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Abstract
Oceans and soils have been contaminated with traditional plastic due to their lack of degradability.
Therefore, green biopolymer composites reinforced with cellulose nanocrystal-zinc oxide hybrids (ZnO
hybrids) with good biodegradation ability provide a positive impact on reducing environmental
challenges. In this work, the effect of various morphologies of ZnO hybrids on the biodegradation ability
of poly(butylene adipate-co-terephthalate), PBAT) under seawater, soil burial, and UV aging conditions
were investigated. Sheet-like ZnO hybrids (s-ZnO hybrid) could e�ciently enhance mechanical, UV-
blocking properties and biodegradation ability of PBAT. Compared to neat PBAT �lms, the best tensile
strength of PBAT nanocomposite with 2 wt.% s-ZnO hybrid was increased by 15.1%, meanwhile this
nanocomposite �lms showed the highest biodegradation rate after 80 days of soil degradation and 90
days of seawater degradation. Besides, three possible biodegradation mechanisms of green PBAT
nanocomposite �lms were presented, hinting that such PBAT nanocomposite have great promising
packaging applications.

Highlights
PBAT nanocomposites with various morphologies of CNC-ZnO hybrids are prepared

UV shielding and mechanical properties were improved by adding various CNC-ZnO hybrids

Sheet-like CNC-ZnO hybrids gave the best reinforcing e�ciency on PBAT than other hybrids

Three possible biodegradation mechanisms of PBAT nanocomposites are provided

Introduction
In earlier 2021, China has announced that single-use plastic bags from non-degradable polymers would
be banned across all cities. Particularly food packaging industry should minimize the use of single-use
plastic items by 30%. Our oceans and soils have been contaminated with plastic due to their lack of
degradability leading to serious plastic pollution (white pollution) (Geyer et al. 2017). Besides, non-
degradable polymers such as polyethylene (PE), polypropylene (PP), polystyrene (PS) have widely used in
food packaging materials and ultimately accumulate in the bodies could seriously cause damaging
effects on human health (Mohanty et al. 2000; Kumagai et al. 2019). As a result, the development of fully
biodegradable food packaging materials aimed at the replacements of non-degradable is to be
prospective (Haider et al. 2019; Wang et al. 2021). Numerous biodegradables have already been used in
packaging materials, among which PBAT polymer is mostly used due to biodegradability, and extreme
�exibility (Mohammadi et al. 2020). However, low mechanical resistance, weak UV-blocking, and
especially unclear degradation mechanism hindering their wide usages in food packaging application
(Moustafa et al. 2017; Ye et al. 2020).

Recently, natural cellulose nanocrystals (CNC) with high strength and excellent biodegradability were
believed as ideal reinforced agent to enhance the mechanical strength and biodegradability rate of PBAT
(Lai et al. 2020), but neat CNC cannot endow the PBAT with UV-blocking performance, which will affect
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its lifetime for packaging materials. Fortunately, some metal, metal oxide, or plant such as (rosin,
graphene oxide (GO), chitosan, zinc oxide (ZnO) and so on) (Xing et al. 2019; Khan et al. 2020; Li et al.
2020a) were functionalized into CNC as hybrids materials into the polymer matrix to provide functional
nanocomposites with excellent UV shielding and enhance biodegradability. Especially, among all the
hybrids, CNC-ZnO hybrids show more excellent antimicrobial, photocatalytic activity, ultrahigh UV
shielding properties, which can act as reinforcing agent to improve properties of biopolymers reported by
our research groups (Abdalkarim et al. 2018; Wang et al. 2019). However, to our knowledge, no study has
investigated the biodegradability behavior of PBAT nanocomposite �lms with different morphological of
CNC-ZnO hybrids namely (ZnO hybrids) under soil burial, seawater, and UV aging conditions.

Therefore, this present study designed and fabricated various morphologies of ZnO hybrids namely (r-
ZnO, d-ZnO, and s-ZnO hybrids) and then introduced into PBAT matrix through solution casting. Moreover,
the effect of various ZnO hybrids on the thermal stability, UV shielding, and mechanical properties of
resultant PBAT nanocomposite �lms were evaluated. More importantly, the biodegradation ability and
mechanism of neat PBAT and PBAT nanocomposites with various ZnO hybrids under soil burial,
seawater, and UV aging conditions were also studied, which provides a theoretical basis for
environmentally friendly food packaging materials in the future.

