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Abstract

Cellulose nanostructures (CNS) are an alternative for reinforcement of biodegradable polymers. However, the usual
process applied to obtain them is environmentally harmful, generating chemical wastes, mostly in the lignin removal
process. In this work, bionanocomposites reinforced with CNS were obtained using a process with lower environmental
impact, viz. enzymatic hydrolysis of Pinus wood, with or without alkaline pretreatment for lignin removal. They were
then incorporated into poly(butylene adipate-co-terephthalate) (PBAT) at 1%, 3%, and 5% (wt./wt.) by a solvent casting
process with a nonionic surfactant as surface modification agent. The properties of the obtained composites indicated
that pretreatment for lignin removal was not necessary to improve the mechanical properties. The isolated nature of
the CNS led to a better distribution in the casting process and similar mechanical properties, with an increase in the
Young’s modulus by 16%. Addition of the surfactant helped improve the dispersion of the reinforcement but did not
affect the mechanical properties. The interaction with water was affected by the addition of surfactant, which resulted
in a hydrophilic composite and influenced its post-use degradation. The results of this work confirm that it is possible to
produce CNS composites without excessive consumption of reagents and that their properties can be modified for use
in different packaging applications.
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1 Introduction the action of microorganisms or enzymes releasing gases,

water, salts and new biomass in a relatively short time of

The use of polymeric materials has become increasingly
dominant in the production of different industrial prod-
ucts, mainly due to their low cost and the possibility to
control their thermal and mechanical properties [1]. How-
ever, a significant part of these products are designed for
rapid disposal, what has caused concern in several sec-
tors of society because of their strong resistance to envi-
ronmental degradation and occupation of large volumes,
where they remain for years until complete degradation
[2]. Use of biodegradable polymers is an alternative to this
scenario. According to ISO, “biodegradable polymers are
materials that undergo significant chemical change by

degradation”[3].

Among biodegradable polymers, poly(butylene adi-
pate-co-terephthalate) (PBAT) is a synthetic aliphatic-aro-
matic polyester which displays mechanical properties
similar to those of low-density polyethylene (LDPE). It
is composed of poly(butylene adipate) (PBA), which is
responsible for its flexibility, and poly(butylene terephtha-
late) (PBT), which confers rigid domains. PBAT offers high
flexibility, low processing temperature, and the advantage
of biocompatibility, being attractive for packaging and
biomedical applications, as well as agricultural mulching
films. However, some of its properties, e.g., its thermal and
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mechanical resistance, are lower than those of other poly-
mers that are typically applied. Cellulose nanostructures
can be used to address the cited problems [4].
Nanocelluloses are nanometric structures with large
surface area and good mechanical properties, combin-
ing high elastic modulus (around 140 GPa) and tensile
strength (up to 7500 MPa), low toxicity, and biodegradabil-
ity. Use of the combination of PBAT and nanocellulose can
overcome the limitations of the polymer matrix, creating a
nanocomposite with improved properties [5]. Zhang et al.
[6] reported that incorporation of 0.5% acetylated nano-
cellulose into PBAT tripled the modulus of elasticity of the
material and increased its loss modulus by almost 20%,
with slight improvements in the thermal stability.
However, the high hydrophilicity and intramolecular
bonds of cellulose make its dispersion in polymer matri-
ces a challenge, leading to a decrease of the stress transfer
between the phases and consequently reducing desired
properties [7]. Literature describes efforts towards compat-
ibilization of cellulose nanostructures [8-10]. Among these
approaches, chemical modification of cellulose nanostruc-
tures is the predominant method, along with different
strategies for drying and processing [11]. De Lima et al.
[12] studied chemical modification of the nanocellulose
surface with polyethylene glycol (PEG), an environmen-
tally friendly polymer, to improve its stability in aqueous
medium. Adsorption of surfactants onto the nanocellu-
lose surface is another attractive alternative that has been
studied recently [13, 14]. Cellulose has a large number of
hydroxyl groups in its structure, which allows intermolecu-
lar hydrogen bonds with amphiphilic molecules, in turn
enabling interaction with nonpolar materials [11, 15, 16].
Nonionic surfactants are already widely marketed prod-
ucts and represent a viable alternative for more complex
surface modifications of cellulose nanostructures [13].
Heux et al. [17] were among the first to publish a tech-
nique using a nonionic surfactant, containing alkylphenol
branches, to modify cellulose nanocrystals. The surfactant
covered the crystals, forming a thin layer and ensuring
their good dispersion in nonpolar solvents. Pinheiro et al.
[18] modified nanocellulose using octadecyl isocyanate
and observed an increase in the elasticity modulus of PBAT
(+22 MPa) on incorporation of 7% (wt./wt.) nanostructures.
Moreover, Luzi et al. [19] studied the use of a commercial
surfactant (acid phosphate ester of ethoxylated nonylphe-
nol) for modification of cellulose; incorporation of 1% (wt./
wt.) into polylactic acid (PLA) resulted in improvements
in the thermal stability, tensile strength, and vapor per-
meability of the matrix. However, such surface modifica-
tion of CNS using a surfactant and the resulting improve-
ments in the performance of the composite material
depend on the interaction between the phases, which is
affected by the surface charge of the nanostructures [13,
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20-24]. Therefore, it is necessary to study such interactions
specifically.

