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Abstract: The influence of phenylacetic acid hydrazide (NAPAH) derivative content, melt temperature 
(170−200°C) and cooling rate (1−20°C/min) on poly(L-lactide) (PLLA) nucleation were investigated. In-
creasing the content of NAPAH (0.5−3.0 wt.%) had a positive effect on PLLA crystallization, while an 
increase in the cooling rate and heating temperature had a negative effect. In the case of isothermal 
crystallization carried out for a long time (180 min), the melting process depended only on the crystal-
lization temperature. NAPAH also influenced the cold crystallization temperature, reduced thermal 
stability and improved PLLA processability (MFR).
Keywords: poly(L-lactide), phenylacetic acid hydrazide, naphthalenedicarboxylic acid, organic nucleat-
ing agent, thermal properties.

Właściwości termiczne i przetwórcze modyfikowanego poli(L-laktydu): rola 
pochodnej hydrazydu kwasu fenylooctowego
Abstrakt: Zbadano wpływ zawartości pochodnej hydrazydu kwasu fenylooctowego (NAPAH), tem-
peratury stopu (170−200°C) i szybkości chłodzenia (1–20°C/min) na nukleację poli(L-laktydu) (PLLA). 
Zwiększenie zawartości NAPAH (0,5–3,0% mas.) miało pozytywny wpływ na krystalizację PLLA, na-
tomiast wzrost szybkości chłodzenia i temperatury ogrzewania negatywny. W przypadku krystalizacji 
izotermicznej prowadzonej przez długi czas (180 min), proces topnienia zależał tylko od temperatury 
krystalizacji. NAPAH wpływał również na temperaturę zimnej krystalizacji, zmniejszał stabilność ter-
miczną i poprawiał właściwości przetwórcze PLLA (MFR). 
Słowa kluczowe: poli(L-laktyd), hydrazyd kwasu fenylooctowego, kwas naftalenodikarboksylowy, or-
ganiczny środek nukleujący, właściwości termiczne. 

With the implementation of global plastic ban, poly(L-
-lactide) (PLLA) as a leading product of biodegradable 
plastics has obtained increasing attention due to its excel-
lent properties, such as excellent biocompatibility and 
controllable biodegradability [1–3], competitive stiffness 
and tensile strength [4, 5], and originating from renew-
able resource [7]. It is also harmless to humans and envi-
ronmentally friendly [6], and originating from renew-
able resource [7]. Therefore it has been expanded to more 
fields to replace the traditional petro-based resins, espe-
cially in packaging materials [8-10], bone regeneration 
[11–13], nonwovens [14–16] and agriculture [17–19]. 

However, the practical applications of PLLA in field 
of industrial production and daily life are much less 
than expected because of its some inherent disadvan-

