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Abstract: Polybutylene adipate terephthalate (PBAT) is
popular due to its low cost, good biodegradability, and
excellent mechanical properties. Maleic anhydride (SMA)
can easily graft with curcumin (CUR), a substance known
for its antibacterial and antioxidant properties, acting as a
nucleating agent with high dispersibility, which has led to
the successful production of the functional modifier CUR
—-SMA. This research involves the creation of PBAT compo-
site films with various weight percentages of CUR-SMA
(0.1, 0.3, 0.5, 0.7, and 0.9% w/w) using extrusion and blow
molding techniques. The research chemically links CUR
and SMA to form a robust and cohesive composite material.
The study investigates the structure, mechanical properties,
water vapor barrier capabilities, oxygen barrier properties,
fracture morphologies, antibacterial and antioxidant proper-
ties, and biodegradability, as well as the freshness-preserving
impact of the film. The composite shows an excellent effect,
surpassing that of single-component blends, by minimizing
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CUR-SMA migration, enhancing mechanical properties, and
increasing the barrier characteristics of composite films. The
interaction between CUR-SMA and PBAT results in the for-
mation of a cross-linked network structure through chain
extension reactions. The tensile strength increased by 56%,
from 17.5 to 27.3 MPa. The antioxidant activity reached up to
72.26%. The films exhibit significant antibacterial properties
against Staphylococcus aureus. The films retain the biode-
gradability of PBAT. The PBAT/CUR-SMA films have suc-
cessfully enhanced the shelf life of oyster mushrooms,
strawberries, and apples due to their strong antioxidant,
antibacterial, and waterproof qualities.

Keywords: poly(butylene adipate-co-terephthalate), curcumin,
maleic anhydride, composite packaging film, antibacterial
activity

1 Introduction

Fresh produce has a very short shelf life and is vulnerable
to rot and mold during storage and shipping, which endan-
gers food safety and edibility (1). Consequently, it is impera-
tive to extend the shelf life of fruits and vegetables using
efficient techniques, and plastic wrap is regarded as an
affordable and efficient option among the many available
methods. Food deterioration due to oxidation reactions and
microbiological growth cannot be addressed by relying
solely on a single food packaging film (2,3). The development
of food packaging is now focusing on multifunctional com-
posite materials made of biodegradable polymers, particu-
larly in the study and use of antibacterial membranes (4). To
extend the shelf life of fruits and vegetables, the research of
biodegradable films with strong machinery and antioxi-
dants in food packaging applications is more concerned by
researchers than conventional polymers (5). For food packa-
ging, polybutylene adipate terephthalate (PBAT) is the best
material. It is a copolymer of aliphatic and aromatic chemi-
cals, is completely biodegradable and biocompatible, and
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also possesses good mechanical properties that allow for easy
processing (6,7). Unfortunately, the limited use of PBAT in the
packaging industry is attributed to its low barrier properties,
crystallization rate, and tensile strength (8). Therefore, a key
strategy for future green development in the field of food
preservation packaging is to modify PBAT materials to confer
antimicrobial and antioxidant capabilities, as well as to
improve their mechanical properties so that they can meet
the application requirements of fruit and vegetable cling film.
This study aims to produce multifunctional biodegrad-
able polyester cling film with antioxidant, antimicrobial,
and barrier properties. Previous research has primarily focused
on different nanoparticle composites, such as porous carbon
nanoparticles (CNPs), TiO, nanoparticles, silver oxide (Ag,0),
and ZnSnOs, which has shown that PBAT composites possess
outstanding antibacterial and barrier properties (9-13). The
research created bio-based nanocomposites based on Ag,0
and PBAT using the composite film casting process. These
PBAT nanocomposite coatings exhibit superior mechanical, bar-
rier, and antibacterial qualities, as well as excellent thermal
stability (14). Electron microscopy also demonstrated the uni-
form distribution of Ag,0 throughout the PBAT matrix. How-
ever, these costly nanoparticles, which are potentially migratory
packets of metal or metal oxide, pose a threat to human health
and the environment when exposed. With phenolic hydroxyl
groups giving them strong antioxidant and antimicrobial prop-
erties, films based on natural antioxidants, such as curcumin
(CUR), tea polyphenols (TP), essential oils, and their complexes,
are now a highly sought-after alternative to lower the harmful
effects of chemical additives and nanoparticles on humans
(15-17). For instance, researchers mixed polylactic acid (PLA),
PBAT, and starch with cinnamyl aldehyde or TP to create anti-
bacterial packaging (18). The outcomes demonstrated that the
PLA/PBAT composite membrane could successfully inhibit the
growth of Staphylococcus aureus and Escherichia coli at 4°C.
Researchers compounded Aralia continentalis Kitagawa root
extract (ARE) with chitosan (CH) to make composite packaging
films, and the results showed that when the ARE content in the
film was increased from 0.05 to 0.15mgmL™, the high antiox-
idant capacity of the CH/ARE film was obtained (the DPPH and
ABTS" free radical scavenging rate was increased) (19).
Research has been conducted on the antibacterial and
antioxidant characteristics of PBAT and oregano-oil (OEO)
antibacterial membranes for the storage of fish fillets.
Researchers found that the inclusion of OEO can success-
fully impede the growth of S. aureus and E. coli (20). A wide
variety of plants contain a family of naturally occurring
active compounds known as plant polyphenols. Plant poly-
phenols, which possess a polyphenolic structure, exhibit
high reducing abilities, scavenge free radicals, and shield
biological macromolecules from free radical damage. They
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possess outstanding anti-inflammatory, antiviral, antibac-
terial, anti-aging, antioxidant, and preservation properties.
Currently, they are extensively used to store and preserve
fruits and vegetables, meat from cattle and poultry, and
aquatic products, potentially enhancing the preservation
effect and extending the shelf life. The plant polyphenol
CUR has antibacterial, anti-inflammatory, anti-cancer, anti-
aging, and anti-insulin properties. The rhizome of turmeric,
which yields CUR, is commonly known as the “golden spice”
due to its vivid yellow hue and adaptability. Its methoxy and
hydroxy derivatives directly link to its antibacterial proper-
ties (21,22).