Experimental Section

Materials
Commercial Microcrystalline cellulose (MCC) was purchased from Shanghai Chemical Reagents
(Shanghai, China). The citric acid (C6H8O7), sodium hydroxide (NaOH), zinc chloride (ZnCl2), chloroform
(CHCl3), was purchased from Aladdin biochemical Polytron Technologies Inc. Hydrochloric acid (HCl)
was supplied by Hangzhou Shuanglin Chemical Reagent Company. Poly (butylene adipate-co-
terephthalate) (PBAT, Mn = 1.0 ×105) was supplied by Xinfu Pharmaceutical Co. Ltd, all materials were
used as received without further puri�cation.

Synthesis of ZnO hybrids
CNC was prepared by our previous synthesis method, using citric acid (C6H8O7)/hydrochloric acid mixed
hydrolysis of MCC. For the preparation of CNC-ZnO hybrids namely (ZnO hybrids), 0.04 g of CNC (dried
powder) and 0.2726 g of ZnCl2 were dissolved in 40 mL deionized water, then, under continuous stirring,
the pH value of the mixture was adjusted to 7 by using NaOH solution (0.5mol/L). After that When the
mixture was heated to 80°C, NaOH solution (0.1 mol/L) was added dropwise to adjust the pH to 10.3 and
10.5, respectively. Finally, transfer the mentioned solution to two 40mL screw-covered glass bottles,
stored at 80°C for 24 h in an oven. Under these conditions, rice-like and rod-like ZnO hybrids were
obtained, the resulting hybrids were designated as r-ZnO, and d-ZnO hybrids according to the structure of
nanoparticles, respectively. For sheet-like ZnO hybrids, about (5.0 mmol) ZnCl2, 10 g CNC suspension (4.5
g/L), and NaOH (15.0 mmol), were added into screw-capped glass vials, then the mixture was added to
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25 mL deionized water with strong stirring at room temperature, and stored at 80°C for 24 h in an oven.
Finally, the sheet-like ZnO hybrids were washed several times with deionized water and dried at 60°C for
12 hours, the resulting hybrids were designated as s-ZnO hybrids.

Fabrication of nanocomposites
The PBAT nanocomposite �lms with ZnO hybrids were prepared by the solution casting method. In brief,
the mass ratio of PBAT to chloroform was 1:9, for a certain amount of PBAT around were completely
dissolved in chloroform under 70 ℃ water bath conditions. The resultant PBAT solutions were used as
the working solution for nanocomposite �lms. After that ZnO hybrids with different morphologies with a
mass fraction of 2% (based on the weight of PBAT) were dispersed in chloroform under ultrasonic
treatment for 30 min. The resultant ZnO hybrids suspension is added to the PBAT solutions, until a
uniform dispersion was obtained the mixture solution was stirred under ambient conditions for 24 hours,
and then coated solution evenly on the glass. The PBAT nanocomposite �lms with a thickness of about
30–40 µm were obtained which were named PBAT, r-ZnO, d-ZnO, s-ZnO. Characterizations of ZnO hybrids
and their nanocomposites including �eld emission scanning electron microscopy (FE-SEM), UV − vis
spectrophotometer, Fourier transforms infrared spectroscopy (FTIR), Thermal gravimetric analysis (TGA),
and Tensile tests are provided in Supporting Information.

Characterization
Soil burial degradation was carried out at the soil about 10 cm deep from the ground under the cypress
trees of Zhejiang Sci-Tech University according to our previously reported methods (Wang et al. 2019).
The PBAT nanocomposite �lms with an area of 32 cm2 were dried in an oven at 60°C for 24 h before
degradation. Regularly, the samples were taken out, washed by deionization water, and weighed again
after being dried at 60°C for 24 h. The weight loss of PBAT nanocomposite �lms in soil was calculated
using the following:

where ma is the mass of samples before soil degradation, mb is the mass of samples after degradation.

Seawater degradation behavior: the samples (3×3 cm2) of PBAT nanocomposite �lms were sealed in a
glass tube with 30 mL of homemade seawater which was made by deionized water and sea salt
extracted from natural seawater. The height of the seawater was recorded with a scale, speci�c
environment in homemade seawater was based on the indoor temperature and lighting environment. Due
to the continuous evaporation of the water body during the experiment, the method of supplementing
distilled water was used to maintain the height of the water surface. To maintain the salinity of the water
body, the homemade seawater was changed every half a month. Similarly, the samples were washed and
dried at regular intervals to evaluate the effect of seawater degradation of PBAT nanocomposites. The
weight loss of PBAT nanocomposite �lms in seawater was calculated using the above eq.
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The ultraviolet aging of PBAT nanocomposite �lms was conducted in a UV irradiation oven. The samples
(3×3 cm2) were exposed to UV lamps that the temperature was adjusted at 60°C. All samples are exposed
on the same side of the UV lamp. To analyze the process of UV aging, the PBAT nanocomposite �lms
were UV aged for 8, 16 weeks, separately.

