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Abstract. This work is aimed at synthesizing an organic compound N, N'-bis(benzoyl) 1,3-cyclohexane-
dicarboxylic acid dihydrazide (CABH) to focus on its effect on the non-isothermal crystallization of
poly(L-lactide) (PLLA), meanwhile the melting behavior, thermal decomposition process and optical
property of PLLA/CABH samples in different CABH concentrations were also investigated. It was found
that CABH acted as efficient heterogeneous nucleating agent for inducing PLLA’s crystallization
through comparative analysis of melt-crystallization process of the virgin PLLA with PLLA/CABH
samples, and a high amount of CABH played a much more significant role in promoting PLLA’s
crystallization. Additionally, the melt-crystallization processes also showed that both the cooling rate
and the final melting temperature affected the crystallization behavior of PLLA, an increase of cooling
rate could weaken the crystallization ability of PLLA/CABH samples, and the final melting temperature
of 180°C made PLLA/CABH exhibit the best crystallization ability. For the cold-crystallization process,
the cold-crystallization peak became flatter and shifted toward the lower temperature with increasing
of CABH concentration, but an increase of heating rate could prevent the cold-crystallization peak from
moving to low temperature because of the thermal inertia. The melting behaviors of PLLA/CABH
depended on the previous crystallization and heating rate in heating, and the difference in melting
behavior of PLLA/CABH samples effectively reflected the nucleation role of CABH, as well as the double
melting peaks behavior of PLLA/CABH was thought to due to the melting-recrystallization. The
introduction of CABH led to a drop in light transmittance, moreover, this negative effect were more
obvious with an increase of CABH loading. In contrast, the fluidity of PLLA was significantly enhanced
due to the existence of CABH.
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1.Introduction

The large-scale usage of the non-degradable polymeric products has led to a serious solid waste
pollution, and this deterioration is getting worse in the world. Therefore, it is very urgent to develop
novel sustainable materials to replace petroleum-based and non-degradable polymeric products
according to the human interest, which is one of the inevitable results of promoting social sustainable
development. Poly(L-lactide) (PLLA), made from renewable resources [1], has been globally considered
as the most promising bio-based and degradable linear aliphatic thermoplastic polyester due to its
excellent biocompatibility, safety, biodegradability [2] and mechanical properties [3], easy processing
[4], and green environmental protection during the manufacture [4], etc. And these advantages have
endowed PLLA with tremendous market potential in packaging fields [5-7], biomedical fields [8-11],
agricultural fields [12-14], and so on. For example, the special stereocomplex networks and polyethylene
glycol were introduced into PLLA to overcome its poor viscoelastic behavior, low melt strength and
insufficient gas barrier properties, as well as the brittleness, the relevant results showed that, in
comparison to the virgin PLLA, the elongation at break of the modified PLLA with good light
transmittance increased more than 18 times, the O permeability coefficient decreased by 61%,
meantime, exhibiting the great potential in disposable packaging and agricultural films [15].
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However, the rigidity of PLLA molecular chains leads to a very slow crystallization rate comparing
with the typical general plastics such as polypropylene and polyethylene [4], and this slow crystallization
rate, as one of the most pressing technical challenges of PLLA [16], can bring about a low crystallinity
and poor heat resistance to restrict the large-scale usage of PLLA products. For this, increasing the
crystallization rate of PLLA is beneficial for adapting for applications in various fields. To date, four
main methods have been employed to accelerate the crystallization of PLLA, they are adding nucleating
agent or plasticizer, minimizing the amount of D-lactide isomer and adjusting the molding conditions.
Compared to the other three methods, adding nucleating agent can effectively avoid the shortcomings
of other methods including easy overflow, a limited crystallization accelerating effect, difficulty in
obtaining the low D-lactide content and an increase of the higher energy consumption [4, 17], and
induces the crystallization at high temperature region or fast cooling rate through reducing the surface
free energy barrier toward nucleation [18], which has been considered as an efficient and the easiest way
in industry to tailor the crystallization of PLLA [17, 19]. The natural minerals, including talc [20, 21],
montmorillonite [22, 23], halloysite [24, 25], were focused to act as the nucleating agent of PLLA
because of their low cost, especially the introduction of talc could make the half time of overall PLLA
crystallization reduce by an order of magnitude [26], exhibiting very advanced nucleation ability.
Additionally, many other inorganic or organic compounds were also successively developed to be as the
nucleating agents for PLLA’s crystallization, apart from the natural minerals, the typical inorganic
nucleating agents include calcium carbonate [27, 28], zinc phenylphosphonate [29, 30], MgO [31, 32],
and so on. The organic nucleating agents for PLLA were firstly selected from the commercial organic
nucleating agents for other semi-crystalline polymers like EBS [33] and phthalimide [34]. And then
according to the continuous exploration of PLLA crystallization process, some new organic nucleating
agents with specific functional groups or space structures had been synthesized to evaluate their effects
on the PLLA’s crystallization, and the typical synthesized organic nucleating agents include benzoyl
hydrazine derivatives [35, 36], oxalamide derivatives [37, 38], piperonylic acid derivatives [39, 40], 1H-
benzotriazole derivatives [41, 42] and urea derivatives [43]. Moreover, the more attentions have also
been focused on the organic nucleating agents because of their better compatibility with PLLA [44].
Given that, the nucleation effect of organic compounds is still far from the acceptable for industrial
requirements, the key reason depends on the undefined nucleation mechanism, whereas the nucleation
mechanism must establish the structure-property relationships of molecular structure of a larger amount
of organic nucleating agents with PLLA crystallization ability. Unfortunately, the quantity and category
of organic nucleating agents are insufficiently comparing with the inorganic nucleating agents. For this,
the current work is the first to synthesis an organic compound N, N'-bis(benzoyl) 1,3-cyclohexane-
dicarboxylic acid dihydrazide (designated here as CABH) as a crystallinity additive to evaluate its
influence on the non-isothermal crystallization behavior of PLLA in detailed, and the melting behavior,
thermal decomposition in air and optical property of CABH-nucleated PLLA were further investigated
by differential scanning calorimeter (DSC), transmittance instrument and melt index meter. This work
is meaningful to rich the category and increase the number of organic nucleating agents, it is also helpful
to further explore the structure-activity relationship and nucleation mechanism.