tages including low melt strength, poor heat resistance, 
and slow crystallization rate [20, 21]. Among these dis-
advantages, slow crystallization rate is thought to be the 
most significant disadvantage of PLLA in comparison to 
the general purpose plastics like PP and PE, because the 
crystallization rate not only determines PLLA’s crystallin-
ity and heat resistance, but also affects PLLA’s molding 
cycle during actual manufacturing. Therefore, improv-
ing the crystallization of PLLA is still a huge challenge. 
Tremendous efforts have been carried out to regulate the 
crystallization rate of PLLA, mainly including four typical 
approaches. They added nucleating agent or plasticizer, 
minimizing the amount of D-lactide isomers and adjust-
ing the molding conditions [22]. Compared to the nucleat-
ing agent, the other three ways exhibit more obvious dis-
advantages in usage. For instance, the plasticizer tends to 
spill over PLLA matrix leading to non-persistent charac-
teristic for promoting crystallization while adjusting the 
molding conditions results in the high energy-consump-
tion. In contrast, a nucleating agent exhibits powerful 
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advantages such as low dosage, high nucleation efficiency 
and simple operation, therefore it seems almost feasible for 
industrial accelerating crystallization to adding a nucleat-
ing agent in PLLA resin. In the early stages, it is popular 
to accelerate crystallization rate of PLLA by melt blending 
with inorganic nucleating agents including talc [23], organ-
ically modified montmorillonite [24], nano-sized CaCO3 
[25], carbon black [26], etc. Recently, organic low molecu-
lar weight compounds have been drawing much attention, 
since they exhibit some special features in compatibility 
with PLLA, molecular structure regulation and nucleation 
efficiency. As a result, a large number of organic low molec-
ular weight compounds were developed as organic nucle-
ating agents to modify PLLA, including the relatively ear-
lier hydrazide compounds [27, 28], oxalamide compounds 
[29, 30], humic acid derivatives [31, 32], piperonylic acid 
derivatives [33, 34], 1H-benzotriazole compounds [35, 36], 
etc. Through molecular structure analysis, it is found that 
the most of these organic nucleating agents contain active 
groups (like N-H or O-H) and rigid structures (like ben-
zene or cyclopentane), indicating that to some extent these 
key groups or structures play an important role in accel-
erating nucleation and crystallization of PLLA. Of course, 
these related speculations needs to be confirmed by devel-
oping more organic nucleating agents and estimating their 
nucleation effects on PLLA’s crystallization. On the basis 
of the aforementioned reason, in this study, amide and 
naphthalene were introduced into developing strategy of 
organic nucleating agent to obtain a new nucleating agent 
named N, N’-bis(phenylacetyl) 1, 4-naphthalenedicarbox-
ylic acid dihydrazide (NAPAH), and the related properties 
of PLLA with different NAPAH content were investigated 
in terms of crystallization, melting behaviors, thermal sta-
bility and processability (MFR). Moreover, the aim of the 
research was to evaluate the influence of active groups and 
rigid structures on PLLA nucleation and to determine the 
structure-nucleating agent activity relationship. 

EXPERIMENTAL PART

Materials and reagents

A semi-crystalline PLLA (4032D) was manufactured by 
Nature Works. The nucleating agent NAPAH was synthe-
sized in our laboratory (The synthesis process was exhib-
ited in the upcoming synthesis of NAPAH), and all used 
analytical pure reagents, including 1, 4-naphthalenedi-
carboxylic acid, phenylacetic hydrazide, thionyl chloride, 
pyridine and N, N-dimethylformamide, were purchased 
from Chongqing Huanwei Chemical Company to direct 
use without further purification.

Synthesis of NAPAH

The chemical structural formula of NAPAH was shown 
in Figure.1. Two step reactions were used to synthesize 
NAPAH as reported BAAD in our research group [37], 

the first step reaction was acylation of 1, 4-naphthalenedi-
carboxylic acid to obtain 1, 4-naphthalenedicarboxylic 
acid dichloride; the second step reaction was amination 
reaction of phenylacetic hydrazide with 1, 4-naphthal-
enedicarboxylic acid dichloride. Finally, the white prod-
uct NAPAH was thoroughly dried at the temperature of 
35°C under vacuum for usage. FT-IR (KBr) υ: 3180.9, 3027.7, 
1664.5.1, 1598.4, 1514.0, 1480.9, 1453.6, 1425.3, 1388.1, 1291.2, 
1249.8, 1173.8, 1151.6, 853.1, 722.5, 695.2 cm−1; 1H NMR (400 
Hz) δ: ppm; 10.46 (s, 1H, NH), 10.33 (s, 1H, NH), 8.20~8.38 
(m, 1H, Py), 7.85~7.96 (d, 2H, Py), 7.24~7.66 (m, 5H, Ar), 3.59 
(s, 2H, CH2).

PLLA/NAPAH preparation

Before melt-mixing, the PLLA and various NAPAH 
content were first mixed at room temperature, and the 
mixture was dried at the temperature of 35°C under 
vacuum for 24 h to remove moisture. And then the blend 
of PLLA with NAPAH was melted on a torque rheom-
eter at the temperature of 190°C for 17 min (32 rpm 
for 7 min and 64 rpm for 10 min). After that, the mix-
ture was further processed by hot-pressing and cool-
pressing to obtain the final sample. In this study, the 
NAPAH content was varied as 0, 0.5, 1, 2 and 3 wt%, 
and the corresponding samples were labeled as PLLA, 
PLLA/0.5%NAPAH, PLLA/1%NAPAH, PLLA/2%NAPAH 
and PLLA/3%NAPAH, respectively. 

