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1 | INTRODUCTION
Biodegradable nanocomposites are a new class of bio-
polymers that has attracted attention in the last decade. !
These materials highlighted due to their nontoxicity and
the wide range of applications. They are usually com-
posed of fillers, additives, nanoparticles (especially the
nanocelluloses [NCs]), and a biodegradable polymer.?!
Among the biodegradable polymers, poly(butylene
adipate-co-terephthalate) (PBAT) highlights because of
its easy processing and adequate thermal properties. (3]
However, due to their poor mechanical and thermo-
mechanical properties, reinforcing agents could improve
the polymer properties to meet desired applications. L4-7]
NCs are rigid particles, and among their attractive
features are renewability, biocompatibility, sustainability,
low density, high crystallinity, and high specific strength

In the present work, nanocellulose (NC) has been surface-pegylated and fur-
ther employed as reinforcement in poly(butylene adipate-co-terephthalate)
(PBAT) through the melting process. The nanocomposites showed a significant
stiffness increase, especially the 2% pegylated-NC, due to the good interaction
between the modified NC and the matrix. Also the pegylation improved the
filler-PBAT adhesion, which resulted in higher thermal stability and low crys-
tallinity. Raman spectroscopy confirmed the strong interaction between the 2%
pegylated-NC, morphological analysis confirmed the filler adhesion. The water
absorption indicated that the pegylated-NC has a low tendency to absorb
water, which improves its applicability, for example, as a packaging material.
This unique study is of great value for the future design of pegylated-NC biode-
gradable nanocomposites with tailored properties.

biodegradable, composites, modification, nanotechnology

and modulus. ¥ Several studies report the use of NC as
reinforcement in different polymer matrices, since its
unique properties make these materials more
efficient.!”™"] NCs show the opportunity to obtain high
mechanical performance from renewable and high avail-
able material.[**! Also, authors demonstrate that NCs are
potential reinforcing agents in biodegradable polymer
matrices because they improve their performance during
the use of the material, and after disposal, they are
completely biodegradable, even being able to accelerate
the biodegradation process.'>* However, the rein-
forcing effect often depends on the dispersion and inter-
action between the filler and the polymer matrix. (116!
Although NCs have active groups on their surface,
their hydrophilic character results in high agglomeration
tendency and limits its dispersion on polymeric matrices.
Besides, the most used biodegradable polymers are

4340 | © 2020 Society of Plastics Engineers
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hydrophobic and nonpolar, such as PBAT and PBS, limit-
ing their performance as nanofillers. [1”*8 Literature
reports the NC chemical or physical surface modification
to achieve good dispersion and adhesion in the nonpolar
matrices. [**1°22! It is well known that the good rein-
forcement effect is attributed to the formation of a rigid
NC percolating network within the polymer matrix
through strong interaction between the materials. The
NC-polymer matrix interaction is also important for
mechanical improvements because such interaction facil-
itates load transfer between the filler and the
matrix, (2324

Different approaches can achieve the NC dispersion,
such as homo- or block-copolymers to improve the steric
stabilization; >?°! surfactant-assisted dispersion; 272!
acetylation; 13! solvent-assisted dispersion (the NCs are
solvent exchanged from water to DMSO or DMF, for
example, it is a high-cost and lead to environmental
emission and human exposure of volatile organic com-
pounds); 22 freeze-dry of the NCs; grafting with low
average molecular weight polymers. ?**2] However,
most approaches have high economic and environmental
impacts, generating toxic by-products, and limiting the
application in biomaterials, for example.

There have been several previously reported
NC/PBAT nanocomposite studied utilizing some of the
strategies stated above. [33-38] Besides, some authors
investigated the use of polyethylene glycol (PEG) as a
compatibilizer for cellulose microfibers. Moustafa et al
prepared torrefied coffee grounds PBAT composites and
observed that the torrefaction improved the available
hydroxyl groups of cellulose, resulting in composites
with superior mechanical, thermal, and crystalline prop-
erties. 1*°! Moustafa, Guizani, and Dufresne prepared
composites using coffee grounds in the microscale, and
extruded composites of cellulose/PBAT/PEG.[*°! The
authors observed that the coffee grounds showed good
interaction with the PEG matrix, which acted as a plasti-
cizer phase, and investigated the thermal degradation
kinect. Despite the indications that PEG may be a good
compatibilizer between the PBAT and cellulose matrix,
no records report the use of PEG in PBAT/NC
nanocomposites.

