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In this study, we reported the preparation and prospective
application of the nanocomposites of poly(butylene
adipate-co-terephthalate) (PBAT) reinforced with cellulose
nanocrystals (CNCs). CNCs were isolated from bleached
sugarcane bagasse by acid hydrolysis and functionalized
with adipic acid. Nanocomposites were prepared with dif-
ferent concentration of CNCs (0.8, 1.5, and 2.3 wt% CNC)
by solution-casting method and then were covered with sil-
ver thin film by magnetron sputtering. The results showed
that the surface modification increased the degree of crys-
tallinity of nanocrystals from 51% to 56%, decreasing their
length and diameter. Moreover, AFM-IR spectroscopy
revealed that the modified CNCs were covered by adipic
acid molecules, improving the dispersion of nanocrystals in
PBAT. Well-dispersed modified CNCs acted as heteroge-
neous nuclei for crystallization of PBAT, and increased the
storage modulus of the polymer by more than 200%. These
improvements in thermal and mechanical properties of
CNC-based PBAT associated with the decrease of 56% in
the Escherichia coli biofilm formation on nanocomposites
(antibacterial properties) qualify the CNC/PBAT nanocom-
posites covered with silver thin films to be used as food
packaging. POLYM. ENG. SCI., 59:E356-E365, 2019. © 2019 Soci-
ety of Plastics Engineers

INTRODUCTION

The use of biodegradable polymers as an alternative to nonbiode-
gradable ones offers a number of benefits for environmental conser-
vation because of their nonharmful effects [1-6]. However, the
mechanical properties of biodegradable polymers are usually poorer
compared to many commonly used nonbiodegradable polymers, lim-
iting their wide application [7]. The use of cellulose nanocrystals
(CNCs) as reinforcement phase is a way to prepare biodegradable
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polymers with improved properties, maintaining the biodegradability
of the matrix [8]. The critical challenges in the preparation of these
nanocomposites come from the dispersion of CNCs in the surround-
ing matrix and interaction between filler/matrix, especially when
low-polarity polymers are used [9, 10]. Surface modification of
CNCs is an alternative to overcome this drawback, preventing the
agglomeration and also improving interfacial interaction between
CNC and polymer [11]. However, the mechanisms involved in the
interaction between CNC and polymer are not fully clarified [12].
Several efforts have been made to prepare CNC-based nanocompo-
sites with higher added value and to develop materials with prospec-
tive commercial application [13, 14]. In this context, the preparation
of materials with antimicrobial activity has received great attention
[15-18]. Here, we reported the preparation of poly(butylene adipate-
co-terephthalate) (PBAT) filled with modified CNCs and covered
with silver thin film. To our knowledge, the effects of CNC functio-
nalization by adipic acid on the final properties of CNC/PBAT nano-
composites have not yet been reported. Moreover, this study has
shown, for the first time, the use of magnetron sputtering for coating
the CNC/PBAT nanocomposites with silver thin films. The increased
mechanical strength of the nanocomposite combined with its antimi-
crobial property makes it a versatile material, which may be used as
food packaging.

PBAT is a thermoplastic polyester usually synthesized by a
polycondensation reaction between 1,4-butanediol, adipic acid,
and terephthalic acid [19]. The linear random copolyester PBAT
has attracted extensive attention from researchers because of its
properties, such as flexibility [20], biodegradability [21], biocom-
patibility [22], Young’s modulus of around 52 MPa [23], tensile
strength of 32-36 MPa [24], and high elongation at break (700%)
[25, 26]. These properties make PBAT be a viable candidate for
several multifunctional applications, such as food packaging
[27-30]. However, although PBAT has been recognized as a good
material for a wide range of applications, it has failed to achieve
the mechanical properties required in some applications, which
limits its market [31]. In this context, research related to the
development of nano-reinforced polymer composites has signifi-
cantly increased to meet this need [32-35].

