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Abstract
Biodegradable nanocomposites were successfully synthesized using the maleic acid-grafted poly(butylene adipate-co-tere-
phthalate) (g-PBAT) and organically modified layered zinc phenylphosphonate (m-PPZn), containing covalent linkages 
between g-PBAT and m-PPZn. Differential scanning calorimetry, wide-angle X-ray diffraction (WAXD), and transmis-
sion electron microscopy (TEM) were used to determine the crystallization behavior and morphology of g-PBAT/m-PPZn 
nanocomposites. The isothermal crystallization kinetics of g-PBAT/m-PPZn nanocomposites was determined using the 
Avrami equation. It was found that the half-time for the crystallization of the neat g-PBAT matrix is larger than that of 
g-PBAT/m-PPZn nanocomposites. This result suggests that the incorporation of m-PPZn can improve the crystallization rate 
of nanocomposites. The WAXD and TEM data illustrate that most of the m-PPZn layered materials are partially intercalated 
or exfoliated in the g-PBAT matrix. As the enzyme, lipase from Pseudomonas sp. was used for the enzymatic degradation 
tests. The degradation rates of the neatly fabricated g-PBAT copolymers using the heat pressing technique increase in the 
order of g-PBAT-80 > g-PBAT-50 > g-PBAT-20. The growing degradation rate of g-PBAT-80 is due to the growing amount 
of the adipate acid group and the increasing chain flexibility of the polymer backbone. Moreover, the increasing loading of 
m-PPZn enhances the weight loss of nanocomposites, suggesting that the existence of m-PPZn enhances the degradation of 
g-PBAT copolymers. The degradation rate of the freeze-drying samples containing a highly porous structure is greater than 
those prepared using the heat pressing technique.
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Introduction

Aliphatic–aromatic copolyesters have received consider-
able attention mainly because their polymer backbones 
contain favorable biodegradability of the aliphatic unit and 
outstanding physical properties of the aromatic unit [1, 2]. 
Among these aliphatic–aromatic copolyesters, poly(butylene 
adipate-co-terephthalate) (PBAT) is synthesized through 
transesterification and polycondensation using 1,4-butan-
ediol, adipic acid, and terephthalic acid or dimethylene 
terephthalate [3–6]. PBAT contains excellent thermal and 

mechanical properties compared with those of poly(butylene 
succinate-co-adipate) (PBSA) [7, 8]. The addition of inor-
ganic reinforcement to PBAT can improve its thermal and 
mechanical properties [9, 10].

Zhang et al. studied the effect of additional sugar beet 
pulp (SBP) on the morphology, rheology, and mechani-
cal properties of PBAT/SBP blends [9]. Their experimen-
tal results showed that the incorporation of SBP into the 
PBAT matrix can enhance its tensile strength and modulus. 
Moustafa et al. demonstrated that the PBAT composites 
can be a potential candidate for food packaging applica-
tions [11]. However, only a previous study has discussed 
the enzymatic degradation behavior of PBAT copolymer [4]. 
To the best of our knowledge, no report has yet discussed the 
effect of the inorganic reinforcement on the crystallization 
behavior and enzymatic degradation of PBAT copolymer. 
Thus, the enzymatic degradation behavior of PBAT copoly-
mer with the inorganic reinforcement is worth investigating.
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Recently, the two-dimensional layered zinc phenylphos-
phonate (PPZn) has aroused considerable interest owing 
to the increasing crystallization rates of various polymers 
[12–14]. In our previous study, the biocompatible, nontoxic, 
and dual functional groups of 1, 12-dodecanediamine were 
utilized to prepare the organically-modified PPZn (o-PPZn) 
using the coprecipitation method [15]. A series of new bio-
degradable maleic acid-grafted poly(butylene adipate-co-
terephthalate) (g-PBAT)/o-PPZn nanocomposites contain-
ing various weight ratios of o-PPZn were first reported and 
successfully synthesized with the covalent linkages between 
g-PBAT and o-PPZn. This experimental approach is crucial 
to prepare the porous g-PBAT nanocomposites without the 
phase separation of g-PBAT and o-PPZn.

In this report, 1, 6-diaminohexane, used as an organic 
modifier to enlarge the interlayer distance of PPZn 
(m-PPZn), was mixed with g-PBAT using the same meth-
odology presented previously [15]. The enzymatic degrada-
tion and crystallization behaviors of various weight ratios 
of g-PBAT/m-PPZn nanocomposites were investigated. The 
effect of inorganic reinforcement on the morphology, crys-
tallization behavior, and enzymatic degradability of biocom-
patible g-PBAT/m-PPZn nanocomposites was investigated. 
Finally, the porous structure of g-PBAT/m-PPZn nanocom-
posites was fabricated using the freeze-drying process. The 
effect of the porous structure on the enzymatic degradation 
behavior was also investigated.