The literature reports the development of PBAT/PEG
blends reinforced with cellulose particles. However, no
studies describe surface-modified NC (pegylated
approach) as reinforcement in PBAT matrices. So, this
work proposes the use of PEG as a compatibilizer
between NC and PBAT. The pegylated-NC improves the
compatibilization of PBAT/NC nanocomposites, seeking
to overcome the low interfacial adhesion between the
PBAT matrix and unmodified NCs. The pegylation pro-
cess was reported in our previous article. [**/ Here, we
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show how pegylated-NCs are dispersed in the biodegrad-
able matrix, and the possible interactions between the
three components of this composite. The mechanical
properties, thermal stability, crystallinity, morphological,
and water absorption of the composites with and without
the use of PEG were investigated.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

Eucalyptus residues (Eucalyptus citriodora) were obtained
after harvesting and cutting in Mato Grosso (Brazil).
Sigma-Aldrich  (SP, Brazil) provided the PEG
(M, =1500gmol™") and sodium chlorite (99%).
Labsynth (SP, Brazil) provided sodium hydroxide (99%),
potassium hydroxide (99%), and ethanol. BASF (SP, Bra-
zil) provided polybutylene adipate co-terephthalate
(PBAT) (M, = 66.500 g mol%).

NC derived from eucalyptus residues was isolated
and surface-pegylated according to a previously
described procedure. **! The dimensions of the NC were
determined from atomic force microscopy (AFM)
images, resulting in particle size between 100 and
150 nm. These particles are considered cellulose nano-
crystals, and the aspect ratio (L/D) was 6.1 for the
unmodified CNS, and 3.0 for pegylated-NC with 2% or
5% of PEG. Considering the NCs diameter, the values
were 154, 66, and 100 nm for the samples NC, and
pegylated-NC with 2% and 5%, respectively. The publi-
shed article by Lima et al presents the complete charac-
terization of pegylated-NC. *#! In this work, the surface-
pegylation of the NCs was conducted in two PEG con-
centrations: 2 and 5 wt%. The modified samples were
named NC2 and NC5, and the nonmodified NC was
named NC.

2.2 | Preparation of the nanocomposites
The dried NC and the pegylated-NC were incorporated in
the PBAT matrix in the proportion of 1, 3, and 5 wt%
(NC: PBAT) using a Drays K-mixer MH-100 homogenizer
(MH Equipamentos Ltda., Brazil). The obtained
nanocomposites were compressed molded into 3.2 mm
thick sheets using a hot-press at 160°C and a force of
3 tons for 3 minutes. The resulting sheets were left in the
air to cool down to room temperature. The samples were
named PBAT-X%NC for the unmodified samples, PBAT-
X%(NC2) for the 2% surface-pegylated NCs, and PBAT-X
%(NC5) for the 5% surface-pegylated NCs, where X is the
amount of reinforcement used.



de SOUZA &t AL.

4342 912 INSPIRING Polymer
Wl LEY—W PROMESSIONALS  COMPOSITES

2.3 | Characterizations

2.31 | Mechanical property

The elastic modulus, elongation, and tensile strength
were measured using Instron 3367 Universal Testing
Machine (Norwood, EUA). The load cell and crosshead
speed were 5 kN and 50 mm min ", respectively. For the
tests, the sheets were cut according to ASTM D638-14,
type V. The average values of Young's modulus (E), the
elongation at break (¢), and the tensile strength (¢) were
calculated for six specimens. The tensile test was con-
ducted at room temperature and humidity of ~50%.

2.3.2 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out using
STA 6000 instrument (PerkinElmer). 10 mg of samples
were heated from 20°C to 600°C at a heating rate of
20°C min~" under N, flow (20 mL min™).

