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Abstract: The goal of this research was developing a new organic nucleating agent and 
investigating its influence on the non-isothermal crystallization including melt-crystallization 
and cold-crystallization, melting behavior and optical property of Poly(L-lactic acid) (PLLA). 
The results from the melt-crystallization indicated that the N, N'-bis(benzoyl) phenylmalonic 
acid dihydrazide (PABBH) could be used as an effective role in nucleation, and 2 wt% 
PABBH had the best crystallization promoting effect for PLLA. However, the increase of 
PABBH content made the cold-crystallization peak shift toward the higher temperature. The 
melting behavior of PLLA/PABBH sample depended on the crystallization time, and the 
double-melting peaks were ascribed to the melting-recrystallization. The introduction of 
PABBH seriously decreased the transmittance of PLLA resulting from an increase of 
crystallinity and the yellowish-brown of PABBH itself.  

1. Introduction 
PLLA is commonly considered to be environment-friendly materials because of its complete 
degradability, excellent compatibility and nontoxicity [1]. Thus PLLA as the substitute for petroleum-
based plastic has a very wide range of applications in food packaging [2], biomedical materials [3], 
disposable tableware [4]. However, the slow crystallization rate of PLLA itself results in many defects 
of the product such as poor heat resistance, poor dimensional stability, low crystallinity [5-6], which 
seriously restricts the development of PLLA industry. To overcome this defect, some methods like 
adding the plasticizer or nucleating agent, decreasing the amount of D-lactide isomers were used to 
accelerate PLLA’s crystallization. Among these strategies, using the nucleating agent in PLLA is 
thought to be the easiest industrialized way to accelerate the crystallization of PLLA [5]. Many 
compounds were used to investigate their effects on the crystallization process of PLLA. These typical 
compounds includes talc [7], montmorillonite [8], calcium carbonate [9], 1H-benzotriazole derivatives 
[10], benzoyl hydrazine derivatives [11], oxamide derivatives [12], etc. For example, Cai et al reported 
that the half-time of crystallization of PLLA reduced to 22.9 s at 115 °C after using 3 wt% N, N'-
dodecanedioic bis(benzoic acid) dihydrazide, which was of the great significance for the shortening of 
PLLA crystallization time. This result indicated a potential usage in producing the PLLA products 
with the high crystallinity [13]. 

In this study, N, N'-bis(benzoyl) phenylmalonic acid dihydrazide (designated here as PABBH), 
was prepared to be used as a crystallization promoter for PLLA, and the melt-crystallization, cold-
crystallization, melting process and optical property of the PABBH-nucleated PLLA were investigated 
using differential scanning calorimeter (DSC) and a light transmittance meter. 
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2. Experimental section 

2.1  Materials 
The PLLA matrix was obtained from  USA Nature Works LLC. The PABBH was synthesized in our 
lab through acylation and amination of the phenylmalonic acid, the molecular structure of PABBH is 
shown in Fig.1. 
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Figure 1.   The molecular structure of PABBH 

2.2  Melting blend of PLLA/PABBH samples 
The prepareation of the dried PLLA/PABBH mixture was carried out by a counter-rotating mixer. The 
processed parameters were set as follows: the blending temperature 190 °C, a rotation speed of 32 rpm 
for 7 min, and then a rotation speed of 64 rpm for 7 min. Finally, the blend was further pressed via hot 
treatment and cool treatment. 

3. Results and discussion 

3.1 Non-isothermal crystallization 
Figure.2 shows, upon the cooling of 1 °C/min, DSC curves of melt-crystallization of the neat PLLA 
and PLLA/PABBH samples. For PLLA, the melt-isothermal crystallization peak can not almost be 
observed in DSC curve, showing the very slow crystallization process of PLLA itself, the similar 
result was reported by other researchers [14, 15]. In contrast, the presence of PABBH causes PLLA to 
exhibit the discernible melt-crystallization peak, indicating that the PABBH can be acted as a 
heterogeneous crystallization promoter for PLLA in cooling. However, it is also noted that the 
crystallization peaks are slightly wide, showing that the role of PABBH in promoting PLLA’s 
crystallization is medium. Additionally, Figure.2 displays the effect of PABBH concentration on the 
melt-crystallization behavior of PLLA. With increasing of PABBH content from 0.5 to 3 wt%, the 
melt-crystallization peak firstly shifts toward the higher temperature, and then the peak shifts to low 
temperature, when the PABBH loading is higher 2 wt%. And the melt-crystallization peak of the 
PLLA/2%PABBH sample located at the highest temperature, as well as that the PLLA/2%PABBH has 
the sharpest melt-crystallization peak, implying that the 2 wt% PABBH exhibits the best 
crystallization accelerating effect for PLLA. 