2. Materials and methods
Reagents and materials

All reagents used to synthesis CABH were analytically pure, and these reagents, including 1,3-cyclo-
hexanedicarboxylic acid, thionyl chloride, benzoic hydrazide, pyridine and N,N-dimethyl-formamide
(DMF), were supplied by Chongging Huanwei Chemical Company of China; in addition, all reagents
were directly used as received without purification in this study. The commercial grade 4032D PLLA
was produced by Nature Works LLC of USA.
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Synthesis of CABH

As seen in Figure 1, the synthesis of CABH was completed via the acylation of 1,3-cyclohexane-
dicarboxylic acid as the first step reaction and the amination of cyclohexyl-1, 3-dicarboxylchloride and
benzoic hydrazide as the second step reaction. First, the 10 g 1, 3-cyclohexanedicarboxylic acid was
added into the mixed solution of 80 mL thionyl chloride as the reactant and solvent and the 2 mL DMF
as catalyst. The aforementioned mixture was slowly heated up to 80°C with stirring to dissolve the solid-
state 1, 3-cyclohexanedicarboxylic acid, and formed the reflux through the water cooling, as well as held
at 80°C for 36 h. After that, the vacuum distillation of the mixed solution were performed to obtain the
cyclohexyl-1, 3-dicarboxylchloride. Second, the 0.01 mol benzoic hydrazide and 2 mL pyridine was
dissolved into the 60 mL DMF as solvent to form the mixed solution, and the 0.005 mol cyclohexyl-1,
3-dicarboxylchloride was rapidly added into the aforementioned mixed solution to stir at room
temperature for 1 h, heated up to 70°C for 3 h with stirring. Finally, the mixed solution was poured into
300 ml water to form the suspension, and the suspension was filtrated and washed for 3 times. The
resulting product was thoroughly dried in vacuum. Fourier Transform Infrared Spectrometer (FT-IR) :
3373.7,1679.0, 1636.9, 1598.0, 1576.6, 1527.0, 1500.6, 1477.4, 1446.6, 1384.8, 1346.9, 1328.7, 1287.6,
1256.6, 1225.3, 1180.6, 1147.6, 1123.8, 1096.0, 1076.2, 1025.9, 903.1, 873.9, 802.6, 692.8 cm™!; 'H
Nuclear Magnetic Resonance (*H NMR) &: ppm; 10.32 (s, 1H, NH), 9.88 (s, 1H, NH), 7.48~7.88 (m,
5H, Ph), 2.37 (s, 1H, CH), 1.80~1.91 (m, 2H, CH2) 1.55~1.64 (m, 1H, CH), 1.35~1.39 (t, 1H, CH).

