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Abstract: New sequences of nanocomposites including numerous maleic acid-grafted poly(butylene
adipate-co-terephthalate) (g-PBAT) and cellulose nanocrystals (CNC) were efficaciously fabricated via
transesterification and polycondensation processes with the covalent bonds between the polymer and
reinforcing fillers. The grafting interaction of maleic acid onto PBAT was successfully demonstrated
using Fourier transform infrared (FTIR) and 13C-nuclear magnetic resonance (NMR) spectra. The
morphology of g-PBAT/CNC nanocomposites was investigated by wide-angle X-ray diffraction and
transmission electron microscopy. Both results indicate that the CNC was randomly dispersed into the
g-PBAT polymer matrix. The storage modulus at −80 and 25 ◦C was significantly enhanced with the
incorporation of CNC into g-PBAT matrix. The crystallization rate of g-PBAT/CNC nanocomposites
increased as the loading of CNC increased. With the incorporation of 3 wt% CNC, the half-time for
crystallization of the g-PBAT/CNC composite decreased about 50~80% as compared with the same
isothermal crystallization of pure polymer matrix. All water vapor permeation (WVP) values of all
g-PBAT/CNC nanocomposites decreased as the loading of CNC increased. The decrease in WVP
may be attributed to the addition of stiff CNC, causing the increase on the permeation route in the
water molecules in the g-PBAT polymer matrix.

Keywords: biodegradable copolyesters; composites; mechanical property; water vapor permeation

1. Introduction

Biodegradable copolyesters with aliphatic–aromatic conformation have received signif-
icant attention because of the tremendous biodegradable properties of their aliphatic compo-
nents and outstanding mechanical properties of the aromatic components around their poly-
mer backbones [1–3]. Among these important copolymers, biodegradable poly(butylene
adipate-co-terephthalate) (PBAT) is prepared by transesterification and polycondensation
of 1,4-butanediol (BD) with adipic acid (AA) and dimethylene terephthalate (DMT) or
terephthalic acid (TPA) [4–6]. Owing to the existence of the aromatic component of DMT
or TPA, PBAT has been extensively studied because of its exceptional physical properties
as compared to another biodegradable poly[(butylene succinate)-co-adipate] (PBSA) [7,8].
To further enhance its physical properties, the addition of inorganic material, including
layered silicates and layered double hydroxides, can serve to strengthen PBAT [9–13].
Wu et al. examined the effect of adding layered zinc phenylphosphonate (PPZn) on the
mechanical properties, thermal stability, and degradation behaviors of PBAT. The storage
modulus and degradation rate of PBAT/PPZn nanocomposites are significantly enhanced
by adding PPZn into PBAT matrix. Moustafa et al. confirmed that the PBAT composites
could be prospective candidates used in the applications of food packaging [14].

Cellulose nanocrystals (CNCs) containing excellent mechanical properties, such as
axial elastic modulus and high stiffness, have recently been developed [15–17]. In addition,
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several previous investigations have proved that they also display exceptional biocompati-
bility [18–21]. Owing to their exceptional mechanical and biodegradable properties, the
incorporation of CNC into biodegradable polymers has received much attention [22–27].
Shojaeiarani et al. investigated the rheological properties of poly(lactic acid) (PLA)/CNC
composites [23]. Their data revealed that a network-like structure was formed in the
composites, which was due to the presence of the CNC restricting the flow of PLA chains
in the molten state. Qiu et al. investigated the crystallization behaviors of PBSA/CNC
composites [24]. Their results exhibited that the presence of CNC served as an efficient
nucleating agent, enhancing the crystallization rates of the composites. Based on the above
studies, the interaction between biodegradable polymer and CNC is noncovalent bond-
ing. Normally, covalent bonds between polymer and supporting material are more stable
and useful than noncovalent bonds. However, no report on PBAT/CNC composites with
covalent linkages between polymer and supporting material has been made. In order
to extend the applications of PBAT, the study of PBAT/CNC composites with covalent
linkages between PBAT and CNC is necessary. Therefore, the chemical modification of
PBAT is necessitated to provide the formation of covalent linkages with the supporting
CNC material.

In this study, a series of maleic acid-grafted poly(butylene adipate-co-terephthalate)
(g-PBAT)/cellulose nanocrystals (CNCs) nanocomposites with covalent bonding between
the polymer and supporting materials were effectively synthesized. To our knowledge,
this is the first report of g-PBAT/CNC nanocomposites with covalent bonding between
g-PBAT and CNC. The mechanical and water vapor permeation (WVP) of g-PBAT/CNC
nanocomposites were examined thoroughly.

2. Experimental
2.1. Materials

Adipate acid (AA), maleic acid (MA), microcrystalline cellulose ((C6H10O5)n, MCC),
2,2,6,6-tetramethylpiperidine-1-oxyl (C9H18NO, TEMPO), and sodium bromide (NaBr)
were acquired from Sigma-Aldrich (St. Louis, MO, USA). Benzoyl peroxide (C14H10O4),
sodium hydroxide (NaOH), sodium hypochlorite (NaClO), and hydrochloric acid (HCl) were
purchased from Fluka Chemical Company (Charlotte, NC, USA). 1,4-butanediol (C4H10O2,
BD), dimethylene terephthalate (C10H10O4, DMT), 1,12-dodecanediamine, tetrabutyl titanate
(C16H36O4Ti), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (C8H17N3·HCl, EDC)
were obtained from Alfa Aesar Chemical Company (Ward Hill, MA, USA). All chemicals
were utilized as received.

