
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry (2023) 148:13859–13868 
https://doi.org/10.1007/s10973-023-12584-5

Using sodium linoleate as a nucleating agent to improve 
the properties of PBAT/CaCO3 composites

Shuai Sheng1 · Zhengxin Li1 · Yinhong Li1 · Yan Li1 · Jin‑Rong Zhong1 · Jinlin Tan1 · Yue‑Fei Zhang1 

Received: 1 June 2023 / Accepted: 17 September 2023 / Published online: 6 November 2023 
© Akadémiai Kiadó, Budapest, Hungary 2023

Abstract
The purpose of this study is to investigate the use of nucleating agent to improve the overall performance of polybutylene 
adipate-co-terephthalate (PBAT) and calcium carbonate (CaCO3) composites. Specifically, sodium linoleate (Na-LL) is used 
as a chemical nucleating agent to improve the crystallization behavior of the material during melting extrusion processing. 
Mechanical, thermal, and morphological characteristics of PBAT and its composites were investigated. And a preliminary 
exploration was conducted on the mechanism of Na-LL improving the performance of PBAT. In this work, a formula has 
been obtained that dramatically saves production costs while improving product performance. After adding Na-LL to the 
composites, the thermal properties of the material were significantly improved, with a maximum crystallization temperature 
increase of 27.79 °C. In addition, composites offer superior mechanical properties compared to pure PBAT. When 0.2 parts 
by mass(pbw) Na-LL was added, the flexural modulus of the composites increased from 80.0 to 145.3 MPa, increased by 
81.25%. The tensile performance can still be maintained at 11.0 Mpa, with elongation at break and impact strength reduced 
to 347.3% and 172.1 J/m, respectively. Under these conditions, it has excellent comprehensive mechanical properties. The 
results in this study suggest that Na-LL is a promising nucleating agent for enhancing the performance of composites and 
provides potential development of advanced materials for a wide range of applications in plastic packaging and plastic bags.
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Introduction

Plastics are widely utilized in various industries, such as 
food packaging [1], agriculture [2]. These plastics are pre-
dominantly derived from petrochemical sources [3]. While 
it is undeniable that plastics has played an essential role in 
progress of society and industry, the recycling of plastic 
has become a highly significant environmental issue. Thus, 
creating a large volume of biodegradable plastics is con-
sidered one of the best techniques for addressing environ-
mental concerns. Biodegradable plastics can be recycled or 
burnt, similar to conventional plastics produced from fossil 
fuels. However, unlike traditional plastics, they can be com-
posted, enabling decomposition through microbial activity, 

and providing a feasible model for a zero-waste circular 
economy [4].

Currently, there are various types of degradable plastics 
that have been put into use in the market. Polylactic acid 
(PLA) is a new type of biodegradable material made from 
starch derived from renewable plant resources such as corn. 
Most biodegradable plastic straws on the market are made 
using PLA. It is also widely used in the pharmaceutical field, 
such as producing disposable infusion equipment, detach-
able surgical sutures, and so on [5]. As intracellular carbon 
and energy storage materials, polyhydroxyalkanoates (PHA) 
are a diverse biopolyesters synthesized by many bacteria [6]. 
Many studies have shown that PHA is a promising implant 
material due to its superior mechanical properties, biodegra-
dability, and tissue compatibility [7]. Polybutylene succinate 
(PBS) is an aliphatic polyester synthesized from succinic 
acid and 1,4-butanediol (BDO) [8] and has been widely used 
in packaging, textiles, and agricultural plastic films.

PBAT, as an aromatic-aliphatic copolyster, is a typical 
example of biodegradable polymeric materials (BPMs) 
from petrochemical resources [9]. The mechanical and 
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physical characteristics of PBAT are comparable to those 
of polyethylene [10]. With the necessary processing, it can 
replace most commonly used plastic products. Yet, high 
costs restrict the further application of PBAT in industries 
[11].

Introducing fillers into PBAT not only reduce the cost 
of the material, but also improves the performance of the 
product to a certain extent. In order to improve the per-
formance, the polymer, starch, bamboo powder, and other 
natural fillers [12–22] are utilized as well as the mineral 
filler calcium carbonate (CaCO3) [23–27]. Polymer materi-
als also post outstanding improvement effects on PBAT in 
order to compensate for some performance restrictions in 
industrial manufacturing. Through utilizing the benefits 
of other components to make up for the inadequacies of 
composites, it is an effective and forward-thinking modi-
fication strategy to enhance their performance [28–35].