Cellulose is the most abundant polymer of the Earth, and sev-
eral nano-sized materials can be obtained from it, such as cellu-
lose nanofibrils (CNFs), bacterial nanocellulose, and CNCs [36,
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37]. CNCs are nanomaterials widely used as reinforcing phase in
polymer nanocomposites [38]. CNCs consist of rod-like particles
measuring 5-50 nm in diameter and 100-1,000 nm in length,
which can be obtained from various cellulose sources, such as
capim dourado (Syngonanthus nitens) [39], ramie [40], and so on
[41]. CNCs have outstanding physical properties, such as high
aspect ratios, an estimated tensile strength of 0.3-22 GPa, elastic
modulus of 105-168 GPa, and are commonly described as bio-
compatible and biodegradable [42, 43]. These properties are
potentially useful for a wide range of applications, especially
when the CNCs are used as reinforcement in polymer nanocom-
posites. Addition of CNCs in low-polarity polymers has been
challenging because the inherent hydrophilicity of the CNCs leads
to an inadequate dispersion and a weak interaction (poor wetting)
with the matrix. Surface modification of the nanofiller is one of
the most effective ways to overcome these drawbacks [44—46].

In general, CNC-based PBAT nanocomposites can be fabri-
cated by two main methods: melt mixing and solvent casting
[47-49]. It is well known that similar nanocomposites prepared
by different methods can present very different properties [50].
Moreover, each method has advantages and disadvantages.
Solvent casting seems to be a promising method to fabricate
CNC-based PBAT because the CNCs can form a rigid H-bonded
three-dimensional (3D) network inside the polymer [51]. The for-
mation of this 3D network is only possible in casting method con-
ditions because of the long time for reaction, which is enough for
the particles to interact and self-organize [52]. CNC/PBAT nano-
composites with 3D particle network can show improved overall
properties. To highlight the prospective application of the
CNC/PBAT nanocomposites and increase their added value, a sil-
ver thin film can be added to the material. This thin film, formed
by silver particles, presents antimicrobial activity and is well
known for improving the antibacterial properties of polymeric
materials [53, 54]. CNC/PBAT nanocomposites covered with sil-
ver thin film can be used, for example, to pack food.

Escherichia coli is one of the main pathogens involved in
human diseases associated with food contamination [55]. For this
reason, intervention measures used to ensure food safety by elimi-
nating or inactivating this species from manufactured food prod-
ucts are needed [56]. These authors suggest that measures of
control should target each stage of food chain. This study aimed
to contribute to the packing stage of this chain.

In this study, we report the preparation of CNC/PBAT nano-
composites that present superior mechanical properties compared
to the neat polymer and potential application as food packaging.
The CNCs were isolated from sugarcane bagasse waste and func-
tionalized by adipic acid. Nanocomposites were prepared with
0.5, 1, and 1.5 times the CNC content necessary to reach the theo-
retical percolation threshold and covered with silver thin film.
Their thermal, mechanical, and antibacterial properties were stud-
ied and their prospective applications were discussed.

MATERIALS AND METHODS
Materials

Sugarcane bagasse was provided by Raizen (Sdo Paulo, Brazil).
Concentrated sulfuric acid (H,SOy4, 95%-98%), ethanol (C,HgO,
95%), chloroform (CHCI3), and adipic acid (C¢H¢O4, 99%) were
purchased from Aldrich. High-purity sodium hydroxide (NaOH)
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and a hydrogen peroxide (H,O,) solution were purchased from
Syntharise Chemical. PBAT (Ecoflex®, M, = 47,000 g/mol; M, =
105,000 g/mol) was provided by BASF.

Isolation of CNCs

CNCs were isolated from sugarcane bagasse by acid hydrolysis
as described elsewhere [57]. Briefly, bagasse pulp (10 g) was dis-
persed in 250 mL of sulfuric acid 65% at 45°C under mechanical
stirring for 45 min to allow fiber hydrolysis. The hydrolyzed fibers
were washed with deionized water (centrifugation, 4,500 rpm,
15 min per step) and dialyzed in deionized water for 3 days (until
a neutral pH was reached). Then, the suspension was subjected to
further centrifugation (6,500 rpm, 30 min) to separate nano-sized
cellulose from micro-sized cellulose [58]. Finally, the CNC suspen-
sion was lyophilized. This sample was labeled CNC.

Surface Modification of CNCs

An amount of CNC (0.4 g) was dispersed into adipic acid
solution (50 mL H,O and 1 g adipic acid) and then four drops of
H,SO, were added. The suspension was kept at 80°C for 2 h with
mechanical stirring. After that, the system was cooled to 40°C fol-
lowed by successive centrifugation (14,000 rpm, 10 min per step)
to remove free acid from the suspension. Finally, dialysis against
distilled water was performed for 3 days (neutral pH) [57]. The
modified CNC was labeled MCNC.