In this work, incorporation of nanostructures obtained
from biomass residue (wood flour) into PBAT was stud-
ied, with or without the use of a nonionic surfactant. The
nanostructures were obtained by enzymatic hydrolysis,
which does not modify the surface charge [25]. Whether
the usual removal of recalcitrant elements from wood
flour is necessary to obtain suitable composites was also
evaluated. Production of CNS without pretreatment is an
environmentally friendly process, saving consumables and
energy and reducing generation of residues [26], repre-
senting an attractive option to achieve reinforcement of
bionanocomposites.

2 Experimental
2.1 Materials

The lignocellulosic residue used in this work was Pinus
taeda sawdust, milled from transportation pallet waste
supplied by local companies. Poly(butylene adipate-co-
terephthalate) (PBAT) was Ecoflex®, produced and supplied
by BASF (Germany) and having average molecular mass
weight of 66,500 g mol~'. Enzyme complexes CTec2® and
HTec® were supplied by Novozymes (USA). Nonionic sur-
factant Ultraric PE 105° (EO-PO copolymer) was supplied
by Oxiteno (Brazil). Calcium hypochlorite, chloroform, and
sodium hydroxide were purchased from Labsynth Labora-
tory Products (Brazil), while acetic acid, sodium citrate, and
hydrogen peroxide were purchased from Casa Americana
Laboratory Products (Brazil). All reagents were used with-
out further purification.

2.2 Preparation of cellulose nanostructures

Lignocellulosic residue (Pinus taeda sawdust) smaller than
50 mesh was separated into two groups, pretreated and
non-pretreated; their preparation was reported previ-
ously [26]. Two alkaline steps were applied for pretreat-
ment of the former residue: application of solution of cal-
cium hypochlorite 1% (wt./wt.) and acetic acid 1% (v/v) at
70 °Cfor 1 h for removal of waxes and fiber exposure, and
bleaching in solution of hydrogen peroxide 24% (v/v) and
sodium hydroxide 4% (wt./v) at 50 °C for 2 h. The second
step was repeated three times for better results.
Nanocellulose structures were then obtained by apply-
ing commercial enzyme complexes CTec2® and HTec® for
48 h in sodium citrate buffer solution (50 mM) at 50 °C.
This process was applied to both the pretreated and non-
pretreated samples. The resulting solutions were heated to
100 °C for enzyme denaturation [26]. The nanostructures
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were centrifuged for 15 min at 10 °C and 16,000 rpm, and
the supernatant volume was removed and replaced with
distilled water to remove the buffer solution; this process
was repeated three times. The nanostructures obtained
after pretreatment are called P samples, while those with
no pretreatment are called N samples.