CUR, on the other hand, is incompatible with hydro-
phobic PBAT polymer materials due to its abundance of
hydrophilic phenolic hydroxyl groups; when added alone,
it is unable to diffuse homogenously within the PBAT
matrix. Furthermore, when combined directly with the
PBAT polyester material, CUR’s high concentration of ben-
zene rings, which are more rigid, may further impair the
performance of the PBAT polymer. Additionally, maleic
anhydride (SMA) is widely used in a variety of industries,
including biomedical materials, water treatment agents, dis-
persants, viscosity reducers, and separation membranes. SMA
offers benefits such as heat resistance, multiple reaction sites,
high reactivity, and a nucleating agent effect (23-28). The
maleic anhydride groups of SMA react readily with amino
and hydroxyl groups. A base can neutralize the simultaneous
production of anhydride and carboxyl groups from a car-
boxyl salt, which imparts water solubility to the polymer.

This study will graft and combine PBAT with maleic
anhydride and CUR, leveraging the carboxylate nucleating
agent role of maleic anhydride, its excellent compatibility
with polyester materials, and the antibacterial and antiox-
idant advantages of CUR. This process naturally enhances
the compatibility between CUR and PBAT polyester mate-
rials, leading to improved mechanical properties, proces-
sing performance, and the dispersion of CUR with PBAT
polyester. With promising market prospects, this approach
meets both environmental protection and practical appli-
cation requirements, aligning with existing policy guide-
lines and consumer demand.

The primary goal of this study is to prepare PBAT/CUR
—-SMA composite packaging film that possesses strong anti-
bacterial activity, antioxidant qualities, and good mechan-
ical properties for use in food packaging applications.
Grafting CUR onto SMA yielded the CUR-SMA modifier
and film blowing and extrusion methods were used to
produce the PBAT/CUR-SMA composite film. The objectives
include achieving better dispersion of CUR in PBAT polye-
ster, enhancing the antimicrobial and antioxidant proper-
ties of the PBAT composite film, and improving the
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processing and molding properties, tensile strength, and
gas barrier of the PBAT material. This work meticulously
examined the structural, barrier, antibacterial, antioxi-
dant, mechanical, and packaging freshness retention qua-
lities of the PBAT composite films to determine how the
addition of CUR-SMA affected them.

2 Experimental

2.1 Materials

PBAT was purchased from The Xinjiang Lanshan Hetun
Polyester Co. CUR, with 95% purity, was supplied by Angi
Chemicals Ltd. The styrene-maleic anhydride copolymer,
with styrene abbreviated as S and maleic anhydride as MAin a
ratio of S:MA = 1:1, was obtained from Cleverly (model
SMA1000). 4-Dimethylaminopyridine (DMAP), with 97% purity,
was obtained from Aladdin’s Reagent Ltd. 1,4-Dioxane, with
97% purity, was obtained from Macklin. Sodium hydroxide,
with 97% purity, and petroleum ether, with 97% purity, were
obtained from Macklin. The bacteria used in the antibacterial
test is S. aureus ATCC6538 and was supplied by Guangdong
Microbial Culture Collection Center (GDMCC). Porcine pan-
creatic lipase, with 15-35 units/mg, and phosphate buffer solu-
tion, with pH 7.2 were obtained from Macklin.

2.2 Preparation of CUR-SMA

About 26 g of maleic anhydride (SMA) is taken in a 500 mL
round-bottomed flask. A total of 200 mL of 1,4-dioxane is
added as a solvent, and SMA is dissolved at 60°C with
stirring. Then, 36 g of CUR, 7.2 g of sodium hydroxide, and
1.5 g of DMAP are added, and the reaction is stopped after
stirring for 4 h at 60°C. After cooling to room temperature,
the product is poured into a large amount of petroleum
ether to precipitate the solid product, filtered, and washed
with distilled water to obtain the solid product, which is
then dried in an oven at 60°C until it reaches a constant
weight. The solid yields are ground to obtain a powdered
solid product, CUR-SMA.

