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Characterization of PHB/Clay Biocomposites Exposed to Degradation in an Aquatic Environment
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The present work investigates the aquatic biodegradation of poly(3-hydroxybutyrate) (PHB)/nanoclay
bionanocomposites containing PP-g-MA as compatibilizing agent. Both pristine and organically
modified (Cloisite20A®) montmorillonite clay were used as fillers in different content (1 and 3 wt%).
The bionanocomposites were prepared by melt intercalation in a single screw extruder. There after
films (50x50x0.5mm) were prepared by compression and assessed by X-ray diffraction. Aquatic
biodegradation of the films was appraised by visual inspection, optical microscopy, counting and
identification of bacteria. Results proposed that the water of the Parnaiba River in the city of Teresina
(Piaui, Brazil) has microorganisms (Pseudomonas putida and Pseudomonas aeruginosa) capable of
degrading these bionanocomposite films, particularly the films with 3 wt% organoclay. Our data indicated
the bacteria Pseudomonas aeruginosa degraded dexterously all the films. This work collaborates with
the preservation of the environment and expands the use of bionanocomposites in expendable items
with the development of films with properties favorable to biodegradation in aquatic environments.
Itis believed that PHB/clay/PP-g-MA films emerge as a promising alternative for the packaging industry.
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1. Introduction

Polyhydroxyalkanoates (PHAs) are biopolyesters
synthesized by bacteria (Pseudomonas, Alcaligenes, Bacillus,
Azotobacter, Rhizium, Ralstonia, Cupriavidus, and many
others), exhibiting more than 100 monomeric structures.
Their mechanical properties vary depending on the length
of pendant groups or the distance between ester bonds in
polymeric structures. Although always biodegradable, the
rate of degradation varies with properties'. They are still
promising biodegradable plastics produced by microbes using
waste feedstock?, gaining attention for their compostability
under environmental conditions®. The technique of producing
PHA by fermentation allows the production of several
biodegradable products, such as packaging for food*
and beverages®, films and coatings for packaging®, raw
material for 3D printing’, textile fibers®, medical implants’,
pharmaceuticals and cosmetics'”.

Poly(3-hydroxybutyrate) (PHB) is a polymer with
desirable properties, including biocompatibility, reasonable
moisture and oxygen barrier properties, and good mechanical
properties. Despite its remarkable mechanical properties
and biodegradability, this biopolymer has limitations, such
as its fragility, physical aging, low crystallization rate, low
nucleation density, thermal instability and high production cost.
To overcome these challenges, several strategies have been
developed, such as heat treatment, blending with materials
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from natural sources and synthetic polymers, inclusion of
natural fibers or rigid fillers to form reinforced composites,
and chemical functionalization'!"!.

Researchers report the use of the inorganic nanoparticles
as additives to enhance the functionality of polymer. Among
these additives are chemically modified clays'®, known as
organoclays, which are extensively used in the preparation
of bionanocomposites to improve properties such as thermal
stability and polymer biodegradation'®. Meanwhile, the
use of compatibilizing agents has shown improvements
in morphological and mechanical properties due to better
distribution and dispersion of the added particles'”'%.

Polymeric bionanocomposites are a new class of composites
characterized by the combination of natural polymers and
inorganic solids and show at least one dimension on the
nanometer scale’. Natural clays, mainly composed of the
mineral montmorillonite, form bentonites, a valuable class
of minerals for industrial applications due to their high
cation exchange capacity and surface area. However, pure
bentonites contain impurities that can interfere with these
properties and charge dispersion in polymeric matrices, as
they are inherently hydrophilic. To solve this problem, clay
organophilization was developed, a process that involves
the replacement of interlayer inorganic cations by organic
quaternary ammonium cations. This serves to increase the
distance between layers and reduce hydrophilicity, making it
possible to form improved clay/polymer intercalated systems
and, in some cases, exfoliated systems®*?!,
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Polymer biodegradation occurs when polymers are in
a biologically active environment and the biological agents
such as bacteria, fungi and enzymes, attack the polymer
chains, effectively using them as food and excreting non-toxic
small molecules®. Biodegradation is one of the alternatives
proposed to manage the amount of plastic waste discarded
in the environment?.

Hydrocarbon-polluted waters provide a suitable
environment for the growth of microorganisms that secrete
enzymes capable of biodegrading polymers by hydrolysis,
making them an alternative treatment for plastic waste*.
Adhesion of these microorganisms to the surface of the
material is an important step in polymer biodegradation®.

Significant advances in isolation techniques and
identification of microorganisms responsible for the
metabolism of hydrocarbons have allowed the evolution
of scientific research, making available a list of data on
microorganisms that degrade hydrocarbons. The literature
presents a large group of fundamental microorganisms for
the bioremediation of polluted environments?¢>

Volova et al.?® observed that the degree of crystallinity of
PHAs remained constant during biodegradation in seawater.
They proposed that microorganisms, such as Enterobacter
species, Bacillus sp and Gracilibacillus sp, could equally
disintegrate both amorphous and crystalline phases. In a
subsequent study on microbial degradation of PHA’s with
different chemical compositions in soil?’, thirty-five bacterial
species were identified as PHA degraders, with each PHA
having specific and common degraders. For example, PHB was
degraded by Mitsuaria, Chitinophaga, and Acidovorax genera,
as well as Roseateles depolymerans, Streptomyces gardneri,
Cupriavidus sp, Roseomonas massiliae, Delftia acidovorans,
Pseudoxanthomonas sp., Pseudomonas fluorescens, Ensifer
adhaerens, Bacillus pumilus, and Streptomyces.

Similarly, Faria and Martins-Franchetti*® found that the
biodegradation of PHB in the water river occurred proportionally
in both amorphous and crystalline phases, and Gordonia
polyisoprenivorans actinobacteria was identified as potentially
capable of degrading PHB. Sayyed et al.” also observed that
the bacterium Stenotrophomonas sp. degraded PBH by more
than 85% in liquid culture medium and natural soil conditions.