2.2. Fabrication of g-PBAT/CNC Nanocomposites

The reaction scheme of synthesis and grafted interaction of PBAT are shown in Figure 1.
Three molar ratios of PBAT were manufactured via transesterification and polycondensation
using the approach reported in previous literature [10,11]. Briefly, selected contents of
AA, BD, DMT, and tetrabutyl titanate used as a catalyst were heated for 1 h at 160 ◦C and
subsequently heated to 190 ◦C for 2 h to completely distill methanol and water. Finally,
the obtained materials were heated to 220 ◦C for 4 h under vacuum. The feed molar ratios
of [AA] to [DMT] were 40:60, 60:40, and 80:20 and desired contents of BD; the resulting
materials are assigned as PBAT-40, PBAT-60, and PBAT-80, respectively. The synthesized
polymer ratio determined using 1H-nuclear magnetic resonance is shown in Table 1.
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Figure 1. The reaction scheme of synthesis and grafted interaction of PBAT.

Table 1. The synthesized polymer ratio, molecular weight, and crystallization temperatures of
fabricated copolyesters.

Polymer
Feed Ratio

[AA]/[DMT]
(mol %)

Polymer Ratio a

[AA]/[DMT]
(mol %)

Mw
(g/mol)
×104

Mn
(g/mol)
×104

PDI Tc
(◦C)

Tm
(◦C)

PBAT-40 40/60 39.5:60.5 3.91 2.31 1.69 118.1 154.5
PBAT-60 60/40 59.1:40.9 8.59 4.56 1.88 43.5 101.4
PBAT-80 80/20 80.5:19.5 10.47 5.60 1.87 3.70 42.1

a: Composition measured by 1H–NMR.

The obtained PBAT and maleic acid were individually and homogeneous dissolved in
chloroform and acetone. When chloroform and acetone are mixed together, a hydrogen
bond is formed between them, which increases the interatomic interaction. Therefore,
both solutions were then mixed and mechanically stirred for 3 h at 60 ◦C. The benzoyl
peroxide dissolved in chloroform was added to the prepared solution for 24 h at 60 ◦C
to allow the occurrence of grafting reaction (henceforth assigned as g-PBAT). The cel-
lulose nanocrystals (CNCs) were fabricated from microcrystalline cellulose (MCC) ac-
cording to previous reports [28,29]. Various quantities of g-PBAT, CNC, and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) used as catalyst were exclusively dissolved
in dichloromethane and then mechanically mixed and stirred for 3 days. The prepared
g-PBAT/CNC nanocomposites were washed and dried under vacuum.

2.3. Analytical Procedures

The PerkinElmer Pyris Diamond differential scanning calorimeter (DSC, Waltham, MA,
USA) was applied to evaluate the isothermal crystallization behavior of nanocomposites.
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All measurements were obtained under nitrogen environment. These experiments were
heated at a rate of 10 ◦C/min to the designed temperatures (Tds), which are approximately
40 ◦C higher than the melting temperatures of g-PBAT, and maintained for 5 min to remove
the remaining crystals. Consequently, the samples were immediately cooled to desired
isothermal crystallization temperatures (Tcs) and maintained to entirely complete the
isothermal crystallization. The isothermal crystallization kinetics evaluated by Avrami
equation could be clarified as follows: [30,31]

1 − Xt = exp(−ktn) (1)

where Xt is the relative degree of crystallinity at crystallization time t, n is the Avrami
exponent, and k is the crystallization rate constant. Equation (1) can be conveyed into its
natural logarithm formula and shown in this way:

ln[− ln(1 − Xt)] = n lnt + ln k (2)

The time at Xt is equal to 50%, defined as the half-time of crystallization (t1/2), which
is recognized using Equation (3).

t1/2 =

(
ln 2

k

)1/n
(3)

The thermal behaviors of samples were measured using TGA 2950 thermal gravimetric
analyzer (TA Instruments, New Castle, DE, USA). These measurements were obtained
under a nitrogen environment from room temperature to 800 ◦C at a heating rate of
10 ◦C/min. X-ray diffractometer (Bruker D8, Karlsruhe, Germany) equipped with a Ni-
filtered Cu Kα radiation source was used for the experiments with wide-angle X-ray
diffraction (WAXD). The diffraction profiles were observed ranging from 2θ = 1.5◦–30◦

at a scanning rate of 1◦/min. The transmission electron microscopy (TEM) images were
obtained using JEOL JEM-2010 (Tokyo, Japan). TEM samples were made using a Reichert
Ultracut ultramicrotome. Fourier transform infrared (FTIR) measurements were obtained
under a PerkinElmer Spectrum One spectrometer (Waltham, MA, USA) in a range of
400–4000 cm−1.

Both 1H-nuclear magnetic resonance (NMR) and 13C-NMR spectra were carried out
using Agilet Technologies DD2 600MHz NMR spectroscopy (Santa Clara, CA, USA) via
CDCl3 as solvent and internal standard. The weight-average molecular weight (Mw),
number-average molecular weight (Mn), and polydispersity PDI = Mw/Mn of the pre-
pared materials were established using gel-permeation chromatography (GPC; Waters
717 Plusautosampler, Waters Instruments, Rochester, NY, USA). The PerkinElmer dynamic
mechanical analyzer (DMA8000, Waltham, MA, USA) was used to obtain the storage
modulus (E’) from −80 to 40 ◦C at a heating rate of 2 ◦C/min and 1 Hz constant frequency.

Water vapor barrier property of nanocomposites determined by water vapor transmis-
sion rate (WVTR) was carried out using a Permatran-W Model 3/61 water vapor perme-
ability meter (Ametek Mocon, Minnesota, MN, USA). The dimensions of test samples were
5 cm × 5 cm. The experiments were performed at 25 ◦C with relative humidity of 100%. The
values of water vapor permeability (WVP) were estimated using the following equation:
WVP = WVTR × D/∆P, where D is the test sample thickness and ∆P = S x (RH2 – RH1).
In the formula, S is saturated water vapor pressure, and RH1 and RH2 are the relative
humidity of top and bottom test chambers, respectively.

