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Effect of N,N’-bis(benzoic) 1,4-cyclohexanedicarboxylic acid 
dihydrazide on poly(L-lactide) crystallization 
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Abstract: Effect of N,N’-bis(benzoic) 1,4-cyclohexanedicarboxylic acid dihydrazide (CADBH) on the 
crystallization of poly(L-lactide) (PLLA) was investigated. CADBH (0.4–3 wt%) was introduced into 
PLLA by melt mixing. DSC confirmed that PLLA crystallization depends on both CADBH content and 
cooling and heating rates. The minimum crystallization half-life (35.4 s) was obtained at 115°C with 
3 wt% CADBH. However, a small addition of CADBH had an unfavorable effect on PLLA transparency.
Keywords: PLLA, benzoic hydrazide, crystallization, transparency.

Wpływ dihydrazydu kwasu N,N’-bis(benzoilo) 
1,4-cykloheksanodikarboksylowego na krystalizację poli(L-laktydu)
Streszczenie: Zbadano wpływ dihydrazydu kwasu N,N’-bis(benzoilo) 1,4-cykloheksanodikarboksylo-
wego (CADBH) na krystalizację poli(L-laktydu) (PLLA). CADBH (0,4–3 % mas) wprowadzano do PLLA 
w procesie mieszania w stopie. Metodą DSC potwierdzono, że krystalizacja PLLA zależy zarówno od 
zawartości CADBH, jak i szybkości chłodzenia i ogrzewania. Minimalny półokres krystalizacji (35,4 s) 
uzyskano w temperaturze 115°C przy zawartości 3% mas. CADBH. Jednak niewielki dodatek CADBH 
miał niekorzystny wpływ na przezroczystość PLLA.
Słowa kluczowe: PLLA, hydrazyd benzoesowy, krystalizacja, przezroczystość.

Plastic is an indispensable material in the modern 
world thanks to its own advantages in terms of low 
density, high performance, low manufacturing cost, 
wide functionalities, etc. However, most plastics are pro-
duced from petroleum, resulting in their non-degrada-
tion and serious environmental pollution after usage. 
Thus, using bio-based plastic is highly desirable to alle-
viate energy crises and promote green economic devel-
opment. Poly(L-lactide) (PLLA) as the frontrunner in bio-
polymers possesses its advantages such as low carbon 
footprint, good processability, excellent mechanical pro-
perties, good optical transparency and more ecofriendly 
profile compared to other biopolymers [1–3], and these 
significant merits are accelerating PLLA’s commercial 
application in fast food boxes, shopping bags, agricul-
tural film, biomedicine, tissue engineering and 3D print-
ing consumables [4-10], for example, PLLA was combined 
with Osage orange wood to prepare a polymer composite 
as an agricultural film, the related measurement showed 
that PLLA composite containing Osage orange wood 

exhibited the advantage of being fully biodegradable over 
a single growing season, and the mechanical properties 
of PLLA composite containing Osage orange wood could 
be comparable to the current agricultural mulch film [11]. 

PLLA as a semi-crystalline polyester possesses a rel-
ative high melting temperature about 170°C, but some 
shortcomings, like low crystallinity after injection mold-
ing, slow crystallization rate and poor heat resistance [12], 
exhibit an inhibition for PLLA’s wider utilization, among 
these drawbacks, slow crystallization rate is a determin-
ing factor of affect PLLA’s performances, especially crys-
tallinity and heat resistance. What is worse, improving 
PLLA’s crystallization rate through varying contents of 
L- and D-lactic acid during synthesis stage is difficulty, 
thus, introducing a nucleating agent in PLLA resin is 
thought to be an economical, simple and efficient method 
to accelerate PLLA’s crystallization rate via reducing the 
free energy barrier for the formation of a critical nucleus 
and increasing nucleation sites [12–14]. Nowadays, nucle-
ating agents for PLLA are classified into inorganic and 
organic types based on their molecular structures, and 
among these nucleating agents, the most popular nucle-
ating agents include talc [15], metals phenylphosphonate 
[16, 17], nano inorganic salts [18, 19], amide compounds 
[20], TMC series compounds [21–23], etc. 