Preparation of CNC-Based Nanocomposites

Neat PBAT and CNC-based nanocomposites were prepared by
solvent casting method. CNCs (functionalized and nonfunctiona-
lized) were dispersed in chloroform (30 mL) using an ultrasonic
bath during 30 min. After that, 5 g of PBAT was added into this
premixed stage. The mixture was poured into a glass Petri dish
and covered with a glass lid, leaving a gap of 0.25 mm between
the dish and the lid. The Petri dishes were left in a fume hood
during 24 h at room temperature for solvent evaporation. Nano-
composites were prepared with 0.5, 1, and 1.5 times the CNC
content to reach the theoretical percolation threshold (i.e., 1.5 wt
% CNC), which corresponds to 0.8, 1.5, and 2.3 wt% of CNCs.
The theoretical percolation threshold was calculated based on
dimensions of CNC determined by atomic force microscopy
(AFM) according to Eq. 1:

0.7

(ﬂc=m (1)

where @, is the theoretical percolation threshold and L/D is the
aspect ratio of CNC [59]. The density of the CNC and PBAT
were 1.56 and 1.25 g cm™>, respectively [60]. Nanocomposites
with 0.8, 1.5, and 2.3 wt% of CNCs were labeled CNC1/PBAT,
CNC2/PBAT, and CNC3/PBAT, respectively. Nanocomposites
with 0.8, 1.5, and 2.3 wt% of MCNCs were labeled MCNC1/
PBAT, MCNC2/PBAT, and MCNC3/PBAT, respectively.

Coating with Silver Thin Film by Magnetron Sputtering

The silver thin films were deposited onto pure PBAT and
nanocomposites by magnetron sputtering technique with 20 sccm
Ar flow and 3 mTorr working pressure, using 7 W DC power
applied on a high-purity Ag target (99.99%) from Kurt J. Lesker
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Company. The percentage of Ag inserted in the samples is related
to the target sputter yield. Here, the parameters of the plasma pro-
cess were kept constant for all samples. Thus, the formed thin film
coating had the same amount of Ag. The schematic diagram of
the deposition system is shown in Fig. 1. This thin film coating is
able to enhance the surface properties of the material, while the
bulk properties are not changed [61].

Characterization

X-Ray Photoelectron Spectroscopy (XPS). The surface modifi-
cation of the CNCs was analyzed by XPS using a commercial
spectrometer (Thermo Fisher Scientific, UK) equipped with Mg
Ka line (hv =1,253.6 eV) at low pressure and operated at 10 eV.

X-Ray Diffraction (XRD). The degree of crystallinity (I.) of
CNCs was studied using an X-ray diffraction (Philips X Pert X-ray
diffractometer) with Cu-Ka (1 = 1.54060 A), equipped with a dif-
fractometer at 40 kV and current of 40 mA. The sample was scanned
in a 20-angle range between 10° and 30° at room temperature. /. was
calculated based on the Segal method [62], according to Eq. 2:

-1
I.= [2 1] x 100 (2)
L

where I, is the intensity associated with the crystalline peak
(20 = 22.9°) and I, is the intensity of the amorphous part (26 = 18°).

Atomic Force Microscopy (AFM). AFM was performed in an
NX10 atomic force microscope (Park System) operating on inter-
mittent contact. The spring constant and resonant frequency of the
silicon tip (nanosensors) were 42 N/m and 320 kHz, respectively.
The samples were prepared as follows. A 10 pL drop of poly-L-
lysine was deposited on freshly cleaned mica for 3 min, and then
rinsed with deionized water and dried. A 10 pL drop of diluted
CNC suspension (0.001 wt%) was placed on mica for 3 min and
then rinsed with deionized water. The samples were dried under
ambient conditions [63].

Atomic Force Microscopy-Based Infrared Spectroscopy (AFM-
IR). AFM-IR measurements were performed on NanolR2-s
(Anasys Instruments, Santa Barbara, CA) at a repetition rate of

DC Sample
Power - Target —~
Supply

1]

Turbo Pump
Mechanical Pump

FIG. 1. Scheme of magnetron sputtering deposition system.
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180 kHz from an infrared source (Quantum Cascade Lasers —
Daylight) tuned to a wavelength corresponding to C=O absorp-
tion (at 1700 cm™"). All AFM topographic images were obtained
in contact mode with resonance frequency of 13 £+ 4 kHz and a
spring constant of 0.07-0.4 N/m [64]. The samples were prepared
as follows. A 10 pL drop of diluted CNC suspension (0.001 wt%)
was placed on a gold-coated substrate, and then the water was
evaporated at room temperature.