Experimental

Materials

Adipate acid (AA), lipase from Pseudomonas sp., maleic 
acid (MA), phenylphosphonic acid, and zinc nitrate 
were obtained from Sigma-Aldrich Chemical Company., 
1,4-butanediol (BD), 1, 6-diaminohexane, dimethylene 
terephthalate (DMT), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), tetrabutyl titanate, and titanium(IV) 
butoxide were acquired from Alfa Aesar Chemical Com-
pany. Benzoyl peroxide was obtained from Fluka Chemical 
Company. 1, 4-Dioxane was purchased from Macron Fine 
Chemicals. All chemicals were used as received.

Fabrication of g‑PBAT/m‑PPZn Nanocomposites

Various molar ratios of g-PBAT-20, g-PBAT-50 and 
g-PBAT-80 were fabricated, grafted and reported previ-
ously [15]. In brief, desired amounts of AA, BD, DMT, 
and titanium(IV) butoxide as a catalyst were heated 
at 160 °C for 1 h, and then heated to 190 °C for 2 h to 
entirely distill water and methanol, and finally heated to 
220 °C for 4 h in a vacuum of about 60 Pa. The PPZn and 

1, 6-diaminohexane-modified PPZn (m-PPZn) were synthe-
sized using the experimental method reported previously 
[16, 17]. For the fabrication of PPZn, the phenylphosphonic 
acid and zinc nitrate was individually dissolved in deionized 
water (DI-water) and mixed together followed by the addi-
tion of 0.1 M aqueous NaOH to reach pH 6. The prepared 
sample was filtered, washed, and dried at 60 °C for 3 days. 
Intercalation of 1, 6-diaminohexane was carried out by mix-
ing about 0.2 g of PPZn with 20 ml 1, 6-diaminohexane at 
room temperature for 5 days. The resulting white solid was 
separated by filtration and dried at 60 °C for 10 h. Three 
weight ratios of g-PBAT/m-PPZn nanocomposites were 
synthesized with covalent bonds between the polymer and 
inorganic materials using the same methodology investi-
gated in previous report [15]. To fabricate the specimens for 
further analyses, the 0.5 g g-PBAT/m-PPZn nanocompos-
ites were heat pressed at the temperature about 20 °C above 
corresponding melting temperatures. For the preparation of 
porous structure used in the enzymatic degradation test, the 
0.5 g g-PBAT/m-PPZn nanocomposites were dissolved in 
100 ml 1, 4-dioxane. Since the g-PBAT-20 can’t fully dis-
solve in 1, 4-dioxane, the following preparation was carried 
out for the g-PBAT-50, g-PBAT-80 and their related nano-
composites. The mixed solution poured into a polypropylene 
test tube, which was gradually moved at a rate of 6.8 mm/
min into a liquid nitrogen bath to solidify the mixed solution. 
After entirely freezing the solution, the solidified specimen 
was freeze-drying for 48 h.

Methods

The isothermal crystallization behavior was obtained by a 
PerkinElmer Pyris Diamond differential scanning calorim-
etry (DSC, Waltham, MA, USA). All experiments measured 
under a nitrogen atmosphere were heated at a heating rate 
of 10 °C/min to a selected temperature, which was about 
20  °C above corresponding melting temperature (Tm

0). 
The samples held for 5 min to eliminate the thermal his-
tory were then immediately cooled to proposed isothermal 
crystallization temperatures (Tcs) and held to completely 
finish the isothermal crystallization. The enthalpy of fusion 
(ΔHf) recorded by heating scan was used to calculate the 
degree of crystallinity (Xc) according to a previous report 
[15]. Avrami equation was used to determine the isothermal 
crystallization kinetics and could be illustrated as follows: 
[18, 19]

where Xt is relative degree of crystallinity at crystalliza-
tion time t, k is the crystallization rate constant, and n is the 
Avrami exponent. Equation (1) can be transferred into its 
natural logarithm form as follows:

(1)1 − X
t
= exp(−ktn),
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The half-time of crystallization, t1/2, is the time at 
which the Xt is equal to 50%, which is identified using 
Eq. (3).

Wide-angle X-ray diffraction (WAXD) experiments 
were operated using an X-ray diffractometer (Bruker 
D8, Karlsruhe, Germany) with Ni-filtered Cu Kα radia-
tion source. The diffraction patterns were obtained in 
the range of 2θ = 1.5°–30° at a scanning rate of 1°/min. 
The measurement of transmission electron microscopy 
(TEM) was carried out using JEOL JEM-2010 (Tokyo, 
Japan). Samples of TEM measurements were prepared by 
a Reichert Ultracut ultramicrotome.

