesu krystalizacji,
co potwierdzily wyniki badan metoda dyfrakcji rentgenowskiej krystalizacji nieizotermicznej w wa-
runkach zmiennej szybkosci chtodzenia oraz krystalizacji izotermicznej. Ponadto badania te wykazaty,
ze dodatek BS do PLLA nie zmienia struktury krystalicznej poli(kwasu L-mlekowego). Na podstawie
wplywu ustalonych warunkéw topnienia na przebieg krystalizacji PLLA/BS stwierdzono tez, ze opty-
malna temperatura tego procesu wynosi 190 °C. Badania poréwnawcze topnienia kompozytu PLLA/BS
w roznych warunkach (szybkosci chlodzenia, temperatury topnienia) réwniez wskazuja na zdolnos¢
BS do zarodkowania krystalizacji PLLA. Stwierdzono, ze krystalizacja kompozytu PLLA/BS zalezy od
stezenia dodatku BS, temperatury krystalizacji, czasu krystalizacji i szybkosci ogrzewania probki.

Stowa kluczowe: poli(kwas L-mlekowy), salicyloilowe pochodne hydrazydu, krystalizacja, topnienie,
nukleacja.

White pollution is defined as waste plastics that are
derived from the petroleum-based polymers such as
polystyrene, polypropylene, poly(vinyl chloride), etc.
It has seriously affected our living environment. Thus,
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a replacement for petroleum-based polymers using de-
gradable bio-based polymers is very necessary to reduce
the white pollution and maintain low carbon emissions.
Poly(L-lactic acid) (PLLA) as a typical bio-based plastic,
in comparison to other bio-based polymers, exhibits the
most promising alternatives for commercial traditional
plastic, resulting from its excellent biocompatibility, bio-
degradability, as well as melt-processability [1-3]. As a re-
sult of the continuous research for PLLA, many function-
al materials based on PLLA were fabricated to attempt
their applications in various fields [4, 5]. For example,
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PLLA/multiwalled carbon nanotubes nanocomposite
foams with low-density, low thickness, and high con-
ductivity were facilely prepared using a combinatorial
technology of pressure-induced flow processing and su-
percritical carbon dioxide foaming to be firstly used as
electromagnetic interference shielding material. The rele-
vant data showed that this nanocomposite foams present-
ed excellent electrical conductivity and electromagnetic
interference shielding properties, exhibiting the potential
application in electronics, automobiles and packaging [6].
Lou and coworkers [7] from Qingdao University of Chi-
na fabricated the PLLA/chitosan fiber composite scaffolds
vig combining thermal induced phase separation and
salt leaching techniques. This composite scaffolds had
high porosity and hierarchical pore structure comprised
of 50 nm-10 um micropores and 50-300 pm macro-
pores, and as it was shown by cell culture experiments,
PLLA/chitosan fiber composite scaffolds supported
MG-63 osteoblast proliferation and penetration.

The low crystallinity of the virgin PLLA itself, result-
ing from small concentrations of D-lactic acid in lactic
acid monomer, leads to the low heat distortion tempera-
ture [8], which is a major challenge for PLLA application.
Usually, PLLA has high heat distortion temperature af-
ter full crystallization, the reason is that a regular struc-
ture needs to expend more energy to destroy it, thereby
enhancing the heat resistance [9]. Accordingly, accelerat-
ing the crystallization of PLLA on cooling to increase the
crystallinity is required. Up to now, adding the nucleat-
ing agent is still the most effective way to promote the
crystallization of PLLA [10, 11], and therefore, nucleat-
ing agents for PLLA have been a subject of great interest
in recent years [12-17]. At the initial stage, these stud-
ies focused on the use of layered silicates such as talc
[18], montmorillonite [19], fluorine mica [20], etc. Then
the nucleating agents gradually evolved into nano-in-

organic salt [21], nano-oxide [22], nano-carbon materials
[23, 24] with the rapid development of nanotechnology
as well as synthetic inorganic compounds including WS,
nanotubes [25], zinc phenylphosphonate [26], cadmium
phenylmalonate [27], MgO whiskers [28], etc. Although
these inorganic nucleating agents exhibit strong acceler-
ating effects for PLLA crystallization, they can not still
meet the industrial requirements and, what is worse, the
surface modification often needs to be performed to in-
crease the compatibility between inorganic nucleating
agents and PLLA matrix, resulting in more complex pro-
cess and higher manufacturing costs. On the other hand,
it is more difficult to design more novel inorganic nucle-
ating agents, compared with organic nucleating agents.