 
Figure 2.   Melt-crystallization of the neat PLLA and PLLA/PABBH samples  

Differing from the aforementioned melt-crystallization process, the cold-crystallization process has 
higher nuclear rate because of the additive PABBH and homogeneous nucleation of PLLA itself. 
Figure.3 is the DSC of PLLA/PABBH samples from 40 °C at a heating rate of 1 °C/min. It is clear that 
all PLLA/PABBH have the sharp cold-crystallization peaks, and the crystallization peak shifts toward 
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the higher temperature with a higher PABBH concentration. The reason may be that a larger amount 
of PABBH in PLLA matrix has a greater inhibition for the mobility of PLLA molecular chain, and the 
PLLA molecular chain possesses a good mobility only at a higher temperature, and then forms the 
crystals. In addition, the perfection of the crystals formed at a higher temperature is better, which 
results in the higher melting temperature of PLLA containing a larger amount of PABBH.  

 
Figure 3.   Cold-crystallization of PLLA/PABBH samples 

3.2 Melting process 
The melting behavior of PLLA/PABBH after crystallization is displayed in Fig.4. With increasing of 
crystallization time, the double-melting peaks gradually develop into the single melting peak, because 
crystallization process can be completed after crystallization at 120 °C for the enough time, leading to 
the appearance of the single melting peak. On the other hand, the melting process of PLLA/PABBH 
samples depends on the crystallization time. As to the double-melting peaks, there exist two melting 
mechanisms including the melting-recrystallization and crystal polymorphism. Here, according to the 
aforementioned transformation, the double-melting peaks are assigned to the melting-recrystallization.  

     
Figure 4.   Melting process of PLLA/PABBH samples after crystallization 

3.3 Optical property  
As aforementioned, the influences of PABBH on the melt-crystallization,cold-crystallization and 
melting process are obvious. Undoubtedly, the PABBH must affect the optical property of PLLA. 
Figure.5 is the effect of PABBH on the optical property of PLLA, the addition of PABBH seriously 
decreases the transmittance of PLLA, even when the PABBH is 2 wt%, the transmittance of 
PLLA/PABBH sample is zero, and two probable reasons are employed to explain this result. First, the 
addition of PABBH increases the crystallinity of PLLA; secondly, the yellowish-brown of PABBH 
itself can also result in the decrease of transmittance. 
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Figure 5.   The transmittance of PLLA and PLLA/PABBH 

4. Conclusions 
PABBH was prepared to study its effect on the melt-crystallization, cold-crystallization, melting 
process, and transmittance of PLLA. The results confirmed that PABBH could improve the 
crystallization of PLLA, but the promoting effect was medium. Compared to the other concentration 
of PABBH, 2 wt% PABBH exhibited the best crystallization ability. For cold-crystallization process, a 
larger amount of PABBH made the PLLA crystallize at a higher temperature. The melting process of 
PLLA/PABBH samples depended on the crystallization time, with increasing of crystallization time, 
the double-melting peaks degenerated into the single melting peak, resulting from the melting-
recrystallization. Finally, the influence of PABBH on the transmittance of PLLA was negative. 

Acknowledgements 
This work was supported by Chongqing Municipal Science and Technology Commission 
(cstc2017shmsA20021), Chongqing Municipal Education Commission (project number 
KJQN201801319), and Yongchuan District (project number Ycstc, 2017nc4002 and Ycstc, 
2018cc0801). 
 
References 
[1] Cai, Y.H., Yan, S.F., Yin, J.B., Fan, Y.Q., Chen, X.S. (2011) Crystallization behavior of 

biodegradable poly(L-lactic acid) filled with a powerful nucleating agent-N, N'-bis(benzoyl) 
suberic acid dihydrazide.  J. Appl. Polym. Sci., 121(3): 1408-1416. 