2.3 Preparation of bionanocomposites

Both nanostructures (P and N) were incorporated into
PBAT by a solvent casting method. The nanostructures
were dispersed in chloroform after solvent exchange with
an intermediate step in acetone [27]. The nanostructures
were centrifuged for 15 min at 10 °C and 16,000 rpm. The
supernatant volume was replaced with acetone and soni-
cated for 1 min at 92 kJ. The obtained acetone-water solu-
tion was centrifuged for 25 min at 10 °C and 16,000 rpm.
The supernatant volume (water) was then replaced with
chloroform and sonicated for 1 min at 92 kJ. The chloro-
form-acetone system was centrifuged for 25 min at 10 °C
and 16,000 rpm. The supernatant volume (acetone) was
removed, resulting in CNS chloroform solution.

To produce composites, PBAT chloroform solution was
prepared with 8% (wt./v.) concentration, being mechani-
cally stirred until complete dissolution. CNS and PBAT solu-
tion in chloroform were mixed at CNS/PBAT proportions
of 1%, 3%, and 5% (wt./wt.), then stirred mechanically for
1 h. The resultant mixtures were placed in petri dishes to
dry at room temperature for 24 h.

To evaluate the possibility of promoting the interfa-
cial interaction between the phases, nonionic surfactant
Ultraric PE® was used in 1:4 proportion (surfactant:fiber).
The compound was added to the CNS chloroform solution
and stirred mechanically for 1 h. The samples with the sur-
factant (identified as SP and SN samples for the pretreated
and non-pretreated case, respectively) were then used to
produce composite films using the process cited above.
Table 1 presents the nomenclature and composition of the
produced samples.

2.4 Characterization of Materials

The size of the nanostructures, quantified as the hydrody-
namic radius (Ry), was evaluated by dynamic light scatter-
ing (DLS, ALV-CGS3; ALV, Germany) with detector angle of
90°. The mechanical proprieties of the films were deter-
mined according to ASTM D882-18 (Tryton 250; MTS, USA)
using a 100-N load cell at claw speed of 50 mm/min. Ther-
mogravimetric analysis (TGA 4000; PerkinElmer, USA) was
performed at a rate of 20 °C/min in inert nitrogen atmos-
phere. The contact angle was measured (Phoenix 300
Touch; Surface & Electro-Optics—SEO, South Korea) with
automatic control of droplet volume based on hysteresis

Table 1 Nomenclature of composite samples produced using two
different nanostructure cellulose reinforcements and their modifi-
cations

Sample Pretreated CNS  Non-pretreated Surfactant
(wt.%) CNS (wt.%)
PBAT 0 0 No
P1% 1 - No
P3% 3 - No
P5% 5 - No
SP1% 1 - Yes
SP3% 3 - Yes
SP5% 5 - Yes
N1% - 1 No
N3% - 3 No
N5% - 5 No
SN1% - 1 Yes
SN3% - 3 Yes
SN5% - 5 Yes

measurement after 5 min in contact with the film surface.
Water absorption was measured based on ASTM D570-
98(2018) on samples with dimensions of 70x5x0.2 mm
in triplicate. Simulated degradation was performed for
90 days in soil composed of 23% sand, 23% earth, 23%
organic mass, and 31% distilled water. The samples were
buried according to standard ASTM D5338-15 [28]. Optical
microscopy was performed (Scope AT; Zeiss, Germany) at
100x magnification.

3 Results and Discussion

The obtained nanostructures were characterized and
reported previously [26], confirming their nanocrystal-
like structure. The hydrodynamic radius (R, of the P and
N samples in water (Fig. 1a) presented a single peak with a
broad distribution centered at around 210 nm and 280 nm,
respectively. Such a broad distribution was predictable,
since the enzymes were applied as complexes, acting in
different phases of microcellulose breakage and having
different access to the substrate, leading to particles of
different sizes [29].