3. Results and Discussion
3.1. Preparation and Characterization of CNCs

TEMPO-mediated oxidation, a surface effect in which anionic carboxylate groups
are introduced as functional groups at surfaces, is a useful technique to produce cellulose
nanomaterial from its natural state [28,29]. Figure 2a presents a SEM image of the MCC,
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and the insert TEM image in Figure 2a is CNC. These images obviously exhibit that the
dimensions of the MCC were significantly decreased to about hundreds of nanometers
in length and less than 20 nm in width after TEMPO-mediated oxidation. The average
length and width of the CNC were 155.5 ± 29.6 nm and 18.6 ± 3.3 nm, respectively.
Figure 2b shows the FTIR spectrum of the MCC and CNC. The absorption peaks of MCC
at 3200–3400 cm−1 are assigned to the free O-H stretching modes of the OH groups. The
characteristic peaks at 2900 and 1425 cm−1 correspond to the CH2 stretching and symmetric
bending vibration, respectively. The absorption peaks at 1160, 1105, 1055, and 1030 cm−1

are due to the glucosidic linkages of the cellulose chain. The peak at 897 cm−1 is related
to the CH deformation vibration of unit rings [29,32]. There was a weak absorption
peak at 1643 cm−1, which was attributed to the O-H bending vibration of the absorbed
water [33,34]. After the TEMPO-mediated oxidation, an apparent difference can be seen in
the FTIR spectrum of CNC exhibited in Figure 2b. A new absorption peak at 1604 cm−1 is
assigned to the primary hydroxyls of alcohol changed into carboxyl groups on the surface
of cellulose [28,29]. The WAXD patterns of the MCC and CNC presented in Figure 2c
are almost identical. Both diffraction patterns of MCC and CNC exhibit the crystal phase
related to the cellulose I crystal structures [29,32]. This result reveals that the chemical
modification of MCC using TEMPO-mediated oxidation did not alter the crystal structure
of the MCC.
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3.2. Crystalline Structure and Molecular Weight of g-PBAT

The FTIR spectra of PBAT-40 and g-PBAT-40 are shown in Figure 3a. The absorption
peak of PBAT-40 and g-PBAT-40 at 1010 cm−1 is assigned to the O-C-C bond stretching
vibration in the polymer [9,10]. The characteristic absorption peaks at about 1093 and
1274 cm−1 correspond to the –COC- bond stretching vibration in the ester group. The
absorption peak at 1716 cm−1 is assigned to the stretching vibration of the PBA ester
group. The absorption bands at 1400 and 1454 cm−1 are related to the trans-CH2-plane
bending vibration. An additional peak of g-PBAT-40 at 1722 cm−1 due to –C=O is obtained,
which reveals the existence of free acid in the chemically modified PBAT. This result
proves the grafting interaction of maleic acid (MA) onto PBAT was successful. Similar
results of grafting interaction by acrylic acid were investigated in previous reports [8,35].
More support for the grafting formation of MA using the 13C-NMR spectra is exhibited
in Figure 3b. Both 13C-NMR spectra of PBAT-40 and g-PBAT-40 are analogous, except
for an additional peak at δ = 173.5 ppm. This peak is attributed to the C=O bond of MA,
which is confirmed by the grafting of MA onto PBAT [9,10]. The molecular weights of the
various g-PBAT copolymers determined using GPC are given in Table 2. The Mn and PDI
of prepared g-PBAT copolymer are in the ranges of 11,400~34,400 g/mol and 1.94~2.40,
respectively, which are significantly different from pure polymer matrix. The change in
molecular weight that occurred during the grafting reaction might be due to the occurrence
of free-radical reactions. Figure 4 illustrates the possible mechanism of the free-radical
reactions for the PBAT copolyester. Because the of non-propagation nature of the monomer,
the peroxide initiators degraded at certain temperatures, and free radicals were generated.
Then, the hydrogen atoms bonded with β carbon of the ester bond in PBAT polymer chains
were extracted via cumyl or benzoyl radicals, whereas free radicals were generated on
polymer chains. In the meantime, chain scission might occur owing to the instability of
free radicals [36]. The melting temperatures of g-PBAT determined by DSC are 156.7 ◦C,
106.4 ◦C, and 42.8 ◦C for g-PBAT-40, g-PBAT-60, and g-PBAT-80, respectively. The melting
temperatures of g-PBAT were slightly higher than pure PBAT, which may be attributed to
the more crystallite chain packing during the crystallization formation.

Table 2. Molecular weight and crystallization temperatures of grafted polyesters.

Polymer Mw
(g/mol) × 104

Mn
(g/mol) × 104 PDI Tc

(◦C)
Tm

(◦C)

g-PBAT-40 1.99 1.14 1.75 127.0 156.7
g-PBAT-60 2.36 1.21 1.94 64.3 106.4
g-PBAT-80 6.73 3.44 1.96 7.61 42.7