For the enzymatic degradation, the heat pressing and 
freeze-drying samples were cut into 10 mm × 10 mm. The 
average thickness of the samples is about 0.1 mm. The 
weights of the heat pressing and freeze-drying samples 
were about 20 and 5 mg, respectively. The test samples 
were performed using 24-well plates with 1 ml/mg lipase 
from Pseudomonas sp. The 1 ml/mg lipase from Pseu-
domonas sp. was distributed evenly to a 24-well plate 
in which the g-PBAT/m-PPZn nanocomposites were 
placed in each well. The 24-cell plate was then placed 
in a shaking incubator at 37 °C, 100 rpm, and 50% rela-
tive humidity (RH). The PBAT-80 and its related nano-
composites samples were removed at 12, 24, 36, 48, 
and 60 h, washed with DI-water and vacuum dried. The 
samples of PBAT-50, PBAT-20, and their related nano-
composites were removed at 3, 6, 9, 12, and 15 days, 
washed with DI-water and vacuum dried. The amount 
of enzymatic degradation was evaluated using the equa-
tion: Wweight loss (%) = 100[(W0 − Wt)/W0], where W0 is the 
initial weight of a sample and Wt is the weight of a test 
sample after a choice of degradation times. The average 
values of experimental data shown here are obtained 
from at least three measurements. After the enzymatic 
degradation, the gel permeation chromatography (GPC; 
Waters 717 PlusAutosampler, Milford, MA, USA) was 
used to determine the.number-average molecular weight 
(Mn), weight-average molecular weight (Mw), and poly-
dispersity PDI = Mw/Mn of the synthesizing polymers and 
composite materials. Polystyrene standards containing 
narrow molecular-weight distributions were employed 
as calibration. Field-emission scanning electron micros-
copy (FESEM) operated on JEOL JSM-6700F (Tokyo, 
Japan) was used to observe the morphologies after the 
enzymatic degradation. All specimens were coated with 
gold to avoid charging.

(2)ln
[

− ln
(

1 − X
t

)]

= n ln t + ln k.

(3)t1∕2 =
(

ln 2

k

)1∕n

.

Results and Discussion

Structure and Morphology of g‑PBAT/m‑PPZn 
Nanocomposites

The X-ray diffraction curves of g-PBAT/m-PPZn nano-
composites displayed in Fig.  1 were used to investi-
gate the structure of nanocomposites. For comparison, 
the X-ray diffraction profile of m-PPZn is also shown 
in this figure. Two diffraction peaks at 2θ = 3.98° and 
7.86° were observed for 5 wt% g-PBAT-80/m-PPZn 
nanocomposites, which contributed to the stacking lay-
ers of m-PPZn [16, 17, 20]. No diffraction peaks were 
observed in the experimental data of the lower incorpora-
tion of m-PPZn. These results suggest a combination of 
intercalated and exfoliated microstructure for g-PBAT-
80/m-PPZn nanocomposites, which is also consistent with 
previous report [21]. Similar structural information was 
also obtained for g-PBAT-50/m-PPZn and g-PBAT-20/m-
PPZn nanocomposites.

Furthermore, the morphology of g-PBAT/m-PPZn nano-
composites was examined using the transmission electron 
microscopy (TEM) technique. Figure 2 demonstrates the 
TEM micrograph of 5 wt% g-PBAT-80/m-PPZn nanocom-
posites. The TEM micrograph shows that the stacking lay-
ers of m-PPZn are partially intercalated or exfoliated within 
the g-PBAT-80 copolyesters. Similar TEM images were 
also recorded for 5 wt% g-PBAT-50/m-PPZn and g-PBAT-
20/m-PPZn nanocomposites. Hence, the partially interca-
lated or exfoliated morphologies of 5 wt% g-PBAT/m-PPZn 

Fig. 1   WAXD patterns of g-PBAT-80, m-PPZn and various weight 
ratios of g-PBAT-80/m-PPZn nanocomposites
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nanocomposites observed using the TEM images are con-
sistent with the wide-angle X-ray diffraction (WAXD) dif-
fraction data.