Although some nucleating agents like talc and TMC 
have been commercially developed to enhance PLLA’s 
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crystallization during the manufacturing of PLLA pro-
ducts, the nucleation ability of the existing nucleator for 
PLLA and category as well as quantity still exist a sig-
nificant gap compared to nucleating agents for typical 
general plastics of PE and PP, even worse, the heat and 
depth of academic study on PLLA’s nucleating agent have 
slowed down after the outbreak of novel coronavirus, 
and only a small amount of organic nucleating agent with 
novel structure had been reported. To expand the quan-
tity of organic nucleating agents with different molecular 
structures and further understand the structure-activity 
relationship between nucleation capacity and rigid struc-
tures such as benzene and cycloalkyl. 

In this work, N, N’-bis(benzoic) 1,4-cyclohexanedicar-
boxylic acid dihydrazide (CADBH) was obtained and 
used as a nucleating agent for PLLA. The non-isothermal 
melt crystallization, non-isothermal cold crystallization, 
isothermal crystallization, melting behavior and optical 
properties of PLLA/CADBH were investigated by dif-
ferential scanning calorimetry (DSC), polarizing optical 
microscopy (POM) and light transmittance.

EXPERIMENTAL PART

Materials 

1,4-cyclohexanedicarboxylic acid, benzoic acid hydra-
zide, N, N-dimethylformamide, thionyl chloride, and pyr-
idine were purchased from Chongqing Huawei Chemical 
Company (Chaina). All chemicals were of analytical 
grade and used without further purification. PLLA was 
manufactured by Nature Works LLC (Blair, Nebraska, 
USA) with commercial grade 4032D.

Preparation of PLLA/CADBH

The synthesis of CADBH was performed according 
to the procedure published elsewhere [24] and is sche-
matically shown in Fig. 1. 10 g of 1,4-cyclohexanedi-
carboxylic acid, 70 mL of thionyl chloride, and 1 mL of 
N,N-dimethylformamide were mixed in a 250 ml three-
necked flask and heated to 80°C for 36 h with stirring, 

and the resulting cyclohexyl-1,4-dicarboxyl chloride was 
obtained by vacuum distillation. Afterwards, 0.04 mol ben-
zoic acid hydrazide, 70 mL N,N-dimethylformamide and 
2 mL pyridine were mixed using ultrasonic technology in 
250 mL three-necked flask to ensure that the benzoic acid 
hydrazide was dissolved in N,N-dimethylformamide, 
and then 0.02 mol cyclohexyl-1,4-dicarboxylchloride was 
instantaneously incorporated into the above-mentioned 
mixed solution. The reaction was performed at room tem-
perature for 1 h and 70°C for 2.5 h. The reaction mixture 
was transferred into water to obtain white CADBH via fil-
tration and vacuum dry. Basic spectroscopic characteris-
tics are: FT-IR (KBr) υ: 3206.8, 2944.2, 2861.8, 1653.5, 1599.2, 
1577.7, 1522.8, 1497.7, 1472.8, 1395.5, 1247.2, 1212.3, 1151.5, 
1078.3, 1021.1, 955.7 cm−1; 1H NMR (400 Hz) δ: ppm; 10.30 
(s, 1H, NH), 9.84 (s, 1H, NH), 7.48~7.89 (m, 5H, Ar), 2.27 (s, 
H, CH), 1.87~1.89 (d, 2H, CH2), 1.45~1.50 (t, 2H, CH2).

Finally, PLLA containing 0.4, 0.8, 1.5, and 3 wt% 
CADBH were prepared by melting mixing in a counter-
rotating mixer and molding method in a flat vulcaniz-
ing machine. Prior to melting mixing, PLLA and CADBH 
were dried to remove residual water. The melt mixing 
process parameters were as follows: the process tempera-
ture was 190°C, the rotor speed was 32 rpm for 7 min and 
64 rpm for 7 min. Then, the PLLA/CADBH blends were 
subjected to hot pressing for 4 min and cold pressing for 
6 min to obtain a PLLA/CADBH thin sheet.

Methods

FT-IR

FT-IR characterization of CADBH was performed 
using a Nicolet iS50 (ThermoFisher Scientific, Walthamm 
MA, USA) spectrometer with the range of 4000–400 cm-1.