The WAXD diffraction curves of various compositions of g-PBAT copolyesters are
shown in Figure 5. For the g-PBAT copolymers comprising two crystallizable comonomer
components, the crystalline structure of g-PBAT clearly depends on the compositions
of copolyesters. For the g-PBAT-40 and g-PBAT-60, the WAXD data reveal five major
diffraction peaks at 2θ = 16.3◦, 17.4◦, 20.6◦, 23.3◦, and 25.3◦, which are found to be in
accordance with those of PBT crystallite [3,4]. These results prove that the crystalline
structures of g-PBAT-40 and g-PBAT-60 are controlled by the PBT crystallite. The diffraction
curve of the g-PBAT-80 copolymer also shown in this figure is entirely different from those
of g-PBAT-40 and g-PBAT-60. Three strong diffraction peaks at 2θ = 21.8◦, 22.4◦, and 24.0◦

obtained are assigned to the PBA crystallite [4]. This experimental result discloses that the
fabricated g-PBAT-80 copolymer is changed from the PBT crystalline structure into the PBA
crystalline structure.
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3.3. Structure, Morphology, and Physical Properties of g-PBAT/CNC Nanocomposites

Figure 6 exhibits the WAXD diffraction profiles of the g-PBAT-40/CNC nanocom-
posites. For comparison, the X-ray diffraction profile of CNC is also shown in this figure.
It is evident that no trace of diffraction peaks at 2θ = 14.9, 16.5, and 22.6◦ was obtained
in the experimental results of the higher CNC-loading specimen, which is attributed to
the well-dispersed CNC conformation. Similar results are also found for the g-PBAT-
60/CNC and g-PBAT-80/CNC nanocomposites. Furthermore, the morphologies of 3 wt%
g-PBAT-40/CNC nanocomposites are wholly examined using TEM. A TEM image of a
3 wt% g-PBAT-40/CNC nanocomposite is presented in Figure 7. This image discloses that
the CNC is well distributed into the g-PBAT-40 copolyesters. For comparison, the TEM
image of PBAT-40/CNC nanocomposite is also shown in this figure. It can be seen that the
CNC is aggregated in PBAT-40 matrix. This result indicates that the grafting interaction of
maleic acid onto the surface of PBAT-40 contributes to this result. Similar results are also
found for the g-PBAT-60/CNC and g-PBAT-80/CNC nanocomposites. Consequently, the
well-distributed morphologies of g-PBAT/CNC nanocomposites observed here through
TEM images are in accordance with the WAXD diffraction data.

Figure 6. WAXD data for (a) g-PBAT-40, (b) 1 wt% g-PBAT-40/CNC, (c) 2 wt% g-PBAT-40/CNC,
(d) 3 wt% g-PBAT-40/CNC, and (e) CNC samples.

Isothermal crystallization of g-PBAT matrix with different CNC contents were exam-
ined to study the influences of crystallization temperature (Tc) on crystallization behavior
of g-PBAT/CNC nanocomposites. The Avrami plots of g-PBAT/CNC nanocomposites are
presented in Figure 8. All curves are approximately parallel to each other, revealing that the
crystallization mechanism of the g-PBAT/CNC nanocomposites at different Tcs remains the
same. Table 3 summarizes the crystallization parameters, such as n-values, k-values, and
t1/2, at various Tcs. The n-value in the Avrami expression represents qualitative evidence
on the mechanism of nucleation and the crystal growth formation. In Table 3, it can be seen
that the n-values of g-PBAT40 are in the range from 1.60 to 2.0. The non-integral n-values
suggest the occurrence of crystalline branching during crystallization as well as a mixed
mechanism of nucleation and two-stage crystal growth [37,38]. Normally, the n-values
near 2 are assigned to an athermal nucleation procedure followed by homogeneous nucle-
ation and a two-dimensional crystal growth mechanism. The n-values of g-PBAT-40/CNC
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nanocomposites are in the range of 1.49–1.69, which makes them near to those of g-PBAT-
40. Hence, these findings indicate that the crystallization mechanism of g-PBAT-40/CNC
nanocomposites is similar to that of neat g-PBAT-40 polymer matrix. In addition, the
t1/2 is used to examine the crystallization kinetics of g-PBAT-40/CNC nanocomposites.
As shown in Table 3, t1/2 increases as Tc increases for all specimens, suggesting that the
isothermal crystallization rate decreases as Tc increases. This behavior is attributed to the
low supercooling at higher Tc. By adding more CNC into g-PBAT-40/CNC up to 3 wt%,
the t1/2 slightly decreases as the content of CNC increases. For example, the t1/2 values
of g-PBAT-40 decrease remarkably from 0.95 to 0.22 min in nanocomposites with 3 wt%
CNC contents when crystallized at the same crystallization temperatures. The half-time for
crystallization of the 3 wt% g-PBAT/CNC composite decreased about 80% as compared
with the same isothermal crystallization of neat polymer matrix. This implies that CNC
accelerates the crystallization of g-PBAT-40 in the nanocomposites. Similar experimental
tendencies for the g-PBAT-60/CNC and g-PBAT-80/CNC nanocomposites were obtained,
and their crystallization parameters are summarized in Table 3.
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In order to investigate the effect of CNC on the thermal behavior of g-PBAT/CNC
nanocomposites, TGA analysis of g-PBAT matrix with various CNC content was performed.
Figure 9 shows the TGA profiles of the g-PBAT-40/CNC nanocomposites. The experimen-
tal results for the g-PBAT-60/CNC and g-PBAT-80/CNC nanocomposites present related
tendencies; the degradation temperatures found from these curves are listed in Table 4. The
degradation temperature of 5 wt% weight loss for the neat g-PBAT-40 is slightly higher than
those of g-PBAT-60 and g-PBAT-80. These studies reveal that g-PBAT-40 exhibits the best
thermal stability among these synthesized biodegradable copolyesters. Nonetheless, all
degradation temperatures of the g-PBAT/CNC nanocomposites decrease with increasing
the CNC loadings. This occurrence is due to the existence of lower thermal stability CNC in
the g-PBAT matrix, causing the decreasing thermal stability of nanocomposites. Similar re-
sults have been investigated in previous reports, for example, in the biodegradable ply(lactic
acid)/layered double hydroxide and poly(butylene carbonate-co-terephthalate)/layered
zinc phenylphosphonate nanocomposites [39,40].
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The storage modulus E’ against temperature of g-PBAT-40/CNC nanocomposites in a
temperature range from −80 to 30 ◦C is presented in Figure 10. These findings reveal that
the E’ of g-PBAT-40 is about 1.30 GPa at −80 ◦C and decreases with increasing temperature.
These experimental data suggest that the molecular motion of g-PBAT at a temperature
below the glass transition temperature (Tg) is limited, whereas at a temperature higher
than the Tg, the thermal energy becomes comparable to the potential energy barriers of the
molecular motions. The E’ of the g-PBAT-40/CNC nanocomposites at −80 ◦C is increased
as the loading of CNC increases. Similar findings are also observed for the g-PBAT-60/CNC
and g-PBAT-80/CNC nanocomposites. The E’ of all g-PBAT/CNC nanocomposites at 25 ◦C
is also increased as the loading of CNC increases. Detailed E’ at −80 and 25 ◦C for all
nanocomposites is also illustrated in Table 4. The improvement of E’ may be assigned to
the reinforcement effect of the stiff CNC addition and its covalent linkages with g-PBAT,
causing improvement in the rigidity of the g-PBAT polymer matrix. The glass transition
temperatures (Tgs) of all g-PBAT/CNC nanocomposites, also determined by DMA test,
are increased as the loading of CNC increases. Detailed Tg for all nanocomposites is also
illustrated in Table 4. These results suggest that the incorporation of stiff CNC may inhibit
the polymer chain motion, causing the increase in glass transition temperatures.
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Table 3. Kinetic parameters of g-PBAT/CNC nanocomposites isothermally melt-crystallized at
various Tcs.