2.3.3 | Differential scanning calorimetry
An equipment differential scanning calorimeter (DSC) Q
1000 TA Instruments (New Castle, Delaware, EUA) per-
formed DSC measurements under the nitrogen atmo-
sphere (50 mL min™"). Before the analysis, samples were
weighed (5 mg) and placed into aluminum pans. The
samples were heated to 200°C, cooled to —60°C and, then
heated to 200°C, at a heating or cooling rate of 10°C.
min~". Equation (1) calculated the nanocomposites crys-
tallinity, where AH? is the melting enthalpy of 100%
crystalline PBAT (1147 g_l), AH,, is the measured
enthalpy, and W% is the weight fraction of PBAT.!*!]

AH,,
Xc=100X { —XW% ). 1

m

2.34 | X-ray diffraction

The X-ray diffraction (XRD) diffractograms were
obtained at ambient temperature on a STADI-P (Stoe).
The operating voltage was 40 kV and a current of 40 mA,
with CuKo radiation (1 = 1.54056 A), in the range
26 = 5° to 40°. The diffraction patterns estimate the mean
dimensions of the PBAT crystalline domains using the
Scherrer equation (Equation (2)), where f is the peak
height at half height (23.5°) (in rad), k is the diffraction
wavelength (1 = 1.54056 A), h is the diffraction angle,

and K is a constant, assumed to be 0.9 due to the possible
spherulitic shape of the domains. 424!

K
"= Bcoso’

(2)

2.3.5 | Raman spectroscopy

The nanocomposites were analyzed with a Raman spec-
troscopy (XRD Raman Spectroscopy Thermo Scientific,
Madison). The equipment conditions were wavelength of
780 nm and a power laser of 5.0 mW, in a range of 100 to

3500 cm ™}, 32 scans, and spectral resolution of 4 cm™

2.3.6 | Morphological analysis

A scanning electron microscope (FESEM) (JEOL-JSM-
7200F) equipped with energy-dispersive X-ray spectros-
copy (EDS) analyzed the nanocomposites fractured, with
an acceleration voltage of 10 kV. The samples were
sputter-coated with gold for around 5 minutes in Hummer
6.2 sputter system under 10 mA before SEM observations.

2.3.7 | Water absorption

Water absorption studies followed the ASTM D570-98 stan-
dard. Three specimens of each composition were randomly
immersed in distilled water at room temperature. The sam-
ples were removed from the water after certain periods,
wiped with a piece of cloth, and weighed in a high precision
balance, and then submerged again in water. The weight dif-
ference calculated the water content. Equation (3) (Fick Law
for water diffusion) treated the collected data, where M, and
M, are the water content at “¢’ time and at equilibrium,
respectively. The linear part of the curve obtained for log
M,/M,, plotted as a function of time determined the linear
and angular coefficients “k” and “n,” respectively.

log% =log(k)—nlog(t). (3)

(&)

Equation (4) calculated the diffusion coefficient (D) of
water in the nanocomposites, where L is the
nanocomposite thickness.
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3 | RESULTS AND DISCUSSION

3.1 | Mechanical testing

Figure 1 shows the mechanical properties of the neat
PBAT and its nanocomposites. Figure 1A clearly shows
that the addition of the NC increased the elastic modulus
(E), and the most significant NC’ content was 5%,
followed by 3 and 1 wt%, respectively.

For all the samples, there was a drastic decrease in
the elongation at break values. The addition of NC in a
polymeric matrix alters the organization of the PBAT
chains and decreases their movement and elongation
during tension, since the NC confine the chain motion of
the polymers, reducing ¢ values.** This trend is usually
reported in the literature. ****! The nanocomposite
increase in the reinforcement phase reduces the sliding
of the polymer chains. PBAT is a highly flexible polymer,
so the addition of particles tends to decrease its elonga-
tion at break values. This reduction observed in all sam-
ples indicates that PEG, in the studied concentrations,
did not act as a plasticizer in the polymeric matrix.

Besides, ¢ values decreased for all nanocomposites,
and this behavior is associated with matrix-filler interface
adhesion, filler content, and NC size. [*°! These relation-
ships can generate changes in several other properties,
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such as mechanical, thermal, and gas barrier. Tensile
strength is a parameter deeply dependent on the degree
dispersion of NC into the polymer matrix and can indi-
cate that the processing was inefficient in NC dispersion.
Pinheiro et al observed similar results working with mod-
ified NC as reinforcement in PBAT.*®!