1H NMR

1H NMR characterization of CADBH was recorded on 
a Bruker spectrometer (Billerica, MA, USA) at 400 MHz. 
Prior to characterization, CADBH was dissolved in deu-
terium dimethyl sulfoxide.
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Fig. 1. CADBH synthesis scheme
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DSC

The non-isothermal melt crystallization, non-isother-
mal cold crystallization, isothermal crystallization and 
melting behvaiors of PLLA/CADBH were measured by 
Q2000 DSC (TA Instruments, New Castle, DE, USA). 
Although the detailed testing conditions for non-isother-
mal crystallization, isothermal crystallization and mel-
ting behaviors were different, before the test, the tem-
perature and heat flow at different rates needed to be 
calibrated using an indium standard. All testing sam-
ples were heated to 190°C and held at this temperature for 
3 min to completely eliminate thermal history, ensuring 
consistent testing conditions.

Polarization optical miscroscopy (POM)

A comparative analysis of the crystalline morphology 
of neat PLLA and PLLA/0.4% CADBH at 115°C was per-
formed using a DPT200ia POM (UOP, China) equipped 
with camera and a programmable temperature controller.

Light transmittance 

The effect of CADBH and its content on light trans-
mittance was evaluated using a DR82 light transmit-
tance meter (Vestus Industrial Co., Huifeng, China). The 
light transmittance of pure PLLA and PLLA/CADBH was 
determined by calculating the average of five measure-
ments.

RESULTS AND DISCUSSION

Non-isothermal melt crystallization

Investigating the non-isothermal melt crystallization 
behavior from the molten state was assessed, because 
PLLA’s processing occurs mostly in the molten state 
as far as injecting molding is concerned. Additionally, 
the role of CADBH as nucleating agent also needs to be 
evaluated through comparing crystallization behavior 
of PLLA with and without CADBH. The non-isothermal 
melt crystallization for neat PLLA and PLLA with differ-
ent CADBH loading form the molten of 190°C at a cool-
ing rate of 1°C/min is displayed in Figure 2. As reported 
in the literature [25, 26], findings also indicate that the 
cooling process of neat PLLA hardly exhibits a non-
isothermal melt crystallization peak in the DSC curve, 
although the cooling rate is only 1°C/min, two reasons 
are employed to explain this phenomenon, they are the 
slow homogeneous nucleation rate of PLLA itself in high-
temperature region and slow crystal growth rate due to 
poor mobility of PLLA molecular segment in low-temper-
ature region. In contrast, with the addition of CADBH, 
DSC curve presents a sharp non-isothermal melt crystal-
lization peak, and the non-isothermal melt crystalliza-
tion peak shifts toward the higher temperature side as 

CADBH loading increased, showing that CADBH acts 
as nucleating agent in cooling and effectively enhances 
PLLA’s crystallization ability. An important role of nucle-
ating agent is to provide the heterogeneous nucleation 
site in polymer resin and increase nucleation rate, result-
ing in that the crystallization can start at a higher temper-
ature, which is clearly proved by the shift of non-isother-
mal melt crystallization peak with increasing CADBH 
loading. DSC thermal parameters including non-iso-
thermal onset-crystallization temperature (Toc), non-iso-
thermal melt crystallization peak temperature (Tmc) and 
non-isothermal melt crystallization enthalpy (ΔHc) also 
confirm the accelerating role of CADBH on PLLA’s crys-
tallization, as the CADBH loading increases from 0.4 wt% 
to 3 wt%, Toc and Tmc increase from 139.4°C, 136.0°C to 
141.5°C, 138.6°C, respectively. The difference between Toc 
and Tmc decreases from 3.4°C to 2.9°C as CADBH load-
ing increased, indicating that a higher CADBH loading 
is to be better for accelerating PLLA’s crystallization rate, 
because a sharper non-isothermal melt crystallization 
peak often means a higher crystallization rate at the same 
testing level. However, it is noted that ΔHc cannot exhibit 
a regular change with increasing of CADBH loading, and 
PLLA/0.4% CADBH has the maximum ΔHc value 46.8 J/g.