Differential Scanning Calorimetry (DSC). The thermal behavior
of neat polymer and nanocomposites were evaluated using DSC
214 (TA Instruments, New Castle, DE). The samples (about
10 mg) were first heated to 180°C under a nitrogen atmosphere at
a rate of 10°C/min to eliminate their thermal history. Then, the
samples were cooled to —60°C followed by a second heating scan
up to 180°C under nitrogen atmosphere at a rate of 10°C/min.
The crystallinity (X.) of neat polymer and nanocomposites was
calculated using Eq. 3:

_ AH,
"~ AHf.

X, x 100, (3)

where AH,,, is the enthalpy of the second melting peak (J/g), AH,,
(114 J/g) is the enthalpy of fusion for 100% pure crystalline
PBAT, and f; is the weight fraction of the polymer [47].

Dynamic Mechanical Analysis (DMA). DMA of neat PBAT
and PBAT-based nanocomposites was performed using a Q800
DMA apparatus (TA Instruments, New Castle, DE) with a tensile
film clamp in strain mode at 0.01 N controlled forces. The mea-
surements were carried out at constant frequency (1 Hz), tempera-
ture range from —80°C to 80°C, and heating rate of 3°C/min. The
sample specimen dimensions were around 16.5 X 6.5 X 0.6 mm.
The modulus value was normalized to 3 MPa (at glassy state) to
avoid possible experimental errors because of sample dimension
measurements at room temperature, in which it is softer.

Antimicrobial Test. The effect of silver thin film coating on
CNC/PBAT samples was evaluated on E. coli biofilm formation.
We chose E. coli because of the potential application of CNC-
based nanocomposites as food packaging. E. coli is used as an
indicator of food and medical product contaminants [65, 66]. An
E. coli ATCC 23922 standardized suspension containing
107 cells/mL was prepared in saline solution using a spectropho-
tometer. Then, the initial suspension was diluted 1:10 in brain
heart infusion (BHI) broth for preparing the inoculum containing
10° cells/mL. The specimens (with 5 mm diameter and 0.2 mm
thickness) were previously sterilized by UV radiation for 30 min.
Aliquots of 20 pL of inoculum and 180 pL of BHI broth were
transferred into a 96-well plate containing sterile neat PBAT and
nanocomposites filled with MCNCs (MCNCI1/PBAT, MCNC2/
PBAT, and MCNC3/PBAT).

The samples were added to each well immersed in the culture
medium and the plates were incubated at 37°C under agitation
(90 rpm) for 120 min for preadherence phase, under aerobiosis.
Later, the samples were washed with 1 mL of phosphate-buffered
saline (PBS) and transferred to new wells with 200 pL. of BHI
broth and incubated for 24 h at 37°C under aerobiosis. Then, the
samples were washed with 1 mL of PBS and transferred to tubes
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containing 1 mL of saline solution. For biofilm disruption, tubes
were vortexed for 30 s and then sonicated (3 pulses with 10 s
interval, amplitude of 40 and 15 W). The initial suspensions were
serially diluted in saline solution, obtaining dilutions from 10~ to
107, and plated on BHI agar. After incubation for 24 h at 37°C
under aerobiosis, the number of colony forming units per speci-
men (CFU/specimen) was obtained and the variation in the num-
ber of colony forming units of the nanocomposites filled with
modified CNCs was compared.

RESULTS AND DISCUSSION
X-Ray Photoelectron Spectroscopy

XPS analysis was used to investigate the chemical composition
of CNCs before and after surface modification. High-resolution
XPS spectra of Cls of CNC and MCNC (Fig. 2) showed four car-
bon peaks: C1 (~285 eV), associated with C—C/C—H bonds; C2
(~286 eV), associated with C-O of alcohols and ethers; C3
(~288 eV), associated with O—C—O; and C4 (~289 eV), associ-
ated with O—C=0 (contribution of esters groups) [11]. Surface
modification increased the magnitude of the C1 peak from 23.2%
to 29.7% because of the long carbon chain of adipic acid. Simul-
taneously, the C4 peak increased (from 4.9% to 13.9%) and the
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FIG. 2. Deconvoluted Cls XPS spectrum of (a) CNC and (b) MCNC.
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C2 peak decreased (64.1% to 29.7%), probably because of the
conversion of some of the alcohol and ether groups in the ester
groups during the esterification reaction between the adipic acid
and the CNCs [57]. Thus, the changes observed in the XPS spec-
tra confirm the successful functionalization of CNCs.