Considering the modified NC samples, the addition of
NC-2%P increased E values and presented intermediate o
values for all the studied composites. For NC-2%P, proba-
bly the PEG acted as a compatibilizer between the matrix
and the dispersed phase, improving the nanoparticle
adhesion to the matrix. Another possibility is that, due to
the steric stabilization, the nanofiller is better dispersed
in the PBAT matrix, decreasing the agglomeration effect,
which could result in low-stress concentration. In this
case, as shown in Figure 2, possibly there were interac-
tions between the PBAT, the PEG, and the NC, improv-
ing the transfer of tension between matrix and
reinforcement (Figure 1D). Figure 2 shows the studied
PEG contents: 2%PEG and 5%PEG, which probably show
the higher and lower adhesion between the filler and the
matrix, respectively.

When incorporating NC-2%P, these nanoparticles will
be partially substituted, presenting reactive points both
the cellulose hydroxyls and the PEG. “~*8] These reac-
tive points tend to interact with the PBAT carboxyl,
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FIGURE 1 Mechanical properties of the neat PBAT and its nanocomposites: A, elastic modulus (E); B, tensile strength (¢); C,
elongation at break (¢); D, representative stress—strain curves. PBAT, poly(butylene adipate-co-terephthalate) [Color figure can be viewed at

wileyonlinelibrary.com|
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/ FIGURE 2 Expected interaction
4 PBAT between the pegylated-NC and the
PBAT matrix, considering the two PEG
<> NC contents studied (2% and 5%). NC,
nanocellulose; PBAT, poly(butylene
~ PEG adipate-co-terephthalate); PEG,

polyethylene glycol [Color figure can be
viewed at wileyonlinelibrary.com]
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« Excess of PEG — third phase.

which can promote a better dispersion effect, caused by
the pegylation, and improve the mechanical behavior of
these nanocomposites. Thus, with the interactions
between the three components of the system, a good
transfer of tension is expected (they act as percolation
paths), reflecting a significant increase in stiffness.

The mechanical results indicate that 5% of PEG hin-
ders the interaction between matrix and reinforcement,
resulting in a significant decrease in mechanical proper-
ties compared to the NC-2%P samples. In the case of 5%
PEG, the NC have few reactive sites for interaction with

the PBAT matrix (the cellulose hydroxyls are already
interacting with the PEG), which limits their behavior as
reinforcement, since only PEG interacts with the PBAT,
and results in smaller increases in E values. In this case,
excess PEG (chains that did not interact with NC) could
result in a third phase, limiting the stress transfer
between the nanocomposites components and worsening
the mechanical results.

Considering the different NC contents, the PBAT-5%
(NC2) sample showed the highest stiffness, followed by
the PBAT-1% (NC2) sample. The addition of 3% NC
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probably did not show good dispersion during processing,
limiting its mechanical performance.

3.2 | Thermal properties

The thermogravimetric and the DTG curves of the neat
PBAT and their nanocomposites are presented in
Figure 3A,B), respectively. All samples have similar ther-
mal behavior, with a single stage of mass loss at ~400°C,
which is associated with the breakage of the C—C bonds
present in the structure of the polymer. ***°! This simi-
larity can be attributed to two factors: (a) the concentra-
tion of nanoparticles is low compared with the total mass
of the sample, which has a small influence on the poly-
mer matrix; (b) there was a good adhesion of the rein-
forcement phase in the matrix. *°! It is interesting to note
that the samples with 3% and 5% of NC showed a slight
increase in the Tyy,y, as observed in Figure 3B. According
to Moustafa et al., there is possibly an interfacial interac-
tion between the cellulose hydroxyls or the PEG with the
PBAT, which increases the nanocomposites’ thermal sta-
bility. 1*°! The interfacial bond between the reinforcement
and the matrix and the compatibility between the phases

(A) : —— PBAT

90 - -4 ——PBAT-1% NC
s =——PBAT-1% (NC2)
——PBAT-1% (NC5)
——PBAT-3% NC
—— PBAT-3% (NC2)
—— PBAT-3% (NC5)
—— PBAT-5% NC
—— PBAT-5% (NC2)
—— PBAT-5% (NC5)

Weight (%)

600

f— PBAT
f—— PBAT-1% NC
= PBAT-1% (NC2)
——PBAT-1% (NC5)
——— PBAT-3% NC
—— PBAT-3% (NC2)
—— PBAT-3% (NC5)
——PBAT-5% NC

| ——PBAT-5% (NC2)
1——PBAT-5% (NC5)
1

&
?