Recently, many novel synthetic organic compounds,
such as bisurea derivatives [29], benzoyl hydrazine deriv-
atives [30, 31], polyhedral oligomeric silsequioxane deriva-
tives [32], 1H-benzotriazole derivatives [33, 34], were em-
ployed to serve as the nucleating agents for PLLA. And,
compared to the inorganic counterparts, the advantages
including a designable structure and excellent compat-
ibility cause organic nucleating agents to exhibit more
promising application in PLLA matrix. Moreover, the rela-
tionship between organic group and nucleation effective-
ness is being gradually revealed with synthesis of more
organic nucleating agents. The number of organic nucle-
ating agent, however, is still limited. Thus, in the cur-
rent work, as far as our knowledge is concerned, N,N,N"-
-tris(salicyloyl) trimesic acid hydrazide (designated in this
work as BS), an aromatic salicyloyl hydrazide derivative,
was synthesized to be firstly used as a nucleating agent
for PLLA to manipulate the crystallization. Also, the ther-
mal properties of PLLA with different aromatic salicyloyl
hydrazide derivative concentration were investigated in
terms of crystallization behavior, melting behavior, ther-
mal stability as well as optical performance.
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EXPERIMENTAL PART — The thermogravimetric properties were tested on TA

Instruments Q500 TGA in a flow of air (60 cm?®/min) from

Materials room temperature to 650 °C at a heating rate of 5 °C/min.

PLLA used in this work, trademark 2002D, was pur-
chased from Nature Works LLC, USA. Salicyloyl hy-
drazide and trimesic acid were obtained from Shang-
hai Titan Scientific Co. Ltd and Chongqing Huangwei
Chemical Reagents Company, respectively. Thionyl di-
chloride, pyridine and N,N-dimethylacetamide were
procured from Mianyang Rongshen Chemical Reagents
Company.

Synthesis of BS

The synthetic route of BS is shown in Scheme A. First,
the tris-chloride was synthesized according to our
previous work [35], then the salicyloyl hydrazide was
dissolved in N,N-dimethylacetamide through ultrasonic
cleaner, and the tris-chloride was added slowly into the
mixed solution under nitrogen atmosphere, followed by
adding pyridine, the mixture was stirred for 2 h at room
temperature, heated up to 70 °C to maintain the reaction
for 3 h. Finally, the reaction mixture was poured into
400 cm?® water to filtrate, and the aforementioned proce-
dure was operated for 3 times. The resulting product was
dried in vacuum at 45 °C for 24 h.

IR (KBr) v: 3450.9, 3314.2, 1639.8, 1608, 1544.6, 1486.2,
1456.7, 1430.3, 1376.4, 1283.9, 1235.3, 1159.6, 1101.5, 1307.3,
907.2, 857.1, 754.6, 668.9 cm™;

'H NMR (DMSO, 400 MHz) d: ppm; 11.89 (s, 1H, OH),
11.07 (s, 1H, NH), 10.82 (s, 1H, NH), 6.97~8.67 (m, 5H, Ar).

Preparation of PLLA/BS samples

PLLA and BS were blended using RM-200C torque rhe-
ometer (Harbin Hapro Electric Technology Go., Ltd., Chi-
na). The blending parameters were: a rotation speed of
32 rpm for 7 min at 180 °C, and of 64 rpm for 7 min. Then
the blends were hot pressed and cool pressed for 5 min
and 10 min, respectively, to prepare sheets with a thick-
ness of approximately 0.4 mm.

Methods of testing

— FT-IR spectra of BS were performed by a Bio-Rad FTS135
spectrophotometer from 4000 to 400 cm™; and the 'H NMR
spectra was recorded on Brucker AVANCE 400 MHz spec-
trometers, the deuterated solvent was DMSO.