X-Ray Diffraction Analysis

XRD experiments were performed to investigate the effect of
functionalization on the degree of crystallinity (I.) of CNCs. The
XRD patterns of CNC and MCNC (Fig. 3) showed three diffrac-
tion peaks at 15.7° (1 0 1), 16.7° (0 1°1), and 22.9° (0 0 2), corre-
sponding to the crystalline structure of cellulose I, while the small
peak at 20.6° (0 2 1) was related to amorphous regions [48]. We
found that the /. of the samples increased from 51% to 56% after
functionalization, which could be related to a removal of some
amorphous portion of cellulose after functionalization because of
the faster hydrolysis of the amorphous portion compared to the
hydrolysis of crystalline domains [67].

Atomic Force Microscopy

AFM was used to characterize the morphology and size distri-
bution of CNCs before and after modification (Fig. 4). The length
and diameter of CNCs were measured according to the method
reported by Lahiji et al. [68]. CNCs had a rod-like characteristic
aspect, with length of 362-463 nm and diameter of 8-12 nm,
resulting in an aspect ratio of 41. After surface modification, the
rod-like shape was preserved, but its length (185-300 nm) and
diameter (5.1-8.5 nm) were decreased. As a result, the particle
aspect ratio (35) was decreased. As XRD results showed that an
amorphous part of CNCs was removed after surface modification
(increasing the degree of crystallinity of the sample), the decrease
of length and diameter of CNCs after surface modification can be
related to the removal of the amorphous region between the crys-
talline domains (or even at their extremities) during the functiona-
lization, resulting in nanocrystals with smaller dimensions. This

Intensity (a.u.)

CNC yﬂHJh%wﬁwﬁ”

. )
", ’ﬁ"ﬁw “‘““% w

"0 wn»m-w*""‘
MCNC
I I
10 15 20 30
26 (Degree)

FIG. 3. XRD diffractograms of (a) CNC and (b) MCNC.
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FIG. 4. AFM images of (a) CNC and (b) MCNC.

issue was best discussed in our recent article [57] and was also
reported by other authors [69]. The dimensions of CNCs isolated
from the sugarcane bagasse are close to the dimensions of CNCs
reported by other authors [70, 71].

Dispersion Study

The dispersion behavior of CNCs in chloroform and PBAT
matrix was investigated based on the visual aspect of the systems.
Moreover, an additional understanding of how the functional
group attached to the CNC interacts with the medium was qualita-
tively discussed based on AFM along with IR technique (AFM-
IR). AFM-IR spectroscopy combines the spatial resolution of
AFM with the chemical analysis capability of IR spectroscopy
[72]. During the analysis, an IR source is tuned at a specific
wavelength (in our case at 1,700 cm_l; C=0 absorption) [73,
74]. The sample with group C=O in abundance vibrates and the
thermal expansion in response to infrared excitation is detected
[75]. The blue region in the chemical images obtained at
1,700 cm™" indicates low infrared absorptivity, while the orange
region indicates areas of greater absorptivity, that is, a greater
amount of group C=0. Thus, this technique is a powerful tool to
identify the functional groups chemically attached on CNC and
can help to clarify the mechanisms involved in the interaction
between CNC and PBAT.

The results showed that the unmodified CNCs remained in
clusters in the chloroform (Fig. 5a). A same pattern of agglomer-
ated particles can be observed in the PBAT (red circle in Fig. 5b),
reflecting its poor dispersion in organic solvent and low-polarity
polymer. On the other hand, modified CNCs showed good disper-
sion in chloroform at same time that no visible agglomeration in
PBAT was observed. The good dispersion of MCNCs in chloro-
form and PBAT can be related to the adipic acid attached to the
MCNC:s surface. This was confirmed by AFM-IR (Fig. 5¢), which
showed that modified CNCs are covered by adipic acid molecules
with the characteristic IR vibrational spectra peak at 1,698 cm™
(Fig. 5d), associated with its C=0O stretching vibrations v(C=0).