Deriv. weight (%/°C)

-1.84

1
4 600
Temperature (°C)
FIGURE 3 Thermal curves: A, TG and B, DTG of the neat
PBAT and the studied nanocomposites. PBAT, poly(butylene

adipate-co-terephthalate) [Color figure can be viewed at
wileyonlinelibrary.com|
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are related to the increase in the thermal stability of the
nanocomposites, as was shown in Figure 2. In this case,
NC can act as “cross-linking” agents, which bind the
PBAT chains together, which results in higher tempera-
tures for thermal decomposition. '*”1 Higher concentra-
tions of NC require more elevated amounts of heat,
which results in higher Tipax.

Table 1 presents the DSC results for the neat PBAT
and its nanocomposites, and Figure S1 presents the sec-
ond heating and cooling curves, respectively. The neat
PBAT and the PBAT/NC nanocomposites have a single
endothermic peak, associated with the PBAT. Glass tran-
sition temperature is an important parameter in the com-
posites technology that explains the miscibility or
immiscibility of polymer composites.*”) While non-
modified NC did not show a significant change in T,
values, pegylated-NC decreased the T, values by ~4°C,
which indicates good miscibility between the PBAT
matrix and the reinforcement.!**> Different from the
mechanical results, this decrease indicates a possible
plasticizer effect.[>*!

The melting temperature of neat PBAT was 124°C
and increased ~3°C after the NC addition, and after the
addition of the pegylated-NC, it was observed a new peak
at approximately 40°C. This peak may be related to the
melting temperature of PEG.

This increase means more thermal energy is needed
to undo the material's crystalline structure and make it
viscous. An increase in Ty, implies that the polymer can
be processed at slightly higher temperatures without the
risk of degradation. This increase can be associated with
different forms of crystallites, caused by the insertion of
nanoparticles, different crystalline organizations, possible
molecular orientation, and possible segregation effects,
caused by differences in composition.

The difference in T, values is significant with an
increase (from 80 to ~100°C) after the addition of the
nanoparticles. The addition of NC and pegylated-NC acts
as heterogeneous nucleation by increasing nucleation
sites that promote the crystallization of PBAT **. In this
case, the polymeric crystals cover the surface of the
NC. For these samples, the crystallite size is smaller than
that of neat PBAT due to the physical limitation of crys-
tallites growth created by the numerous nucleation point,
which justifies the slight decrease in the crystallinity
values (Figure 4)., except for PBAT-1%NC and
PBAT/5%(NC5).

The X. decrease occurred due to the NC, which
restricted the polymer chain movement, decreasing the
crystallization of the PBAT chains. 13" Briefly, it is possi-
ble to conclude that the NC dominates the nucleation
process the overall, in other words, the crystallization of
the system. Besides, there is no strong “confinement” of
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TABLE 1 DSC results for PBAT,

Samples T; °C) Tmpec CC) Tmpear CC) T.(°C) X (%) 7 (nm) . .
and PBAT nanocomposites with 1, 3
PBAT —32.2 — 124.2 79.9 9.4 11.4 and 5 wt% of unmodified NC and
PBAT-1%NC —-35.0 — 127.1 91.1 11.3 11.3 surface-pegylated-NC, and crystallite
PBAT/1%(NC2) —30.5 37.8 127.0 91.3 7.1 9.3 size (7) of neat PBAT and their
PBAT/1%(NC5) —298  37.6 127.1 91.2 7.3 9.8 nanocomposites, calculated by Scherrer
equation
PBAT/3%NC -34.1 — 126.8 98.2 8.4 7.6
PBAT/3%(NC2) —35.6 38.0 128.5 107.0 6.8 7.7
PBAT/3%(NC5) —35.5 37.8 127.1 104.7 8.9 8.5
PBAT/5%NC —34.5 — 127.3 101.9 7.5 7.7
PBAT/5%(NC2) —36.3 38.5 128.8 106.6 5.8 7.6
PBAT/5%(NC5) —36.0 38.4 127.1 104.2 10.8 7.7
Abbreviations: NC, nanocellulose; PBAT, poly(butylene adipate-co-terephthalate); PEG, poly-
ethylene glycol.
Melt state FIGURE 4 Illustration of possible
interaction of PBAT, PBAT-NC, and
PBAT

PBAT-pegylated-NC and the expected
behavior of the polymer crystallization

* Larger crystallite sizes with and without the nanocellulose.