Isothermal Crystallization Behavior of g‑PBAT/
m‑PPZn Nanocomposites

The isothermal crystallization behaviors of g-PBAT copoly-
mers with different m-PPZn concentrations were investigated 
to evaluate the influences of crystallization temperature (Tc) 
on the crystallization behavior of g-PBAT/m-PPZn nano-
composites. The Avrami plots of g-PBAT-80 and g-PBAT-
80/m-PPZn nanocomposites at various Tcs are presented in 
Fig. 3. All the experimental curves are nearly parallel to each 
other, indicating that the crystallization mechanism is the 
same for g-PBAT-80 and g-PBAT-80/m-PPZn nanocompos-
ites. Similar results were also obtained for g-PBAT-50/m-
PPZn and g-PBAT-20/m-PPZn nanocomposites.

For comparison, Table 1 shows the n-values, k-values, 
and t1/2 at various Tcs for all samples. The value of n char-
acterizes the effectual criteria for the nucleation mecha-
nism and the subsequent development of crystal growth. 
The experimental results indicate that the n-values of 
g-PBAT-80 are in the range of 2.72–3.06. In addition, the 
presence of a mixed growth and nucleation mechanism 

Fig. 2   TEM micrographs of 5 wt% g-PBAT-80/m-PPZn nanocom-
posites

Fig. 3   Avrami plots of a g-PBAT-80, b 1 wt% g-PBAT-80/m-PPZn, c 3 wt% g-PBAT-80/m-PPZn, d 5 wt% g-PBAT-80/m-PPZn nanocomposites
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was used to illustrate the nonintegral n-values [22, 23]. 
Normally, the n-values close to 3.0 are attributed to a 
thermal nucleation mechanism, followed by the develop-
ment of three-dimensional crystal growth. The n-values of 
g-PBAT-80/m-PPZn nanocomposites were found to range 
from 2.34 to 3.07, which are close to those of g-PBAT-80. 
These results suggest that the addition of m-PPZn to 
g-PBAT-80 copolymer does not change the crystallization 
mechanism of g-PBAT-80.

Furthermore, the crystallization kinetics of g-PBAT-80/
m-PPZn nanocomposites can be discussed using the value 
of t1/2, which increases in tandem with an increase in Tc. 
This result reveals that the isothermal crystallization rate 
decreases in tandem with an increase in Tc, which is attrib-
uted to lower supercooling at higher Tc. By adding 1 wt% 
m-PPZn to g-PBAT-80, t1/2, as crystallized at Tc = 21 °C, 
significantly drops from 5.73 to 4.68 min. By adding more 
of m-PPZn to g-PBAT-80, t1/2 continues dropping as the 
content of m-PPZn increases. These results indicate that 
the incorporation of m-PPZn into the polymer matrix, 
served as a heterogeneous nucleating agent, would sig-
nificantly accelerate the crystallization of g-PBAT-80 in 
the nanocomposites.

The n-values, k-values, and t1/2 at various Tcs for 
g-PBAT-50/m-PPZn and g-PBAT-20/m-PPZn nano-
composites are also shown in Table 1. The n-values of 
g-PBAT-50/m-PPZn and g-PBAT-20/m-PPZn nanocom-
posites are in the range of 1.41–2.04 and 1.70–2.35, 
respectively. The crystalline structure of g-PBAT-50 and 
g-PBAT-20 copolymers is in the crystalline form of PBT, 
which contains strict aromatic groups in the polymer back-
bone [15]. Therefore, the inclusion of stiff m-PPZn did 
not considerably influence the g-PBAT-50 and g-PBAT-20 
polymer chains for diffusing and migrating them into the 
packing of PBT crystals.

The crystalline structure of g-PBAT-50/m-PPZn and 
g-PBAT-20/m-PPZn nanocomposites was also determined 
to be in the crystalline form of PBT. When crystallized at the 
same Tc, the t1/2 of g-PBAT-50/m-PPZn and g-PBAT-20/m-
PPZn nanocomposites is lower than that of pure g-PBAT-80. 
With the addition of more m-PPZn to g-PBAT, t1/2 decreases 
in tandem with an increase in the content of m-PPZn. This 
result indicates that the presence of m-PPZn can acceler-
ates the crystallization of PBT in nanocomposites, which is 
consistent with previous investigations [12–14]. The degree 
of crystallinity (Xc) estimated using the enthalpy of fusion 
(ΔHf) of differential scanning calorimetry (DSC) heating 
curve is presented here. The values of Xc are 37.2, 36.9, 
36.2, and 34.5 for g-PBAT-80, 1 wt% g-PBAT-80/m-PPZn, 
3 wt% g-PBAT-80/m-PPZn, and 5 wt% g-PBAT-80/m-PPZn 
nanocomposites, respectively. A similar trend can also be 
observed for g-PBAT-50/m-PPZn and g-PBAT-20/m-PPZn 
nanocomposites.