Given the significance of the aforementioned studies to
minimize environmental problems related to the resistance to
degradation of polymeric materials, this study aims to evaluate
the biodegradation of polymeric bionanocomposites exposed
to contaminated water from the Parnaiba River collected
after the disposal of waste from a beer factory in the city of
Teresina (Piaui, Brazil). For this purpose, bionanocomposites
were prepared by melting intercalation in a single-screw
extruder, films were prepared by compression, and then
X-ray diffraction analyzes were performed. Finally, aquatic
biodegradation was evaluated by visual inspection, optical
microscopy and identification of bacteria. Consequently,
the development of films that present favorable properties
for packaging applications, demonstrating accelerated and
efficient biodegradation when exposed to aquatic environments,
emerges as a viable alternative. Therefore, it is believed that
PHB/clay/PP-g-MA films represent a promising alternative
for the packaging industry, as they will produce non-degraded
waste in reduced dimensions that result in a smaller impact
on the environment.

Materials Research

2. Materials and Methods

2.1. Materials

Poly(3-hydroxybutyrate), PHB Biocycle® (FE147 lot
number) was used as the polymer matrix supplied by PHB
Industrial S/A (Sao Paulo, Brazil) in powder form with MFI
equal to 40g.10min"' (ASTM D 1238, 190 °C/2.16 kg),
molar mass of 524.000 g.mol!, and melting point between
170 and 180°C.

Maleic anhydride grafted polypropylene (PP-g-MA)
Polybond™ 3200 supplied by Chemtura Industria Quimica
(Sao Paulo, Brazil) was used as compatibilizing agent and
to improve the dispersion and distribution of selected clays
within the polymeric matrix, as previously suggested'”'®.
It contains 1 wt% maleic anhydride, MFI = 115g.10min"!
(ASTM D 1238,230°C/2.16 kg), density (at 23°C)=0.91 g.cm?
(ASTM D 792), and melting point = 160-170°C (DSC).

Two different clays were used: (i) a pristine sodium
montmorillonite clay (NAT), with specific gravity of 2.86 g.cm™,
cation exchange capacity (CEC) equal to 92.6 meg.100g™!,
and basal interplanar distance (d,,,) of 1,17 nm; and (ii) an
organically modified montmorillonite clay (ORG), Cloisite
20A, with specific gravity of 1.77 g.cm, CEC =95 meq.100g™',
and basal interplanar distance (d,,,) equal to 2,42 nm. This is
a Na'-montmorillonite, chemically modified with dimethyl
dihydrogenated tallow quaternary ammonium chloride. Both clays
were supplied by Southern Clay Products, Inc. (Texas, USA).

The microorganisms involved in the biodegradation tests
were the autochthonous ones present in the waters of the
Parnaiba River collected after the treated waste discarded
from the beer factory in Teresina (Piaui, Brazil) were used
as source of microorganisms.

Plate Count Agar (PCA) was used for plating and counting
microorganisms and Nutrient Agar was used for bacteria
isolation as proposed by Atlas®. A commercial earthworm
humus Verdeforte (Sao Paulo, Brazil) was used as an initial
source of carbon.

3M Petrifilm Aqua Heterotrophic (Sdo Paulo, Brazil)
membranes were used to quantify the bacteria present in the
water of the Parnaiba River, and Cetrimide Agar from Difco™
(New Jersey, USA) was used to identify the bacteria present
in biodegradation.

2.2. Bionanocomposites films composition process

The polymer matrix of PHB and compatibilizer (PP-g-MA)
were oven dried at 60 °C for 12 h. The compositions containing
1 and 3 wt% of pristine (NAT) or organomodified (ORG)
montmorillonite clay, and 2.5wt% of compatibilizer (PP-g-MA)
were mixed together with the PHB by manual barrel finishing
and then processed in an AX Plastic (Sdo Paulo, Brazil) model
Lab16 mono-screw extruder at a screw speed of 50 RPM with
a temperature profile of 160, 165, and 175 °C (for the 1st,
2nd, and 3rd zones, respectively). All systems were extruded,
cooled in water at room temperature, and granulated at the end
in according to previous work®'. For comparison purposes,
pure PHB was prepared under the same conditions.

Posteriorly films measuring 50x50x0.5 mm and
approximately 6g of different compositions were molded
by compression in a hydraulic press model MH-08-MN
from MH Equipamentos (Sao Paulo, Brazil) operating at
185°C for 20 seconds under a compression force of 4 tons.
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2.3. Biodegradation test

The analysis process was carried out followed the
previously proposed methodology®. The films were placed
in flasks containing water from the Parnaiba River.

Initially, the hummus was sterilized at a temperature of
170°C for 3 h and served as a carbon source. The bacteria
these were added to 225 ml of liquid medium and 1.2 g of
sterilized earthworm humus in a Backer. All beakers sealed
in aluminum foil were kept in a bacteriological oven at
35°C. After the five-day incubation period, the films were
immersed horizontally in the liquid medium and remained
for withdrawal regular time periods (20, 40, 60 and 80 days)
under the same control conditions.

2.4. X-Ray diffraction

X-ray diffraction is considered the most suitable for
determining crystalline phases, basal interplanar distances
of nanosystems, and the type of structure acquired by
nanocomposites®. The films of bionanocomposite were
characterized by X-ray diffraction in a Shimadzu XRD
6000 diffractometer (Japan), using Cu Ko radiation
(L = 1,5418 A), voltage 40 kV, 30 mA, 20 scan from
1.5°t0 30° and scan speed of 2° min'. The relative crystallinity
of the samples was quantitatively estimated by calculating
the relative peak intensity, using the Origin 2018 software
(OriginLab - Northampton, USA)*.

2.5. TGA analysis

Before and after the biodegradation test, all films were
analyzed by TGA technique in equipment SDT Q600 V20.9
Build 20 (TA Instrument), operating at a heating rate of
10°C.min" from room temperature to 585°C under argon
gas flow of 100 ml min™'. It used about 5 mg of samples.

2.6. Visual inspection

The macroscopic changes observed on the biodegraded
films surfaces were visually analyzed and registered by
photos taken with a 13MP resolution camera with Carl
Zeiss lenses operating with a 2.0/f aperture, 1/3” sensor,
and maximum resolution.

2.7. Optical Microscopy (OM)

The surface changes in each biodegraded film were
captured under a microscope. MEDILUX optical microscope,
operating with 4x magnification (40pum) and a Digital AM
SCOPE MU 14 MP camera.