* Fewer nucleation points NC, nanocellulose; PBAT, poly(butylene
adipate-co-terephthalate) [Color figure
can be viewed at

PBAT chains wileyonlinelibrary.com]

PBAT-NC o
NZ,) -
£ a/ﬁi/
B

Heterogeneous nucleation
Lower crystallite sizes
More nucleation points

b
7~ Nanocellulose (NC)

PBAT-pegylated NC
& (,00\-‘“%
/\Z?
G
'
a 7/
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the nanoparticles in polymer chains. That is, there was are observed at 16.3°, 17.7°, 20.5°, 23.3°, and 24.9°. There
no considerable variation in how nucleation occurs and is no significant transcrystalline phase at the interface of
in the growth of the crystallites, and therefore there was the system, that is, there are no significant structural
no significant variation in the nanocomposite crystallin- changes in PBAT that have been induced by NC. 1341 No
ity. 138 new diffraction peaks were found in the XRD patterns,

possibly because PBAT is in a much higher concentration

than NC. However, samples with 5% NC showed a weak

Heterogeneous nucleation
Lower crystallite sizes
More nucleation points

3.3 | X-Ray diffraction signal at ~34.5°, which can be attributed to the cellulose
[18,55]
phase.
Figure 5 shows the diffraction patterns of PBAT samples The diffraction patterns were used to estimate the
and their nanocomposites. Neat PBAT exhibits five differ- =~ mean dimensions of the PBAT crystalline domains using
ent peaks of crystallinity, being a combination of amor- the Scherrer equation, as described in the experimental

phous and crystalline structures. The crystalline peaks  section. Table 1 shows the results of the crystallite size.
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FIGURE 5 XRD patterns of neat —— PBAT
PBAT and their nanocomposites. PBAT, —— PBAT-1% NC
poly(butylene adipate-co-terephthalate); —— PBAT-1% (NC-2P)

XRD, X-ray diffraction [Color figure can PBAT-1% (NC-5P)
PBAT-3% NC

be viewed at wileyonlinelibrary.com] - PBAT-3% (NC-2P)
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The decrease in 7 indicates that the presence of
nanoparticles has a strong influence on the crystallization
of PBAT matrix, promoting nucleation and preventing
the growth of crystallites, as shown in Figure 4. °*! Such
results are consistent with those observed by the DSC,
where there is a decrease in crystallinity as the pegylated-
NC content increases. [*?!

3.4 | Raman spectroscopy

Raman spectroscopy accessed the nature of functional
groups and their interaction with the neighboring groups.
157) Figure 6A-D shows the Raman spectra of the raw
materials (PBAT, NC, and PEG) and the developed
nanocomposites. In Figure 6A, it is possible to verify the
main peaks of each sample. The main vibrational fre-
quencies of the PBAT appeared at 640 to 860 cm ™" (aro-
matic ring vibrations), 1100 to 1285cm™' (aromatic
—C—H stretching), 1461cm™ (—C=0 stretching),
1618 cm™' (—CH, stretching), 1720cm™' (—C=C
stretching), and 3085 cm™' (C—O—C stretching). °”! The
Raman spectra of cellulose showed the main peaks at
380 and 460 cm™' (C—C—C, C—0, and C—C—O ring

deformation), 900 cm™ (C—H ring of cellulose),
1456 cm™' (H—C and H—O—C bending), 1300 to
1500 cm™ (—CH, and —CH,OH deformations),

2889 cm™ (CH and CH, stretching), and 3286 to
3402 cm™! (O—H stretch). 158>

Due to the similarity between the PBAT and NC spec-
tra and the low content of NC used, it is not possible to
identify  characteristic  cellulosic peaks in the
nanocomposite spectra. Some peaks showed larger and
less defined after the addition of NC, which can be associ-
ated with the influence of the NC structure. [°*! The addi-
tion of NC-5% PEG resulted in a shift in the vibrational
frequencies (~10-20 cm™"), which suggests that there is
an interaction between the components of the mixture.