Results And Discussion

Morphology observation
The morphologies structure of CNC and ZnO hybrids were shown in (Fig. 1a-d). In Fig. 1a, the shape of
neat CNC is a nanorod with a diameter of 11.3 mm and a length of 187.2 ± 21 nm. The monomer zinc
hydroxide Zn (OH)2 was formed by the combination of anion OH− and cation Zn2+, and Zn (OH)2

dehydrates to form elementary particles of zinc oxide (ZnO). Under this system, the COO− from carboxyl
groups on the CNC template repelled each other with OH− and competed to attract the cationic Zn2+,
different morphologies of ZnO hybrids were obtained which was due to the different ratio and
concentration of the OH− and the carboxylate anion (COO−) from carboxyl groups on the CNC template
(Guan et al. 2019). When the OH− concentration was low (pH = 10.3), the r-ZnO hybrids was uniformed
with the diameter of 90–500 nm, the length of 230–1500 nm (Fig. 1b). With the increasing of
OH−concentration, the d-ZnO hybrids with average diameter of 80 ± 20nm, average length of 220 ± 30 nm
was obtained (Fig. 1c). And as shown in Fig. 1d, the s-ZnO hybrids with average length of 290–830 nm,
the average diameter of 206 ± 15 nm, and the sheet thickness of 40–68 nm were found.

The cross-section morphologies of neat PBAT and PBAT nanocomposite �lms are shown in (Fig. 1e-h).
As we know, the dispersion of hybrids in the polymer has a great in�uence on improving its performance
(Xu et al. 2016). As shown in Fig. 1e, neat PBAT �lm showed a smooth fracture surface without any
�llers. All nanocomposite �lms had a relatively smooth cross-section, which indicated that ZnO hybrids
had good dispersibility within the PBAT matrix. It was clear that the s-ZnO hybrids were dispersed more
homogeneously in the PBAT matrix, compared with other nanocomposites, which was attributed to the
strong intermolecular interaction between the PBAT matrix and the s-ZnO hybrids with the larger speci�c
surface area.

Chemical structure and thermal properties
The FTIR spectra of neat PBAT and PBAT nanocomposite �lms are shown in (Fig. 2a, b). The neat PBAT
spectrum displayed characteristic bands at 1452, 1409, 1386, and 1358 cm− 1, attributing to the
phenylene stretching group (Cai et al. 2013). Also, the absorption peak at 2950 cm− 1 was assigned to C-H
asymmetric stretching modes of CH2 groups and aromatic ones. The peak of the ester carbonyl (C = O)

stretching vibration was located at 1719 cm− 1 (Han et al. 2020). Besides, the peaks appearing between
1269 and 1101 cm− 1 were assigned to the asymmetric and symmetric stretching of the C-O group, and
the peak at 728 cm− 1 correspond to the four consecutive methylene groups of PBAT matrix (Mohanty
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and Nayak 2012; Tavares et al. 2018). Compared to neat PBAT, a new peak at 452 cm− 1 of PBAT
nanocomposite �lms was obtained that was ascribed to ZnO stretching vibration, which demonstrated
that ZnO hybrids were effectively introduced to the PBAT matrix (Arputharaj et al. 2017).

Peak deconvolution for the PBAT nanocomposite �lms with ZnO hybrids was shown in (Fig. 2b, and Fig.
S1), and the FH‐CO value was obtained through curve-�tting of Gauss-Lorentz spectral function (Fig. 2a)
(Yu et al. 2017). PBAT nanocomposite �lms showed the highest FH‐CO by adding s-ZnO hybrids, indicated
that more hydrogen bonds were formed between the hydroxyl group of the s-ZnO hybrids and the
carbonyl group of the PBAT matrix, which was mainly due to the better dispersion of s-ZnO hybrids in the
PBAT matrix.