2.8. Bacterial count

The quantification of the total heterotrophic microorganisms
present after each extraction period present in the waters
of the Parnaiba River was performed using a 3M Petrifilm
Aqua Heterotrophic membrane. From each system 1mL of
the liquid medium was sown in Petrifilm membranes. After
plating the water sample from the biodegradation systems,
was followed for approximately 60 seconds to homogenize the
liquid medium next to the plate in a stomacher. The Petrifilm
membranes were then placed in sterile plates and kept in an
oven for 48 h at 35°C. Afterwards the small red spots which
appeared in the plaque were counted following the division

of the quadrants contained in the plate. In calculating of the
counts, the value expressed in colony forming unit (CFU)
per mL was determined, considering the dilution used.

2.9. Identification of bacteria in the biodegradation test

Water samples were collected with sterile pipettes and
seeded on Brain Heart Infusion (BHI) Agar plates from Difco,
with the aid of a Drigalski loop. The colonies of bacteria
isolated in the plaque were seeded in the BHI broth. The
media were incubated at 37°C for 48h to promote bacterial
growth. The procedure for identifying the bacteria present
in the test was performed at each removal of the films at
20, 40, 60, and 80 days of incubation. After the isolation in
the pure culture, each sample was submitted to the Gram
staining technique in differential media for the identification
of Gram-positive and Gram-negative bacteria. Subsequently,
specific biochemical tests were performed for each isolated
genus, following previous recommendations®. In order to
confirm bacterial identification, as a result of the difficulty
in identifying some species, the samples were analyzed by
automation at the Central Public Health Laboratory of Piaui
(LACEN) and Med Imagem (Teresina, Brasil).

2.10. Biofilm analysis by Pseudomonas aeruginosa

At each removal period, the films were washed
with sterile deionized water and placed on a sterilized
Petri dish with the aid of a swab and/or platinum cable.
The material was sown in BHI broth and cultivated in a
bacteriological oven at 37°C for 48h. Then, the sample was
seeded on Cetrimide Agar (Difco) using the exhaustion
technique and cultivated in a greenhouse under the same
bacteriological conditions®®. In order to confirm the
presence of Pseudomonas aeruginosa, samples identified as
gram-negative non-glucose fermenting bacilli that formed
yellowish-green, brownish or non-pigmented colonies
with a fruity odor on Cetrimide Agar were subjected to
other biochemical tests, such as the oxidase test, growth
at 42°C, alkalinization of acetamide, denitrification of
nitrates and nitrites and motility.

3. Results and Discussion

Films of neat PHB and of bionanocomposites
compatibilized with 2.5 wt% PP-g-MA: 1 and 3 wt%
natural clay (PHB/NAT1 and PHB/NAT3), with 1 and
3wt% organoclay (PHB/ORG1 and PHB/ORG3) incubated
for up to 80 days were analyzed aiming at evaluating the
biodegradation by bacteria present in the Parnaiba river.

3.1. X-Ray diffraction

3.1.1. Pristine and organoclay

Diffractograms of pristine montmorillonite clay (NAT)
and organophilic clay (ORG) are present in Figure 1. X-ray
diffraction showed that a more intense peak at 260 = 5.90°
and basal spacing (d001) of 1.48nm was observed for the
pristine clay (Figure 1), in agreement to the literature®”-%.
Peaks present at 17.37°, 19.8°,21.95°, and 28.84° suggest that
pristine sodium montmorillonite clays having well-organized
regular lamellae.
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When an organic molecule is intercalated among the
galleries do the clay layers forming an organoclay, basal spacing
increases. This increase in basal spacing varies with the type,
concentration, and orientation of the surfactant employed, as
well as the method used for the organoclay preparation®>*°.

In the diffraction pattern of the modified clay shown
in Figure 1, a diffraction peak with maximum intensity at
26 = 3.34° is observed related to the basal distance d001 of
the organophilic clay equal to 2.47 nm. A second peak of
lesser intensity is observed around 26 = 7.10° related to the
basal distance d002 of 1.21 nm. Similar 26 values related to
d001 and d002 distances for organophilic clay (Cloisite 20A)
were previously reported®.

3.1.2. XRD of PHB and its biocomposites

X-Ray diffractograms of the different bionanocomposites
containing pristine (PHB/NAT) and organoclay (PHB/ORG)
were taken in order to investigate clay dispersion in the
polymer matrix as well as structural changes brought by the
incorporation of the filler and compatibilizer.

The diffractograms of neat PHB and its bionanocomposites
are in Figure 2. Characteristic intense peaks of its crystalline
phase of PHB are present at 13.36° and 16.76° corresponding
respectively for the (020) and (110) planes. Less intense peaks
located at 19.94°, 22.36°, 25.36°, and 27.02° are attributed
to planes (021), (111), (121), and (040) respectively*!.

The diffraction peaks of greatest interest in the
characterization of bionanocomposites are present in the
20 region between 1 and 8°, as they indicate the intercalation
levels of the polymer chains between the clay lamellae, which
allows the formation of different structures®.

The increase in basal interlaminar space (d,,) of clays
within nanocomposites is an indication of the degree of
clay dispersion. Thus, the change of d001 could be used
to indirectly compare the surface compatibility of the
silicate/polymer chains in the nanocomposite*-*. Therefore,
due to a better polymer/clay compatibility in the system,
more polymer chains are intercalated between the silicate
layers, and consequently better results will be reflected in
the composite properties**.

Our data indicates that only in the PHB/ORG3 diffractogram
(3 wt% organophilic clay) there was a lower intensity peak
in the region 20 = 2.58° corresponding to a basal distance
of 3.54 nm that is characteristic of the addition of modified
clay, and a shift to 20 equal to 4.83° with basal spacing
of 1.83 nm this indicate that there has been a polimeric
intercalation between the clay layers*#. It is believed that
the better mobility of short graphitized PP chains towards
maleic anhydride (PP-g-MA) in the compatibilizing agent
favored the entry of PHB chains between clay layers.