2.3 Preparation of PBAT/CUR-SMA films

PBAT/CUR-SMA composites are prepared using the extru-
sion blown film technique. PBAT microspheres are first
dried at 80°C. PBAT/CUR-SMA composites with different
ratios (0.1wt%, 0.3wt%, 0.5wt%, 0.7wt%, and 0.9 wt%)
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are prepared using a twin-screw extruder, and the 0.5 wt%
CUR/PBAT composite serves as a control. From the feed zone
(1) to the mold zone (5), the barrel temperatures are set at
105°C, 135°C, 145°C, 150°C, and 155°C and the screw speed is
180 rpm'min . After extrusion is completed, granulation
and drying are carried out. PBAT/CUR-SMA composite films
with different contents of CUR-SMA are prepared using a
single screw film blowing machine. A 0.5wt% CUR/PBAT
composite membrane with pure PBAT serves as a control.
From the feed zone (1) to the mold zone (5), the temperature
distribution of the screw is 110°C, 130°C, 135°C, 140°C, and
145°C with a speed of 700 rpm'min’. The products are
named as PBAT, PBAT/0.5% CUR, PBAT/0.1% CUR-SMA,
PBAT/0.3% CUR-SMA, PBAT/0.5% CUR-SMA, PBAT/0.7% CUR
—-SMA, and PBAT/0.9% CUR-SMA.

2.4 Characterization
2.4.1 Fourier transform infrared (FTIR) spectroscopy

All materials were subjected to infrared spectroscopic ana-
lysis using an ATR-FTIR device (model Nicolet ARE50). This
equipment is designed to capture FTIR spectra of samples
in the wavenumber range from 4,000 to 500 emh

2.4.2 "H NMR spectra of CUR-SMA

The 'H NMR spectra of the sample solutions were acquired
using a Bruker Avance NEO 400 MHz NMR spectrometer.
Specifically, 10 mg of CUR and 10 mg of SMA were each
dissolved in deuterated chloroform (CDCl3), while 10 mg
of the CUR-SMA complex was dissolved in a mixture of
deuterated methanol (CD;0D) and deuterated chloroform.

2.4.3 Thermogravimetric analysis and calculation of the
graft degree of CUR

The thermogravimetric analysis was conducted using a
TGA-DTG thermogravimetric analyzer (model TGAQS50).
All measurements were performed under a continuous
flow of nitrogen. The temperature range was from ambient
to 600°C, with a heating rate of 10°C'min™".

2.4.4 Assay of antibacterial activity

The antibacterial inhibition test of the CUR-SMA bacterio-
static modifier was conducted using the zone of inhibition
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method. A 10 mgmL™ sample was diluted tenfold and
mixed with agar medium to create a suspension containing
108 CFU-mL™. The samples were incubated at 37°C for 24 h.
The antibacterial effect was determined by examining the
formation and dimensions of the inhibition zones. For the
in vitro testing of PBAT/CUR-SMA composite membranes, a
similar procedure was followed. However, the samples were
molded into circular membranes with a diameter of 23 mm.
Additionally, the concentration of the bacterial suspension
was adjusted to 104 CFU'mL ™. The inhibition zones’ dia-
meters were measured using a ruler, and the inhibitory
effect was assessed based on the size of these zones.

2.4.5 Antioxidant activity of the films

The antioxidant activity of PBAT/CUR-SMA composite mem-
branes is assessed using the DPPH method. Initially, the film
samples are cut into small pieces (0.1 g) and then mixed with
5mL of a methanol solution. The mixture is sonicated for
20 min, left to stand at room temperature for 10 h, and sub-
sequently centrifuged at 5,000 r'min" for 10 min. Post-cen-
trifugation, 1 mL of the supernatant is combined with 3 mL
of 0.12mmol'L.”" DPPH methanol solution and allowed to
react for 1h at room temperature. A blank control is pre-
pared by mixing 1mL of methanol solution with 3mL of
DPPH solution. The DPPH radical scavenging activity is
determined using the following equation (20):

1- Asample(517nm)

Radical scavenging activity (%) =
blank control(517nm) 1)

% 100%,

where Agmple is the absorbance of the sample and Apjank control
is the absorbance of the blank sample (DPPH solution).

2.4.6 Crystallization properties

The crystallization characteristics of the composite were
examined using differential scanning calorimetry (DSC25,
TA Instruments, USA). Each sample was analyzed under a
nitrogen gas purge, with an empty crucible serving as the
reference. The testing protocol involved rapidly heating
the sample to 250°C at a rate of 10°C'min ™" and maintaining
it at that temperature for 2 min to eliminate any residual
thermal history. Following this, the sample was cooled
from 250°C to 25°C at the same rate of 10°C-min”". Then, the
temperature was increased back to 250°C at the same rate.
Throughout this process, the relationship between the heat
flow and temperature was meticulously recorded. Using Eq. 2,
the degree of crystallinity of the sample is calculated:
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C

————— x 100% 2
(1- Q)AH, @
where X, AH,,,, and AH, are the degree of crystallinity (%),
the enthalpy of melting (J-g™), and the enthalpy of melting
at 100% crystallization of PBAT (114 J-g ™), respectively (29),
and 1 - ¢ is the mass fraction of PBAT in the composite.

2.4.7 Mechanical properties of the PBAT/CUR-SMA
composite films

The longitudinal tensile strength, transverse tensile strength,
longitudinal elongation at break, and transverse elongation at
break for PBAT and PBAT/CUR-SMA were determined using a
microcomputer-controlled electronic universal testing machine
(SNAS, CMT6104). The film samples were cut into dumbbell
shapes, both longitudinally and transversely, and tested at
room temperature with a tensile speed of 200 mm:min~".
Each sample was subjected to at least five parallel tests, and
the results were averaged to minimize errors.