CaCO3 is one of the most abundant materials on our 
planet and has been used for various polymer compos-
ites [36]. Despite this, due to poor interfacial compat-
ibility between composites, the mechanical properties of 
the materials may deteriorate [37]. In actual production, 
additives are typically used to change the defect charac-
teristics of composites. Commonly used additives include 
compatibilizers, chain extenders [12, 24]. Literature has 
confirmed that fillers added into PBAT composites play 
a role as nucleating agents to a certain extent, which can 
post effects on and change the performance of PBAT [17, 
38, 39]. In actual production, there is still little research 
on nucleating agents used to modify PBAT. Therefore, it 
is necessary to explore the role of nucleating agents in the 
field of PBAT.

Sodium linoleate (Na-LL) is a widely used, reasonably 
priced long alkyl chain acid salt with excellent thermal 
stability that is obtained from biomass. As an efficient 
nucleating agent for polyester material PET, Na-LL can 
effectively promote its crystallization behavior through 
SN2 reaction [40]. Na-LL will react with ester chains in a 
molten state, which can destroy chain segments and attach 
an ionic group to the molecule. The ionic groups at the 
end of the molecular chain are prone to form stable crys-
tal nuclei during the process, which can greatly shorten 
the nucleation cycle and improve the overall crystalliza-
tion rate. Given the high similarity in chemical structure 
between PBAT and PET, it can hypothesize that Na-LL 
also exhibits a certain degree of efficacy in promoting 
the behavior of PBAT. Although Na-LL has an efficient 
effect, there is little research on it in polyester, so it has 
great research significance. For broader applications in 
engineering domains, this work looked thoroughly into 
the mechanism of action of nucleating, crystallization 
melting behavior, and mechanical properties of ternary 
composites.

Experimental

Materials

Polybutylene adipate-co-terephthalate (PBAT) (spe-
cific gravity = 1.24  g⋅cm−3) was supplied by JINHUI 
ZHAOLONG (Shanxi, China). Na-LL was supplied by 
Weng Jiang Reagent (Guangdong, China) and used as 
a nucleating agent with an average molecular weight of 
304 g⋅mol−1. Shijiazhuang Tomalin Mineral Products Co., 
Ltd (Hebei, China) supplied the CaCO3 with a molecular 
weight of 100.19 g⋅mol−1. The average size of CaCO3 par-
ticles is 10 μm.

Preparation of PBAT/CaCO3/Na‑LL ternary 
composites

Prior to use, the PBAT pellets and CaCO3 were dried in an 
oven at 110 °C for 6 h. Table 1 summarizes the composi-
tion of PBAT preparations and their ternary composites. 
The CaCO3 contents were chosen by following the litera-
ture, to ensure the service performance of materials as 
much as possible under the condition of meeting economic 
benefits [2, 26]. The amounts of PBAT and CaCO3 are 
fixed at 70 and 30 pbw, respectively. And add 0, 0.05, 0.1, 
0.2, 0.4, 0.6, 0.8, and 1.0 pbw of Na-LL, respectively, for 
each group. All ingredients were well blended with PBAT 
before processing. The reactive extrusion was placed at 
molten zone of the twin-screw extruder. The tempera-
ture of screw 1–5 zone was set at 160, 170, 180, 185 and 
185 °C, and the extruder head temperature and melt tem-
perature were 180 °C and 170 °C, respectively.

Table 1   Studied compositions and their nomenclature (parts by mass)

P polybutylene adipate-co-terephthalate (PBAT), C CaCO3, N Nucle-
ating agent (Na-LL)

Sample PBAT CaCO3 Na-LL

PBAT 100 – –
P7/C3 70 30 –
P7/C3/0.05N 70 30 0.05
P7/C3/0.1N 70 30 0.1
P7/C3/0.2N 70 30 0.2
P7/C3/0.4N 70 30 0.4
P7/C3/0.6N 70 30 0.6
P7/C3/0.8N 70 30 0.8
P7/C3/1.0N 70 30 1.0
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Crystallization characteristics

By using a differential scanning calorimeter (TA Q2000, 
USA), the isothermal melt crystallization behavior of the 
PBAT composites was investigated. All DSC measurements 
were performed in a nitrogen environment, using an empty 
metal pan as a standard. The samples were first heated from 
40 to 180 °C at a rate of 20 °C⋅min−1. To erase the thermal 
history, constant temperature was kept for 3 min. The melt 
was then cooled to 30 °C and heated to 180 °C at a rate of 
10 °C⋅min.−1. Equation (1) below was used to determine the 
overall percent crystallinity (XC):

where ΔH
0
 , the melting enthalpy of 100% crystalline PBAT, 

is 114 J⋅g−1[41], and W% is the mass fraction of the PBAT 
matrix.