E360 POLYMER ENGINEERING AND SCIENCE—2019

A hypothetical explanation of good interaction of modified CNCs
with chloroform and PBAT can be related to the core—shell struc-
ture of modified CNC (Fig. Se). In this context, the long adipic
acid chains bound to the MCNC surface decrease the inherent
hydrophilicity of CNCs, improving their interaction with organic
solvent and low-polarity polymer. A similar behavior was
observed by Kaboorani and Riedl [76]. The authors showed that
functional groups attached in the CNCs surface can improve the
CNC dispersibility in organic solvents.

Differential Scanning Calorimetry

DSC was performed to assess the effect of CNCs on the crys-
tallization of the PBAT matrix (Fig. 6). The melting temperature
peak was 129°C for all samples. The results of the enthalpy of
fusion (AH,,), crystallization temperature (7.), and crystallinity
(X.) are summarized in Table 1. We observed that the AH,,, of the
PBAT increased after addition of 0.8 and 1.5 wt% of unmodified
CNCs (CNC1/PBAT and CNC2/PBAT, respectively), corroborat-
ing previous results found in the literature for similar unmodified
CNC concentrations [52]. Such addition resulted in materials with
higher crystallinity in all studied compositions. On the other hand,
AH,, decreased along with X, for nanocomposites reinforced with
modified CNCs (MCNC/PBAT samples). This suggests that crys-
tals formed from MCNC nanoparticles are able to present a well-
defined structure, with a sharp range of temperatures during melt-
ing compared to neat polymer or CNC/PBAT nanocomposite. No
significant change in T, was observed after addition of unmodified
CNC, while T, shifted to a slightly higher temperature as the con-
tent of the MCNC increased. A more pronounced effect was
observed for the nanocomposites reinforced with 1.5 wt% modi-
fied CNCs. This increase in T, is probably related to improved
dispersion of the nanofiller into the polymer matrix [77, 78].
Well-dispersed CNCs can lead to an increased number of hetero-
geneous nuclei for crystallization (nucleation sites) [79, 80]. The
increase in number of heterogeneous nuclei for crystallization is
directly related to an increased 7, [81, 82].
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FIG. 5. (a) Images of CNC and MCNC in chloroform (0.3 mg/mL) after sonication for 30 min. (b) Neat polymer and
nanocomposites prepared with 0.8 wt% cellulose nanocrystals. (c) (i and iii) Height mode AFM images and (ii and iv)

chemical images obtained at 1,700 cm™! for the CNC and

MCNC samples. (d) IR vibrational spectra of point 1 from

AFM images of MCNC. (e) A model of the CNC coated with adipic acid.

Dynamic Mechanical Analysis

Figure 7a and b shows the evolution of the logarithm of the
storage modulus (E') and loss modulus (E”) measured at a fre-
quency of 1 Hz as a function of temperature. The values of E' and

glass transition temperature (7,) are summarized in Table 2. Three
distinct glassy—viscoelastic—rubbery regions can be observed in
Fig. 7a, which are characteristics of thermoplastic materials. At
the glassy region (first plateau), no significant changes between

(a) (b)
MCNC3/PBAT MCNC3/PBAT
MCNC2/PBAT MCNC2/PBAT
. w + [MCNC1/PBAT
z % O|CNC3/PBAT
| [CNC2/PBAT & CNC2/PBAT
CNCI1/PBAT [CNCI/PBAT ~—— |
Neat PBAT m_/—_
- —
6|0 9|0 léO 1%0 180 6|0 9I0 150 150

Temperature (°C)

Temperature (°C)

FIG. 6. DSC curves of neat PBAT and nanocomposites. (a) Second heating and (b) cooling under nitrogen

atmosphere.
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TABLE 1. - Values of AH,, T., and X. of neat PBAT and PBAT-based
nanocomposites.