HO-(I‘T ﬁ_OH Cl—ﬁ ﬁ_CI
(0] (o} o} O
o
H
o n [ w9
Oty ™t
H o} o H

Figure 1. Synthetic route of CABH

Preparation of PLLA/CABH samples

To avoid the effect of residual water during the melting blend, the mixture of PLLA and CABH must
be dried for 24 h at 45°C to remove the residual water. The mass ratio of PLLA and CABH were 100/0,
99.5/0.5, 99/1, 98/2 and 97/3, respectively; and the relevant samples were named as the virgin PLLA,
PLLA/0.5%CABH, PLLA/1%CABH, PLLA/2%CABH and PLLA/3%CABH. The detailed melting
blend was performed on a torque rheometer with blending temperature of 190°C, and the blending time
was set at the rotation speed of 32 rpm for 7 min and the rotation speed of 64 rpm for 7 min. After the
melting blend, the mixture was pressed into thin sheets with a thickness of 0.4 mm via hot-pressing at
180°C and cool-pressing at room temperature under 20 MPa.

Testing and characterizations

The characterization of CABH molecular structure was perfomed on a Nicolet iS50 FT-IR and
Bruker 400MHz 'H NMR. Before FT-IR characterization, the testing CABH sample was prepared using
KBr pellet, and the wavenumber was set from 4000 cm™ to 400 cm™, the obtained infrared spectrum
was analyzed according to the characteristic absorption of the related groups. The CABH was dissolved
in methyl sulfoxide to perform the *H NMR characterization, and the chemical shift and integral area
were analyzed to further determine the CABH molecular structure. The non-isothermal crystallization
behavior of the relevant samples were recorded by TA instrument Q2000 DSC with 50 mL/min nitrogen.
Before DSC testing, on one hand, the temperature and heat flow were calibrated using an indium
standard; on the other hand, all samples were heated to 190°C for 3 min for eliminating thermal history
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to ensure the test at the same level. For light transmittance, the average value of the 5 times light
transmittance measurements was used as the light transmittance of a given sample. The melt index
instrument was used to test fluidity, and the testing temperature was set at 180°C.

3.Results and discussions
Non-isothermal crystallization

Figure 2 illustrates the DSC thermograms of the PLLA with and without CABH from the melt of
190°C at a cooling rate of 1°C/min. Based on these DSC curves, it is found that the virgin PLLA has
almost no melt-crystallization peak upon cooling at 1°C/min, showing a poor crystallization ability of
the virgin PLLA. In contrast with the virgin PLLA, the crystallization of PLLA was significantly
enhanced in the presence of CABH, because all PLLA/CABH samples have obvious and sharp melt-
crystallization peak in DSC curves. Clearly, this difference depends on the CABH, CABH as a
heterogeneous nucleus can provide the high nucleation density in PLLA matrix to promote the
crystallization. Additionally, Figure 2 also shows the effect of CABH concentration on the melt-
crystallization of PLLA, with increasing of CABH centration from 0.5 wt% to 3 wt%, the melt-
crystallization peak becomes sharper, meaning that the crystallization rate is continuously accelerated
by a higher CABH concentration. Meanwhile, a higher CABH concentration makes the melt-
crystallization peak shift toward the higher temperature, which further confirms the nucleation effect of
CABH for PLLA’s crystallization, because the role of nucleating agent is to induce the crystallization
to occur at a higher temperature. The relevant crystallization parameters of the onset crystallization
temperature (Toc), melt-crystallization peak temperature (Tcc) and melt-crystallization enthalpy (4Hc)
were obtained from the DSC curves. Compared to the PLLA/0.5%CABH sample, the Toc, Tcc and AHc
of PLLA/3%CABH sample increase from 120.0°C, 112.6°C and 42.3 J/g to 138.1°C, 134.5°C and 49.8
J/g, respectively, and the difference between Toc and Tec (4Tc) decreases from 7.4°C to 3.6°C, showing
a faster crystallization rate.