Mechanical properties test

According to ASTM test method, the mechanical proper-
ties of pure PBAT and their composites were measured 
with a microcomputer-controlled universal testing machine 
(WDT-W-60B1, China), including the tensile properties of 
D-638 and the bending properties of D-790. The impact 
performance is tested on the basis of D-256 using a Can-
tilever beam impact testing machine (HYU-XB-5, China). 
Due to the extremely high toughness of PBAT at room 
temperature, the impact strength of samples was tested 
after being stored at − 25 °C for 6 h to determine the low 
temperature impact strength. At least seven samples were 
tested for each group, the average value with standard devi-
ation was obtained.

Morphology observation

The morphology of pure PBAT and their composites was 
characterized by scanning electron microscopy (JSM-
IT500A, Japan), at an acceleration voltage of 10 kV. The 
samples were sputtered with gold to 2 nm thickness by 
spraying gold.

Fourier transform infrared spectroscopy (FTIR)

Identification of functional groups in the chemical struc-
tures of the materials was carried out by Fourier transform 
infrared spectroscopy (Thermo Scientific Nicolet iS20 spec-
trometer, USA). The spectra were recorded using attenuated 

(1)X
c
= 100 × [

(

ΔH
m
∕(ΔH

0
×W%

)

]

total reflectance accessory, in the range of 500–4000 cm−1, 
and 64 scans were carried out.

Gel permeation chromatography (GPC)

Gel permeation chromatography was used to access the 
molecular weight of the samples (Waters 1515, USA). To 
prepare a 1 mg⋅mL−1 solution, 10 mg of totally dried mate-
rial was thoroughly dissolved in 10 mL of tetrahydrofuran 
solution. To eliminate impurity, the produced solution was 
filtered using a filter membrane after being dispersed by 
ultrasonic for 30 min. The mobile phase was tetrahydro-
furan, and the flow rate was 1 mL⋅min−1. Then, the molecu-
lar weight of samples was determined.

Results and discussions

The non‑isothermal crystallization behaviors 
of PBAT and composites samples

The DSC results for PBAT, PBAT/CaCO3, and their com-
posites are summarized in Table 2. According to the find-
ings of the second heating scan of pure PBAT, the melting 
temperature (Tm) was 122.75 °C and the crystallization 
temperature (Tc) was 72.77 °C. The table demonstrates 
that CaCO3 as an inorganic nucleating agent can effec-
tively increase the crystallization temperature of PBAT 
[42]. Figure 1(a) illustrates that addition of Na-LL raised 
the melting temperature (Tm) of composites, which will 
improve the ability of materials to perform heat sealing at 
high temperatures. CaCO3 was added to PBAT as a filler, 
and the addition of the filler can increase the physical bar-
riers between polymer molecular chains. The presence of 
fillers increased the intersection of polymer chains, hin-
ders the movement of molecules, and thus increased the 
melting temperature of the polymer [43]. PBAT caused 
ordered arrangement of polymer molecules under the crys-
tallization of Na-LL and melting in this stable and ordered 