DLS analysis was used to estimate the size of the struc-
tures in chloroform (Fig. 1b, ), to evaluate the structures
for film production. The R, of P sample increased to
511+12 nm, due to particle agglomeration, since polar
groups on the cellulose surface tend to interact with other
CNS, an effect that decreases for nonpolar solvents [30,
31]. The N sample, however, did not present the same
behavior; the size was not significantly affected by sol-
vent exchange, which can be explained by the presence
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Fig. 1 Hydrodynamic radius of a P and N samples in water, b P and SP in chloroform, and ¢ N and NP in chloroform. Schemes illustrate the

expected distribution of nanostructures in each environment

of lignin from the original lignocellulosic material, which
is partially soluble in chloroform [32].

Addition of surfactant to the nanostructure/chloroform
reduced the mean Ry of SP sample back to 263+19 nm,
close to the value for isolated fibers in water, indicating
that addition of the surfactant prevented agglomeration
of the nanostructures. As described by Smith et al. and
Fortunati et al. [33, 34], the surfactant acts as a disper-
sant, offering steric hindrance to particle approach. The
hydrophobic tail can interact with nonpolar components,
such as the polymeric matrix or organic solvents, while
the hydrophilic part is adsorbed onto the surface of the
nanoparticles [31]. The SN sample, however, exhibited the
opposite effect, as the R increased to 394+ 14 nm, being
indicative of particle agglomeration. According to Agar-
wal et al. [35], nonionic surfactants can interact with lignin
available on the surface of lignocellulosic compounds via
their nonpolar tail, which can make the SN surface more
hydrophilic than N particles, causing agglomeration in
chloroform.

All the nanostructures (both pretreated and non-pre-
treated, with and without surfactant) were incorporated
into PBAT matrix in proportions of 1%, 3%, and 5% (wt./
wt.), resulting in cast films. The casting process is widely
used to produce nanocomposites in literature; although
its productivity is lower than other usual thermal methods
such as extrusion, it avoids degradation during the process
and allows production of oriented structures. Recently,
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several methods have been reported to improve the pro-
ductivity of the casting method, e.g., continuous casting,
which will reduce the difference from traditional methods
[36, 371.

The mechanical properties of the composites are shown
in Fig. 2.

The PBAT cast films presented properties similar to
those reported in literature with elastic modulus of
51+0.4 MPa and tensile strength of 6.2+0.1 MPa [38].
Addition of the reinforcements resulted in different modifi-
cations. For the composites produced with P sample, addi-
tion of 1 or 3 wt.% improved the elastic modulus by 11%
and 12% and the tensile strength by 12% and 5%, respec-
tively. However, addition of 5 wt.% reduced the modulus
by 10% and tensile strength by 33%. These results indicate
that reinforcement addition is advantageous up to 3 wt.%,
but further addition degrades the properties due to the
tendency for agglomeration. Pinheiro et al. and Espino-
Pérez et al. [18, 39] observed similar results, with degra-
dation of the properties with increasing reinforcement.
Modification of the reinforcement surface (SP samples)
did not change this behavior. It was observed that addi-
tion of 1 and 3 wt.% increased the elastic modulus by 4%
and 15%, while the sample with 5 wt.% addition exhibited
a reduction of 5%. However, all the samples presented a
reduction of the tensile strength, by 10%, 13%, and 21%
for the composites with 1, 3, and 5 wt.% addition, respec-
tively. These results indicate that addition of the nonionic
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Fig.2 a, cYoung's modulus and b, d tensile strength of PBAT films with incorporated a, b P and ¢, d N samples, with and without surfactant

surfactant did not promote the interaction in the compos-
ites or improve the properties of these samples. This result
was not expected [7], but may also be related to the excess
surfactant in the composition, which could be dispersed
in isolated form in the matrix, affecting the stress distribu-
tions [40].