Sample Tc (◦C) n k (min−n) t1/2 (min)

g-PBAT-40

136 1.60 0.76 0.95
138 2.00 0.43 1.27
140 1.93 0.30 1.55
142 1.96 0.21 1.86

1 wt% g-PBAT-40/CNC

136 1.49 3.71 0.32
138 1.49 2.28 0.45
140 1.56 1.78 0.55
142 1.54 1.16 0.71

2 wt% g-PBAT-40/CNC

136 1.67 8.12 0.23
138 1.61 5.44 0.28
140 1.46 3.46 0.33
142 1.42 2.14 0.45

3 wt% g-PBAT-40/CNC

136 1.69 8.80 0.22
138 1.56 5.22 0.27
140 1.61 4.35 0.32
142 1.55 1.55 0.44

g-PBAT-60

82 2.03 2.53 0.53
84 2.00 1.80 0.62
86 1.91 1.24 0.74
88 1.58 0.82 0.90

1 wt% g-PBAT-60/CNC

82 1.96 6.92 0.31
84 1.98 5.60 0.35
86 1.93 4.03 0.40
88 1.90 2.76 0.48

2 wt% g-PBAT-60/CNC

82 2.06 12.7 0.24
84 2.19 8.93 0.31
86 1.92 4.07 0.40
88 1.96 3.04 0.47

3 wt% g-PBAT-60/CNC

82 1.83 13.4 0.20
84 1.85 9.67 0.24
86 1.86 5.65 0.32
88 1.78 4.05 0.37

g-PBAT-80

18 2.60 0.637 1.03
20 2.72 0.178 1.65
22 2.76 0.043 2.75
24 2.79 0.009 4.80

1 wt% g-PBAT-80/CNC

18 2.66 0.701 1.00
20 2.64 0.260 1.45
22 2.79 0.074 2.23
24 3.09 0.011 3.80

2 wt% g-PBAT-80/CNC

18 2.39 1.372 0.75
20 2.60 0.393 1.24
22 2.47 0.149 1.86
24 2.68 0.024 3.51

3 wt% g-PBAT-80/CNC

18 2.86 2.311 0.66
20 2.82 0.799 0.95
22 2.99 0.250 1.41
24 3.05 0.040 2.55
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nanocomposites.

Table 4. Temperature of 5 wt% weight loss, temperature of the maximum degradation rate, storage
modulus at −80 and 25 ◦C, Tg, and water vapor permeability (WVP) of the various g-PBAT/CNC
nanocomposites.

Sample
a T5%
(◦C)

b Td
max

(◦C)
E’ at −80 ◦C

(GPa)
E’ at 25 ◦C

(MPa)
Tg

(oC)
WVP

(ng/m2·kPa·s)

g-PBAT-40 365.3 405.8 1.30 116.36 −11.36 124.1
1 wt% g-PBAT-40/CNC 332.6 404.4 1.87 158.01 −9.17 82.7
2 wt% g-PBAT-40/CNC 332.0 403.9 2.24 208.64 −9.01 65.4
3 wt% g-PBAT-40/CNC 323.3 403.6 2.41 230.43 −7.63 48.9

g-PBAT-60 355.8 409.5 0.94 39.02 −28.97 157.9
1 wt% g-PBAT-60/CNC 322.2 409.7 1.57 65.38 −27.47 136.8
2 wt% g-PBAT-60/CNC 307.3 409.0 1.75 71.16 −25.91 91.7
3 wt% g-PBAT-60/CNC 291.0 405.4 2.15 74.30 −25.33 77.4

g-PBAT-80 335.8 413.3 1.59 130.28 −31.59 144.4
1 wt% g-PBAT-80/CNC 318.4 412.5 2.21 174.52 −27.75 91.7
2 wt% g-PBAT-80/CNC 295.1 412.1 2.48 203.14 −27.33 73.7
3 wt% g-PBAT-80/CNC 278.2 411.8 2.96 222.14 −27.19 65.2

a T5%: Temperature of 5 wt% weight loss. b Td
max: Temperature of the maximum degradation rate.