Table 2   DSC data of PBAT composites

Samples Tc/°C Hc/J g−1 Tm/°C Hm/Jg−1 Xc/%

PBAT 72.77 18.160 122.75 12.690 11.13
P7/C3 90.62 9.772 127.24 2.855 3.58
P7/C3/0.05N 90.91 7.941 127.57 3.498 4.38
P7/C3/0.1 N 91.91 8.651 127.38 4.167 5.52
P7/C3/0.2 N 91.02 9.411 127.53 4.760 5.96
P7/C3/0.4 N 97.66 7.742 129.28 3.451 4.32
P7/C3/0.6 N 99.78 7.700 129.35 3.808 4.77
P7/C3/0.8 N 100.06 7.200 128.71 3.457 4.33
P7/C3/1.0 N 100.56 6.253 130.94 5.493 6.88
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structure requires higher temperatures. The melting enthal-
pies (Hm) of samples decreased due to the addition of 
CaCO3. It was clear that CaCO3 can influence the melting 
enthalpy of PBAT. As a filler, CaCO3 can change the den-
sity and thermal capacity of composites. At the same time, 
CaCO3 itself also has a certain thermal capacity, which can 
influence the overall thermal capacity of the composites 
and will cause a change in the melting enthalpy of PBAT. 
The inclusion of Na-LL can significantly enhance the phe-
nomenon of crystalline fraction decrease caused by the 
addition of CaCO3 and boost the crystallization tempera-
ture of the composites because Na-LL may be utilized in 
composites as a heterogeneous nucleus.

From the perspective of chemical nucleation, organic 
carboxylic acid sodium salts may react with ester chains, 
while PBAT is still in a molten state. And nucleating 
agents may react with PBAT molecular segments, resulting 
in a decrease in the molecular weight of the composites. 
This effect helps to shorten the nucleation cycle and accel-
erate the overall crystallization rate of the composites. In 

addition, the increase in comprehensive crystallization 
temperature and crystallization rate indicate that Na-LL 
post a positive impact on the thermal properties of PBAT 
[44].

Mechanical properties

The impacts from Na-LL on the mechanical properties of 
PBAT and their composites are investigated and demon-
strated in Table 3 and Fig. 2. Firstly, the mechanical charac-
teristics of PBAT are significantly affected by the addition 
of CaCO3 filler, particularly in terms of stiffness. And the 
flexural modulus of the composites has been improved in 
accordance with its effect. The hydrophobicity of PBAT, 
on the other hand, makes it incompatible with hydrophilic 
CaCO3, and the poor dispersion effect of CaCO3 in the 
PBAT matrix caused a significant decrease in the tensile 
strength of the composites [16, 45]. It also decreased in the 
elongation at break and impact strength of P7/C3 samples.
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Fig. 1   DSC melting a and crystallization b curves of the PBAT and its composites

Table 3   Mechanical properties of PBAT, PBAT/CaCO3 and their composites

Sample Flexural modulus/MPa Tensile strength/MPa Elongation at break/% Impact strength/J⋅m−1

PBAT 80.0 ± 10.3 17.7 ± 0.7 569.1 ± 8.7 202.6 ± 7.8
P7/C3 111.4 ± 6.8 12.6 ± 0.2 375.2 ± 11.5 180.4 ± 9.2
P7/C3/0.05 N 116.8 ± 11.6 13.1 ± 0.3 390.0 ± 9.6 171.5 ± 19.7
P7/C3/0.1N 139.8 ± 7.6 12.0 ± 0.1 373.9 ± 12.6 172.3 ± 8.7
P7/C3/0.2N 145.3 ± 15.0 11.0 ± 0.4 347.3 ± 10.4 172.1 ± 2.6
P7/C3/0.4N 140.5 ± 15.9 10.8 ± 0.3 351.1 ± 19.4 42.3 ± 12.9
P7/C3/0.6N 144.0 ± 4.8 8.6 ± 0.1 170.1 ± 33.3 44.4 ± 4.7
P7/C3/0.8N 162.8 ± 8.8 8.1 ± 0.3 47.5 ± 19.2 46.2 ± 3.9
P7/C3/1.0N 161.4 ± 5.2 8.5 ± 0.7 37.9 ± 9.1 38.4 ± 1.7
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It also can be seen from the table that the flexural mod-
ulus of samples added with Na-LL has been effectively 
enhanced compared with PBAT/CaCO3 composites. This 
can be attributed to the effect of Na-LL in the PBAT matrix, 
which reduces the molecular weight of PBAT and facili-
tates better dispersion of CaCO3 in the PBAT matrix [46]. 
However, excessive use of Na-LL can result in increasing 
brittleness of the composites. The addition of too much 
Na-LL also contributes to better dispersion of CaCO3 in 
the matrix and increases flowability of the entire system. 
Although this phenomenon can enhance the dispersion of 
CaCO3 in the matrix, it may make stress unable to conduct 
effectively and increase brittleness of the composites. There-
fore, the optimal quantity of Na-LL must be determined for 
enhancing the dispersibility of CaCO3 in the matrix while 
maintaining the mechanical properties of the composites. 
Meanwhile, Na-LL itself can also cause chemical degrada-
tion of PBAT, which is one of the reasons why the tensile 
strength of PBAT composites is decreasing [40].