2.4.8 Water vapor transmission rate

The water vapor barrier properties of laminated films
were assessed in accordance with the standard CB1037-
88, using a Labthink C360M Water Vapor Transmission
Rate Tester. The experiments were conducted employing
the weight loss technique at a constant temperature of 38°C
and a relative humidity of 10%. Samples of PBAT/CUR-SMA
laminated films, varying in their composition of pure PBAT
and CUR-SMA, were positioned within a permeable filled
with 10 mL of mineral water (with a test area of 32.95 cm?).
This setup was used to determine the water vapor perme-
ability rate (WVP) of the laminated films.

2.4.9 Oxygen barrier properties

The oxygen barrier properties of the composite films were
assessed using an oxygen transmission tester. This equipment
was imported from MOCON, Denmark (model specification
OX-TRAN2/12). The tests were conducted at a temperature of
23°C over an area of 50 cm”

2.4.10 Water contact angle

The hydrophobicity of the composite films was evaluated
using an angular measuring instrument manufactured by
Kruse GmbH (Germany, specification number DSA25).
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2.4.11 Scanning electron microscopy (SEM)

A scanning electron microscope (Zeiss, Germany, Gemini
SEM 360) was used to observe the fracture morphology of
the film after sputtering with gold plating at a magnifica-
tion of 10,000 times.

2.4.12 BET surface area

The specific surface area of the composite films was evalu-
ated using a fully automated specific surface area and por-
osity meter (Kantar Corporation, USA, model NOVA-1000e).

2.4.13 Biodegradation test

The PBAT/CUR-SMA composite membrane was prepared
into small squares of 2cm x 2 cm and placed in 0.6% porcine
pancreatic lipase phosphate buffer. Three sets of parallel experi-
ments were set up for each group of membranes, which were
continuously oscillated using the electrothermal thermostatic
oscillating water tank (Shanghai Yihang Scientific Instrument
Co. Ltd.) with the temperature set at 40°C. Samples were taken
every 5 days and weighed; the quality change was recorded,
and the enzyme solution was replaced. Changes in the surface
of the membrane were photographed and recorded (30).

2.4.14 Food packaging applications

To assess the application of PBAT/CUR-SMA in food packa-
ging, perishable fruits (strawberries, apples) and vegeta-
bles (oyster mushrooms) are selected. Fresh strawberries,
flat mushrooms, and cut apples are packaged with PBAT/
0.5% CUR-SMA and PBAT/0.9% CUR-SMA, respectively,
with plain PBAT film serving as a control. The fresh apples
are washed, dried, peeled, cut into round and thin slices,
divided into three groups like strawberries, and kept at
15°C for 5 days. The weight of the sample and the daily
change of the sample were recorded. The weight loss was
calculated using the following equation (31):

W, - W
Weight loss(%) = % x 100% 3)

1

where W; and W, are the weights of the samples before
and after the different storage stages, respectively.

2.4.15 Statistical analysis

The data are expressed as mean + standard deviation.
Statistical significance among the datasets was assessed
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using ANOVA via SPSS 21(IBM, New York, USA). Post hoc
comparisons of mean values were determined using Tukey’s
multiple range tests at a 5% significance level (32).

3 Results and discussion

3.1 CUR-SMA structural characterization

The grafting principle of CUR and SMA is illustrated in
Figure 1(a). As observed in Figure 1(b), an absorption
peak at 3,410 em”?, attributed to the stretching vibration
of the phenolic hydroxyl group of CUR, is present in the
CUR+SMA spectrum (33). The absorption peaks at 1,780 and
1,857 cm™ are typical characteristic absorption peaks of
acid anhydride (34). In the infrared spectrum of CUR
—-SMA, a noticeable weakening of the anhydride group’s
absorption is evident, which may be attributed to a small
proportion of the anhydride group that has not undergone
ring-opening. Additionally, the ester bond absorption peak
at 1,712 cm ™" is significantly intensified, confirming the suc-
cessful grafting of SMA onto CUR.

The NMR hydrogen spectra of CUR, SMA, and CUR
-SMA are depicted in Figure 1(c). CUR exhibits proton
peaks corresponding to the phenolic hydroxyl group at
6 = 5.80 ppm, to the olefinic protons at § = 6.48 and
6.94ppm, and to the aromatic protons on the benzene
ring at § = 7.05, 7.12, and 7.59 ppm. The NMR spectra of
the CUR-SMA reveal a weakening and a high-field shift
of the proton peaks associated with the phenolic hydroxyl
group. This indicates that the grafting of the phenolic
hydroxyl group with the ring-opening anhydride group
has been successfully achieved. The strong electron-with-
drawing effect of the anhydride group’s carbonyl (C=0)
moiety results in a reduction of proton-electron density
within the CUR molecule, enhancing the de-shielding effect
and causing a shift to a lower magnetic field, which is
reflected in a larger chemical shift.