For the composites with addition of 1 and 3 wt.% N sam-
ple, the elastic modulus increased by 8% and 11%, while
addition of 5% reduced this property by 13%. The same
behavior was observed for the pretreated samples. Also,
increasing the concentration of reinforcement reduced the
tensile strength. On addition of 1 wt.%, the tensile strength
was maintained, considering the error, compared with the
neat matrix. However, addition of 3 and 5 wt.% reduced
this property by 7% and 27%. The increase in the stiffness
of these samples is related to the presence of lignin. As
reported by Sudhakaran et al. [41], lignin may present an
amphiphilic nature and promote the interaction with the
polymeric matrix, in particular PBAT. The aromatic rings of
lignin and PBAT can interact via hydrogen bonding, form-
ing a m-1m complex and promoting adhesion between the
phases [42].

The SN composites presented an increase of 11% and
4% in the elastic modulus for the samples with 1 and
3 wt.% addition, respectively. This indicates a decreasing
trend after 3 wt.%, as observed for the 5 wt.% composite,

with a reduction of 12%. The tensile strength reduced with
a trend similar to that observed for the N sample, main-
taining the value for 1 wt.% but showing reductions of 8%
and 22% for 3 and 5 wt.%, respectively.

Therefore, the properties of the composites tended to
increase with small additions of reinforcement, viz. P1%
and N1%. The sample with no pretreatment represents
an attractive option due to its similar behavior to those
with traditional pretreatment. Addition of the surfactant
did not improve the properties, suggesting an ineffective
impact on the mechanical properties [40].

The thermal stability of the PBAT composites was also
evaluated. The thermal degradation of the films with
1 wt.% reinforcement is shown in Fig. 3. For the neat
matrix, the degradation onset temperature (T, ), taken
at a loss of 10% of the composite weight, was 407 °C, while
the maximum degradation temperature (T,,,,), measured
by differential thermogravimetry (DTG), was 429 °C; similar
values were also found by Mukherjee et al. [43]. Incorpora-
tion of the cellulose nanostructures as reinforcement did
not significantly modify the degradation onset tempera-
ture, but did modify the maximum degradation tempera-
ture. Table 2 presents the thermal stability values for the
composites.

The composites with addition of 3 wt.% nanostructures
presented the best results. P3% showed an improvement
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Fig. 3 Thermal degradation curves, showing the mass loss of the composites with incorporation of 1 wt.% P, N, SP, and SN samples

Table 2 Temperature for 10% mass loss of the composite (T;,) and

the temperature of the maximum rate of degradation (T,,,,,)
Sample T, (°C) Tk °Q)  Sample T 40, (°C) T 0y (°O)
PBAT 407 429 Ultraric 344 410
P1% 409 434 N1% 407 440
P3% 416 442 N3% 410 440
P5% 409 438 N5% 412 434
SP1% 407 429 SN1% 415 435
SP3% 410 434 SN3% 410 429
SP5% 412 430 SN5% 410 430

of 13 °Cin T, While N3% showed 11 °C. However, the
composites with surfactant presented lower tempera-
tures of maximum degradation, in comparison with the
composites without surfactant. The surfactant has a lower
molecular weight than the matrix, and thus poorer ther-
mal resistance, as presented in Table 2 [44]. The T, ., of the
surfactant was at around 410 °C, above that of the matrix.
SP3% sample presented an improvement of only 5 °C,
while SN1% presented a degradation temperature 6 °C
higher than that of the matrix. In any case, the addition of

reinforcement was positive in terms of the thermal stabil-
ity, and like the mechanical properties, lower reinforce-
ment concentration provided better results; Khoo et al.
observed similar behavior on addition of 1% to 5% cellu-
lose nanostructures to PLA matrix [45]. Even without modi-
fication, the adhesion to the matrix influenced the thermal
proprieties of the composites, making the groups with-
out surfactant more attractive [46]. The thermal stability
results indicated that thermal reprocessing would be pos-
sible, allowing recycling of such films to obtain new raw
materials, although the effects of chain scission and the
reinforcement dispersion could lead to degraded proper-
ties compared with the original cast composite [47, 48].