The thermal stability of neat PBAT and its nanocomposite �lms were evaluated through TGA and DTG.
As shown in (Fig. 2c, d), neat PBAT gave a single thermal degradation peak between 330°C and 530°C,
while PBAT nanocomposite �lms had a two-step degradation process with two lower DTG peaks. The
�rst degradation process with initial degradation temperature (T0) of approximately 259.9°C and
maximum degradation temperature (Tmax) of about 380.2°C was attributed to thermal degradation of
cellulose as reported that the degradation temperature of cellulose at 200–360°C (Sai and Mitra 2020).
The temperature of PBAT nanocomposite �lms was lower than that of neat PBAT, owing to the high
thermal conductivity and catalytic properties of ZnO hybrids (Lizundia et al. 2016).

Mechanical property
It was well known that the dispersion state of the �ller, the crystallinity of the matrix, and the interaction
between the �ller and the matrix affect the mechanical properties of the biopolymer composites (Diez-
Pascual and Diez-Vicente 2014; Venkatesan and Rajeswari 2017). The mechanical properties of PBAT
nanocomposite �lms were evaluated by tensile tests, and the typical stress-strain curves are shown in
Fig. 2e. The tensile strength of neat PBAT was about 11.60 MPa, and the tensile strength increased with
the addition of ZnO hybrids, which indicated that the mechanical properties of PBAT nanocomposite
�lms were improved by incorporating rigid ZnO hybrids at lower concentrations. Compared with other
nanocomposites, PBAT nanocomposite �lms with s-ZnO hybrids showed the highest tensile strength up
to (13.35 MPa), the tensile strength increased by 15.1%, which could be due to the uniform dispersion of
s-ZnO hybrids in the PBAT matrix, stronger interfacial adhesion, and increased crystallinity, which were
supported by SEM, FTIR and DSC results (Fig. 1h, Fig. 2b, and Fig. S2).

On the other hand, ZnO hybrids with different morphologies induced obvious changes on the toughness
of the PBAT matrix. The strain at break was improved by adding d-ZnO hybrids. However, the strain of the
PBAT nanocomposite �lms with r-ZnO hybrids was signi�cantly reduced by 4%, due to its
inhomogeneous dispersion and partial agglomeration in the PBAT matrix, which limited the ductile �ow
of the polymer chains. This phenomenon indicated that the dispersion of hybrids had a greater effect on
the �exibility of nanocomposites.

Optical performance
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The optical properties of the PBAT nanocomposite �lms in the range of 200–800 nm were shown in
Fig. 3 The neat PBAT �lm had the highest transparency with the transmittance of 75% at 800 nm, while
the transmittance for PBAT nanocomposite �lms was still as high as 73% at the wavelength of 800 nm
that indicated the ZnO hybrids had a good dispersion in the PBAT matrix. As for UV barrier properties,
neat PBAT had a poor performance in the UVA range (320-400nm) but absorbed almost UVB light (280–
320 nm) of 94% and all the range below due to the carbonyl functions and conjugated double bonds of
PBAT matrix (Masson et al. 2004).

The addition of ZnO hybrids improved the UV barrier properties of the UVA region (320-400nm) as shown
in Table 1. The PBAT nanocomposite �lms with s-ZnO and d- -ZnO hybrids absorbed 69.1%, 59.3% of UVA
light, respectively, which was due to the ZnO has unique electro-optical properties and e�cient UV
absorption capabilities with a wide bandgap (corresponding to 376 nm), that the matches or exceeds its
bandgap energy can be absorbed (John et al. 2011). It can be seen from Table 1 the UPF value of neat
PBAT was about 6.24, and the nanocomposite �lms had the highest UPF value (12.36) after adding the s-
ZnO hybrids, while the UPF value of PBAT nanocomposite �lms with r-ZnO hybrids was only improved by
32%, which was attributed to the agglomerates of r-ZnO hybrids in PBAT matrix (Rajagopalan and
Khanna 2013).

Table 1
Percentage of Blocking from UVA and UVB

radiation and UPF values of neat PBAT and PBAT
nanocomposite �lms with various morphologies