On the other hand, Garrido-Miranda et al.** developed
bionanocomposites based on the blend of PHB and
thermoplastic starch TPS plasticized with glycerol and
water, loaded with organoclay (Cloisite 15A) and analyzed
XRD diffractograms to examine dispersion of clay particles
in the bionanocomposite. The authors observed that the
characteristic clay peaks were not observed in any of the
bionanocomposites with different clay contents (1 and 5wt%),
suggesting that there was an intercalation between the layers
of clay to the polymer mixture, spreading them completely,
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indicating a good affinity between polymers and clay.
This absence may represent an exfoliated morphology for
the bionanocomposites, which was confirmed by TEM.

Similarly Abbasi et al.* evaluated diffractograms of the
polypropylene (PP) and polystyrene (PS) mixture obtained by
Friedel-Crafts alkylation reaction in the presence of organophilic
clay (Cloisite 15A). The authors observed that the diffraction
peak of the PS/clay nanocomposite shifted to lower angles
representative of the intercalated morphology. This behavior
was attributed to the good interaction between PS chains and
organoclay layers. However, the PP/clay nanocomposite did
not show intercalation or exfoliation. In this way, there was
a better interaction between clay and PS than PP.

The characteristic reflection peaks of montmorillonite
clay have disappeared in the bionanocomposites PHB/NAT]1,
PHB/NAT3, and PHB/ORG]1. This result can also be
attributed to the effect of the formation of nanoagglomerates
and the type of equipment used, a single screw extruder,
not favoring an optimized dispersion of the filler.
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Figure 1. Diffractograms of pristine montmorillonite clay (NAT)
and organophilic clay (ORG).
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Figure 2. Diffractograms of PHB and its bionanocomposites
(PHB/NAT and PHB/ORG).
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According to Othman et al.*, who analyzed nanocomposites
based on a blend of polyamide 6 (PA6) and polypropylene
(PP) loaded with organophilic clay (Nanomer 1.30 TC) and
PP-g-MA and random polyethylene octene copolymer grafted
with maleic anhydride (POE-g-MAH) as compatibilizing agent,
the absence of the characteristic clay peak corresponding
to d,,, may indicate that the clay structure was exfoliated
and randomly dispersed. Furthermore, the presence of the
compatibilizer did not change the dispersion of the organic clay.

On the other hand, Silva et al.*, when evaluating
nanocomposites of PHB, polyethylene glycol (PEG) loaded
with organophilic vermiculite (VMT), observed that the
peaks were shifted to smaller 20 angles compared to the
clay peaks, indicating that there was an increase in the
interlamellar spaces of the clays due to the intercalation of
polymeric chains in the clay layers, and the disappearance of
the peaks revealed some degree of exfoliation. They observed
that increasing the PEG content reduced intercalation and
exfoliation, preventing the PHB chains from entering the
organophilic clay layers.

The formation of nanoagglomerates can occur during the
nanoparticle production process or when they are incorporated
into a polymeric matrix. The direct mutual attraction
between nanoparticles via van der Waals forces or chemical
bonds is responsible for the aggregation/agglomeration
phenomenon®. However, strategies such as particle coating,
use of coupling agents or compatibilizers or fillers can be
employed to prevent or reduce aggregation/agglomeration®'.
This situation could remain disadvantageous owing to
processing parameters such as extrusion velocity, screw
aspect ratio, and other pertinent factors®.

No characteristic clay peaks were observed on the
bionanocomposites contain pristine clay. This indicates that
clay could not have well dispersed, and clay agglomerates
were generated. The more hydrophobic clay showed better
dispersion due to catalytic activity and chain mobility*,
which was confirmed by OM as will be discussed shortly.

Bittmann et al.** investigated PHBV/pristine and organoclay
montmorillonite nanocomposites and observed, by XRD, that
the best clay dispersion occurred in nanocomposites with 3
and 5wt% pristine clay. However, filler dispersion in these
nanocomposites is poor due to large clay agglomerates in
the PHBV matrix.

The peak values 20 and respective basal distances of
the clay in the nanocomposites is in Table 1.There is only

Table 1. Basal interplanar distances of all systems.

a small difference between the angles of the five analyzed
compositions, which may mean a discreet intercalation of
the clay in the PHB matrix with the aid of the compatibilizer.
Zhu et al.> reported that this interaction between the
maleic anhydride groups of the grafted polypropylene in
the clay galleries leads to intercalation or exfoliation of the
bionanocomposite.

It is also observed that the bionanocomposite containing
3 wt% organophilic clay (PHB/ORG3) has the highest d
value. According to Vieira et al.*, a displacement of the d00 1
peak to smaller angles is expected in the bionanocomposite
as it is associated with an increase in spacing between the
clay lamellae.

From the diffractograms (Figure 2), the calculated
crystallinity index (CI) values were 68.2, 68.6, 68.3, 69.3, and
75.2%, respectively, for Neat PHB, PHB/NAT1, PHB/NAT3,
PHB/ORG1, and PHB/ORG3. It can be seen that the presence of
clay had a negligible impact on the formation of the crystalline
structure in PHB. Most films showed a difference of less than
2% compared to pure PHB. However, the PHB/ORG3 film
showed an increase in crystallinity (CI) of 10.3% compared
to pure PHB, indicating that this particular clay, at this
concentration, significantly influenced the crystallization
behavior of PHB. This observation confirms with those
described in the diffractograms (Figure 2). According to
Fambri et al.”’, the crystallinity of exfoliated nanocomposites
tends to be lower than that of intercalated nanocomposites.
In exfoliated nanocomposites, the presence of clay lamellae
makes chain folding difficult, resulting in the formation of
smaller or even imperfect crystalline domains.

3.2. TGA analysis

In the TGA analysis, two parameters were evaluated to
assess the thermal stability of the films: the temperature at
the onset of thermal decomposition (T, , ), which represents
the temperature at which a 10% weight loss occurs according
to the TG thermograms, indicating the initial decomposition
temperature, and the maximum decomposition rate temperature
(Tp), determined by the peak of the DTG curves®.

TG and DTG thermograms of the films before and after
biodegradation under a nitrogen atmosphere are shown in
Figure 3 and Figure 4, respectively. The obtained values to
TGA analysis before and after biodegradation are listed in
Table 2 and Table 3, respectively.