Table 1   Kinetic parameters of neat g-PBAT and g-PBAT/m-PPZnna-
nocomposites isothermally melt crystallized at various Tc

Sample Tc (oC) n K (min−n) t1/2 (min)

g-PBAT-80 12 3.03 1.99 × 100 0.71
15 2.72 3.34 × 10–1 1.31
18 3.06 3.64 × 10–2 3.04
21 2.96 3.98 × 10–3 5.73

1wt% g-PBAT-80/m-PPZn 12 3.07 2.55 × 100 0.65
15 2.92 4.17 × 10–1 1.19
18 2.53 6.75 × 10–2 2.51
21 2.34 1.87 × 10–2 4.68

3wt% g-PBAT-80/m-PPZn 12 2.73 2.97 × 100 0.59
15 2.38 7.65 × 10–1 0.96
18 2.35 1.90 × 10–1 1.73
21 2.44 2.95 × 10–2 3.34

5wt% g-PBAT-80/m-PPZn 12 2.35 3.12 × 100 0.53
15 2.42 9.43 × 10–1 0.88
18 2.46 2.16 × 10–1 1.61
21 2.70 3.64 × 10–2 3.22

g-PBAT-50 111 1.61 8.88 × 10–1 0.86
114 1.62 4.61 × 10–1 1.29
117 1.69 2.23 × 10–1 1.96
120 1.70 8.75 × 10–2 3.39

1wt% g-PBAT-50/m-PPZn 111 1.75 9.81 × 10–1 0.82
114 1.57 5.10 × 10–1 1.21
117 1.52 3.03 × 10–1 1.73
120 1.41 1.33 × 10–1 2.50

3wt% g-PBAT-50/m-PPZn 111 1.99 2.11 × 100 0.57
114 1.75 7.18 × 10–1 0.98
117 1.73 3.05 × 10–1 1.61
120 1.80 1.93 × 10–1 2.47

5wt% g-PBAT-50/m-PPZn 111 2.04 3.68 × 100 0.44
114 1.96 1.45 × 100 0.69
117 1.86 6.71 × 10–1 1.02
120 1.75 2.54 × 10–1 1.77

g-PBAT-20 176 1.87 8.78 × 10–1 0.88
179 1.71 3.18 × 10–1 1.58
182 1.70 1.74 × 10–1 2.25
185 2.18 2.18 × 10–2 4.90

1wt% g-PBAT-20/m-PPZn 176 1.88 2.81 × 100 0.48
179 2.03 1.04 × 100 0.82
182 2.29 1.98 × 10–1 1.73
185 2.35 2.88 × 10–2 3.87

3wt% g-PBAT-20/m-PPZn 176 2.25 4.68 × 100 0.43
179 2.08 1.17 × 100 0.78
182 2.00 2.67 × 10–1 1.61
185 1.82 7.52 × 10–2 3.39

5wt% g-PBAT-20/m-PPZn 176 2.25 6.36 × 100 0.37
179 2.11 1.71 × 100 0.65
182 2.06 3.07 × 10–1 1.49
185 1.88 7.97 × 10–2 3.17
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Enzymatic Degradation of g‑PBAT/m‑PPZn 
Nanocomposites

For enzymatic degradation, two different fabricating tech-
niques, namely heat pressing and freeze-drying, were utilized 
to generate change in surface morphology. The influences of 
m-PPZn on the enzymatic degradation of g-PBAT/m-PPZn 
nanocomposites were achieved by estimating the weight 

loss, calculating the change in molecular weight (Mw), 
and observing the change in surface morphology. Because 
m-PPZn cannot be degraded by means of lipase, the dif-
ference in weight loss, Mw, and surface morphology after 
enzymatic degradation experiments can be associated with 
g-PBAT copolymers.

The weight losses of g-PBAT-80/m-PPZn nanocompos-
ites using the heat pressing technique are shown in Fig. 4. 
The duration of the enzymatic degradation test depends on 
the time needed for almost the entire degradation of the 
specimens with higher degradation rate. After 60 h of enzy-
matic degradation, the weight loss was 94.26% for 5 wt% 
g-PBAT-80/m-PPZn nanocomposites. With the same deg-
radation period for 5 wt% g-PBAT-80/m-PPZn nanocom-
posites, the weight losses for the neat g-PBAT-80 matrix, 
1 wt% g-PBAT-80/m-PPZn, and 3 wt% g-PBAT-80/m-PPZn 
nanocomposites were observed to be around 56.3%, 73.2%, 
and 82.3%, respectively.