To evaluate the degradation properties, the interaction
with water was also measured, since the degradation pro-
cess starts with hydrolysis, as reported by Macedo et al.
[49]. The contact angle can be used to evaluate the wetta-
bility of a sample surface, while its hysteresis evaluates the
behavior of water on the surface after a short period [50,
51]. The contact angle and hysteresis values are shown in
Fig. 4. The contact angle obtained for PBAT was 70.7 £ 1.6°
with hysteresis of 7.45 +1.28°, similar to literature values
[52].

a b
e Contact  Hysteresis Samble Contact Hysteresis
Pl Angle (8°)  (28°) PI€ Angle (69) (28°)
N1% 77,2+1,5 4,2%29 P1%  73,7+0,5 3,5+0,2 a
N3% 71,1+0,8 2,8%1,7 P3% 77,9%+0,5 22414 I Pa% I |— N3% —]
0 0
N5% 75,005 1,3%1,0 P5% 79,1%+0,2 3,0+1,6
SN1% 46,2+3,4 2,3+0,5 SP1% 60,1+3,7 2,2+0,2
SN3% 46,5+2,7 2,0+0,1 SP3% 64,3+3,4 2,6+0,9 d
SN5% 43,5+2,6 1,6+1,0 SP5% 64,4+2,6 2,6+0,4 SP3% SN3%

Fig.4 a Contact angle and hysteresis measurements for composites and b experimental droplets for composites with 3 wt.% CNS incorpo-

ration
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Addition of P and N nanostructures promoted an
increase of the contact angle and, consequently, the
hydrophobicity of the sample surface. However, the hys-
teresis was decreased, indicating a stable characteristic of
the surface. For the N samples, an increase in the contact
angle values was expected with increasing reinforcement
concentration, since the presence of lignin promotes
this effect, as reported by Rojo et al. [51], due to its more
nonpolar characteristic. For P samples, the increase was
unexpected, since other reports indicated the opposite
behavior [53]. However, as reported by Feng et al. [54], the
reinforcement distribution also plays a role in the surface
characteristics and consequently influences the contact
angle [55].

Addition of the surfactant led to the opposite behavior.
For SP samples, the values decreased by 10° for the lower
reinforcement loading and 6° for the others. However,
for SN samples, the values were even lower, presenting
a reduction of 26° for sample SN5%. The surfactant was
added to improve the interaction between the hydropho-
bic matrix and hydrophilic reinforcement, but due to its
amphiphilic character, inversion was observed, as high-
lighted for the SN samples, promoting lower contact angle
values. As described by Wang et al. [56], added nonionic
surfactant tends to interact hydrophobically with lignin
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from lignocellulosic residues. This would promote the
increase of the hydrophilicity of the particle surface, thus
the same characteristic was reproduced on the sample sur-
face, which also justifies the degradation of the mechani-
cal properties due to the lower interaction between the
phases. An increase of free surfactant in the matrix, i.e.,
not bonded to the reinforcement, as described by Solala
et al.[57], can also reduce the contact angle of the sample.

Control of the wettability, besides degradation, is essen-
tial to determine the application of a material. The increase
of hydrophobicity observed for N samples is desirable for
use as food packaging, due to the improved barrier prop-
erty against water and gases [42].

The water absorption was also measured, as it plays an
essential role in the degradation process. The values of
water absorbed are shown in Fig. 5, taken over 100 h. PBAT
presented a mass gain of 3.5% in the equilibrium state, i.e.,
the value of maximum polymer swelling [58]. This value is
higher than others reported in literature [28]. However, the
casting process allows the formation of a porous structure
and consequently induces higher absorption [59].