3.2 Thermal stability and the graft degree
of CUR

The thermal behaviors of CUR, SMA, and CUR+SMA are
analyzed using TGA and DTG. The thermogravimetric dia-
gram (Figure 2a) reveals that the CUR+SMA sample has two
weight loss stages. The initial stage occurs between 73°C
and 195°C characterized by a 6.4% weight loss attributed to
the evaporation of moisture within the sample. Due to the
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Figure 1: (a) Response principle of CUR and SMA. (b) FT-IR spectra of CUR, SMA, and CUR+SMA. (c) 1H NMR spectra of SMA, CUR, and CUR-SMA.

formation of new chemical bonds, the second stage occurs As the temperature increases, the chemical bonds
between 225°C and 423°C and is marked by a significant break, leading to a new stage of weight loss. Figure 2b
weight loss of 59.45%. Due to the breakdown of the chemical (DTG) displays the temperature at which the sample decom-
bonds in the sample, the weightlessness phase of CUR occurred  poses at its maximum rate. The maximum decomposition
between 272°C and 424°C, and that of SMA occurred between rate of CUR occurs at 382°C, and those of SMA and CUR+SMA

274°C and 473°C. occur at 388°C and 372°C, respectively. The results indicate
(a) (b)
-1.4
—=— CUR —=— CUR
100 —s— SVIA1000 r —o— SMA1000
—— CUR+SMA1000 -1.2 —4— CUR+SMA1000
80
~-1.0
@)
3
—_ N
< 60 - % 0.8
= =
= e
o) 3 .0.6
@ 40 =
= Z
5 -04
20 - a
0.2
o 0.0
1 L 1 1 1 L 1 L 1 & 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature(°C) Temperature(°C)

Figure 2: (a) TG curves and (b) DTG curves of CUR, SMA, and CUR+SMA.
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that the thermal stability of CUR+SMA is lower than that of
the other two materials, which is advantageous in certain
applications.

Calculating the graft degree of CUR, as shown in Figure
2(a), the weight losses of CUR, SMA1000, and CUR+SMA1000
are basically unchanged at 600°C and are 35.54%, 4.80%,
and 32.99%, respectively. Assuming that CUR has a mass of
X grams and SMA1000 has a mass of Y grams, the graft
degree can be determined by using the law of conservation
of mass:

(1-35.54%)X + (1-4.80%)Y = (X + Y)(1 - 32.99%).
The graft degree of CUR is CUR/SMA1000 = X/Y = 11.05.

3.3 Antibacterial performance analysis

There are diverse antibacterial agents, and some of them
have significant effects on E. coli, S. aureus, etc. (35). The
present study shows that CUR exerts its antibacterial action
primarily by causing depolarization of the bacterial cell
membrane, dismantling the structural integrity of the bac-
terial cell membrane, and disrupting the normal metabolic
processes of bacteria, thereby achieving its antibacterial
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impact (36). To evaluate the antibacterial properties of
CUR-SMA, we conducted experiments on S. aureus. The
results are shown in Figure 3 and Table 1. Studies have
shown that SMA has no antibacterial effect on S. aureus,
while pure CUR has an obvious antibacterial effect on
S. aureus. The antibacterial effect of the PBAT/CUR-SMA
composite membrane on S. aureus first increased and then
decreased with the addition of CUR, which proved that the
modified PBAT/CUR-SMA composite membrane retained
the antibacterial properties of CUR. Adding CUR-SMA to
the antibacterial food packaging film could reduce the
spoilage rate of fruits and vegetables and expand the appli-
cation range of PBAT.

3.4 DPPH-radical scavenging activity

Packaging films that incorporate antioxidants can prevent
product deterioration and extend shelf life by neutralizing
reactive oxygen species within the packaging system (37).
DPPH tests are frequently employed to evaluate the anti-
oxidant capacity. In this study, the CUR-SMA modifier, pre-
dominantly composed of CUR,

exhibits antioxidant

PBAT/0.3%CUR-SMA PBAT/0.5%CUR-SMA

PBAT/0.7%CUR-SMA PBAT/0.9%CUR-SMA

Figure 3: The antibacterial activity of the PBAT/CUR-SMA composite membrane with SMA and CUR, and different concentrations of CUR-SMA

modifier are detected against S. aureus.
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Table 1: Results of antibacterial activity of the resulting PBAT-
based films

Sample Diameter of the bacterial
growth inhibition zone (mm)

Blank 0

SMA 0

CUR 65

PBAT/0.1%CUR-SMA 24

PBAT/0.3%CUR-SMA 27

PBAT/0.5%CUR-SMA 30

PBAT/0.7%CUR-SMA 33

PBAT/0.9%CUR-SMA 25

properties attributed to its two phenolic hydroxyl groups.
Antioxidant-active PBAT/CUR-SMA composite films are pre-
pared by adding different concentrations of CUR-SMA to
PBAT. The linear relationship between antioxidant capacity
and CUR-SMA concentration is shown in Figure 4. The anti-
oxidant capacity of the composite film is determined by
measuring the absorbance of DPPH" at 517 nm (38). The addi-
tion of CUR-SMA enhanced the antioxidant activity of the
PBAT/CUR-SMA composite film compared to the DPPH methanol
solution control. The antioxidant activity is enhanced with
increasing CUR-SMA content. The absorbance of the PBAT/
CUR-SMA composite film decreased from 0.93 to 0.26, and the
free radical scavenging capacity increased from 2.73% to
72.26%. The findings demonstrate that the PBAT/CUR-SMA
composite film possesses substantial antioxidant activity, ren-
dering it a viable candidate for application in packaging film.
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Figure 4: Absorbance and free radical scavenging activity of the PBAT/
CUR-SMA composite films.