— The non-isothermal crystallization and melting be-
havior under different circumstances were analyzed by
TA Instruments Q2000 DSC under nitrogen at a rate of
50 cm®/min.

— X-ray diffraction (XRD) experiments after isothermal
crystallization were performed on a D/MAX2550 diffrac-
tometer using Cu K radiation at room temperature in the
range of 20 = 5-60° with scanning rate of 2 °/min.

RESULTS AND DISCUSSION
Crystallization behavior

A comparative study on non-isothermal crystallization
behavior of the virgin PLLA and BS-modified PLLA was
firstly investigated to evaluate the nucleating effective-
ness of BS.

190 °C

-— 1°C/min
PLLA/3.0%BS

‘ PLLA/1.5%BS

PLLA/0.8%BS k
PLLA/0.4%BS k
PLLA/0.2%BS /\

PLLA

Exo

80 90 100 110 120 130 140
Temperature, °C

Fig. 1. DSC curves of the virgin PLLA and PLLA/BS samples
from the melt at a cooling rate of 1 °C/min

Figure 1 shows the non-isothermal crystallization cu-
rves of the virgin PLLA and PLLA/BS samples from the
melt (190 °C) at a cooling rate of 1 °C/min. As reported
in the literature [9, 36, 37] and shown in Fig. 1, the virgin
PLLA has almost no discernible non-isothermal crystal-
lization peak in cooling, which indicates that the cooling
rate of 1 °C/min is too fast for the virgin PLLA to cry-
stallize and shows a poor crystallization ability of PLLA
itself. In contrast, all PLLA/BS samples exhibit the appa-
rent non-isothermal crystallization peak, suggesting that
the presence of BS promotes the crystallization of PLLA
on cooling [15]. That is to say, BS can act as an effective
site of heterogeneous nucleation, resulting in the increase
of nucleation density and subsequently promoting the
crystallization on cooling. In addition, when the BS con-
centration is 0.2-1.5 wt %, it is observed that the non-iso-
thermal crystallization peak shifts to higher temperature
with the increase of BS loading, the reason still depends
on the increasing induced-crystallization effectiveness of
BS. However, when the BS concentration is more than
1.5 wt %, the non-isothermal crystallization peak shifts
to low temperature, the similar result has been reported
for PLA nucleated by phthalimide [38]. This also indicates
that BS should not be overloaded, otherwise, the excessi-
ve BS may inhibit the mobility of PLLA chains segment,
resulting in the decrease of crystallization performance.
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Table 1. DSC data of the virgin PLLA and PLLA/BS samples
from the melt at a cooling rate of 1 °C/min

Sample T,°C T,°C AH,]/g
PLLA 101.4 94.5 0.1
PLLA/0.2%BS 123.9 110.2 24.6
PLLA/0.4%BS 124.3 115.3 33.2
PLLA/0.8%BS 123.6 116.2 331
PLLA/1.5%BS 1271 122.6 349
PLLA/3.0%BS 1249 120.4 33.7

The crystallization of PLLA depends on two factors, nuc-
leation and crystal growth [11], under this circumstance
the inhibiting effect for the mobility of PLLA chains seg-
ment is predominant, compared to the nucleating effect
of BS. Thus, we suggest that 1.5 wt % BS offers the best
accelerating effect for the crystallization of PLLA.

The relevant DSC data (see Table 1) also showed that
PLLA/1.5%BS exhibits the highest onset crystallization

<~ 2°C/min
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Exo
—_—
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Fig.2. DSC curves of PLLA/BS samples at different cooling rate

temperature (T) 1271 °C, the crystallization peak tempe-
rature (T,) 122.6 °C, and the largest the non-isothermal
crystallization enthalpy (AH) 34.9 J/g.

As reported by many authors [27, 39-41], the cooling
rate could significantly affect the non-isothermal crystal-
lization. In the non-isothermal crystallization section, we
also investigated the effect of cooling rate on the crystal-
lization behavior of PLLA/BS.