According to Agarwal et al, shifts of the 1095 cm™
band result from the wuniaxial deformation of
nanocomposites. ) In this work, all the nanocomposites
showed shifts between 1 and 3 cm ™!, which are indicative
of the stress transfer between the PBAT and the NC due
to strong interfacial hydrogen bonding, which are respon-
sible for increases in the elastic modulus, [**! as presented
in the mechanical results. In general, the PBAT-NC
showed shifts of 2 cm™'. The PBAT-(NC-2%P) showed
variations of 3 cm™', and PBAT-(NC-5%P) presented
shifts of 10 cm™'. Small changes in the vibrational fre-
quency of the composites can be associated with chemi-
cal interactions between the active groups of the
components (ie, hydroxyls from cellulose and PEG, and
carboxyl groups of PBAT), as demonstrated in the

1

mechanical results. These interactions are possible of the
hydrogen bonding type, since there are no new peaks,
and the approximation of the chains alters the conforma-
tion of the polymer chains and, consequently, their
modes of vibration and deformation. Therefore, higher
amounts of NC (5%) have more points of interaction, thus
causing higher peak shifts. This interaction is responsible
for the increase in the stiffness of the composite.

3.5 | Morphological analysis

The fracture surface of samples, including PBAT
nanocomposites with pegylated and nonpegylated-NC as
a function of different contents, were observed by
FESEM. Figure 7 shows the morphology of the studied
samples, and the white dots were identified in the PBAT
matrix, which corresponds to the NC-matrix in the per-
pendicular plane of the nanocomposite. 7!

The PBAT-NC samples showed a good dispersion of
the nanoparticles. A lot of empty spaces (cavities) can be
observed (indicated by the red circles), which means that
the adhesion of the NC in the matrix was poor. !

The samples 2% pegylated-NC showed good compati-
bility between the nanoparticles and the polymeric
matrix, which was evaluated by the “broken” NC parti-
cles (indicated by the yellow circles and arrows). It repre-
sents an efficient stress transfer by the higher NC's
capacity to absorb energy. [17] Some NC particles appear
to be embedded in the PBAT matrix rather than exposed
at the surface, suggesting good compatibility and adhe-
sion. ®! Furthermore, no debonding of the nanoparticles
from the matrix was observed, implying functional
interactions,"! as discussed in Figure 2. Probably a perco-
lating network structure was formed due to the interac-
tions among PBAT-NC-PEG, as reported previously.

The samples 5% pegylated-NC showed an intermedi-
ary behavior, with cavities and nanoparticles. In this
case, the holes are possibly due to the formation of a sep-
arate phase of PEG.!! This phase is associated with the
PEG excess, as mentioned before.

3.6 | Water absorption

All nanocomposites have a similar water absorption
behavior, with higher absorption in the first few hours,
and then there is a stabilization (equilibrium). Figure 8
shows that the nanocomposites differ in the intensities of
water absorption. Equation (3) was applied to understand
the water absorption behavior of the samples, and
Table 2 presents the calculated parameters. When n is
close to 0.5, the samples have favorable conditions for the
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FIGURE 7 SEM micrographs of PBAT nanocomposites. The red circles indicate surface cavities due to the poor adhesion between the
phases, and the yellow circles are associated with the presence of NCs in the matrix, resulting in good adhesion between the matrix and the
NC. NC, nanocellulose; PBAT, poly(butylene adipate-co-terephthalate) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Water absorption isotherm curves (% wt gain) for PBAT and their nanocomposites: A, 1%; B, 3%; and C, 5% nonpegylated
and pegylated-NC. NC, nanocelluose; PBAT, poly(butylene adipate-co-terephthalate) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Diffusion parameters k, n, and diffusion coefficient
(D) for the PBAT and their nanocomposites

Samples k n D (m?/s) x 10"
PBAT —-1.90 0.50 2.56
PBAT-1%NC —2.47 1.16 2.32
PBAT/1%(NC2) ~2.15 0.53 221
PBAT/1%(NC5) 228 0.45 1.63
PBAT/3%NC —0.58 0.62 9.84
PBAT/3%(NC2) ~0.74 0.22 8.23
PBAT/3%(NC5) —0.94 0.47 8.11
PBAT/5%NC —-0.43 0.32 10.6
PBAT/5%(NC2) —0.61 0.02 8.71
PBAT/5%(NC5) —-0.63 0.10 8.83

Abbreviations: NC, nanocellulose; PBAT, poly(butylene adipate-co-
terephthalate).

application of Fick's Law. All the samples showed favor-
able conditions, so the Fick's Law was applied.