The heating process of pure PLLA and PLLA/CADBH 
after non-isothermal melt crystallization was conducted 
to investigate the effect of CADBH on the glass transition 
temperature of PLLA. As can be seen from Figure 3, the Tg 
of pure PLLA is lower than that of PLLA/CADBH regard-
less of the content of crystallization agent. PLLA/CADBH 
formed more crystals after the non-isothermal cooling 
process than PLLA, which makes it much more difficult 
to complete the transition from the glassy state to the 
high-elastic state at the initial steady temperature, and 
this transition can only be completed at a higher tempera-
ture. Except for PLLA/0.4% CADBH, the Tg of other PLLA/
CADBH is higher than 61°C, and PLLA/1.5% CADBH has 
a higher Tg of 62.6°C. This result is not consistent with 
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Fig. 2. DSC thermograms of neat PLLA and PLLA/CADBH at 
190°C and 1°C/min heating rate
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the ΔHc after non-isothermal melt crystallization, which 
indicates that the Tg is not only affected by the crystallin-
ity of PLLA but also by the content of CADBH.

For semi-crystalline polyester, manufacturers expect 
that rapid crystallization at a higher cooling rate will 
increase the yield and reduce the cost; meanwhile, at 
a higher cooling rate, the crystallization ability of PLLA 
containing a crystallizing agent can also be tested to eval-
uate the crystallization effect of the additive, because 
a higher cooling rate can shorten the crystal growth time, 
leading to a decrease in the crystallization ability and 
a reduction in the amount of crystals. As shown in Fig. 4, 
the effects of cooling rate on the non-isothermal crystal-
lization behavior of PLLA/CADBH were studied by DSC. 
It is observed that with the increase of the cooling rate 
from 10°C/min to 20°C/min, the non-isothermal crystalli-
zation peak of the melt flattens and broadens, while shift-
ing toward the low temperature. This effect is due to the 
decrease in the crystallization ability of PLLA/CADBH. 

However, all PLLA/CADBH are still able to crystallize 
after rapid cooling at 20°C/min, which again confirms 
the effect of CADBH accelerating crystallization. In addi-
tion, a higher CADBH loading can effectively prevent the 
decrease in crystallization ability, because at the same 
cooling rate, PLLA with higher CADBH content initiates 
crystallization at a higher temperature and shows a more 
pronounced non-isothermal crystallization peak of the 
melt. 

Non-isothermal cold crystallization

Cold crystallization process was also conducted to 
sufficiently reveal the role of CADBH and its concentra-
tion. Figure 5 shows the DSC thermograms of PLLA with 
different CADBH loading from 40 to 190°C at different 
heating rates including 1, 2.5, 5, and 10°C/min. Two dis-
tinct regular patterns were observed. The first one shows 
that at a certain heating rate, the cold crystallization 
peak shifts toward low temperature with the increase of 
CADBH loading. This can be attributed to the fact that 
CADBH shows an inhibiting effect on the cold crystal-
lization process of PLLA, and the maximum tempera-
ture of the cold crystallization peak of PLLA belongs to 
the lowest loading of CADBH. A similar regular pattern 
can also be found in the literature [27, 28]. Another regu-
lar pattern is that with the increase of the heating rate, 
the cold crystallization peak of a specific PLLA/CADBH 
shifts toward the high temperature and flattens, which 
is caused by thermal inertia. In addition, each PLLA/
CADBH only shows a single melting peak during heat-
ing, and the melting peak temperature is not changed 
by the loading of CADBH. The only difference is that 
the melting peak temperature slightly shifts to the low 
temperature side with the increase of the heating rate, 
the reason is that when the heating rate becomes slower, 
more perfect crystals can be formed during heating, 
which causes the melting process to be completed only 
at a higher temperature.
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Fig. 3. Tg of neat PLLA and PLLA/CADBH at 10℃/min heating 
rate, after cooling at 1°C/min

Fig. 4. Non-isothermal melt crystallization of PLLA/CADBH at 190°C and different cooling rates: a) 10°C/min, b) 20°C/min
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Isothermal crystallization