1345°C 190 °C
<— 1 °C/min
PLLA/3% CABH 49.8 Jig
T =138.1°C
132.4 °C
Figure 2. DSC curves of the
PLLA/2% CABH B (I virgin PLLA and PLLA/CABH

Y samples from the melt of 190°C
% g 190 0° . o .
0 PLLA/1% CABH = T,=129.0°C at a cooling rate of 1°C/min
PLLA/0.5% CABH #2279 T =1200°C
PLLA
60 80 100 120 140 160

Temperature/ °C

To meet the requirement of actual production, it is necessary to investigate the crystallization
behavior upon cooling at a faster rate. Figure 3 is the DSC thermograms of PLLA/CABH from the melt
of 190°C at different cooling rates (10°C/min and 20°C/min). It is observed from Figure 3 that the melt-
crystallization peak becomes flatter with increasing of cooling rate from 10°C/min to 20°C/min, and
when the cooling rate is 20°C/min, excepting the PLLA/3%CABH sample, the melt-crystallization peaks
of other PLLA/CABH samples cannot almost be detected in DSC curves, indicating that the cooling rate
is an important factor for the melt-crystallization behavior of PLLA in cooling. It should be also noted
that PLLA containing a high CABH concentration has an inhibition for the decrease of PLLA/CABH
crystallization ability, because the melt-crystallization peak of PLLA with a low CABH concentration
is easier to be weakened with increasing of cooling rate comparing with the PLLA with a high CABH

Mater. Plast., 58 (2), 2021, 48-59 51 https://doi.org/10.37358/MP.21.2.5477


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @

https://revmaterialeplastice.ro s
https://doi.org/10.37358/Mat.Plast.1964

concentration, indicating that a high CABH concentration exhibits the better crystallization accelerating
effect for PLLA’s crystallization, which is proved by the result of melt-crystallization from the melt of
190°C at a cooling rate of 1°C/min.
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Figure 3. DSC curves of PLLA/CABH samples from the melt of
190°C at various cooling rates

For actual production, exploring the optimum processing temperature combination is meaningful due
to the distinct effect of the final melting temperature (Tr) on the crystallization behavior as reported [42,
45, 46]. For the organic additive, the Tt can directly affect the solubility of CABH in PLLA matrix and
influences the amount of undissolved BACH. That is, a higher T can increase the solubility of CABH,
which promotes more CABH to be dissolved in PLLA matrix and enhances the compatibility of PLLA
with CABH; but a decrease of undissolved CABH concentration must reduce the nucleation density of
PLLA resin. As a result, this relationship of the aforementioned mutual restriction will make the
crystallization process become uncertain. Figure 4 displays the melt-crystallization behaviors of four
PLLA/CABH samples from the different Tt at a heating rate of 1°C/min, and the relevant crystallization
parameters were listed in Table 1. As shown in Figure 4, When the Tris 170°C, all PLLA/CABH samples
exhibit very wide melt-crystallization peaks in DSC curves, and the minimum ATcis up to 7.3°C, which
is very close to the maximum AT, of 7.4°C when the Tt is 190°C, implying that the T of 170°C weakens
the crystallization ability of PLLA/CABH, the probable reason is that the relative low Tt and more
undissolved CABH remarkably restricts the efficient migration of PLLA molecular chain in cooling,
although the low T is conducive to nucleation. As a result, it takes more time to complete the
crystallization at a lower temperature. However, when the Ts is 180°C, the other PLLA/CABH samples
exhibit the higher Toc, Tec and the larger AHc except the PLLA/1%CABH sample, indicating that the
180°C in general is the optimum T compared with the Tr of 170°C and 190°C.
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Figure 4. Melt-crystallization DSC curves of PLLA/CABH from different Tt
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Table 1. Melt-crystallization parameters of PLLA/CABH from the different T¢

T¢/°C Sample Toc/ °C Tmc/ °C AHc:/ J/g
PLLA/0.5%CABH 120.2 112.9 44.3
PLLA/1%CABH 121.3 113.2 42.8