NEAT PHB PHB/NAT1 PHB/NAT3 PHB/ORG1 PHB/ORG3

20 d 26 d 26 d 20 d 26 d

- - - - - - - - 2.49 3.54

- - - - - - - - 4.83 1.82
13.36 0.662 13.48 0.656 13.58 0.652 13.51 0.65 13.61 0.65
16.76 0.528 16.77 0.529 16.94 0.523 16.87 0.52 16.97 0.52
19.87 0.446 20.18 0.440 20.21 0.439 20.02 0.44 20.23 0.43
22.16 0.400 22.57 0.394 22.55 0.393 22.37 0.39 22.67 0.39
25.74 0.345 25.58 0.348 25.41 0.350 25.51 0.34 25.62 0.34
27.15 0.328 27.24 0.327 27.25 0.327 27.14 0.32 27.35 0.32

26 in °; d is the basal interplanar distance in nm.
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Prior to biodegradation, all films exhibited a primary
stage of decomposition between 214°C and 289°C. This
decomposition stage is characteristic of PHB with a mass loss
of approximately 95%, as observed in previous experiments™.
According to Vahabi et al.®’, the primary mechanism of thermal
decomposition of PHB corresponds to the B-elimination of
the PHB chains, leading to the formation of crotonic acid,
and volatile compounds (dimeric, trimeric and tetrameric).

The applied fillers had a slight impact on the thermal
decomposition of the PHB. Both fillers reduced the
T,,, temperature by up to 3.53% (PHB/ORG3). The
PHB/NAT1 film showed a T, , value equivalent to pure
PHB. Furthermore, the maximum decomposition rates
occurred between 269.3°C and 276.6°C (Table 2). It is
evident that the presence of mineral fillers also affects the
thermal decomposition rate of PHB, as analyzed by the
intensity of the peaks present in the DTG curves (Figure 3b).

Table 2. Thermal analysis data of PHB films before biodegradation.

Materials Research

The films exhibited the following decreasing order of
thermal decomposition rate: PHB/NAT3 > PHB/NAT1 >
PBH/ORG1 > pure PHB > PHB/ORG3. Thus, it appears that
natural clay, at the levels used, favors the decomposition
of PHB, while organophilic clay at 3wt% tends to slightly
delay this degradation. This behavior can be attributed to
the thermal nature of the inert gas inside the PP-g-MA.
Despite the low thermal diffusivity, the gas has a higher
diffusivity value, suggesting that the gas allows for a
greater flow of energy through the thin film, accelerating
the degradation®'.

In addition to presenting values lower than T, , the
films also presented a slight decrease in the peak temperature
(Tp) with reductions of 2.17%, 2.36%, and 1.81% for films
loaded with ORG1, ORG3 and NAT3, respectively. The
NAT1 filler did not significantly affect the T, ,, temperature,
showing only a 0.29% increase compared to pure PHB.

T (°C Weight loss (% Residue (%)
Film T, (°C) (9 ghtloss (%) e
0 Ist 2nd Ist 2nd at 585°C
PHB 260.2 275.8 96.3 - 1.74
PHB/NAT1 260.4 276.6 419.4 93.0 2.21 2.46
PHB/NAT3 255.6 270.8 440.9 943 3.24 2.37
PHB/ORGI1 253.6 269.8 412.6 92.7 2.66 3.25
PHB/ORG3 251.0 269.3 389.6 94.5 1.97 2.17
Table 3. Thermal analysis data of PHB films after biodegradation.
T (°C) Weight loss (%) Residue (%)
Film T, (°C) L
0 Ist 2nd 3rd 4th Sth Ist 2nd 3rd 4th Sth at 585 °C
PHB 255.9 58.3 - 268.9 - 458.3 0.64 - 74.7 - 9.25 4.82
PHB/NAT1 256.6 39.9 - 270.7 - 454.9 0.62 - 80.5 - 5.47 5.98
PHB/NAT3 256.8 423 - 272.4 - 458.8 4.75 - 21.0 - 28.0 27.0
PHB/ORG1 231.2 47.1 219.1  258.0 - 404.4 1.10 4.53 43.1 - 21.4 10.8
PHB/ORG3 277.2 48.6 217.7 2693 3159 458.6 3.16 1.92 4.29 15.1 26.7 42.5
b
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Figure 3. Thermograms of PHB films before biodegradation: (a) TGA and (b) DTG.
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Figure 4. Thermograms of PHB films after biodegradation: (a) TGA and (b) DTG.

The slight decrease in thermal stability contradicts the expected
barrier effect of clay, which should restrict the mobility of
polymer chains and prevent the release of decomposition
products, thereby slowing down the thermal decomposition of
the systems®!. The loss of thermal stability can be explained by
the cleavage of the polymeric chains, although the particular
minerals must act as thermal insulators®’. The decrease in
the T, temperature could be attributed to a difference in
the amount of surfactant used in the organophilization of
the ORG clay, combined with the increase in clay content®.

Regarding the residue generated at the end of decomposition
previous studies have observed values lower than 2% for the
residue of pure PHB at temperatures close to 600°C!-1460,
The presence of inorganic fillers improves the formation of
carbon during thermal decomposition. Films with ORG and
NAT fillers exhibited higher residue formation, ranging from
24.7% (PHB/ORG3) to 86.8% (PHB/ORG1) compared to
pure PHB at 585°C. The increase in residue generated by
the ORG filler can be explained by the decrease in oxygen
permeability. The formation of a long and convoluted
pathway retards oxygen permeation and the release of volatile
degradation products. However, the NAT filler seems to be
more effective than the ORG filler in improving the thermal
stability of the mixture®.

It is also worth mentioning the presence of a second
stage of decomposition at high temperatures, ranging from
360 to 460°C, in all loaded films (detail in Figure 3b). The
decomposition of this second stage occurred in the following
order: 279.7°C (PHB/ORG3),412.5°C (PHB/ORG1), 419.6°C
(PHB/NAT3), and 440.9°C (PHB/NAT1), corresponding to
the decomposition of smaller by-products.