Addition of the reinforcements resulted in behavior
similar to that observed for the contact angle. Addition
of P sample and mainly N samples tended to reduce the
water absorbed compared with the neat matrix. Samples

Fig.5 Values of water absorption for composites containing a P, b SP, ¢ N, and d SN samples
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P1% and P5% presented approximately the same value
of maximum absorption, around 3.4%. However, sample
P3% presented a reduction to 2.75%. Addition of N sam-
ples reduced the values of absorption to 3.0%, 2.5%, and
3.25% for samples N1%, N3%, and N5%, respectively. This
reduction follows the trend of the hydrophobicity for the
lower reinforcement loads. However, the samples with
higher reinforcement concentration presented higher
absorption, probably due to particle agglomeration [54].

Addition of the surfactant increased the water absorp-
tion for samples with higher reinforcement concentra-
tions, corroborating the contact angle measurements. The
SP samples presented values of 3.0%, 3.75%, and 4.25%
for SP1%, SP3%, and SP5%, respectively, while SN samples
presented values of 2.75%, 3.25%, and 4.75% for SN1%,
SN3%, and SN5%, respectively. As reported by Liu et al.
and Aramendia et al. [60, 61], free surfactant, especially
when nonionic, may form aggregates, which absorb water
and increase the value of the absorption for the polymer.

Pretreated
Samples

o ﬁ@“

Non-treated

Figure 6 shows an illustration of the expected interac-
tion between the reinforcements and PBAT matrix in the
obtained composites. For pretreated samples (Fig. 6a), the
interaction between the matrix and nanostructure is posi-
tive. An increase in the mechanical and thermal properties
was observed, although absorption also increased, indi-
cating the presence of free spaces in the polymer and the
formation of aggregates in the composite [18, 39]. When
the surfactant was added to the structure, the interac-
tion was not promoted, and the mechanical properties
were reduced [60]. For non-pretreated samples (Fig. 6b),
the interaction was promoted, increasing the mechanical
and thermal properties and reducing the water absorp-
tion, which indicates the formation of less free space in
the polymer. For both P and N samples, increasing the
reinforcement loading did not tend to improve the prop-
erties, due to agglomeration [41, 51]. Also, Fig. 6b shows
the composites of N samples (1, 3, and 5 wt.%), revealing
the excellent transparency of the films with a modification
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Fig. 6 a Schematic showing how particles interact with the polymeric matrix for P and N samples, considering the increase in concentration
and addition of surfactant for both samples. b Composite samples containing 1, 3, and 5 wt.% N samples
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of the color for the more concentrated samples, due to the
presence of more reinforcement and agglomerates. The SN
samples presented lower results than the non-pretreated
sample, again indicating the inefficiency of the surfactant.
The degraded results can be attributed to the interaction
of the surfactant with the lignin of the reinforcement. It
can interact with the nonpolar segment of the surfactant,
generating inversion of the surface characteristic, result-
ing in a lower interaction with the polymer matrix [56, 57].

After evaluating the interaction of water with the sam-
ples, simulated degradation in soil was also evaluated.
Several literature reports describe the degradation pro-
cess of PBAT in compostable soils, revealing a significant
influence on many characteristics such as the molecular
weight, crystallinity, and wettability, as well as environ-
mental effects such as temperature, humidity, and aeration
level [62, 63]. Figure 7 shows the mass loss of the samples
during degradation over 90 days.

The obtained degradation curves indicate low mass
loss during this process. Similar behavior was reported
by Kijchavengkul et al. and Morelli et al. [38, 62]. This low
degradation is expected as the simulated conditions are
not those indicated by the polymer producer, which indi-
cate constant aeration of the soil, elevated temperature,
and high humidity environment, ideal conditions for
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composting plants. However, these conditions are not
usual in most locations around the world [64]. The simu-
lated soil degradation conditions applied in this work were
to simulate post-use disposal in the environment.