170
PLLA/2%CABH 141.0 1335 54.1
PLLA/3%CABH 1444 137.0 53.6
PLLA/0.5%CABH 120.8 113.0 46.4
PLLA/1%CABH 121.5 1134 455

180
PLLA/2%CABH 135.6 131.6 51.9
PLLA/3%CABH 137.9 134.4 49.9

The cold-crystallization behavior of PLLA/CABH was also further studied by DSC. Figure 5 is the
cold-crystallization DSC curves of PLLA/CABH samples from 40°C to 180°C at the heating rate of
1°C/min and 5°C/min. It is clear that there are obvious cold-crystallization peaks and the single melting
peak in all DSC curves. When the heating rate is 1°C/min, the cold-crystallization peak shifts toward the
lower temperature side with an increase of CABH concentration, similar effect of other nucleating agents
on the cold-crystallization temperature of PLLA could be found in literature [47]. In contrast, the cold-
crystallization peak moves toward the higher temperature side overall upon the heating at 5°C/min,
evidently, this effect depends on the heating rate. That is to say, at a slow heating rate, a higher CABH
loading can induce the crystallization to occur at a lower temperature due to the larger nucleation density,
but a larger amount of CABH must exhibit the greater hindering the segmental mobility of PLLA,
resulting in that the weaker and wider cold-crystallization peak appears at a lower temperature. However,
when the heating rate is increased to 5°C/min, the thermal inertia promotes the cold-crystallization peak
to shift to the higher temperature side. Additionally, upon the heating at 1°C/min, the melting peak
temperatures of all PLLA/CABH samples are higher as compared with that these temperatures from the
melting peak at the heating rate of 5°C/min, the reason is that the crystals are more perfect at the heating
rate of 1°C/min, which is proved by the sharper cold-crystallization peaks.
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Figure 5. Cold-crystallization DSC curves of PLLA/CABH at various heating rates
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Melting process

The melting processes of PLLA/CABH samples after different crystallization conditions were also
recorded by DSC. Figure 6 is the melting behavior of PLLA/CABH samples at the heating rate of 1
°C/min or 5°C/min after cooling at 1°C/min. It is very obvious that there exist the double melting peaks
in DSC curves, furthermore, the peak area ratio of low-temperature side melting peak and high-
temperature side melting peak upon heating at 5°C/min is larger than that upon heating at 1°C/min, but
the melting temperature of high-temperature side peak is lower, because the recrystallization
phenomenon will occur in heating according to the melting-recrystallization mechanism of double
melting peaks [48]. On one hand, a high heating rate can form the relatively imperfect crystals, resulting
in that the high-temperature side melting peak appears at the lower temperature; however; on the other
hand, a high heating rate can also make the peak shift to higher temperature because of the thermal
inertia. Under this circumstance, the effect of the relatively imperfect crystals is greater.
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Figure 6. Melting processes of PLLA/CABH samples at various heating rates
after melt-crystallization upon cooling at 1°C/min

Figure 7 is the melting DSC curves of PLLA/CABH samples at the heating rate of 10°C/min after
isothermal crystallization at various crystallization temperatures for 180 min. For the melting behavior
after isothermal crystallization, the melting behavior was significantly affected by the crystallization
temperature as shown in Figure 8. When the crystallization temperature is 115°C, all PLLA/CABH
samples have the double melting peaks in DSC curves, whereas the single melting peak appears in
heating after isothermal crystallization at 135°C, showing that the low crystallization temperature cannot
cause the crystallization be thoroughly completed, even if the crystallization time is long enough, the
root reason for this result is the effect of mobility of PLLA molecular chain in low-temperature region.
In contrast, a high crystallization temperature ensures the excellent mobility of PLLA molecular chain,
meantime, the existence of CABH can provide the heterogeneous nucleus for crystallization, as well as
the crystallization time is so long enough that the crystallization can be completed, as a result, DSC
curves in heating has only a single melting peak. However, the melting peak after crystallization at
135°C shifts toward the low-temperature side with increasing of CABH concentration, resulting from
the hindrance effect of CABH concentration on the migration of PLLA molecular chain and crystal
growth.
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Figure 7. Melting curves of PLLA/CABH samples at the heating rate of
10°C/min after isothermal crystallization at 115°C and 135°C