Sample AH,, (I/g) T. (°C) X, (%)
Neat PBAT 10.5 97.6 9.2
CNC1/PBAT 10.7 97.0 9.4
CNC2/PBAT 11.6 974 10.4
CNC3/PBAT 10.4 97.8 9.4
MCNC1/PBAT 10.4 99.5 9.1
MCNC2/PBAT 8.7 105.0 7.8
MCNC3/PBAT 8.7 102.0 79

the storage modulus of the samples can be observed. This behav-
ior occurs because, at low temperatures (below —40°C), the poly-
mer stiffness hides the mechanical effect caused by the presence
of a CNC network and polymer/filler interactions. On the other
hand, a modulus decrease is observed in temperatures higher than
—30°C. This transition region is associated with the softening of
the polymer chains because of the temperature increase, being
related to the polymer T, [83]. Figure 7b and Table 2 show that
the addition of CNC (especially above theoretical percolation
threshold) changed the 7, of the nanocomposites, meaning that
CNCs are affecting the relaxation of the PBAT amorphous phase.
At higher temperatures (above —14°C), the rubbery region (sec-
ond plateau) of the PBAT was strongly affected by the addition
of CNCs. The storage modulus enhanced as the unmodified CNC
content increased. This increase in E' can be related to the pres-
ence of fillers, which are able to act as reinforcement agent by
causing filler/polymer entanglements or by increasing the crystal-
linity of the nanocomposites compared to the neat polymer. Mor-
elli et al. [84] prepared PBAT-based nanocomposites reinforced
with CNC and reported that the increase in the elastic modulus is
related to the increase in rigidity of the material because of higher
crystallinity. However, the nanocomposites prepared here with

TABLE 2. - Variation of E' and T, of PBAT and nanocomposites. E'/E'pgat
indicates the increase of the value of the nanocomposites when compared with
neat PBAT.

Samples E' at 75°C (MPa) E'/E'ppaT T, O™
Neat PBAT 475 1.0 =31
CNCI1/PBAT 700 1.5 =30
CNC2/PBAT 860 1.8 -30
CNC3/PBAT 924 2.0 =27
MCNCI1/PBAT 993 2.1 =29
MCNC2/PBAT 1,102 2.3 =27
MCNC3/PBAT 1,324 2.8 -29

“T, obtained by the curves of the loss modulus.

modified CNCs showed lower crystallinity (as discussed by DSC
analysis, Table 1). In this case, the filler reinforcement seems to
arise as a result of polymer chain immobilization. As suggested
by Mariano et al. [49], the addition of a certain volume fraction of
CNCs (percolation threshold) in the PBAT by casting method can
generate interconnected structures; that is, a rigid 3D particle net-
work that is based on hydrogen bonding between the nanoparti-
cles, which affect the rubbery state of the matrix. As the content
of CNCs increases, such interactions begin to dominate, resulting
in the formation of a CNC—polymer network [85, 86]. The rein-
forcement effect on these auto-reorganized structures is more pro-
nounced when the CNC-matrix interactions are improved. Thus,
the higher values of elastic modulus observed for nanocomposites
prepared with MCNCs, when compared to their counterparts pre-
pared with CNC, seem to have this origin. These results allow us
to conclude that the surface modification of CNCs improves fillers
interaction with PBAT. Moreover, the reinforcing effect of CNCs
is probably governed by both contributions from crystallinity and
the interaction between the surface of the nanofiller and
the PBAT.

(a) (b)
N 1.0x10" 1
3.0x10° 3 _
<
[
2
2.0x10°] =
= 1.0x10' r T T
a -75 -50 25 0 25
1 2 2 Temperature (°C
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FIG. 7. Evolution of the logarithm of the (a) storage modulus (E’) and (b) loss modulus (E”) of the neat PBAT and the
nanocomposites loaded with cellulose nanocrystals as a function of temperature (at a frequency of 1 Hz). (c) Experimen-
tal data (at 75°C) and theoretical models: ((J) CNC/PBAT, (O) MCNC/PBAT; red line corresponds to the Ouali—
Takayanagi model and black line corresponds to the Sapkota et al. [76] model.
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Some theoretical models can be used to predict mechanical
properties of nanocomposites. In the presence of the percolated
network, the model developed by Ouali-Takayanagi is precise to
describe the E' behavior above the percolation threshold. This
model is shown by Egs. 4 and 5 [87, 88].