The results indicate that P and N samples showed simi-
lar behavior during this period of degradation. For P sam-
ples, a usual mass gain was observed for P1% and P3%,
related to water absorption and the possible creation of
a biolayer of microorganisms that act in biodegradation.
However, as expected from the water absorption and con-
tact angle experiments, the degradation of the composite
was slower than that of the matrix; that is, the mass loss
after the period was lower than for the matrix, with sample
P5% showing the closest value to neat PBAT. The N sam-
ples did not present a mass gain, but showed a behavior
very similar to that of the matrix, with only sample N5%
presenting slightly higher degradation than neat PBAT.
Slower degradation is related to lower water absorption
in the composite [38, 65].

Addition of surfactant promoted a behavior more
similar to that of the neat matrix than without its addi-
tion, also showing a higher mass loss. During the evalu-
ated period, SP samples presented values close to the
matrix, despite the absorption of water. The SN samples
presented different behaviors, with the sample having
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Fig.7 Simulated degradation in soil measured as mass loss for composites of a P samples, b SP samples, ¢ N samples, and d SN samples

over 90 days

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:774 | https://doi.org/10.1007/s42452-019-0765-0

days days days

Fig. 8 Photomicrographs at x100 magnification of a PBAT, b P3%,
and ¢ N3% samples after 30, 60, and 90 days of degradation

lower reinforcement addition presenting lower mass
loss than the neat matrix while samples SP3% and SP5%
presented greater losses, especially sample SN3%, which
degraded more than the matrix.

Besides the mass loss, degradation can also be evalu-
ated by surface characterization, since the abiotic pro-
cess starts at the material’s surface, as reported by Rocha
et al. [28]. Optical microscopy was applied to study the
surface of the samples every 30 days during degradation.
Figure 8 presents photomicrographs of samples P3% and
N3% and the neat matrix, confirming the formation of
pores and the erosion of surface fractions of the sam-
ples, which are indications of the abiotic decomposition
process of polyesters [66]. In the image obtained after
90 days, the formation of shadows in different forms
can be seen on the film’s surface, indicating formation
of biolayers over the substrate. Therefore, despite the
slow rate of degradation, the process of decomposition
has already started [28, 63, 671.

This degradation behavior of the composites indicates
that addition of the reinforcement tended to reduce the
degradation rate in the long term, suggesting the pos-
sibility of controlling the degradation of the polymer
and expanding its applications. The N samples repre-
sent a new material due to the low consumption of rea-
gents during production of the nanostructure [26]. The
obtained composites offer good mechanical properties
together with thermal stability and low degradation.
The high contact angle and low water absorption could
make such materials an option as raw materials for food
packaging that degrades after disposal, avoiding accu-
mulation of waste [42].
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4 Conclusions

Cellulose nanostructures were obtained by enzymatic
hydrolysis, applied directly or after pretreatment, and
successfully incorporated into PBAT matrix by a solvent
casting method. The mechanical properties of the samples
with low reinforcement addition using both methodolo-
gies were improved, especially samples P1% and N1% with
improvements of 12% and 11% in the Young’s modulus,
while addition of surfactant did not improve these prop-
erties. The thermal resistance of the matrix was improved
for all reinforcements, with an increase of 10 °C for 3%
reinforcement addition. The affinity of the matrix towards
water was reduced, increasing the contact angle and
reducing the water absorbed, for both samples without
surfactant. However, addition of surfactant resulted in the
opposite effect. Addition of the reinforcements promoted
a reduction in the degradation rate of the matrix, while
addition of surfactant tended to promote the degrada-
tion. However, the degradation did not surpass that of
the neat matrix in either case. The measured properties
indicate that addition of both cellulose nanostructures (P
and N) resulted in similar properties, indicating that the
pretreatment process is not necessary and that N samples
represent a viable choice. Addition of surfactant degraded
the mechanical properties but improved the water interac-
tion, enabling the properties of such PBAT composites to
be tailored to form versatile materials for use in packaging
applications.
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