The weight losses of g-PBAT-50/m-PPZn and g-PBAT-
20/m-PPZn nanocomposites showed similar tendencies, 
compared with those for g-PBAT-80/m-PPZn nanocompos-
ites, although the degradation rates of both systems are much 
lower than those of g-PBAT-80. The degradation period of 
both systems should increase to 15 days, which is around 
six times the enzymatic degradation test for the g-PBAT-80 
system. Table 2 displays the values of weight loss for all 
samples with various degradation periods. The degrada-
tion rate of g-PBAT-50 is faster than that of g-PBAT-20. 
The high amount of adipate acid unit and chain flexibility 
in the polymer backbone induces a fast degradation rate for 
g-PBAT-80 copolymer. Meanwhile, the increasing loading 

Fig. 4   Dependence of the weight loss on the degradation time for 
g-PBAT-80/m-PPZn nanocomposites prepared using the heat press-
ing proces

Table 2   Weight loss of thermal-
pressed g-PBAT/m-PPZn 
nanocomposites measured with 
various degradation times

a Degradation time for the neat g-PBAT-80 polymer matrix and g-PBAT-80/m-PPZn nanocomposites with 
various loadings of m-PPZn
b Degradation time for the neat g-PBAT-50, g-PBAT-20 polymer matrix and their related nanocomposites 
with various loadings of m-PPZn

Sample Weight loss (%)

12 ha 24 ha 36 ha 48 ha 60 ha

3 daysb 6 daysb 9 daysb 12 daysb 15 daysb

g-PBAT-80a 23.58 ± 0.12 31.98 ± 0.13 36.09 ± 0.13 47.83 ± 0.18 56.32 ± 0.15
1 wt% PBAT-80/m-PPZna 32.33 ± 0.14 46.49 ± 0.15 55.95 ± 0.20 64.76 ± 0.24 73.15 ± 0.18
3 wt% PBAT-80/m-PPZna 38.89 ± 0.15 52.67 ± 0.19 61.68 ± 0.21 73.91 ± 0.26 82.30 ± 0.25
5 wt% PBAT-80/m-PPZna 43.19 ± 0.16 58.02 ± 0.21 73.19 ± 0.25 82.7 ± 0.28 94.26 ± 0.31
g-PBAT-50b 7.02 ± 0.08 11.65 ± 0.09 14.49 ± 0.11 15.22 ± 0.12 19.78 ± 0.14
1 wt% PBAT-50/m-PPZnb 10.62 ± 0.08 15.83 ± 0.11 18.12 ± 0.12 22.11 ± 0.18 24.14 ± 0.19
3 wt% PBAT-50/m-PPZnb 14.29 ± 0.12 18.92 ± 0.15 21.78 ± 0.18 23.59 ± 0.21 26.88 ± 0.24
5 wt% PBAT-50/m-PPZnb 16.07 ± 0.14 21.31 ± 0.15 23.03 ± 0.19 26.34 ± 0.21 28.9 ± 0.22
g-PBAT-20b 0 0 1.43 ± 0.01 1.61 ± 0.01 2.08 ± 0.02
1 wt% PBAT-20/m-PPZnb 1.59 ± 0.01 2.45 ± 0.02 2.86 ± 0.02 3.58 ± 0.03 4.48 ± 0.03
3 wt% PBAT-20/m-PPZnb 1.96 ± 0.01 2.94 ± 0.02 3.89 ± 0.03 5.19 ± 0.04 6.33 ± 0.04
5 wt% PBAT-20/m-PPZnb 2.89 ± 0.01 3.63 ± 0.02 4.88 ± 0.03 7.32 ± 0.05 8.89 ± 0.07



840	 Journal of Polymers and the Environment (2020) 28:834–843

1 3

of m-PPZn enhances the weight loss of nanocomposites, 
suggesting that the existence of m-PPZn enhances the deg-
radation of g-PBAT copolymers. This result may contribute 
to a decrease in the degree of crystallinity in tandem with 
an increase in the incorporation of m-PPZn into the g-PBAT 
matrix.

The Mw and polydispersity index (PDI) of g-PBAT-80/
m-PPZn nanocomposites during the enzymatic degradation 
are presented in Fig. 5. The experimental results indicate 
the highest Mw of 82 kDa and the lower PDI of 1.68 for 
g-PBAT-80 copolymer as compared with those of g-PBAT-
80/m-PPZn nanocomposites. Neither the Mw nor the PDI of 
the tested samples altered substantially during the enzymatic 
degradation.