It is worth noting that compared to the P7/C3 sample, the 
tensile strength and elongation at break of the composites are 

marginally increased with the addition of 0.05 pbw Na-LL. 
It may be that at low concentration, Na-LL has a greater 
dispersion in the matrix and can enhance the distribution 
of various components in the matrix following the interac-
tion with PBAT. This action can enable stress to be dis-
persed to other areas during stress, effectively preventing 
stress concentration. When 0.2 pbw Na-LL was added, the 
flexural modulus of the composites increased from 80.0 to 
145.3 MPa. It may not only increase flexural modulus by 
81.25%, but also guarantee the original toughness, ensuring 
the product to achieve the best overall mechanical qualities.

Morphological analysis

SEM was utilized to investigate the microscopic morphol-
ogy from the impact sections of PBAT and their composites 
(2000 ×), as exhibits in Fig. 3 was obtained. The impact frac-
ture cross-section of pure PBAT is shown in Fig. 3(a). The 
stretched matrix on the microscopic surface of the PBAT 
sample is due to the ductile fracture. This is because PBAT 
itself has excellent toughness and ductility. The absorbed 
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stress may be efficiently distributed in the matrix and can 
resist more impact when exposed to impact energy. It can 
also be explained by the existence of a thicker PBAT matrix 
near the fracture contact, which is able to resist greater stress 
effects [47].

As CaCO3 is disseminated in the PBAT matrix, the 
impact strength reduces when exposed to stress impact. 
As shown  in Fig. 3(b), due to the effect of stress, the 
fracture mode of the composites is still ductile fracture. 
The observation of a filamentary matrix on the fracture 
surface of the PBAT matrix can indicate that the PBAT/
CaCO3 composites are more prone to fracture at this 
stage. This is a result of the distribution of dispersed 
CaCO3 in PBAT and the irregular aggregation of CaCO3 
into large particles, which leads to poor PBAT continuity. 
While under stress, it is challenging to transfer the tension 
to different places.

Based on the P7/C3 system, the incorporation of Na-LL 
has brought about significant changes in the impact frac-
ture surface of composites. The interaction between Na-LL 
and PBAT reduces the molecular weight of PBAT, improv-
ing the fluidity of the material. This phenomenon also 
enhances the dispersion of CaCO3 in the PBAT matrix, 
resulting in a more uniform and stable structure. As a 
result, the fracture behavior of the composites began to 
shift from ductile to brittle. The Fig. 3(c) shows that after 
being subjected to an impact fracture, the composites 
exhibit a uniform and pure surface, accompanied by small 
holes and voids. These voids are believed to be the result 
of brittle fracture behavior. The increase in brittleness of 
the composites is attributed to the improved dispersion of 

CaCO3 particles in the PBAT matrix by the addition of 
Na-LL. The improvement of dispersion leads to the for-
mation of a more uniform and stable structure, which also 
makes the sample more prone to separation when sub-
jected to impact. Thus, the impact strength of composites 
has further decreased.

Fig. 3   SEM micrography of 
PBAT/CaCO3 composites, 
a PBAT, b P7/C3 and c P7/
C3/0.2N
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Discussion on action mechanism of Na‑LL in PBAT/
CaCO3

After FTIR characterization of the sample, the most repre-
sentative characterization results were selected and shown 
in Fig. 4. The spectrum of PBAT shows typical character-
istic aromatic and aliphatic peaks, which is in line with 
what would be expected given the chemical composition of 
material. The main peaks of PBAT are 2951, 2867, 1401, 
1358, 1169, 1108 and 937 cm−1. 1169 and 1108 cm−1 are 
the left–right symmetrical tensile vibration absorption 
of C–O; 1018 cm−1 is the bending vibration reduction in 
phenylene ring –CH–; 937 cm−1 is carboxylic acid group 
-C–OH bending vibration; 2951 and 2867 cm−1 are meth-
ylene asymmetric stretching; 1401  cm−1 is CH2-plane 
bending vibration; 1358 cm−1 is out-of-plane bending of 
CH2; Four or more neighboring CH2- groups make up the 
peaks at 728 cm−1. The benzene metabolite curve peak is 
700–900 cm−1 [24, 48].