(1-20 +OXr)EsEr + (1-Xr)DEr2

E= (1-Xr)Er+ (Xr—Q)Es “)
0if Xr<wec
_ 0.4 5
Xr(Xr WC) if Xr>yc ®)
1-yc
0.7

where X; is the volume fraction of the CNC on the nanocomposite;
¥c is the percolation threshold of the nanocomposite, normally
defined by Eq. 6; E; and E; are the pristine modulus of rigid parti-
cles and matrix (assumed as 120 GPa for the filler and 475 MPa
for the polymer); and @ is the volume fraction of particles that
actually contributes to the formation of the network [87, 88].
Figure 7c shows the experimental data (at 75°C) and theoretical
models. There was a weak relation between experimental and theo-
retical (Ouali-Takayanagi model) results. In fact, the model is not
accurate to describe the E' for volume fractions smaller than the
percolation volume (X, <y, or @ = 0.02). Above this value, the
volume seems to be well-adjusted for the MCNC sample, but it
predicts higher values than those found for the CNC sample. This
can be explained by the presence of aggregates in the CNC sample,
as discussed above. To obtain a model able to predict the E' below
the percolation volume, Sapkota et al. [89] present a model that
considers the overlapping of particles during the creation of the per-
colated network («). This model allows the calculation of an alter-
native percolation threshold, shown by Eqs. 7 and 8, which can be
used in Egs. 4 and 5 to predict the mechanical properties of the
nanocomposites. The model proposed by Sapkota et al. shows a
good agreement with experimental data of the CNC-based PBAT
nanocomposite at lower volume fractions of particles. However, the
model is also not accurate to predict the E' values for MCNC-based
PBAT nanocomposites (Fig. 7c). This behavior can be related to
the high interaction of MCNC with the PBAT because of the sur-
face modification. Such strong attraction cannot be predicted by the
model. Here, the adjustment of the experimental data for the model
(CNC-based nanocomposite) provides an a value around 2.

3(1+2¢) : 7
(1+3%)%
5(07}’)=%((1+a)|3_1)+‘;‘((1+a)2—l)+a (8)

y is the sample aspect ratio (L/d).
a is the connectivity variable (@ = /D — 1).

Antimicrobial Test

The nanocomposites with the best mechanical properties
(MCNCI1/PBAT, MCNC2/PBAT, and MCNC3/PBAT) were

DOI 10.1002/pen

covered with silver thin film by magnetron sputtering technique to
highlight the potential of these nanocomposites for different appli-
cations. The results showed that the content of MCNC affects the
bacteria growth on the nanocomposites, avoiding biofilm formation.
The greatest antimicrobial effect was observed for the nanocompo-
site filled with 0.8 wt% MCNC, with a decrease of 56% when
compared to neat PBAT. This effect decreased as the MCNC con-
tent increased, with a decrease of 32% for the nanocomposite filled
with 1.5 wt% MCNC and an increase of 30% for the composite
filled with 2.3 wt% MCNC. These results suggest an interaction of
the bacteria with the MCNCs. Probably, a smaller amount of
MCNC:s leads to a well-dispersed nanofiller, resulting in a worse
condition for microorganism proliferation, which decreases the bac-
terial viability. When the amount of MCNC increases, some nano-
fillers can agglomerate, decreasing the efficient antimicrobial
properties of the nanocomposites. These results are in agreement
with previous studies, showing that the filler can affect the antimi-
crobial effect of the nanocomposites. Mondal et al. [90] showed
that PBAT-based nanocomposites filled with modified montmoril-
lonite present different antimicrobial effects according to the con-
tent of natural filler. E. coli was selected in this investigation due to
the need of new methods to inactivate or eliminate this species
from manufactured food products [56]. However, future evaluation
of other microbial species would be interesting to detect new appli-
cations of the proposed material.

CONCLUSIONS

By AFM-IR spectroscopy, we have shown that the surface
group attached on CNC forms a core—shell structure that affects
the interaction of the CNC surface with the polymer. The nano-
composites filled with modified CNCs present better dispersion
and greater interaction with PBAT, resulting in nanocomposites
with improved mechanical properties. This improvement is more
pronounced as the CNC content increases. The nanocomposites
covered with silver thin film by magnetron sputtering show anti-
microbial activity against E. coli, which depends on the MCNC
content. The results reported in this study support the idea that the
increased mechanical strength of the nanocomposites filled with
0.8 wt% MCNC combined with their antimicrobial property make
them a versatile material, which has the potential to be used in
food packaging.
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