This observation can be attributed to the presence of
PP-g-MA, which is also present in all films, as well as the
aforementioned surfactant agent®?. The compatibilizing effect
improved the dispersion and interaction between the mineral
filler and the polymeric matrix. However, it was not able
to check the expected thermal resistance of clays for PHB.
Furthermore, the presence of the filler may have affected
the microstructure of the PHB, leading to the formation of
a biphasic system due to the presence of undispersed and
poorly distributed particles, as observed in a study on PHB

loaded with TiO, by Valle Iulianelli*** . On the other hand,
the presence of clays can act as catalysts for the degradative
process This behavior contradicts the findings reported by
Pessini et al.* in their study on PLA/PHB blends loaded
with organophilic clay (Cloisite 30B).

Silva et al.% analyzed PHB/vermiculite composites
and analyzed PHB/vermiculite composites and reported
the presence of thermal events between 300°C and 400°C,
suggesting the existence of two different polymeric fractions
in crystalline structures coexisting between the clay lamellae,
which may have influenced the distinct behavior observed
in the second degradation event.

When analyzing the effects of biodegradation (Figure 4),
it is observed that all films exhibit distinct behavior compared
to non-exposed films. A primary stage characterized by the
presence of water can be noted, during which the evaporation
of free water molecules takes place®®®’. The presence of clay
reduced the maximum decomposition temperature (T ) in
this stage by up to 11.2°C for PHB/ORG1 and 18.4°C for
PHB/NAT1 compared to pure PHB (Table 3). Furthermore,
an increase in mass loss is observed with the presence and
content of clay in relation to pure PHB. The PHB/ORG3
and PHB/NATS3 films exhibit almost 5 times and 7.5times
more mass loss than pure PHB, confirming the hydrophilic
characteristic of the clays®’.

It appears that the presence of clays affected the
characteristic behavior of thermal decomposition of PHB.
Films filler with organophilic clay (ORG) exhibit discrete
additional stages compared to films filler with natural clay
(NAT) and pure PHB film. It is believed that the ORG
clay promotes biodecomposition by facilitating a greater
accumulation of microorganisms on its surface, resulting in
the fragmentation of the polymeric material and requiring
a smaller amount of energy for its thermal decomposition.
This behavior mainly affected the decomposition step
of the ester groups characteristic of PHB, leading to a
significantly lower amount of residue at the end of the
analysis. According to Fonseca et al.®!, during biological
degradation, biofragmentation of polymeric chains occurs,
converting them into smaller molecules. Subsequently, the
biotic agents effectively assimilate these shorter chains.
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This degradation increases the thermal conduction area in
the polymeric matrix, facilitating the distribution of heat
to a smaller polymeric mass, thus requiring less energy for
decomposition during heating®®.

Consistent with Mamat et al.®’, the biodegradation can
result in the inclusion of various constituents, such as cellular
components of bacteria. The presence of these inclusions in
PHB results in a black residue, coming from non-volatile
carbonaceous materials from bacterial cells.

In addition to clays, the presence of PP-g-MA can
influence these results, as reported by Kwon et al.'*. The
authors observed that the presence of PP-g-MA mixed with
PHB increases the permanence of PHB after biodegradation.
They noted that the PHB/PP-g-MA ratio increased from 8%
to 11% after biodegradation, suggesting a greater interaction
between PHB and PP-g-MA, which hinders enzyme access
to the innermost polymeric chains. In the present study,
the residue of pure PHB films was almost 3 times greater
than non-biodegraded films. A 20-fold increase in residue
is observed for PHB/ORG3 and 11-fold for PHB/NATS3.

40 days

20 days

PHB/NATA1 PHB/ORG3 PHB/ORG1 NEAT PHB

PHB/NAT3

Figure 5. Photographs of the systems throughout biodegradation.

Materials Research

Films filler with 1 wt% showed similar behavior with almost
three times more residue, indicating less interaction with
microorganisms during biodegradation.

Lastly, at high temperatures close to 500°C, secondary
decomposition of PHB occurs, with the formation of
propylene and carbon dioxide as the main products™. This
decomposition arises from the decarboxylation of primary
degradation products, such as crotonic acid, along with minor
products including carbon monoxide, ketene, and ethanal".

3.3. Visual inspection

Macroscopic analysis was performed on all the films in
order to visualize the incorporation of microorganisms through
microbial staining, degree of stain growth in the samples, and
biofilm formation. Photographs of all the films after exposure
periods of 20, 40, 60, and 80 days are shown in Figure 5.
In all cases, the same profile of microbial attack was noticed.
All films had partially or totally white spots on their surface,
indicating that the microorganisms adhered to the surface of
the samples, and a biofilm was gradually formed™.

60 days 80 days
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On the 20th day, the PHB film was covered by small spots
with no apparent signs of biodegradation. The PHB/ORG1
system showed spot practically all over the film, while the
PHB/ORGS3 system showed only a small and accentuated spot.
On the other hand, the PHB/NAT1 system did not present
relevant stains on the film, as opposite to the PHB/NAT3
system, which had a small part of its surface covered by spots.

On the 40th day, biodegradation became more pronounced.
The pure PHB films and the PHB/ORG1 and PHB/ORG3
systems experienced more significant degradation as parts of
the film were fragmented. However, the PHB/NAT1 system
did not show evidence of biofilm formation on its surface.
However, it was possible to observe that the transparency
was greater at some points on the surface, indicating that the
thickness of the film was reduced in these sites. Therefore,
suggesting that there was a loss of mass locally”, as seen by
the arrows in Figure 5. Although the PHB/NAT3 system did
not show significant biodegradation as observed in the other
films, it is possible to observe some wear on the upper part
of the film, indicating that there was some biodegradation.

At 60 days, a biofilm had formed on the surface of
all analyzed films. The biofilm formed on the pure PHB
sample showed complete adhesion with deposition of
humic organic matter. It was also observed that there was a
reduction in the surface area of all films, suggesting more
efficient biodegradation. However, the PHB/ORG3 system
presented greater biodegradation compared to the others.
According to Camani et al.”® the Cloisite20A clay used
to develop nanocomposites with a PBAT matrix was able
to promote an increase in the biodegradation rate, as the
increased hydrophilicity of the nanocomposites proved the
elevation of sodium ions between the lamellae of the nano
clay and promoted an increase in polarity, consequently
increasing hydrophilicity, which can increase biodegradation.
In addition, a possible increase in surface roughness can
generate greater accessibility of microorganisms to the
surface of the materials.