ZnO hybrids
Samples Percentage blocking UPF value

UVA UVB

PBAT 48.02% 94.02% 6.24

Rice-like 59.28% 95.63% 8.29

Rod-like 66.17% 95.81% 9.58

Sheet-like 72.25% 96.70% 12.36

Soil burial and seawater degradation behavior
To study the degradation of PBAT nanocomposite �lms in soil, the PBAT nanocomposite �lms were
characterized by weight loss, SEM, and FTIR before and after degradation. The weight loss of neat PBAT
and PBAT nanocomposite �lms after degradation in the soil can be seen in Fig. 4a. The result showed
that the weight loss of all PBAT �lms increased with time, which indicated that all the �lms had been
degraded. However, after 80 days of degradation in the soil, the weight loss of neat PBAT was only about
2%, which was the lowest of all samples, similar results have been reported in the literature (Pinheiro et al.
2017). And it can be observed that the PBAT nanocomposite �lm with s-ZnO hybrids showed a faster
degradation rate, owing to the higher speci�c surface area of s-ZnO which were helpful to contact with
water to accelerate the degradation.
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The weight loss of neat PBAT and PBAT nanocomposite �lms after degradation in seawater was shown
in Fig. 4b. Neat PBAT showed minimal degradation after 90 days only about 1.2%. The PBAT
nanocomposite �lm was degraded by about 5.23% after 90 days by adding s-ZnO hybrids. Compared
with the soil degradation, the degradation of PBAT �lms in seawater was slower, mainly due to the
characteristics of the marine environment (high salinity, dilute nutrients, and fewer bacterial colonies).
Therefore, hydrolytic degradation was the main method for PBAT degradation in seawater.

The SEM micrographs of neat PBAT and PBAT nanocomposite �lms showed changes in morphology and
appearance after 80 days of degradation (Fig. 6a). It can be found that after 80 days of degradation, the
surface of all PBAT �lms became very rough, which indicated that the PBAT nanocomposite �lm has
been degraded. Impressively, compared to neat PBAT, many corrosive holes with some cracks were
observed of the PBAT nanocomposite �lms, some factors can explain this: on the one hand, the
hydrophilic property of ZnO hybrids can make water accumulate and promote hydrolysis (Fig. 6b). On the
other hand, CNC provided nutrients for microorganisms in the soil and promotes the decomposition of the
nanocomposite �lms by microorganisms (Someya et al. 2007; Pinheiro et al. 2017). And that the Zn2+

would be generated when ZnO encountered acidic substances in the soil, thereby more pores were formed
in the PBAT matrix which accelerated the biodegradation rate of the PBAT nanocomposite �lms (Fig. 5).

After 90 days of degradation in seawater, the SEM micrograph of the neat PBAT and PBAT
nanocomposite �lms was shown in Fig. 6c. The surface of all PBAT �lms became rough, especially a lot
of grooves on the surface of the PBAT nanocomposite �lms were observed. However, there were almost
no cracks in the neat PBAT �lm that could be observed, which could be attributed to the fact that the
seawater cannot easily penetrate the highly ordered crystalline regions of PBAT and the hydrolytic
degradation mainly dependent on the structure of the amorphous region (Laycock et al. 2017;
Venkatesan et al. 2018). The expansion and the stress of PBAT nanocomposite �lms would be generated
by the absorption of water on the amorphous crystal interface, which led to the generation of
microbubbles and further degradation. In particular, the surface of the nanocomposite �lms was severely
corroded with many pores scattered on the surface, perhaps this was due to the simple fact that ZnO
hybrids provided the sites for seawater to enter the PBAT nanocomposite �lms (Li et al. 2020b)and that
the ZnO hybrids were immersed in seawater and caused swelling to provide the larger surface area to
promote hydrolytic degradation (Fig. 5).

To further understand the degradation mechanism of PBAT nanocomposite �lms in soil and seawater,
the chemical structure changes before and after degradation of PBAT nanocomposite �lms were
analyzed by FTIR (Fig. 4c, d), represented by neat PBAT and nanocomposite membranes added with s-
ZnO. Since hydrolysis was one of the initial processes of biodegradation, the ester bond was randomly
broken along with the hydrolysis. Therefore, whether it was soil degradation or seawater degradation, it
was initially through hydrolysis. And it can be analyzed by hydroxyl (O-H) and carbonyl (C = O) groups to
study the mechanism of PBAT degradation. As shown in (Fig. 4c, d), the hydroxyl peak of neat PBAT and
PBAT nanocomposite �lms were enhanced after soil degradation or seawater degradation, while the C = O
(1740cm− 1) peak weakens. However, compared to seawater degradation, it can be observed that the
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chemical structure of all PBAT �lms after soil degradation changed more obviously (Fig. 4c), which was
mainly attribute to that, in soil degradation, the ester bond of PBAT was more easily destroyed by the
action of water, oxygen, and microorganisms. Eventually, PBAT �lms were degraded and completely
decomposed into carbon dioxide and water (Venkatesan et al. 2018; Zumstein et al. 2018).