Isothermal crystallization plays an important role in 
injection molding processes because the half time of over-

all crystallization t1/2 directly determines the processing 
time of the related product in the mold. Therefore, the iso-
thermal crystallization process of PLLA/CADBH at 115°C 
was recorded to analyze the effect of CADBH content on 
t1/2 (Fig. 6). Firstly, with the increase of CADBH loading, 
t1/2 decreases continuously, and PLLA/3%CADBH has the 
minimum t1/2. This is because t1/2 decreases from 58.8 to 
35.4 s with the increase of CADBH loading. The isothermal 
crystallization enthalpy (ΔHic) also decreases from 34.1 to 
29.4 J/g because the increase of crystallization rate can 
make the crystallization process complete faster, result-
ing in insufficient crystallization and the decrease of ΔHic. 
These results indirectly serve to corroborate the aforemen-
tioned DSC findings pertaining to non-isothermal melt 
crystallization, that is, PLLA/3%CADBH exhibits a more 
distinct non-isothermal melt crystallization peak and 
a shorter t1/2, the reason is still due to the heterogeneous 
nucleation role of CADBH, and a larger CADBH loading 
can form a higher nucleation density in PLLA resin, as 
a result, the ability to induce crystallization of PLLA con-
taining a higher CADBH loading significantly enhances, 
and the crystallization rate is significantly accelerated. 

Fig. 5. DSC thermograms of PLLA/CADBH at different heating rates: a) 1°C/min, b) 2,5°C/min, c) 5°C/min, d) 10°C/min
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As mentioned earlier, CADBH is effective in accelerat-
ing the crystallization, therefore PLLA/0.4% CADBH was 
selected for comparison with pure PLLA to observe the 
crystallization process and crystal formation during iso-
thermal crystallization at 115°C. As seen in Fig. 7, after iso-
thermal crystallization for 60 s at 115°C, neat PLLA can 
display a small amount of nuclei in POM image, whereas 
PLLA/0.4% CADBH presents the nuclei in the beginning, 
and the nuclei almost pervades the entire image after iso-
thermal crystallization for 30 s, indicating that PLLA/0.4% 
CADBH displays a faster nucleation speed than neat PLLA. 
When the isothermal crystallization time is up to 300 s, neat 
PLLA presents the typical spherulites structure, but the 
spherulites still cannot pervade the entire POM image, fur-
ther suggesting PLLA’s slow crystallization rate. However, 
in the case of PLLA/0.4% CADBH, the spherulites permeate 
the whole POM image after isothermal crystallization for 
60 s, and the spherulite boundaries are indistinct, which is 
due to the mutual interaction of spherulites.

Melting behavior

To explore some physical behaviors in the melting pro-
cess of PLLA/CADBH and analyze the reason of these 
physical behaviors, the melting processes of PLLA/
CADBH after non-isothermal melt crystallization were 
further investigated. Fig. 8 shows PLLA/CADBH’s melt-
ing processes at different heating rates corresponding to 
the rate of non-isothermal melt crystallization at differ-
ent cooling rates (1°C/min, 2.5°C/min, and 5°C/min). It is 
evident that at a rate of 1°C/min, all DSC curves exhibit 
a single melting peak, and the melting peak temperature 
slightly increases from 169.3°C to 169.9°C as CADBH load-
ing increased, but the melting enthalpy does not exhibit 

the regular variation, and PLLA/0.8% CADBH has the 
maximum melting enthalpy of 45.0 J/g. With the increase 
in cooling rate, the melting peak of a given PLLA/CADBH 
shifts toward the low-temperature side, the probable 
reason is that an increase in cooling rate leads to insuffi-
cient crystallization and the formation of more imperfect 
crystals. Additionally, when slightly increasing the rate, 
the double melting peaks easily appear for PLLA with low 
CADBH loading (0.4 wt% or 0.8 wt%), indicating that the 
synergistic effect of low CADBH loading and an increase 
of rate leads to the insufficient crystallization in cooling, 
and that recrystallization behavior occurs in heating. 

As stated in the non-isothermal melt crystallization sec-
tion, a high cooling rate could severely impair the crystal-
lization ability of PLLA/CADBH, thus, the melting heat-
ing processes of PLLA/CADBH after cooling at a relative 
fast rate (like 10°C/min in this study) were recorded to 
obtain the influences of different heating rates on PLLA/
CADBH’s melting behaviors. The double melting peaks 
are clearly visible in Fig. 9. At a given heating rate, the 
melting peak at low temperature shifts toward high tem-
perature with the increasing CADBH content, which suf-
ficiently confirms the result of the previous non-isother-
mal melt crystallization (Fig. 4). The PLLA containing 
relatively high CADBH loading crystallizes at a higher 
temperature during cooling. In such circumstances, the 
crystals formed are more perfect, resulting in a higher 
melting temperature during the heating step. However, on 
the other hand, the melting temperature of the high tem-
perature melting peak hardly depends on CADBH con-
tent, and the melting temperature is slightly only affected 
by the heating rate. The melting behavior, illustrated by 
the low-temperature melting peak and the high-temper-
ature melting peak, proves that the double melting peak 