In order to understand the possible applications of the fabricated nanocomposites
in food packaging, the water vapor barrier properties of g-PBAT/CNC nanocomposites
were investigated. The WVP values of g-PBAT/CNC nanocomposites were summarized
in Table 4. It can be seen that the WVP values of all g-PBAT/CNC nanocomposites are
decreased with increasing loading of CNC. The decrease in WVP may be attributed to the
addition of stiff CNC, causing the increase in the permeation route of the water molecules
in the g-PBAT polymer matrix.
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4. Conclusions

The new aliphatic–aromatic g-PBAT/CNC nanocomposites were fabricated using the
transesterification and polycondensation process. FTIR and 13C-NMR spectra suggest the
successful grafting of MA to PBAT. WAXD and TEM experimental results indicate that the
CNC was randomly dispersed into the g-PBAT polymer matrix. The additional CNC in
g-PBAT matrix enhanced the storage modulus as compared to that of neat g-PBAT. The
decrease in the water vapor barrier properties of g-PBAT/CNC nanocomposites may be
attributed to the addition of stiff CNC, causing the increase in the permeation route of the
water molecules in the g-PBAT polymer matrix.

Author Contributions: Conceptualization, Y.-J.H. and T.-M.W.; methodology, T.-M.W.; software,
Y.-J.H. and M.-Y.C.; validation, Y.-J.H. and E.-T.W.; formal analysis, Y.-J.H. and M.-Y.C.; investigation,
Y.-J.H. and E.-T.W.; resources, Y.-J.H.; data curation, Y.-J.H. and E.-T.W.; writing—original draft prepa-
ration, Y.-J.H. and M.-Y.C.; writing—review and editing, T.-M.W.; visualization, T.-M.W.; supervision,
T.-M.W.; project administration, T.-M.W.; funding acquisition, T.-M.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (MOST) under Grand
MOST 109-2212-E-005-069-MY3 and the Ministry of Education under the project of Innovation and
Development Center of Sustainable Agriculture (IDCSA).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2022, 14, 2742 15 of 16

References
1. Tserki, V.; Matzinos, P.; Pavlidou, E.; Vachliotis, D.; Panayiotou, C. Biodegradable aliphatic polyesters. Part I. Properties and

biodegradation of poly(butylene succinate-co-butylene adipate). Polym. Degrad. Stab. 2006, 91, 367–376. [CrossRef]
2. Müller, R.-J.; Kleeberg, I.; Deckwer, W.-D. Biodegradation of polyesters containing aromatic constituents. J. Biotechnol. 2001, 86,

87–95. [CrossRef]
3. Gan, Z.; Kuwabara, K.; Yamamoto, M.; Abe, H.; Doi, Y. Solid-state structures and thermal properties of aliphatic–aromatic

poly(butylene adipate-co-butylene terephthalate) copolyesters. Polym. Degrad. Stab. 2004, 83, 289–300. [CrossRef]
4. Zhao, L.; Gan, Z. Effect of copolymerized butylene terephthalate chains on polymorphism and enzymatic degradation of

poly(butylene adipate). Polym. Degrad. Stab. 2006, 91, 2429–2436. [CrossRef]
5. Shi, X.; Ito, H.; Kikutani, T. Characterization on mixed-crystal structure and properties of poly(butylene adipate-co-terephthalate)

biodegradable fibers. Polymer 2005, 46, 11442–11450. [CrossRef]
6. Kijchavengkul, T.; Auras, R.; Rubino, M.; Alvarado, E.; Montero, J.R.C.; Rosales, J.M. Atmospheric and soil degradation of

aliphaticearomatic polyester films. Polym. Degrad. Stab. 2010, 95, 99–107. [CrossRef]
7. Nikolic, M.S.; Djonlagic, J. Synthesis and characterization of biodegradable poly(butylene succinate-co-butylene adipate)s. Polym.

Degrad. Stab. 2001, 74, 263–270. [CrossRef]
8. Ojijo, V.; Cele, H.; Ray, S.S. Morphology and Properties of Polymer Composites Based on Biodegradable Polylac-

tide/Poly[(butylene succinate)-co-adipate] Blend and Nanoclay. Macromol. Mater. Eng. 2011, 296, 865–877. [CrossRef]
9. Wang, H.T.; Chen, E.C.; Wu, T.M. Crystallization and enzymatic degradation of maleic acid-grafted poly(butylene adipate-co-

terephthalate)/organically modified layered zinc phenylphosphonate nanocomposites. J. Polym. Environ. 2020, 28, 834–843.
[CrossRef]

10. Wang, H.; Wang, J.; Wu, T. Synthesis and characterization of biodegradable aliphatic–aromatic nanocomposites fabricated using
maleic acid-grafted poly[(butylene adipate)-co-terephthalate] and organically modified layered zinc phenylphosphonate. Polym.
Int. 2019, 68, 1531–1537. [CrossRef]

11. Chen, Y.J.; Hung, Y.J.; Chiang, M.Y.; Wang, E.T.; Wu, T.M. Physical properties and polymorphism of acrylic acid-grafted poly(1,4-
butylene adipate-co-terephthalate)/organically-modified layered double hydroxide nanocomposites. Polymers 2022, 14, 492.
[CrossRef] [PubMed]

12. Wang, S.; D’Hooge, D.; Daelemans, L.; Xia, H.; Clerck, K.; Cardon, L. The Transferability and Design of Commercial Printer
Settings in PLA/PBAT Fused Filament Fabrication. Polymers 2020, 12, 2573. [CrossRef] [PubMed]