At the end of the test (80 days of exposure), all films
were more intensely fragmented, and the biofilm formed
from the organic deposition was completely adhered to the
surfaces. The PHB films and the PHB/NAT1 and PHB/ORG1
systems had similar behavior with the fragmentation of
their films. For this period, the PHB/NAT3 system showed
a more pronounced reduction with a large loss of mass
locally. However, at the end of the test, the PHB/ORG3
system lost the most mass, indicating that this system had
the most pronounced biodegradation.

The photographs show that the films underwent changes
on their surface, known as biodeterioration’, an interfacial
process in which microorganisms attack and colonize the
surface of the polymer, causing surface modifications by
deposition of excreted extracellular material, accumulation
of water, penetration of the polymeric matrix with microbial
filaments and excretion of lipophilic microbial pigments that
modify the polymer’s color.

During biodegradation, extracellular enzymes generated by
the microorganism break the polymer chains, forming smaller
short-chain molecules (oligomers, dimers, and monomers)
that are able to cross the semipermeable external bacterial
membrane and can be used as sources of carbon and energy.
This process is called depolymerization™.

In the depolymerization of PHAs, such as PHB, by
Pseudomonas aeruginosa and Pseudomonas putida,
several enzymes are produced. Among these enzymes are
polyhydroxyalkanoate hydrolases (PHAses), which are
responsible for the hydrolysis of ester bonds present in
PHA molecules. For exemple, PHAses can degrade PHB
into hydroxybutyrate (HB) monomers or smaller oligomers.
Additionally, kinases are involved in the phosphorylation of
certain molecules, converting them into their corresponding
phosphates, which prepares PHB for the action of PHAses.
Finally, reductases are enzymes responsible for the reduction
of specific functional groups in PHA molecules, contributing
to their degradation and subsequent metabolism™7. However,
in general, these enzymes are not known to cause direct damage
to other organisms present in the environment. However, certain
factors can influence the behavior of excreted enzymes and
indirectly affect other organisms in various ways’*!.

3.4. Morphological analysis

The appearance of the surfaces of all films produced
before and after biodegradation by bacterial attack was
observed by optical microscopy. Indicators used to describe
the effects of degradation include surface roughness, crack
formation, fragmentation, color changes, and biofilm
formation. These changes demonstrate the presence of a
biodegradation process under metabolic conditions. Visual
changes can be used as an initial sign of microbial attack®>.
The OM and the SEM imagens of all films before and after
80 days of exposure to the biotreatment are shown in Figure 6
and Figure 7, respectively.

The surface of neat PHB film is rough and shows
marks resulting from the compression molding process
used to obtain the films. The addition of organophilic clay
in bionanocomposites PHB/ORG1 and PHB/ORG3 led to
a reduction in film roughness compared to neat PHB, this
is probably due to the good adhesion of the nanoparticles to
the polymer matrix®. Additionally, PHB/NAT1 and PHB/
NAT3 nanocomposites have a rougher surface than the neat
polymer, this possibly indicates that the montmorillonite
clay in its natural shape creates agglomerates that deposits
on the surface of the film. This behavior is also noticed in
X-ray diffraction spectra.

After 80 days of biotreatment, the degradation occurs
predominantly on the surface of the samples as the enzyme
adapts to the stereochemical conformation of the polymer,
which then undergoes surface erosion®. The roughness of all
film samples also increased after these exposure periods, and
the deposition of dark spots resulting from biofilm formation
is clearly observed. Biofilms may contain microorganisms
that produce pigments. Some of these pigments, particularly
those formed by specific bacterial strains, are lipophilic and
tend to diffuse into the polymer matrix when produced by
microorganisms in biofilms®.

In addition to the dark spots, all films after exposure
period of biodegradation also presented voids and cracks, this
indicates that the bacteria contained in the biofilm broke the
polymer bonds and possibly consumed the amorphous parts
of the polymer matrix. After exposure, the bionanocomposite
PHB/ORG3 was extensively biodegraded and its structure
was completely modified and compromised, which made it
impossible to describe in detail the action of bacteria on this film.
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Figure 6. Optical micrographs of the films before and after biodegradation.
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Figure 7. SEM micrographs of the systems before and after biodegradation.




Table 4. Microbial count values in colony forming units.
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Time (days)

Colony Forming Units mL!

PHB

NAT1

NAT3

ORG1

ORG3

0

3.6 (+0.31) x10*

3.6 (+0.18) x10*

3.6 (+0.23) x10*

3.6 (+0.27) x10°

3.6 (+0.43) x10°

20

3.2 (£0.28) x10°

2.9 (£0.31) x10°

2.7 (£0.28) x10°

2.5 (£0.17) x10°

3.1 (£0.13) x10°

40

2.1 (20.16) x10?

1.7 (£0.19) x102

1.8 (£0.21) x10°

1.8 (£0.32) x102

1.9 (£0.29) x102

60

1.7 (+0.28) x 102

1.1 (£0.19) x10?

1.2 (£0.41) x10?

1.4 (£0.33) x102

1.2 (£0.27) x10?

80

7.6 (£0.13) x10

6.5 (£0.14) x10

7.0 (+0.11) x10

5.7 (£0.10) x10

6.3 (£0.22) x10

Values indicated as: Mean (Standard Deviation).

Previously, PHB films attacked by microorganisms
from the water of a river in the state of Sdo Paulo (Brazil)
were investigated®, and films with a porous structure were
observed after exposure to the biotreatment, suggesting the
presence of material degradation. The superficial alterations
of the materials due to the microbial action intensified the
colonization of microorganisms, exposing the polymer to
the contact of excreted enzymes that specifically attacked
the carbonyl groups present in the polymeric matrix, this
behavior has also been previously reported’.

3.5. Bacterial counting

It is observed that the highest bacterial count occurred
in the neat PHB film, evincing that PHB constitutes a
carbon source for microbial development®. The number of
microorganisms in the different bionanocomposites tested
was similar (Table 4), as all films have a high amount
(>97%) of PHB. Faria and Martins-Franchetti*® reported
PHB biodegrades fairly rapidly compared to other polymers,
which was taken as evidence that PHB is a good carbon
source for the microbial growth.