For g-PBAT-50/m-PPZn and g-PBAT-20/m-PPZN nano-
composites, analogous data were also collected. The Mw of 
g-PBAT-50/m-PPZn and g-PBAT-20/m-PPZN nanocom-
posites were approximately 75 and 31 kDa, respectively, 
with the PDI being in the range of 1.53–1.59. In accordance 
with the previous reports, the Mw and PDI of biodegrad-
able polyesters, classified as exo-type hydrolysis activity, 
remained approximately constant as the number of biode-
gradable polyesters progressively decreased [24, 25]. Hence, 
our measurements suggest that the degradation mechanism 
of g-PBAT copolymer contributes to exo-type hydrolysis 
activity.

Figure  6 shows the change in morphology for the 
degraded g-PBAT-80/m-PPZn nanocomposites. Before 
degradation, the pure g-PBAT revealed a somewhat smooth 
surface compared with that of g-PBAT/m-PPZn nanocom-
posites. The surface roughness of g-PBAT-80 increased as 
the loading of m-PPZn increased. These results illustrate that 
the incorporation of m-PPZn can improve the degradation 

rate of g-PBAT-80 copolymer. After 60 h of enzymatic deg-
radation, the porous structure of g-PBAT-80/m-PPZn nano-
composites was evident.

The porous structure of g-PBAT/m-PPZn nanocompos-
ites was achieved using the freeze-drying method for the 
study of the effect of surface morphology on the enzymatic 
degradation rate of g-PBAT/m-PPZn nanocomposites. The 
synthesized g-PBAT/m-PPZn nanocomposites have the 
covalent linkages between g-PBAT and m-PPZn, which 
is a critical approach to prevent the phase separation of 
g-PBAT and m-PPZn during the freeze-drying process. 
Because g-PBAT-20 cannot fully dissolve in 1, 4-dioxane, 
the subsequent experiment was carried out for g-PBAT-50, 
g-PBAT-80, and their correlated nanocomposites.

The weight losses of g-PBAT-80/m-PPZn nanocompos-
ites fabricated using the freeze-drying process are shown in 
Fig. 7. The enzymatic degradation period was kept the same 
to enable the comparison of the differences between the two 
different preparations. For g-PBAT-80/m-PPZn nanocom-
posites after 60 h of enzymatic degradation, the weight loss 
was 60.7% for neat g-PBAT-80; the weight losses for the 
1 wt% g-PBAT-80/m-PPZn, 3 wt% g-PBAT-80/m-PPZn, and 
5 wt% g-PBAT-80/m-PPZn nanocomposites with the same 
degradation time of g-PBAT-80 were around 85.0%, 95.5%, 
and 100%, respectively.

The values of weight losses for g-PBAT-50/m-PPZn 
nanocomposites fabricated using the freeze-drying process 
are listed in Table 3. The degradation rates of the porous 
g-PBAT-80/m-PPZn nanocomposites fabricated using the 
freeze-drying process are faster than those of g-PBAT-50/m-
PPZn nanocomposites. This observation exhibits a similar 
tendency compared with the specimens prepared using the 
heat pressing process, although the degradation rates of the 

Fig. 5   a Molecular weight and b polydispersity index (PDI) of residual neat g-PBAT-80/m-PPZn nanocomposites after the enzymatic degrada-
tion
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specimens fabricated using the freeze-drying process are 
much higher than those fabricated using the heat pressing 
process.

Figure 8 shows the FESEM micrographs of the degraded 
g-PBAT-80/m-PPZn nanocomposites. Before degradation, 
the pure g-PBAT-80 copolymer and its nanocomposites 

revealed various porous sizes. The pore sizes were slightly 
decreased in tandem with an increase in the incorporation of 
m-PPZn. The surface of g-PBAT-80/m-PPZn nanocomposite 
roughened after a 12 h degradation. This result illustrates 
that the incorporation of m-PPZn can enhance the degra-
dation rate of g-PBAT-80 copolymer. The incorporation of 
3 wt% and 5 wt% m-PPZn into g-PBAT-80 copolymers were 
further increased the degradation rate in tandem with an 
increase in the incorporation of m-PPZn.

Hence, it can be concluded that the degradation rate of 
g-PBAT copolymers significantly relies on the amount of 
adipate acid unit and the chain flexibility of the polymer 
backbone. The degradation rate of g-PBAT increases in tan-
dem with an increase in the loading of m-PPZn, despite the 
chemical composition or crystalline structure of g-PBAT 
copolymers. At the same time, the degradation rates of 
g-PBAT copolymers with porous structures are higher than 
those of nonporous structures. Therefore, the enzymatic deg-
radation behavior of g-PBAT can be considered a surface 
interaction process mainly because the size of the extracel-
lular enzyme is too large to go through the interior of the 
polymer material. Thus, the majority of the interactions 
occur on the surface of the polymer [26].