Figure 2 presents the DSC curves of PLLA/BS sam-
ples from the melt at different cooling rate. It is clear that
DSC curves at these cooling rates are drastically different
from that at a cooling rate of 1 °C/min. With the increase
of cooling rate, the non-isothermal crystallization peaks
become wide, shift to lower temperature and even gra-
dually disappear. Upon cooling at 2 °C/min, the non-iso-
thermal crystallization peak of PLLA/0.2%BS can almost
not be observed, suggesting that cooling rate of 2 °C/min
exhibits stronger weakening effect on the crystallization
of PLLA in cooling, compared to the crystallization pro-
moting effect of 0.2 wt % BS for PLLA. In addition, the
non-isothermal crystallization peaks of PLLA/0.4%BS and
PLLA/0.8%BS disappear at a cooling rate of 5 °C/min. Ho-
wever, PLLA/1.5%BS and PLLA/3.0%BS still have obvious
non-isothermal crystallization peak, this result is consistent
with the aforementioned non-isothermal crystallization
DSC data. Moreover, the non-isothermal crystallization
peak of PLLA/1.5%BS is sharper than that of PLLA/3.0%BS,
and the crystallization peak temperature is higher, further
indicating the 1.5 wt % BS is the optimal concentration for
achieving the best nucleation performance for PLLA.

According to the rule: “like dissolves like”, a small amo-
unt of BS must be dissolved in PLLA matrix during proces-
sing, and the rest of undissolved BS will become the nuclei
to PLLA crystallization. However, because the solubility of
BS in PLLA matrix is different at different predetermined
final melting temperature (T ), it would directly affect the
nucleating density and compatibility. The study on influ-
ence of the T on the crystallization behavior may be ne-
cessary to explore the optimal processing parameters.

Figure 3 depicts the DSC curves of PLLA/BS samples
from the different T at a cooling rate of 1 °C/min. From
Fig. 1 and Fig. 3 it is clear that the T increases at first,
then decreases at various T from 180 °C to 200 °C, and
when the T  is 190 °C, all PLLA/BS samples exhibit the
highest T_, showing that 190 °C is the optimization pro-
cessing temperature. The probable reason of this trend
is that when the T is 180 °C, only a tiny amounts of BS
are dissolved in PLLA matrix because of low T, leading
to slightly poor compatibility and weak interaction be-
tween undissolved BS and PLLA. Whereas when the T,
is 200 °C, although the compatibility and interaction be-
tween undissolved BS and PLLA may be significantly en-
hanced, PLLA starts its thermal decomposition [42], and
the appearance of a small molecular chain segment is not
beneficial to crystallization on cooling, resulting from its
greater capacity for movement and weaker nucleating
ability. Moreover, on the basis of the analysis of T at dif-
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Fig. 3. DSC curves of PLLA/BS samples from different predetermined final melting temperature (T, ) at a cooling rate of 1 °C/min
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Fig. 4. XRD curves of the virgin PLLA and PLLA/BS samples

without crystallization treatment
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Fig. 5. XRD curves of the virgin PLLA and PLLA/BS samples
after heat treatment at 120 °C for 10 min

ferent T, it was found that the maximum difference of
the same PLLA/BS sample at different T, reaches 8.8 °C,
fully confirming that the T can affect the non-isother-
mal crystallization behavior of PLLA/BS.

Usually, the semicrystalline polymers can exhibit the
stronger X-diffraction peak after crystallization [43].
Thus, investigating the crystallization behavior using
XRD is feasible.

Figure 4 presents the XRD patterns of the virgin PLLA
and PLLA/BS samples without crystallization, where-
as Fig. 5 shows the XRD curves of the virgin PLLA and
PLLA/BS samples after heat treatment at 120 °C for
10 min. It is clear from Fig. 4 that both the virgin PLLA
and PLLA/BS samples only exhibit a flat and very wide
diffraction peak, resulting from their amorphous cha-
racter. In contrast, after heat treatment, there are four
peaks observed in XRD pattern of all samples, the (010),
(110), (203), and (205) diffraction peaks at 20 = 14.7¢, 16.6°,
18.9°, and 22.2° [44], including the virgin PLLA and
PLLA/BS samples. These peaks become sharper as a re-
sult of the existence of PLLA crystals. Furthermore, the
variation trend of diffraction intensity of the virgin PLLA
and PLLA with different BS concentration is similar to the
results shown in Table 1. That is, the virgin PLLA exhibits
the minimum diffraction peak, and PLLA/1.5%BS has the
larger diffraction peak. As a result, XRD measurements
reveal that the incorporation of BS promotes the crystalli-
zation of PLLA again but can not contribute to any chan-
ge in crystalline structure.