3.5 Non-isothermal crystallization behavior
of composite films

DSC is a technique that reveals the relationship between
physical or chemical changes and thermal effects (39).
Figure 5(a) and (b) shows the DSC curves for the second
heating and first cooling of the PBAT/CUR-SMA composite
film. The crystallization temperature (T,), enthalpy of crystal-
lization (AH,), melting temperature (Ty,), enthalpy of melting
(AH,,), and degree of crystallinity (X,) associated with the
composites are shown in Table 2. The crystallization
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Figure 5: (a) First cooling process and (b) the second heating process of the PBAT/CUR-SMA composite.
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Table 2: Crystallization properties of the composite materials

Samples Tc (°C) AH: (.97 Tm (°C) AHy, (-7 Xc (%)
PBAT 70.95 18.91 123.12 12.66 11
PBAT/0.5%CUR 71.59 17.27 123.20 13.29 11.72
PBAT/0.1%CUR-SMA naTi 16.78 123.48 12.56 11.03
PBAT/0.3%CUR-SMA 72.32 17.24 124.15 12.42 10.93
PBAT/0.5%CUR-SMA 76.01 16.11 124.56 11.60 10.23
PBAT/0.7%CUR-SMA 76.83 16.13 124.72 8.60 7.60
PBAT/0.9%CUR-SMA 79.98 15.67 125.31 7.82 6.92

temperature (T,), enthalpy of crystallization (AH,), melting
temperature (T,,), enthalpy of melting (AH,,), and degree of
crystallinity (X.) associated with the composites are shown in
Table 2. The variation of the crystallization profile during the
first cooling of the composites is shown in Figure 5(a). As
observed from Table 2, the T¢ of the PBAT/CUR-SMA compo-
sites increased from 71.77°C to 79.98°C and AH. decreased
from 18.91 to 15.67]-g" compared to those of pure PBAT.
These changes are due to the heterogeneous nucleation of
CUR, which is facilitated by the addition of SMA. This addition
improves the dispersion effect of CUR in PBAT and enhances
the compatibility of CUR with PBAT. The AH,, of the compo-
sites also decreased from 12.66 to 7.82 J-g ™ with the incorpora-
tion of SMA.

The CUR-SMA modifier increased the Ty, of the com-
posites. A decrease in AH,, is advantageous for the proces-
sing of these composites, as a smaller AH;, indicates that
less heat is required for processing. The incorporation of
CUR-SMA modifier reduced the crystallinity (X.) of the
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composites, which is attributed to the fact that the incor-
poration of the modifier containing CUR-SMA reacted with
PBAT to form a branching structure and an entangled net-
work structure, which restricted the movement of the
PBAT molecular chains and impeded the orderly arrange-
ment of the molecules, leading to a decrease in crystalli-
nity (40).

3.6 Characterization of mechanical
properties of the composite films

The variations in the mechanical properties of the PBAT/
CUR-SMA composite film are shown in Figure 6(a) and (b)
and Table 3. As the CUR-SMA content in the PBAT matrix
increased from 0.1 wt% to 0.9 wt%, both the tensile strength
and elongation at break first increased and then decreased.
Compared with PBAT and PBAT/0.5% CUR, the tensile

35
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Figure 6: (a) Transverse, (b) longitudinal tensile strength, and elongation at break of PBAT and its composite films. Different letters within the same
indicator indicate significant differences among the film samples at P < 0.05.
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Table 3: Mechanical properties of the PBAT/CUR-SMA composite films

DE GRUYTER

Samples Tensile strength (MPa) Elongation at break (%)
Longitudinal Transverse Longitudinal Transverse

PBAT 20.6 17.5 923.5 734.8
PBAT/0.5%CUR 16.7 17.6 673.1 589.5
PBAT/0.1%CUR-SMA 20.2 17.1 750.7 637.2
PBAT/0.3%CUR-SMA 231 17.8 918.0 687.4
PBAT/0.5%CUR-SMA 233 18.6 750.9 720.6
PBAT/0.7%CUR-SMA 24.4 273 744.6 681.4
PBAT/0.9%CUR-SMA 19.3 22.8 682.7 574.1

strength of the PBAT/0.7% CUR-SMA composite film is sig-
nificantly enhanced, and the mechanical properties of the
CUR-SMA composite film are significantly improved. This
improvement is attributed to the anhydride functional groups
in the modifier, which are capable of undergoing chain exten-
sion reactions with the terminal hydroxyl or carboxyl groups
of the PBAT polyester material, thereby enhancing the inherent
properties of the PBAT polyester.

Concurrently, the improved interfacial compatibility is
the primary reason for the improved mechanical proper-
ties of the film, as the maleic anhydride copolymer itself is
extremely compatible with the PBAT polyester material (4).
However, when CUR-SMA is added in excess, agglomera-
tion and excessive cross-linking reactions between the two
molecules occur in the composite film matrix, resulting in a
decrease in the tensile strength and elongation at break of
the composite film (41).

3.7 Water vapor barrier properties

Water vapor permeability (WVP) is a critical property
when selecting packaging materials. The water vapor bar-
rier performance of the PBAT/CUR-SMA composite film
was tested by a water vapor permeability tester, and the
results are shown in Table 4 and Figure 7. The WVP of

p_

Table 4: Thickness and WVP of the PBAT/CUR-SMA composite films

Samples Thickness WVP
(mm) (107" g-cm-cm™2:5-Pa)
PBAT 0.027 2.61
PBAT/0.1%CUR+SMA 0.031 1.66
PBAT/0.3%CUR+SMA 0.024 1.56
PBAT/0.5%CUR+SMA 0.033 1.53
PBAT/0.7%CUR+SMA 0.029 222
PBAT/0.9%CUR+SMA 0.034 2.23