Methods

The molecular structure characterization of NAPAH 
was determined by IS50 FT-IR (Thermo Fisher Scientific) 
and AVANCE 400MHz 1H NMR (Bruker). The FT-IR char-
acterization adopted KBr pressed-disk technique, and the 
test wave number was from 4000 cm-1 to 400 cm-1. As a sol-
vent of 1H NMR characterization, deuteration dimethyl 
sulfoxide was used. The studies on the crystallization 
and melt of the virgin PLLA and four PLLA/NAPAH 
samples were performed by Q2000 DSC (TA Instruments) 
with nitrogen flow of 50 ml/min, and before testing, the 
temperature and heat flow calibration needed to be com-
pleted, as well as the thermal history needed to be elimi-
nated to ensure the test at the same level. The thermal 
decomposition processes of NAPAH, the virgin PLLA 
and four PLLA/NAPAH samples were recorded by Q500 
TGA (TA Instruments) produced by TA instruments, 
and the testing temperature ranged from 50 to 650°C at 
a heating rate of 5°C/min in air; however, for the ther-
mal decomposition of NAPAH, two other heating rates 

Fig. 1. Chemical formula of NAPAH
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of 1°C/min and 10°C/min were added to investigate the 
influence of heating rate on the thermal decomposition 
behavior of NAPAH. The melt flow rate was used to cha-
racterize PLLA processability, and the melt flow rate was 
obtained by RTSL-400B melt index instrument (Beijing 
Guance Instrument) with testing temperature of 180°C. 

RESULTS AND DISCUSSION

Thermal decomposition of NAPAH

The excellent thermal stability is the basic require-
ment of a nucleating agent for PLLA, because a nucleating 
agent should not be decomposed during melting blend. 
Figure 2 shows the thermal decomposition TGA curves 
of the NAPAH at different heating rates in air. It can be 
clearly observed from TGA curves that NAPAH cannot 
decompose in the melting blend temperature region of 
170°C to 200°C, indicating that NAPAH can be used as 
additive for PLLA in terms of thermal stability. For the 
thermal decomposition process of NAPAH, there are 
two main weight loss stages in TGA curve, and the first 
main weight loss stage occurs in the temperature region 
of 300°C to 400°C, exhibiting more than 60% weight loss; 
and the second main stage has less than 30% weight loss. 
Additionally, with increasing of heating rate, the TGA 
curve shifts toward the higher temperature side and the 
onset thermal decomposition temperature also increases, 
resulting from the thermal inertia. 

Crystallization behavior of PLLA/NAPAH

For semi-crystalline polyester, many physical proper-
ties including mechanical properties, heat resistance and 
optical performance depend on the crystallization behav-
ior of polyester. Thus, in this work, the cooling processes 
comparison of the virgin PLLA and PLLA/NAPAH sam-
ples from the melt of 190°C was first performed by DSC. 
As seen in Fig. 3, upon the cooling at 1°C/min, the crys-
tallization of the virgin PLLA almost cannot occur in 

cooling, which was thought to be because of two prob-
able reasons. First reason is that it is difficult for virgin 
PLLA to form a nucleus in the high temperature region, 
resulting in a slow nucleation rate and second reason is 
that the motility of PLLA molecular chain is very poor 
in the low temperature region, resulting in slow crystal 
growth rate. In contrast, the existence of NAPAH makes 
the PLLA to form remarkable and sharp melt-crystalliza-
tion peaks in DSC curves as shown in Fig. 3, indicating 
the powerful enhancing crystallization role of NAPAH 
for PLLA, because NAPAH as external additive can pro-
vide a larger amount of heterogeneous nucleation sites in 
PLLA matrix, which shortens the crystallization induc-
tion time of PLLA and causes the crystallization to occur 
in higher temperature region, this result is also proved 
by the effect of NAPAH concentration on the onset crys-
tallization temperature (Toc), that is, with increasing of 
NAPAH concentration from 0.5 to 3 wt%, the Toc increases 
from 133.0°C to 136.4°C,. PLLA/NAPAH sample not only 
has a fast nucleation rate, but also PLLA molecular seg-
ment possesses excellent motility in preliminary stage 
of cooling, which ensures that the PLLA crystal can be 
effectively grown in cooling. Usually, the smaller the 
difference (ΔT) between the Toc and melt-crystalliza-
tion peak temperature (Tmc) is, the faster the crystalliza-
tion rate is, as well as that the bigger nucleating effect 
on PLLA crystallization is. It is evident from Fig. 3 that 
that PLLA/3%NAPAH exhibits the minimum ΔT value 
of 4°C and the largest melt-crystallization enthalpy (ΔHc) 
of 56.1 J/g, indicating that, with the addition of 3 wt% 
NAPAH, the modified PLLA has the most powerful crys-
tallization ability. Additionally, when compared with 
some systems like PLLA/CB [38] and PLLA/BAS [39], 
PLLA/3%NAPAH has higher Toc and ΔHc in the same test-
ing level, this result shows that NAPAH has better accel-
eration effectiveness on the melt-crystallization of PLLA.