Melting behavior

After non-isothermal crystallization, the following
melting behavior during the second heating scan must
reflect the primary crystallites formed on cooling and
role of BS.

Figure 6 displays the melting behavior of the virgin
PLLA and PLLA/BS samples after non-isothermal cry-
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Fig. 6. Melting behavior of the virgin PLLA and PLLA/BS
samples after non-isothermal crystallization

stallization at a cooling rate of 1 °C/min. As seen in Fig. 6,
the melting peak of the virgin PLLA is very weak, sho-
wing that PLLA can almost not form crystal on cooling.
Also the second heating scan demonstrates the poor cry-
stallization ability of the virgin PLLA. In comparison
to the virgin PLLA, PLLA/BS samples appear the typi-
cal and obvious melting peak, indicating that the exi-
stence of BS accelerates the crystallization of PLLA un-
der the same conditions. Besides, the melting behavior of
PLLA/BS samples greatly depend on BS concentration in
PLLA matrix. With the increase of BS concentration, for
PLLA/BS system, the double melting peak gradually co-
nverts into the single melting peak. When the BS concen-
tration is 0.2-0.8 wt %, the nucleating density does not
saturate on cooling, leading to the formation of new cry-
stals during the heating scan, finally resulting in the ap-
pearance of double melting peaks according to the mel-
ting-recrystallization mechanism [45]. However, when the

<130 °C, 60 min >

PLLA/1.5%BS <125 °C, 60 min >

10 °C/min

<120 °C, 60 min >

g <115 °C, 60 min >
28}
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_ /<100 °C, 60 min >
|
T T T T T T T T
100 120 140 160 180

Temperature, °C

Fig. 8. Melting behavior of PLLA after isothermality for 60 min
at different crystallization temperature
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10 °C/min

T T T T T T T T T v
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Fig. 7. Melting behavior of PLLA/1.5%BS at a heating rate of
10 °C/min after isothermality for different time at 125 °C

BS concentration is in the range of 1.5-3 wt %, the nuc-
leating density in PLLA matrix is saturated, and the cry-
stallization has been completed on cooling. Consequently
the crystallization does not to occur during the second he-
ating scan, forming the single melting peak. Meanwhile,
the single melting peak of PLLA/1.5%BS is sharper than
that of PLLA/3.0%BS, showing that the crystals formed
on cooling, for PLLA/1.5%BS, are more perfect. On one
hand, the rapid formed crystals through BS suffer from
more defects, in particular, overmuch BS can supply eno-
ugh nucleation site; on the other hand, as aforementioned,
the excessive BS hinders the growth of crystals leading
to the formation of more imperfect crystals on cooling.
This result further evidences the best nucleating effect of
1.5 wt % BS.

As indicated by the aforementioned results for non-
-isothermal crystallization section, 1.5 wt % BS is the
best crystallization promoter for PLLA. Hence, the fol-

PLLA/1.5%BS

10 °C/min

o
s 5 °C/min|
\/\f 3 °C/min
w 2 °C/min
: g 1 °C/min|

120 140 160 180

Temperature, °C

Fig. 9. Melting behavior of PLLA/BS at a different heating rate
after non-isothermal crystallization
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lowing investigation on the melting behavior focuses on
the PLLA/1.5%BS system.

Figure 7 illustrates the melting behavior of PLLA
/1.5%BS at a heating rate of 10 °C/min after isothermality
for different time at 125 °C. As shown in Fig. 7, only one
single melting peak exists, although the isothermal time
is different, showing that there are no regenerated cry-
stals in heating. Usually, the longer the isothermal time
is, the more perfect the crystals are in the high crystalli-
zation temperature zone, thus, the longer isothermal time
causes the melting peak to shift to the higher tempera-
ture.