Ultraviolet aging behavior
According to literature reports, PBAT with two different types of photosensitive groups (benzene ring, and
carbonyl group) led to the chain scission through the Norrish I or Norrish  reaction during UV aging.
Besides, after the formation of free radicals through Norris I reaction, there was a photooxidation process
(Al-Itry et al. 2012). That can be proved by the changes of characteristic peaks (C-O, C = O) of PBAT in the
FTIR spectrum (Fig. 7a) (Zhu et al. 2019). The positions of pure PBAT and PBAT nanocomposite �lms
have not changed signi�cantly after UV aging, while the peak intensity was changed. After 16 weeks of
UV aging, the absorption peak intensity of C = O at 1719 cm− 1 and C-O at 1269 cm− 1 were both
decreased, which indicated that after UV aging, part of C-O bonds in the PBAT molecular chain were
broken to form free radicals, while cracking and oxidation occurred in the part C-O bonds of PBAT matrix
under UV light irradiation, and after that free radicals was formed and CO2 was released (Fig. 7b)
(Kijchavengkul et al. 2011). Among them, the absorption peak intensity of PBAT with s-ZnO hybrids
changed more obviously, which is mainly due to ZnO catalyzed the photodegradation.

That can also be further proved by the SEM (Fig. 7c-e). With the increase of the UV light irradiation time,
the surface of the pure PBAT and PBAT nanocomposite �lm became rough. At the same time, many
cracks can be observed on the surface of the �lms after 16 weeks of UV aging, which can be attributed to
the cleavage of the PBAT chain and the cross-linking reaction during the UV aging process. In particular,
more holes of PBAT nanocomposite �lms with s-ZnO can be observed after 16 weeks of UV aging, which
was consistent with the FTIR results (Fig. 7a), proved that the fastest photodegradation rate was
obtained for PBAT nanocomposite �lms with s-ZnO hybrids.

Conclusion
In this study, neat PBAT and PBAT nanocomposite �lms were successfully prepared in order to study the
effect of different morphology of ZnO hybrids on the mechanical, UV-blocking properties and
biodegradability of PBAT nanocomposite �lm. The s-ZnO hybrids had the most obvious impact on the
performance of the PBAT nanocomposite �lms, in which the values of UPF were increased up to 12.4 and
the tensile strength was increased by 15.1%. In particular, degradation ability of PBAT nanocomposite
�lms with ZnO hybrids has been signi�cantly improved, mainly due to the hydrophilicity of CNC to
accelerate the hydrolysis of ester bonds and CNC and thus provide the nutrients for microorganisms. This
work presents the possible biodegradation mechanisms for green packaging materials of PBAT
nanocomposite �lms under seawater, soil burial, and UV aging conditions.
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Figures

Figure 1
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SEM micrographs of (a) CNCs and ZnO hybrids: (b) r-ZnO hybrids (c) d- ZnO (d) s-ZnO, and cross-sections
of nanocomposites: (e) PBAT (f) r-ZnO (e) d-ZnO (h) s-ZnO.

Figure 2

2 (a) FTIR spectra, (b) Peak deconvolution for the nanocomposites with s-ZnO, (c) TGA, (d) DTG curves,
(e) Tensile strength of neat PBAT and PBAT nanocomposite �lms (the inset photographs of tensile test
for neat PBAT shown in the direction).
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Figure 3

(a) Variation of transmittance (b) UV–vis diffuse re�ectance spectra of neat PBAT and PBAT
nanocomposite �lms with ZnO hybrids.
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Figure 4

Weight loss of PBAT nanocomposite �lms after being degraded (a) in soil (b) in seawater, FTIR
absorbance spectra of neat PBAT and PBAT nanocomposite �lm with s-ZnO before and after degradation
(c) in soil (d) in seawater.
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Figure 5

The schematic diagram of degradation process in soil and in seawater.
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Figure 6

FE-SEM micrographs of neat PBAT, and PBAT nanocomposite �lms with different morphologies ZnO
hybrids (a) after degradation in soil, (b) their contact angle, (c) after degradation in seawater
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Figure 7

(a) FTIR spectra of neat PBAT and the PBAT nanocomposite �lms with s-ZnO hybrids before and after UV
aging for 16 weeks (b) the schematic diagram of UV aging, FE-SEM micrographs of neat PBAT, and the
PBAT nanocomposite �lms after being degraded for (c) 4 weeks (d) 8 weeks, and (e) 16weeks of UV
aging.
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