ure PBAT is the highest; however, the addition of a CUR
-SMA modifier to the PBAT/CUR-SMA composite film
resulted in a decrease in WVP. Specifically, PBAT/0.5%
CUR-SMA has a 40% reduction in WVP compared to pure
PBAT. The lower the WVP, the lower the water vapor per-
meability of the film, the better the barrier performance,
and the more conducive to the long-term preservation of
the product (42). This improvement is attributed to the
formation of an intramolecular hydrogen bond between
C=0 on PBAT and OH on CUR-SMA and the transport of
water molecules is hindered. Moreover, the anhydride
functional groups in the modifier combine with the term-
inal hydroxyl or terminal carboxyl groups of the PBAT
polyester material in a chain expansion reaction, resulting
in a tighter polymer molecular chain. Therefore, the addi-
tion of CUR-SMA improves the air tightness of the com-
posite film. These findings suggest that the PBAT/CUR
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Figure 7: WVP for the PBAT/CUR-SMA laminated films. Different letters
within the same indicator indicate significant differences among the film
samples at P < 0.05.
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Table 5: Thicknesses and oxygen barrier properties of the PBAT/CUR
-SMA composite films

Preparation of maleic anhydride-modified CUR/PBAT composite film

Samples Thickness Oxygen transmittance
(mm) (cc/(m?-day))

PBAT 0.42 27.11

PBAT/0.5%CUR 0.45 22.70
PBAT/0.1%CUR+SMA 0.38 29.69
PBAT/0.3%CUR+SMA 0.35 23.29
PBAT/0.5%CUR+SMA 0.33 15.98
PBAT/0.7%CUR+SMA 0.29 69.92
PBAT/0.9%CUR+SMA 0.26 62.93

-SMA composite film has potential applications in food
packaging.

3.8 Oxygen barrier properties

Oxygen barrier properties are also central to assessing the
effectiveness of a film’s gas barrier and are important in
determining the limitations of a film’s use in packaging
applications. The oxygen barrier properties of PBAT/CUR
-SMA composite films were tested using an oxygen trans-
mission rate tester. As shown in Table 5 and Figure 8,
PBAT/0.5% CUR+SMA had the lowest oxygen transmission
rate and the best oxygen barrier performance. The oxygen
transmittance decreased from 22.33 to 15.98 cc-(m*day)*
with the addition of CUR-SMA to the PBAT matrix, which

PBAT PBAT/0.5%CUR PBAT/0.1%CUR-SMA

— . ——— - o
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I
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Figure 8: Oxygen barrier properties of the PBAT/CUR-SMA laminated
films. Different letters within the same indicator indicate significant dif-
ferences among the film samples at P < 0.05.

indicated that CUR-SMA played a role in improving the
oxygen barrier performance of the films and enhancing
the freshness retention of the films. However, the higher
oxygen permeability of PBAT/0.7% CUR+SMA and PBAT/
0.9% CUR+SMA composite films compared to those of
PBAT could be attributed to the increase in the dosage of
CUR-SMA and its poor compatibility with PBAT, which
resulted in poorer oxygen barrier properties of the films.

. I Water contact angle

a

40

20

Figure 9: Water contact angles of the PBAT/CUR-SMA laminated films. Different letters within the same indicator indicate significant differences

among the film samples at P < 0.05.
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Figure 10: Fracture morphologies of the PBAT/CUR-SMA laminated films.
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Table 6: Surface areas of the PBAT/CUR-SMA composite films

Samples Weight (mg) Surface area (m*g™")
PBAT 19.53 6.63

PBAT/0.5%CUR 17.25 8.18
PBAT/0.1%CUR+SMA 19.87 7.84
PBAT/0.3%CUR+SMA 24.76 4.24
PBAT/0.5%CUR+SMA 22.66 22.95
PBAT/0.7%CUR+SMA 23.87 4.77
PBAT/0.9%CUR+SMA 25.21 6.67

3.9 Water contact angles

The water contact angle is a measure of the hydrophilic or
hydrophobic nature of a material. As shown in Figure 9,
the water contact angle of the PBAT/0.1% CUR-SMA film is
the smallest, which is attributed to the addition of the
hydrophilic -OH group from CUR-SMA to PBAT, thereby
making the composite film more hydrophilic. However, as
the amount of CUR-SMA increases, a large number of —-OH
groups react with the -COOH groups in PBAT to form
esters, which reduces the hydrophilicity of the composite
film and increases its hydrophobicity.

3.10 Fracture morphology

As shown in Figure 10, the fracture surface of PBAT is
relatively smooth. The PBAT/0.5% CUR film’s fracture
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Figure 11: Volume@STP of the PBAT/CUR-SMA laminated films.

surfaces are not smooth, and the PBAT/0.1% CUR-SMA
films have significantly fewer particles with uneven
distribution and poor compatibility, resulting in poor
mechanical properties. The fracture surfaces of the three
composite films - PBAT/0.3% CUR-SMA, PBAT/0.5% CUR
—-SMA, and PBAT/0.7% CUR-SMA - exhibit less overall gran-
ularity and are more uniformly distributed, indicating better
compatibility and improved mechanical properties. The PBAT/
0.9% CUR-SMA composite films show severe agglomeration,
strong granularity, poor compatibility, and poor mechanical
properties.