13. Wang, S.; Daelemans, L.; Fiorio, R.; Gou, M.; D’Hooge, D.R.; De Clerck, K.; Cardon, L. Improving Mechanical Properties
for Extrusion-Based Additive Manufacturing of Poly(Lactic Acid) by Annealing and Blending with Poly(3-Hydroxybutyrate).
Polymers 2019, 11, 1529. [CrossRef] [PubMed]

14. Moustafa, H.; Guizani, C.; Dupont, C.; Martin, V.; Jeguirim, M.; Dufresne, A. Utilization of Torrefied Coffee Grounds as
Reinforcing Agent to Produce High-Quality Biodegradable PBAT Composites for Food Packaging Applications. ACS Sustain.
Chem. Eng. 2017, 5, 1906–1916. [CrossRef]

15. Turbak, A.F.; Snyder, F.W.; Sandberg, K.R. Microfibrillated cellulose, a new cellulose product: Properties, uses, and commercial
potential. J. Appl. Polym. Sci. Appl. Polym. Symp. 1983, 37, 815–827.

16. Rol, F.; Belgacem, M.N.; Gandini, A.; Bras, J. Recent advances in surface-modified cellulose nanofibrils. Prog. Polym. Sci. 2019, 88,
241–264. [CrossRef]

17. Ng, H.-M.; Sin, L.T.; Tee, T.-T.; Bee, S.-T.; Hui, D.; Low, C.-Y.; Rahmat, A. Extraction of cellulose nanocrystals from plant sources
for application as reinforcing agent in polymers. Compos. Part B Eng. 2015, 75, 176–200. [CrossRef]

18. Clift, M.J.D.; Foster, E.J.; Vanhecke, D.; Studer, D.; Wick, P.; Gehr, P.; Rothen-Rutishauser, B.; Weder, C. Investigating the Interaction
of Cellulose Nanofibers Derived from Cotton with a Sophisticated 3D Human Lung Cell Coculture. Biomacromolecules 2011, 12,
3666–3673. [CrossRef]

19. Kovacs, T.; Naish, V.; O’Connor, B.; Blaise, C.; Gagné, F.; Hall, L.; Trudeau, V.; Martel, P. An ecotoxicological characterization of
nanocrystalline cellulose (NCC). Nanotoxicology 2010, 4, 255–270. [CrossRef]

20. VartiainenTiina, J.; Pöhler, T.; Sirola, K.; Pylkkänen, L.; Alenius, H.; Hokkinen, J.; Tapper, U.; Lahtinen, P.; Kapanen, A.; Putkisto,
K.; et al. Health and environmental safety aspects of friction grinding and spray drying of microfibrillated cellulose. Cellulose
2011, 18, 775–786. [CrossRef]

21. Alexandrescu, L.; Syverud, K.; Gatti, A.; Chinga-Carrasco, G. Cytotoxicity tests of cellulose nanofibril-based structures. Cellulose
2013, 20, 1765–1775. [CrossRef]

22. Qian, S.; Zhang, H.; Yao, W.; Sheng, K. Effects of bamboo cellulose nanowhisker content on the morphology, crystallization,
mechanical, and thermal properties of PLA matrix biocomposites. Compos. Part B Eng. 2018, 133, 203–209. [CrossRef]

23. Shojaeiarani, J.; Bajwa, D.S.; Stark, N.M.; Bajwa, S.G. Rheological properties of cellulose nanocrystals engineered polylactic acid
nanocomposites. Compos. Part B Eng. 2019, 161, 483–489. [CrossRef]

24. Li, J.; Qiu, Z. Effect of low loadings of cellulose nanocrystals on the significantly enhanced crystallization of biodegradable
poly(butylene succinate-co-butylene adipate). Carbohydr. Polym. 2019, 205, 211–216. [CrossRef] [PubMed]

25. Zhang, X.; Zhang, Y. Poly(butylene succinate-co-butylene adipate)/cellulose nanocrystal composites modified with phthalic
anhydride. Carbohydr. Polym. 2015, 134, 52–59. [CrossRef]

http://doi.org/10.1016/j.polymdegradstab.2005.04.035
http://doi.org/10.1016/S0168-1656(00)00407-7
http://doi.org/10.1016/S0141-3910(03)00274-X
http://doi.org/10.1016/j.polymdegradstab.2006.03.012
http://doi.org/10.1016/j.polymer.2005.10.065
http://doi.org/10.1016/j.polymdegradstab.2009.11.048
http://doi.org/10.1016/S0141-3910(01)00156-2
http://doi.org/10.1002/mame.201100042
http://doi.org/10.1007/s10924-019-01647-0
http://doi.org/10.1002/pi.5862
http://doi.org/10.3390/polym14030492
http://www.ncbi.nlm.nih.gov/pubmed/35160479
http://doi.org/10.3390/polym12112573
http://www.ncbi.nlm.nih.gov/pubmed/33147749
http://doi.org/10.3390/polym11091529
http://www.ncbi.nlm.nih.gov/pubmed/31546970
http://doi.org/10.1021/acssuschemeng.6b02633
http://doi.org/10.1016/j.progpolymsci.2018.09.002
http://doi.org/10.1016/j.compositesb.2015.01.008
http://doi.org/10.1021/bm200865j
http://doi.org/10.3109/17435391003628713
http://doi.org/10.1007/s10570-011-9501-7
http://doi.org/10.1007/s10570-013-9948-9
http://doi.org/10.1016/j.compositesb.2017.09.040
http://doi.org/10.1016/j.compositesb.2018.12.128
http://doi.org/10.1016/j.carbpol.2018.10.035
http://www.ncbi.nlm.nih.gov/pubmed/30446097
http://doi.org/10.1016/j.carbpol.2015.07.078