[2] Gan, I., Chow, W.S. (2018) Antimicrobial poly(lactic acid)/cellulose bionanocomposite for food 
packaging application: A review. Food. Packaging. Shelf., 17: 150-161. 

[3] Gao, Y.F., Shao, W.L., Qian, W., He, J.X., Zhou, Y.M., Qi, K., Wang, L.D., Cui, S.Z., Wang, R. 
(2018) Biomineralized poly(L-lactic-co-glycolic acid)-tussah silk fibroin nanofiber fabric with 
hierarchical architecture as a scaffold for bone tissue engineering. Mat. Sci. Eng. C-Mater., 84: 
195-207. 

[4] Wang, X., Xu, D., Zhao, S. Environment-friendly dish, has recess formed on dish surface and 
extending to bottom surface, and tableware unit comprising tableware piece that is deviated 
from base part, where base part, dish part and tableware unit are formed integrally, Chinese 
Patent, CN201641334-U, 2009-11-13. 

[5] Xu, X.K., Zhen, W.J., Bian, S.Z. (2018) Structure, performance and crystallization behavior of 
poly(lactic acid)/humic acid amide composites. Polym-Plast. Technol., 57(18): 1858-1872. 

[6] Zhen, W.J., Liu, P.Y. (2018) Structure-property relationship, rheological behavior, and thermal 
degradability of poly(lactic acid)/fulvic acid amide composites. Polym. Advan. Technol., 29: 
2192-2203. 



AEMCME 2019

IOP Conf. Series: Materials Science and Engineering 563 (2019) 022020

IOP Publishing

doi:10.1088/1757-899X/563/2/022020

5

 
 
 
 
 
 

[7] Huang, A., Yu, P., Jing, X., Mi, H.Y., Geng, L.H., Chen, B.Y., Peng, X.F. (2016) The effect of talc 
on the mechanical, crystallization and foaming properties of poly(lactic acid). J. Macromol. Sci. 
B., 55(9): 908-924. 

[8] Zheng, W., Beeler, M., Claus, J., Xu, X. (2017) Poly(lactic acid)/montmorillonite blown films: 
Crystallization, mechanics, and permeation. J. Appl. Polym. Sci., 134(36): 45260. 

[9] Phetwarotai, W., Aht-Ong, D. (2017) Nucleated polylactide blend films with nanoprecipitated 
calcium carbonate and talc. J. Therm. Anal. Calorim., 127(3): 2367-2381.  

[10] Cai, Y.H., Tang, Y., Zhao, L.S. (2015) Poly(L-lactic acid) with organic nucleating agent N, N, N'-
tris(1H-benzotriazole) trimesinic acid acethydrazide: Crystallization and melting behaviour. J. 
Appl. Polym. Sci., 132(32): 42402. 

[11] Cai, Y.H., Yan, S.F., Fan, Y.Q., Yu, Z.Y., Chen, X.S., Yin, J.B. (2012) The nucleation effect of N, 
Nʹ-bis(benzoyl) alkyl diacid dihydrazides on crystallization of biodegradable poly(L-lactic 
acid). Iran. Polym. J., 21: 435-444. 

[12] Shen, T.F., Xu, Y.S., Cai, X.X., Ma, P.M., Dong, W.F., Chen, M.Q. (2016) Enhanced 
crystallization kinetics of poly(lactide) with oxalamide compounds as nucleators: effect of 
space length beyween the oxalamide moieties. RSC Adv., 6(54): 48365-48374. 

[13] Cai, Y.H., Zhao, L.S. (2018) The effect of N, N'-bis(benzoyl)dodecanedihydrazide on enhancing 
the crystallization rate of poly(L-lactic acid). Polimery, 63(11-12): 815-820. 

[14] Feng, Y.Q., Ma, P.M., Xu, P.W., Wang, R.Y., Dong, W.F., Chen, M.Q., Joziasse, C. (2018) The 
crystallization behavior of poly(lactic acid) with different types of nucleating agents. Int. J. 
Biol. Macromol., 106: 955-962. 

[15] Tian, L.L., Cai, Y.H. (2018) Nucleated poly(L-lactic acid) with N, N'-oxalyl bis(benzoic acid) 
dihydrazide.  Mater. Res. Express., 5(4): 045311. 

 