Upon the melt of 190 ºC, the melt-crystallization behav-
iors of PLLA/NAPAH at various cooling rates from 5 to 
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Fig. 2. TGA curves of the NAPAH
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Fig. 3. Melting cooling processes of the virgin PLLA and 
PLLA/NAPAH from the melt of 190°C at a rate of 1°C/min
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20°C/min were investigated by DSC (See Fig. 4). When the 
cooling rate is 5°C/min, the crystallization peak of a given 
PLLA/NAPAH sample appears in the relatively low tem-
perature region comparing with the relative peak in cooling 
at 1°C/min. Moreover, the peak shape of crystallization evi-
dently become wider and the ΔT also becomes larger, show-
ing that the crystallization ability of NAPAH-nucleated 
PLLA is weakened, the probable reason depends on the 
effect of the cooling rate on the crystal growth, a higher cool-
ing rate have a time inhibition for the regular arrangement 
of PLLA chain segment. The similar results can be found in 
literatures [38, 40, 41]. When the cooling rate is increased to 
20°C/min, the crystallization ability is further weakened, 
even the melt-crystallization peak of PLLA/0.5%NAPAH 
almost cannot be observed in DSC curve. 

However, an increase of heating rate makes the cold-
crystallization peak move toward the high-temperature 
side because of the thermal inertia; and the cold-crystalli-
zation process is completed in a wider temperature range 
as seen in Fig. 5. This effect is reflected by the subsequent 
melting behavior of cold-crystallization. The melting pro-

cess appears in the higher temperature region when the 
sharper cold-crystallization peak appears, because the 
sharper cold-crystallization peak means more consistent 
crystal perfection. In addition, it is noted that the cold-
crystallization of PLLA containing a larger amount of 
NAPAH appears in heating earlier, and the cold-crystal-
lization temperature of PLLA shifts to a maximum value 
with the lowest NAPAH content of 0.5 wt%, as well as the 
cold-crystallization peak becomes flatter as NAPAH con-
centration increases. These results suggest that NAPAH 
inhibits the cold-crystallization process of PLLA. 

For melt-crystallization process, some literatures 
[42, 43] had reported the significant influences of the 
melt temperature on the modified PLLA crystallization 
processes, and the relative studies are very important to 
reveal in-depth the role of additive in PLLA resin and 
determine the processing conditions. Here, the effects 
of the other two melt temperatures (170 and 200°C) of 
the NAPAH-nucleated PLLA crystallization processes 
were estimated by DSC with a cooling rate of 1°C/min. 
As shown in Fig. 6, for a given PLLA/NAPAH sample, 

Fig. 4. Melting-cooling processes of PLLA/NAPAH samples from the melt of 190°C at various rates: a) 5°C/min, b) 20°C/min

Fig. 5. Cold-crystallization of PLLA/NAPAH samples from the melt of 190°C at various heating rates: 1°C/min, b) 5°C/min
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the melt temperature of 170°C can induce the crystal-
lization to start at the higher temperature compared 
with the other melt temperatures, and the Toc and Tmc 
reach the maximum value, showing that the relative 
low melt temperature is beneficial for the crystalliza-
tion of PLLA. In the presence of NAPAH, a relative low 
melt temperature can make the homogeneous nucleus 
of PLLA itself to form more rapidly in cooling because 
of the promoting effect of NAPAH for PLLA chain seg-
ment entanglement, ensuring a faster nucleation rate. 
However, a relatively low melt temperature is disad-
vantageous in crystal growth, which results in a wide 
crystallization peak, and except for PLLA/0.5%NAPAH, 
other PLLA/NAPAH samples have the largest ΔT. When 
the melt temperature is increased to 200°C, the Toc and 
Tmc are decreased to the minimum value, but the PLLA 
with low NAPAH contents (0.5 wt% or 1 wt%) has the 
largest ΔHc. 