(b)

I drBaAT
I 1 PBAT/0.5%CUR 2
1E W PBAT/0.1%CUR-SMA T
PBAT/0.3%CUR-SMA

1 W PBAT/0.5%CUR-SMA ab
20 1 PBAT/0.7%CUR-SMA b
0 PBATA.9%CUR-SMA

Weight loss(%)
=
(<]
=

ed be

1 d cd <
s a4 e did%
0 L § T

5 10

T T
15 20 25
Day

Figure 12: (a) Surface changes in the biodegradation of PBAT/CUR-SMA composite films. (b) Weight loss of the PBAT/CUR-SMA composite films.
Different letters within the same indicator indicate significant differences among the film samples at P < 0.05.
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oyster mushrooms, strawberries, and fresh-cut apples, respectively. Different letters within the same indicator indicate significant differences among

the film samples at P < 0.05.
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3.11 BET surface area

As shown in Table 6 and Figure 11, for PBAT/0.3% CUR
+SMA, the surface area of PBAT/0.7% CUR+SMA is smaller
than that of PBAT. This reduction is attributed to the addition
of CUR-SMA to PBAT, which is compatible and results in a
decrease in the specific surface area of the composite films.

3.12 Biodegradation test

As shown in Figure 12(a) and (b), the weight loss rate of pure
PBAT under the action of pig pancreatic lipase reached
10.08% in 25 days, and the surface of the PBAT film was
obviously damaged and decomposed, which indicated that
the enzyme-based degradation environment designed in the
experiment could degrade PBAT. The weight loss rate of the
PBAT/CUR-SMA composite film increased significantly in 25
days, the weight of the film gradually decreased, and the
surface of PBAT/CUR-SMA composite film also appeared to
be damaged and decayed. This conclusion indicates that the
prepared PBAT/CUR-SMA composite film retains the biode-
gradability of PBAT well; therefore, the film cannot be
recycled and is an excellent film material with both barrier
properties and biodegradability.

3.13 Food packaging application analysis

Oyster mushrooms are a common edible mushroom but
are prone to water loss and decay, necessitating a longer
shelf life. Without the protection of a hard shell, strawber-
ries are susceptible to mold and rot due to microbial inva-
sion (43). Apples oxidize quickly after being cut, are easy
to lose water, and are difficult to store. In this study, three
types of fruits and vegetables are used as models to
investigate the preservation effects of the PBAT/CUR-SMA
composite membrane. As shown in Figure 13, oyster mush-
rooms, strawberries, and apples packaged with the PBAT/
0.9% CUR-SMA composite film exhibit drying, blackening,
and browning after 5 days of storage. After 5 days of sto-
rage, oyster mushrooms, strawberries, and apples packaged
in PBAT film show severe soft mold, water loss, and black
and brown discoloration. However, oyster mushrooms,
strawberries, and apples packaged in the PBAT/0.5%CUR
-SMA composite film appear fresh after 5 days of storage.
Moreover, the weight loss rate of oyster mushrooms,
strawberries, and apples packaged with PBAT/0.5%CUR
-SMA composite film after 5 days of storage is lower
than that of PBAT/0.9%CUR-SMA composite film. Oyster

Preparation of maleic anhydride-modified CUR/PBAT composite film
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mushrooms, strawberries, and apples packed with PBAT
film exhibit the highest weight loss rate. This is because
the water vapor transmission rate of the PBAT/0.5%CUR
—-SMA composite film is low, the barrier effect is good, and
water loss is reduced, coupled with the antibacterial and
antioxidant effects of PBAT/0.5%CUR-SMA composite film,
which makes the mushrooms, strawberries, and apples
packaged with it appear fresh after 5 days of storage. The
above results indicate that the introduction of CUR-SMA
broadens the application range of PBAT materials and
enhances the packaging performance of PBAT materials.
PBAT/CUR-SMA plastic wrap can extend the shelf life of
various fruits and vegetables, and the effect are generally
applicable.

4 Conclusions

In this study, CUR, known for its antimicrobial and antiox-
idant properties, is chemically grafted with SMA (a well-
dispersed nucleating agent) to synthesize the modifier CUR
—-SMA. Subsequently, PBAT/CUR-SMA functional packaging
films with enhanced bonding are prepared using blown film
extrusion technology. The focus of this research is to investi-
gate the mechanical properties, water vapor barrier properties,
oxygen barrier properties, antibacterial and antioxidant char-
acteristics, and biodegradability, as well as the fresh-keeping
effect of the PBAT/CUR-SMA composite films from an applica-
tion standpoint. The findings reveal that the tensile strength of
the PBAT/CUR-SMA films is significantly improved compared
to both PBAT and PBAT/0.5%CUR. The PBAT/0.5%CUR-SMA
film demonstrates superior water vapor barrier performance
and oxygen barrier properties. Additionally, the PBAT/CUR
-SMA films exhibit robust antibacterial activity against
S. aureus and outstanding antioxidant properties. The PBAT/
CUR-SMA composite film retains the biodegradability of PBAT
well so that the film cannot be recycled. To assess the films’
practical application in fresh-keeping, strawberries, apples,
and oyster mushrooms were used as model systems. The
results convincingly demonstrate the PBAT/CUR-SMA film’s
exceptional performance in preserving the freshness of these
fruits and vegetables. This study lays a foundational concept
for the development of active packaging materials designed
for fruit and vegetable fresh-keeping, utilizing the functio-
nalized PBAT/CUR-SMA composite material that incorpo-
rates the natural antibacterial agent CUR and the epoxy
crosslinking agent SMA.
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