The value of k represents the material affinity with
water molecules, and the higher the value of k, the
greater the interaction of the polymer with water. This
affinity is associated with polymer hydrophilicity, and

low values are attributed to higher hydrophobicity. In
this case, considering 1% NC, as the NC interacted with
PBAT active groups, the hydrophilic groups are not avail-
able to bond with water, decreasing the water absorption.
However, this trend reversed to the higher contents of
NC. Considering 3% and 5% NC, there is a high content
of cellulose free hydroxyls, which are hydrophilic, justify-
ing the increase of hydrophilicity of the nanocomposite.
In the case of pegylated-NC, it was observed that NC2
has a higher uptake tendency, followed by the NC5P
samples.

The diffusion coefficient showed a similar trend; this
is the most important parameter of the Fick model, dem-
onstrating the ability of solvent molecules (water, in the
study, considered), to penetrate the nanocomposite's struc-
ture. The nonpegylated-NC showed the highest values of
D; this parameter is influenced by the free hydroxyls and
the voids in the interfacial region between the reinforce-
ment and the matrix. [°2/ As observed in the scanning
electron microscopy (SEM) images (Figure 7), there is a
low adhesion between the NC and the PBAT, which may
result in cavities that influence the absorption of water.

Another hypothesis is that PEG slows the diffusion of
water in the bulk of the material. The interaction of the
cellulose hydroxyls with the PEG hydroxyls results in
fewer hydrophilic groups available, thereby reducing the
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affinity of the material with water and the diffusion coef-
ficient. This tendency is observed mainly for samples
with 3% and 5% NC, at both studied concentrations
of PEG.

The addition of PEG was more impacting for the sam-
ple of 1% NC, resulting in behavior different from the
other compositions studied, as shown in the mechanical
properties, where there was a more significant increase
in stiffness compared with the sample nonpegylated.
Pegylation was effective in increasing compatibility
between the reinforcement and the matrix, especially at
low filler concentrations.

These water absorption results are essential because
they can give an initial idea of the behavior of the mate-
rials during the hydrolysis, which is an abiotic degrada-
tion in which the material is degraded only by water.

4 | CONCLUSIONS

The addition of nonpegylated-NC resulted in a discrete
increase in the material's stiffness, without significant
improvements in other properties, which is an indication
that they did not act as reinforcement and that there were
poor compatibility and adhesion between the matrix and
NC. The pegylated-NC in the PBAT matrix resulted in a
significant increase in the material's stiffness, especially
the 2% pegylated-NC nanocomposites. A similar trend
was observed for all the contents of NC studied (1, 3, and
5 wt%). The addition of modified NC improved the disper-
sion and adhesion of the nanoparticles in the matrix.
Stiffness is associated with hydrogen bonds between the
NC and PEG hydroxyls and the PBAT carboxylates. The
5% pegylated-NC showed limited mechanical perfor-
mance, which is related to the excess of PEG, which
formed a separate phase in the nanocomposites. There
was an increase in thermal stability, which is a result of
interfacial interactions between materials.

The nanocomposites decreased the degree of crystal-
linity, probably due to the nucleation effect that the
nanoparticles exert during the cooling of the polymer,
reducing the crystallite sizes. By evaluating the mechani-
cal properties and the thermal properties, it was observed
that the addition of 2% pegylated-NC decreases the
nanocomposite crystallinity but presents the best
mechanical properties. In this sample, the increase of
stiffness is related to the interface formed between the
matrix and reinforcement, which generated good adhe-
sion and tension transfer. The nanocomposites present
the enormous potential of application in different prod-
ucts, ranging from areas, such as food packaging to bio-
medicine and agricultural materials.
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