Melting behavior of PLLA/NAPAH

Usually, the melting process in second heating scan 
after crystallization must depend on the previous crys-
tallization, whereas the previous crystallization is deter-
mined by the NAPAH and its content as reported by the 
crystallization behavior section. Thus, the difference in 
PLLA/NAPAH’s melting behaviors can further address 
the role of NAPAH in matrix. Figure 7 shows the melting 
DSC curves of four PLLA/NAPAH samples after isother-
mal crystallization at different crystallization tempera-
tures (Tc), the difference of Tc is 5°C in the temperature 
region of 110°C to 135°C, and they are 110, 115, 120, 125, 
130 and 135°C, respectively. With increasing of Tc, the 
double melting peaks gradually fuse into a single melt-
ing peak, showing that the Tc is a crucial factor for crystal-
lization, because a moderate Tc not only can cause crystal 
growth, but also won’t destroy the formation of homoge-
neous nucleus. In the current melting process section, it 
is found that a relative high crystallization temperature 

is beneficial for promoting PLLA’s crystallization. In con-
trast, a low Tc cannot provide the fast crystal growth rate, 
resulting in the recrystallization occurring in heating, 
and the double melting peaks appear. Meanwhile, Fig. 7 
also shows that the single melting peak is located at the 
higher temperature when increasing the Tc, what means 
that it is more difficult to melt crystals formed at higher 
Tc. Additionally, it is noted that PLLA/3%NAPAH has the 
lowest melting temperature among all PLLA/NAPAH 
samples. The probable reason is that a relatively large 
amount of NAPAH content added into PLLA, and the 
higher nucleation density in PLLA matrix lead to the 
crystal collision with their neighbors during the stage of 
crystal growth, thereafter, these less perfect crystals are 
melted in heating first, having the lower melting temper-
ature. On the other hand, the existence of the excessive 
NAPAH is disadvantageous to the migration of PLLA 
chain segment, which results in the appearance of imper-
fect crystals. 

As mentioned above, the cooling rate can significantly 
affect the crystallization process, and there is no doubt 
that the melting behavior depends on the cooling rate. 
Figure 8 shows the melting curves of PLLA/NAPAH at 
different heating rates (1, 2, 5°C/min) that corresponded 
to the rates of melt-crystallization at different cooling 
rates. Differing from the melt processes after isothermal 
crystallization, when PLLA/NAPAH is reheated to 180°C 
after melt-crystallization, the melting DSC curves of all 
PLLA/NAPAH have double melting peaks, showing that 
the recrystallization occurs again in heating. However, 
for a given PLLA/NAPAH, a slower cooling rate can make 
the low-temperature side melting peak appear at a higher 
temperature, suggesting that the crystals formed in cool-
ing at a slower cooling rate are much more perfect. In 
addition, compared to the low-temperature side melt-
ing peak, the area of high-temperature side melting peak 
obviously becomes larger when the rate is increased; 
even when the rate is 5°C/min, the double melting peak 
area of PLLA/0.5%NAPAH is quite close. 
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Fig. 6. Cooling processes of PLLA/NAPAH from different melt temperatures at 1°C/min coolingrate: a) 170°C, b) 200°C
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Fig. 7. Melting curves of PLLA/NAPAH after isothermal crystallization at different Tc and heating rate of 10°C/min: a) 110°C, 
b) 115°C, c) 120°C, d) 125°C, e) 130°C, and f) 135°C for 180 min
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Thermal stability and processability 
of PLLA/NAPAH