Fig. 7. POM images during isothermal crystallization at 115°C: a) neat PLLA, b) PLLA/0.4% CADBH
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corresponding to the rate of non-isothermal melt crystallization: 
a) 1°C/min, b) 2.5°C/min, c) 5°C/min

Fig. 9. PLLA/CADBH melting process at different heating rates 
after alloy crystallization: a) 1°C min, b) 2.5°C/min, c) 5°C/min
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phenomenon is the result of the melting-recrystallization 
mechanism and the low-temperature melting peak is the 
result of melting of the primary crystals formed during 
cooling. High temperature melting peak can be attributed 
to the melting of the crystallites rapidly formed during 
the melting. When the heating rate is the same, the forma-
tion temperature of the reformed crystallites is close [29], 
leading to the same melting temperature. 

Optical property

Good transparency is PLLA’s a prominent feature com-
pared with other polyesters such as polyethylene glycol 
terephthalate, poly(butylene succinate) and polybutylene 
terephthalate, but the addition of additives often impairs 
the excellent transparency of PLLA [30]. Thus, it is neces-
sary to estimate CADBH’s effect on PLLA’s transparency. 
Fig, 10 shows the transparency of PLLA with or with-
out CADBH it is truly clear that the addition of CADBH 
gravely damages PLLA’s transparency. That is, when the 
CADBH loading is only 0.4 wt%, the transparency greatly 
decreases from 78.2% to 6.15%, when further increasing 
CADBH loading to 1.5 wt%, the transparency is only 1.0%, 
even only 3 wt% CADBH can make PLLA’s transparency 
to be zero, and this effect of CADBH on PLLA’s transpar-
ency depends on two factors including CADBH itself and 
an increase of PLLA’s crystallinity. The addition of white 
CADBH affects PLLA’s transparency, and the higher 
CADBH loading caused greater effect of CADBH on 
PLLA’s transparency. Additionally, CADBH can enhance 
PLLA’s crystallization capability under various condi-
tions, and this increase of crystallinity causes light scat-
tering to occur at the boundary between crystalline and 
amorphous regions, resulting in a drop in transparency. 

CONCLUSIONS

In this study, a new crystallization agent CADBH was 
developed via a two-step liquid reaction, in which its effect 

on the physical properties of PLLA was investigated by 
DSC, POM, and light transmittance. CADBH effectively 
enhanced the crystallization kinetics of PLLA by both induc-
ing crystallization at elevated temperatures and accelerat-
ing the crystallization rate. Furthermore, Tg analysis showed 
a dependence on both PLLA crystallinity and CADBH 
concentration. Remarkably, competitive interactions were 
observed between cooling rate and CADBH content in 
enhancing crystallization. Isothermal crystallization studies 
lasting more than 300 s showed incomplete coverage of the 
spherulite in pure PLLA by POM, indicating slow kinetics.

In contrast, PLLA/0.4% CADBH spherulites permeated 
the whole POM image after isothermal crystallization for 60 
s, characterized by boundaryless spherulites with advanced 
crystal growth and interlayer interactions. PLLA/3% CADBH 
showed a minimum t1/2 of 35.4 s at 115°C compared to other 
PLLA/CADBH. The appearance of dual melting endotherms 
in PLLA/CADBH with low CADBH content at moderate 
cooling rates (2.5°C/min and 5°C/min) directly correlated 
with the incomplete crystallization during cooling. The dif-
ferences in the melting behavior of PLLA/CADBH at differ-
ent heating rates after cooling at 10°C/min showed that the 
melting behavior under these circumstances depended on 
the heating rate and CADBH content. At the same time, the 
addition of CADBH seriously affected the optical transpar-
ency of PLLA – after adding only 0.4 wt% CADBH, the trans-
parency of PLLA/0.4% CADBH was reduced by a maximum 
of 0.7 times compared to pure PLLA.
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