The increasing contact of lipase with the g-PBAT poly-
mer chain is probably due to the chemical nature of g-PBAT 
and the extra hydrophilic nature of m-PPZn, especially given 
that the m-PPZn content is comparatively high, yielding a 
porous morphology. Similar studies have investigated previ-
ously [26–29]. Thus, the amount of adipate acid unit and the 

Fig. 6   FESEM images of the enzymatically degraded a PBAT-80, b g-PBAT-80, c 1 wt% g-PBAT-80/m-PPZn, d 3 wt% g-PBAT-80/m-PPZn 
nanocomposites, and e 5 wt% g-PBAT-80/m-PPZn nanocomposites prepared using the heat pressing process

Fig. 7   Dependence of the weight loss on the degradation time for 
g-PBAT-80/m-PPZn nanocomposites prepared using the freeze-dry-
ing method
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hydrophilic nature of materials containing a porous structure 
are the major issues affecting the degradation of g-PBAT/m-
PPZn nanocomposites.

Conclusions

The biodegradable g-PBAT/m-PPZn nanocomposites con-
taining covalent linkages between g-PBAT and m-PPZn 
were successfully prepared. The crystallization rate of 
g-PBAT/m-PPZn nanocomposites increases in tandem with 

an increase in the loading of m-PPZn. The enzymatic degra-
dation rates of the pure g-PBAT copolymers prepared using 
the heat pressing method increased in the order of g-PBAT-
80 > g-PBAT-50 > g-PBAT-20. The fastest degradation rate 
of g-PBAT-80 copolymer may be attributed to the higher 
quantity of adipate acid unit and the greater chain flexibility 
of the polymer backbone.

Furthermore, the weight loss increased in tandem with an 
increase in m-PPZn loading, suggesting that the inclusion 
of m-PPZn can enhance the degradation of g-PBAT copoly-
mers. The degradation rate of the freeze-drying specimens 

Table 3   Weight loss of freeze-
drying g-PBAT/m-PPZn 
nanocomposites measured with 
various degradation times

a Degradation time for the neat g-PBAT-80 polymer matrix and g-PBAT-80/m-PPZn nanocomposites with 
various loadings of m-PPZn
b Degradation time for the neat g-PBAT-50 polymer matrix and g-PBAT-50/m-PPZn nanocomposites with 
various loadings of m-PPZn

Sample Weight loss (%)

12 ha 24 ha 36 ha 48 ha 60 ha

3 daysb 6 daysb 9 daysb 12 daysb 15 daysb

g-PBAT-80a 27.84 ± 0.12 35.12 ± 0.15 39.47 ± 0.18 48.06 ± 0.21 60.66 ± 0.24
1 wt% PBAT-80/m-PPZna 36.53 ± 0.14 51.85 ± 0.18 63.63 ± 0.21 71.82 ± 0.23 84.95 ± 0.32
3 wt% PBAT-80/m-PPZna 42.98 ± 0.16 56.22 ± 0.20 68.49 ± 0.22 83.71 ± 0.25 95.46 ± 0.29
5 wt%PBAT-80/m-PPZna 52.53 ± 0.16 63.67 ± 0.20 77.43 ± 0.25 91.57 ± 0.31 100
g-PBAT-50b 9.12 ± 0.02 12.04 ± 0.03 15.99 ± 0.06 17.41 ± 0.08 21.26 ± 0.11
1 wt% PBAT-50/m-PPZnb 13.16 ± 0.10 16.99 ± 0.12 21.72 ± 0.14 24.07 ± 0.16 27.42 ± 0.17
3 wt% PBAT-50/m-PPZnb 16.55 ± 0.11 19.63 ± 0.12 23.94 ± 0.14 26.63 ± 0.15 29.54 ± 0.18
5 wt%PBAT-50/m-PPZnb 18.71 ± 0.13 23.45 ± 0.16 25.64 ± 0.20 28.26 ± 0.21 31.85 ± 0.23

Fig. 8   FESEM images of the enzymatically degraded a g-PBAT-80, b 1 wt% g-PBAT-80/m-PPZn, c 3 wt% g-PBAT-80/m-PPZn nanocompos-
ites, and d 5 wt% g-PBAT-80/m-PPZn nanocomposites prepared using the freeze-drying method
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containing a highly porous structure is higher than that pre-
pared using the heat pressing process. Therefore, the major 
issues affecting the degradation of g-PBAT/m-PPZn nano-
composites are attributed to the amount of adipate acid unit 
and the hydrophilic nature of materials containing a porous 
structure.
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