Except for thermal deformation, the thermal decom-
position is another important process to determine the 
critical point of polymer usage. Figure 9 shows ther-
mal decomposition TGA curves of the virgin PLLA and 
PLLA/NAPAH in air. Differing from the thermal decom-
position TGA curve of NAPAH (see Figure 2), Figure 9 
clearly shows that all PLLA/NAPAH samples as the virgin 
PLLA have only one thermal decomposition stage in heat-
ing, and the decomposition temperature focuses on in the 
temperature region of 300°C to 400°C, which is consis-
tent with the results reported by other works [6, 44, 45]. 
After completing aforementioned thermal decomposi-
tion, the weight-loss of all samples is almost up to 100%, 
meaning that the virgin PLLA and four PLLA/NAPAH 
samples are fully burned in heating. Under this circum-
stance, the study on thermal decomposition behavior 

focuses more on the onset decomposition temperature 
(Tod). Through analysis of the Tod data obtained from TGA 
software, it is found that the Tod of any PLLA/NAPAH 
sample is lower than that of the virgin PLLA, and that 
the PLLA/1%NAPAH has the maximum Tod of 333.5°C, 
whereas the PLLA/3%NAPAH has the minimum Tod of 
330.3°C. These results suggest that, on one hand, the exis-
tence of NAPAH in PLLA resin decreases PLLA’s thermal 
stability; on the other hand, though that, upon heating 
at 5°C/min, the NAPAH has the lower Tod as seen in Fig. 
1. Tod of PLLA/NAPAH cannot continuously decrease as 
NAPAH content increased, which indicates that a moder-
ate NAPAH content (about 1 wt%) has the ability to pre-
vent a drop in Tod. From the further analysis it is concluded 
that the probable interaction of C=O in PLLA with N-H in 
NAPAH improves the thermal stability of PLLA/NAPAH. 

As it could be expected, the addition of NAPAH not 
only can improve the crystallization performance of 
PLLA, but also improves other performances. For actual 
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manufacturing, the processability is related to the diffi-
culty of injection molding. Herein, the effects of NAPAH 
and its content on the processability of PLLA were per-
formed by a melt flow indexer (see Fig. 10), and the pro-
cessability was characterized by melt flow rate (MFR) 
(A higher MFR often means the better processability). 
When the NAPAH content increases to 0.5 wt%, the MFR 
of PLLA/0.5%NAPAH is considerably enhanced up to, at 
least, 5 times with respect to the virgin PLLA, indicat-

ing that the NAPAH possesses the role in improving the 
processability of PLLA. However, when the NAPAH con-
tent increases from 0.5 wt% to 3 wt%, the MFR has only 
increased by 1.6 times, showing a slow upward trend. The 
reason is that a relative high NAPAH content has a bigger 
ability to aggregate during melt flow, which leads to an 
inhibition for the processability of PLLA chains by the 
physical barrier actions of aggregated NAPAH. However, 
on the other hand, the NAPAH itself can improve the 
processability of PLLA. As a result, the MFR is increased 
with increasing of NAPAH content in PLLA resin, but the 
increase is slowed down. 

CONCLUSIONS

NAPAH was synthesized as an organic nucleating 
agent for PLLA, which showed excellent crystallization 
accelerating effect. By change of NAPAH content in PLLA 
matrix, cooling rate and melt temperature, the different 
melt-crystallization behaviors were observed. A larger 
amount of NAPAH possessed better crystallization abil-
ity, and upon cooling at 1°C/min from the melt of 190°C, 
the Toc, Tmc and ΔHc of PLLA/3%NAPAH could be up to 
136.4°C, 132.4°C and 56.1 J/g, respectively. However, the 
increase in cooling rate and melting point was not favor-
able for PLLA crystallization in this work, and the addition 
of NAPAH to some extent inhibited PLLA cold crystal-
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lization. The melting behavior after isothermal crystal-
lization and melt-crystallization confirmed the crystalli-
zation promoting role of NAPAH, and the crystallization 
temperature and heating rate significantly affected the 
melting behaviors, as well as the double melting peaks 
was thought to occur because of melting-recrystallization. 
The introduction of NAPAH almost could not change 
the thermal decomposition profile of PLLA, because all 
PLLA/NAPAH showed only one thermal decomposition 
stage in the virgin PLLA, but NAPAH slightly decreased 
the thermal stability of PLLA, moreover, the existence of 
PLLA interaction with NAPAH contributed to prevent the 
decrease of thermal stability. Apart from that, the addi-
tion of NAPAH enhanced the processability of PLLA, and 
MFR of PLLA/NAPAH was enhanced up to more than 5 
times with respect to the virgin PLLA. 
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