Asitis shown in Fig. 7 PLLA/1.5%BS has only one mel-
ting peak after isothermality for 60 min at high crystalli-
zation temperature (125 °C). However, the crystal growth
rate is crucial in low crystallization temperature zone,
compared to the nuclear rate, very possibly resulting in a
different melting behavior.

Figure 8 shows the melting behavior of PLLA after
isothermality for 60 min at different crystallization tem-
perature. It is clear that double melting peaks appear in
low crystallization temperature regions, and the single
melting peak occurs in high crystallization temperatu-
re zone, and the high temperature melting peak, for do-
uble melting peaks, gradually degenerates into the single
melting peak with the increase of crystallization tempe-
rature. The appearance of double melting peaks results
from the recrystallization of PLLA/1.5%BS on heating. In
low crystallization temperature regions, the macromole-
cular segment active ability is poor and the crystal rapi-
dly formed through BS is imperfect. Its further growth
on heating results in the difference in the degree of cry-
stal perfection. In addition, for double melting peaks, the
high temperature melting peak does not move, whereas
the low temperature melting peak shifts to higher tem-
perature with the increase of crystallization temperatu-
re, indicating that the crystals are more perfect at higher
crystallization temperature.

In the above section, crystallization temperature presents
a significant effect on the melting behavior of PLLA/BS. Si-
milarly, many authors [46-48] reported that the heating rate
also affect the melting behavior, therefore, the effect of he-
ating rate on the melting behavior of PLLA/BS after non-iso-
thermal crystallization was investigated (see Fig. 9).

When the heating rate is no more than 5 °C/min,
PLLA/1.5%BS exhibits the double melting peaks, which
shift to lower temperature with the increase of heating
rate. Moreover, the drop level of both low temperatu-
re melting peak and high temperature melting peak is
consistent with the increase of heating rate, this result
may be of interest to investigate the relationship betwe-
en crystallization and the following heating. Although
PLLA/1.5%BS exhibits the same crystallization during
non-isothermal crystallization of 1 °C/min, the diffe-
rent heating rate in the second heating scan consequen-
tly affects the primary crystallites according to the re-
sults shown in Fig. 9. When the heating rate is more than

5 °C/min, the double melting peaks merge into the large
single melting peak. The reason is that the high heating
rate makes the low temperature melting peak undergo
thermal hysteresis, and the heating rate is predominant
under this circumstance.

CONCLUSIONS

BS was synthesized from salicyloyl hydrazide and
tris-chloride which was prepared from trimesic acid
via acylation, and BS-nucleated PLLA was fabricated via
melt-blending technology to evaluate the effect of BS on
the crystallization and melting behavior of PLLA thro-
ugh DSC and XRD. Both non-isothermal crystallization
and XRD results after isothermal crystallization showed
that BS could act as a powerful crystallization promoter
in PLLA crystallization. Compared to the virgin PLLA,
at the optimum concentration of 1.5 wt % BS, the T, T
and AH_increased from 101.4 °C, 94.5 °C, and 0.1 J/g to
127.1 °C, 122.6 °C, and 34.9 J/g, respectively. The relevant
measurements indicated that the cooling rate and pre-
determined final melting temperature could affect si-
gnificantly the non-isothermal crystallization behavior
of PLLA/BS system. The increase of cooling rate would
weakened the crystallization promoting effectiveness of
BS, and caused the non-isothermal crystallization peak to
become wide and shift to lower temperature. The effect of
the predetermined final melting temperature on non-iso-
thermal crystallization behavior suggested that 190 °C
was the optimum processing temperature for PLLA/BS
system, and PLLA/BS had the highest T at 190 °C. The
difference in the melting behavior of the virgin PLLA and
PLLA/BS samples further confirmed the role of BS in the
promotion of PLLA crystallization. Besides, the BS con-
centration, crystallization temperature and time, as well
as heating rate are key factors for the melting behavior of
PLLA/BS system.
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