Optical property and fluidity

The light transmittances of the virgin PLLA and CABH-nucleated PLLA was compared in Figure 8.
At the range of CABH concentration, the effect of CABH on the light transmittance of PLLA can be
classified into two types. When the CABH concentration is lower than 0.5 wt%, the light transmittance
shows a very small decline; when the CABH concentration is further increased to 1 wt%, the light
transmittance is decreased from 78.2% to 44.8% compared to the virgin PLLA; and when the CABH
concentration is higher than 1 wt%, the light transmittance exhibits a drastic decline, even the light
transmittance of PLLA/3%CABH is only 2.6%. This effect might be because of two reasons, the main
reason is that the white CABH can decrease the light transmittance of PLLA, and the higher the CABH
concentration is, the worse the light transmittance drops; another probable reason is that CABH can
promote the crystallization of PLLA more or less in the process, leading to a higher crystallinity, and an
increase of crystallinity must decrease the light transmittance of PLLA.
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Figure 8. Light transmittances of the virgin PLLA
and PLLA/CABH samples

The melt flow rate (MFR) is measured to determine polymer’s fluidity, and the larger the MFR value
is, the better the fluidity is. Figure 9 is MFR of PLLA with CABH and without CABH. It is observed
that the existence of CABH significantly enhances PLLA’s fluidity, and the MFR value of any
PLLA/CABH is more than nine times than that of the virgin PLLA. The aforementioned result indicates
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that the CABH may weaken the intermolecular interaction of PLLA molecular chains and promote
mobility of PLLA molecular chain. However, the MFR cannot continuously increase as CABH
concentration increased, specifically, when the CABH concentration is 0.5 wt% to 2 wt%, the MFR can
increases from 15.4 g/10min to the largest value of 22.4 g/10min. When the CABH concentration is
further increased to 3 wt%, the MFR begins to fall, the reason may be that an excessive dose of CABH
exhibits a greater inhibition for mobility of PLLA molecular chain comparing with the positive effect of
CABH for weakening the intermolecular interaction of PLLA molecular chains.
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Figure 9. MFR of PLLA and PLLA/CABH

4.Conclusions

1, 3-cyclohexanedicarboxylic acid derivative CABH was synthesized to be as the organic
nucleating agent for PLLA’s crystallization, and the CABH-nucleated PLLA were fabricated using a
torque rheometer. The melt-crystallization processes showed that the CABH acted as effective
promoting agent for the crystallization of PLLA in cooling. With increasing of CABH concentration,
PLLA/CABH sample exhibited the greater crystallization ability in cooling at 1°C/min, and the Toc, Tec
and A4H. of PLLA/3%CABH sample were up to the maximum value of 138.1°C, 134.5°C and 49.8 J/g,
respectively. However, an increase of cooling rate seriously weakened the crystallization ability, when
the cooling rate was 20°C/min, the melt-crystallization peaks of the most of PLLA/CABH samples could
almost not be observed. The effect of the Tr on the melt-crystallization process of PLLA indicated that
the Tr of 180°C was more conducive to crystallization of PLLA/CABH comparing with the other Tt in
this study. Upon heating at 1°C/min, the CABH had an inhibition for the cold crystallization process of
PLLA, because the cold-crystallization peak became flatter and shifted toward the lower temperature
with increasing of CABH concentration, however, an increase of heating rate could promoted the cold-
crystallization to be a shift toward the high-temperature side. The melting behavior of PLLA/CABH
after melt-crystallization at the cooling rate of 1°C/min showed that there existed the double melting
peaks in DSC curves resulting from the melting-recrystallization, and the heating rate could cause the
peak area ratio between low-temperature side melting peak and high-temperature side melting peak to
become larger. Additionally, the crystallization temperature also significantly affected the melting
behavior, and PLLA/CABH had only a single melting peak after isothermal crystallization at a relative
high crystallization temperature, in contrast with the double melting peak after isothermal crystallization
at a low crystallization temperature. The light transmittance was decreased because of the synergistic
effects of white CABH itself and an increase of crystallinity. However, the introduction of CABH could
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make fluidity of PLLA increase more than nine times comparing with the virgin PLLA, primarily
resulting from the weakening of intermolecular interaction.
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