Polymers 2022, 14, 2742 16 of 16

26. Mukherjee, T.; Czaka, M.; Kao, N.; Gupta, R.K.; Choi, H.J.; Bhattacharya, S. Dispersion study of nanofibrillated cellulose based
poly(butylene adipate-co-terephthalate) composites. Carbohydr. Polym. 2014, 102, 537–542. [CrossRef]

27. Rahimi, S.K.; Aeinehvand, R.; Kim, K.; Otaigbe, J.U. Structure and Biocompatibility of Bioabsorbable Nanocomposites of
Aliphatic-Aromatic Copolyester and Cellulose Nanocrystals. Biomacromolecules 2017, 18, 2179–2194. [CrossRef]

28. Fukuzumi, H.; Saito, T.; Okita, Y.; Isogai, A. Thermal stabilization of TEMPO-oxidized cellulose. Polym. Degrad. Stab. 2010, 95,
1502–1508. [CrossRef]

29. Sang, X.; Qin, C.; Tong, Z.; Kong, S.; Jia, Z.; Wan, G.; Liu, X. Mechanism and kinetics studies of carboxyl group formation on the
surface of cellulose fiber in a TEMPO-mediated system. Cellulose 2017, 24, 2415–2425. [CrossRef]

30. Avrami, M. Granulation, Phase Change, and Microstructure Kinetics of Phase Change. III. J. Chem. Phys. 1941, 9, 177–184.
[CrossRef]

31. Avrami, M. Kinetics of phase change. II Transformation-time relations for random distribution of nuclei. J. Chem. Phys. 1940, 8,
212–224. [CrossRef]

32. Cheng, F.; Liu, C.; Wei, X.; Yan, T.; Li, H.; He, J.; Huang, Y. Preparation and Characterization of 2,2,6,6-Tetramethylpiperidine-1-
oxyl (TEMPO)-Oxidized Cellulose Nanocrystal/Alginate Biodegradable Composite Dressing for Hemostasis Applications. ACS
Sustain. Chem. Eng. 2017, 5, 3819–3828. [CrossRef]

33. Lichtenstein, K.; Lavoine, N. Toward a deeper understanding of the thermal degradation mechanism of nanocellulose. Polym.
Degrad. Stab. 2017, 146, 53–60. [CrossRef]

34. Wulandari, W.T.; Rochliadi, A.; Arcana, I.M. Nanocellulose prepared by acid hydrolysis of isolated cellulose from sugarcane
bagasse. In IOP Conference Series: Materials Science and Engineering, Proceedings of the 10th Joint Conference on Chemistry, Solo,
Indonesia, 8–9 September 2015; IOP Publisher: Bristol, UK, 2016; Volume 107, p. 012045. [CrossRef]

35. Wu, C.S. Aliphatic aromatic polyester-polyaniline composites: Preparation, characterization, antibacterial activity and conductivi-
ties. Polym. Int. 2012, 61, 1556–1563. [CrossRef]

36. Jiang, W.; Ge, X.; Zhang, B.; Xing, R.; Chang, M. Different Influences of Two Peroxide Initiators on Structure and Properties of
Poly(Lactic Acid). J. Vinyl Addit. Technol. 2020, 26, 452–460. [CrossRef]

37. Alamo, R.G.; Mandelkern, L. Crystallization kinetics of random ethylene copolymers. Macromolecules 1991, 24, 6480–6493.
[CrossRef]

38. Chen, Y.-A.; Wu, T.-M. Crystallization Kinetics of Poly(1,4-butylene adipate) with Stereocomplexed Poly(lactic acid) Serving as a
Nucleation Agent. Ind. Eng. Chem. Res. 2014, 53, 16689–16695. [CrossRef]

39. Chiang, M.F.; Wu, T.M. Preparation and characterization of melt processed poly(L-lactide)/layered double hydroxide nonocom-
posites. Compos. Part B Eng. 2012, 43, 2789–2794. [CrossRef]

40. Tseng, L.-Y.; Chen, E.-C.; Wang, J.-M.; Wu, T.-M. Synthesis, Physical Properties and Enzymatic Degradation of Biodegrad-
able Nanocomposites Fabricated Using Poly(Butylene Carbonate-Co-Terephthalate) and Organically Modified Layered Zinc
Phenylphosphonate. Polymers 2020, 12, 2149. [CrossRef]

http://doi.org/10.1016/j.carbpol.2013.11.047
http://doi.org/10.1021/acs.biomac.7b00578
http://doi.org/10.1016/j.polymdegradstab.2010.06.015
http://doi.org/10.1007/s10570-017-1279-9
http://doi.org/10.1063/1.1750872
http://doi.org/10.1063/1.1750631
http://doi.org/10.1021/acssuschemeng.6b02849
http://doi.org/10.1016/j.polymdegradstab.2017.09.018
http://doi.org/10.1088/1757-899x/107/1/012045
http://doi.org/10.1002/pi.4247
http://doi.org/10.1002/vnl.21760
http://doi.org/10.1021/ma00024a018
http://doi.org/10.1021/ie503303u
http://doi.org/10.1016/j.compositesb.2012.04.040
http://doi.org/10.3390/polym12092149

	Introduction 
	Experimental 
	Materials 
	Fabrication of g-PBAT/CNC Nanocomposites 
	Analytical Procedures 

	Results and Discussion 
	Preparation and Characterization of CNCs 
	Crystalline Structure and Molecular Weight of g-PBAT 
	Structure, Morphology, and Physical Properties of g-PBAT/CNC Nanocomposites 

	Conclusions 
	References