The C-H bond symmetric vibrational absorption of CH2 
and CH3 in the Na-LL carbon chain is represented by the 
Na-LL absorption peaks at wave numbers of 2925 and 
2850 cm−1, respectively. 1565 cm−1 belongs to the charac-
teristic absorption peak of –COO– group [40]. Comparing 
the spectra of pure PBAT and P/0.2N, the relevant char-
acteristic peak of CH2 group in PBAT has shifted, which 
may be caused by the reaction between Na-LL and carboxyl 
and hydroxyl groups in PBAT matrix. PBAT is a polyester 
polymer material with the basic components of adipic acid 
and butanediol ester, and the added of Na-LL may interact 
with the carbonyl or ester group in PBAT molecule. Once 

Na-LL is added, the molecular structure of PBAT may be 
changed. This structural change may lead to changes in the 
vibrational frequencies of some chemical bonds in the PBAT 
molecule, resulting in peak intensity reduction near 1260 
and 1710  cm−1. The C-O exhibits symmetric stretching 
vibrations at 1169 and 1108 cm−1.

Notably, it can be found that the stretching vibrations 
of C-O at 1169 and 1108  cm−1 blue shift to 1093 and 
1042  cm−1 locations, respectively, after adding nucleat-
ing agent. The reaction shown in Fig. 5 may occur, which 
changes the vibration frequency of the C-O bond and causes 
that C-O stretching vibration peak shift toward a lower wave-
number direction.

Comparing the spectra of pure P/0.2N and P7/C3/0.2N 
samples, CaCO3 fillers, PBAT and Na-LL composites may 
interact through physical adsorption and chemical reac-
tions, among other mechanisms, resulting in a weaker peak 
strength and ester bond interaction strength. In addition, 
the PBAT matrix and the CaCO3 component could inter-
act. These interactions make Na-LL disperse more evenly 
throughout the whole matrix, which improves the effective-
ness of Na-LL [24]. The molecular structure of the compos-
ites may change as a result of these interactions, diminishing 
or eliminating some distinctive peaks. The spectral signals 
in the composites may also be attenuated or scattered by the 
CaCO3 fillers, which contributed to a drop in signal strength 
close to the spectral peak. When too much filler is used, this 
phenomenon is more noticeable.

The mechanical properties of polymers are closely related 
to their molecular weight (MW). The MW data obtained 
from testing pure PBAT, P7/C3, P/0.2N, and P7/C3/0.2N 
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samples are shown in Table 4. Compared to pure PBAT, the 
addition of CaCO3 resulted in an increase in the molecular 
weight of polymer, which can be explained by the interaction 
of PBAT and CaCO3 during melt extrusion. In the molten 
state, PBAT molecular chains undergo intense movement 
and cannot be arranged in an orderly manner. CaCO3 filler 
causes PBAT molecular chains to entangle, leading to an 
increase in the molecular weight of the composites [43]. 
The addition of the nucleating agent caused a decrease in 
the molecular weight of PBAT, which may be due to the 
effect of Na-LL on the chemical nucleation of polymer, lead-
ing to chain breakage. However, the addition of CaCO3 can 
compensate for this defect in the composites and help main-
tain its properties. It explains the changes in peak intensity 
observed in the characterization of infrared in the preceding 
text and also suggests the mechanism by which nucleating 
agent acted on PBAT.

Conclusions

In light of the comprehensive analysis of mechanical and 
thermal properties, it is believed that it is feasible to use 
Na-LL as a nucleating agent to improve the rigidity and crys-
tallinity of PBAT-based composites. When 0.2 pbw Na-LL 
was added, the flexural modulus of the composites increased 
from 80 to 145 MPa, and other mechanical properties were 
well maintained. Under the combined action of CaCO3 
and Na-LL, the crystallization temperature of the samples 
increased from 72.77 ℃ to 91.02 ℃. A formula has been 
obtained that greatly saves production costs while improv-
ing the performance of the product by using the nucleating 
agent. Although using the nucleating agent can cause chemi-
cal degradation in PBAT and influence its molecular weight, 
the addition of CaCO3 compensates for this effect. Accord-
ing to GPC analysis, the molecular weight of the modified 
PBAT remains equivalent to that of pure PBAT, thus ensur-
ing that the comprehensive performance of the composites 
is not negatively affected. Therefore, Na-LL also provides a 
reliable modification pathway for the application of PBAT 
composites.
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