During the biodegradation test, a gradual decrease in the
number of microorganisms is observed, which was attributed
to the reduction of the available carbon in the medium, as the
bionanocomposites were degraded and the carbon consumed
by the bacterial growth. There were no significant differences
observed in the amounts of heterotrophic bacteria among the
different bionanocomposite films investigated as a function
of' biodegradation time. It is believed that the reason for this
nearly equivalent amounts in bacterial growth is the same
source of bacteria and initial number of microorganisms
employed as well as the similarities in composition of the
bionanocomposite films tested.

3.6. ldentification of the bacteria present in the
biodegradation test

The identification and percentage of bacteria present in
the liquid medium used for the biodegradation test is showed
in Table 5. The bacteria in the biodegradation systems were
identified at each withdrawal period by analyzing water
samples and isolated colonies on Petrifilm membranes.
To calculate the frequency value, the number of colonies
of each species identified in all samples was considered.

The most frequent species found in the water biodegradation
system of the Parnaiba River were Pseudomonas aeruginosa
and Pseudomonas putida. About half (46.6%) of the
analyzed samples belonged to the Pseudomonas genus,
which is commonly found in aquatic environments®®.

Table 5. Identification of the bacteria present in the biodegradation
systems.

Bacteria Frequency (%)
Pseudomonas aeruginosa 28.3
Pseudomonas putida 18.3
Stenotrophomonas maltophilia 14.1
Enterobacter cloacae 11.6
Yersinia enterocolitica 8.3
Aeromonas salmonicida 7.5
Brevindimonas diminuta 6.6
Rhizobium radiobacter 5.0

Pseudomonas species are known to be opportunistic bacteria
that can cause severe infections. P. aeruginosa is the most
frequently involved species in infections affecting different organs,
such as the respiratory tract, urinary tract, and bloodstream®’.
Its ability to grow in nutritionally poor environments, with low
levels of dissolved solids and organic compounds, confirms
its adaptability. However, the presence of Pseudomonas
in water for human consumption indicates contamination,
and the current legislation establishes the absence of this
microorganism or less than 1.0 CFU in 100 mL of water as
a quality standard. The high incidence of P. aeruginosa in
different environments can be attributed to its easy adaptation
to environmental conditions, such as nutrition, temperature, and
humidity®®. Several groups of bacteria, such as Pseudomonas,
Marinobacter, Alcanivorax, Microbulbfer, Sphingomonas,
Micrococcus, Cellulomonas, and Gordonia, are known for
their ability to degrade alkane and aromatic hydrocarbons®.
In addition, Pseudomonas lemoignei has been shown to
biodegrade PHB films in liquid medium’.

Pseudomonas aeruginosa and Pseudomonas putida are
bacteria that can cause diseases in humans, particularly in
those with compromised immune systems, although they
can also be found naturally in the environment, such as in
soils, water, and surfaces, without causing health problems
for most healthy individuals. Pseudomonas aeruginosa is an
opportunistic pathogen responsible for nosocomial infections,
such as pneumonia, urinary tract infections, bloodstream
infections, and wound infections, exhibiting antibiotic
resistance mechanisms and the formation of resistant biofilms,
making treatment more challenging. On the other hand,
Pseudomonas putida is generally considered beneficial,
playing a significant role in the biodegradation of organic
compounds and the remediation of environmental pollutants,
although, in very rare circumstances, it can cause infections
in immunocompromised individuals®*>.
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Table 6. Biofilm formation at each withdrawal for each system analysed in duplicate.

Time (days) PHB ORGI ORG3 NATI NAT3
20 +(2) +(1) +(2) - -
40 +(2) +(1) +(2) - +(1)
60 +(2) +(2) +(2) +(2) +(2)
80 +(2) +(2) +(2) +(2) +(2)

-2 No biofilm; +(1): Biofilm present in one of the samples tested; +(2): Biofilm present in both samples tested.

Each film contained at least one identified bacteria
sample, leading to the assumption that similarities in bacterial
composition can be attributed to the shared aquatic medium
and incubation conditions. Differences in sample composition
were minimal, with a maximum filler amount of 3 wt%,
resulting in at least 94.5% PHB in all samples.

Our data also indicates that the bacteria identified in
the biodegradation systems are all Gram-negative bacilli,
most of them considered opportunistic pathogens, and
that their presence in the water is due to the pollution of
said river. The species Aeromonas salmonicida is a fish
pathogen rarely found in warm waters, and its isolation
was not expected®”. The species Brevidomonas diminuta
and Stenotrophomonas maltophila are closely related to the
genus Pseudomonas; they can be isolated from water, and
the present enzymes are able to degrade polymers and other
materials®. Loredo-Trevifio et al.”® reported that the species
Pseudomonas putida was able to degrade 92% of commercial
polyurethane after incubation for 4 days at 25°C. We can
state that the bacteria identified in the work were able to
promote the degradation of the bionanocomposites tested.

However, it is noteworthy that according to the literature,
specific bacteria with the ability to degrade PHAs may pose
a risk to human health or other organisms if they experience
widespread proliferation. Notable examples include
Pseudomonas aeruginosa and Bacillus subtilis, which can induce
infections in humans, particularly those with compromised
immune systems. Furthermore, some species of Streptomyces
spp. can cause infections in humans and animals, such as
actinomycosis, while Nocardia spp. can lead to infections in
humans and animals, including nocardiosis®*®.

3.7. Biofilm formed by Pseudomonas aeruginosa

The presence of biofilm by Pseudomonas aeruginosa
adhered to the surface of the films in all bionanocomposites
investigated in duplicate analysis is in Table 6.

Pandey et al.”” reported that alginate, a polysaccharide
polymer, gives bacteria a mucoid appearance that acts as
mediator of adhesion to mucin, a fact proven in the films
studied in this work that presented a mucous and gelatinous
aspect, difficult to handle. Similarly, Kyaw et al.'® reported
that Pseudomonas aeruginosa bacteria exhibit a strong
potential for degrading low-density polyethylene (LDPE)
due to their ability to form a biofilm on the surface of this
material in a short incubation period. The biofilm formation
reduces the hydrophobicity of the polymer, allowing for
accelerated degradation rates.

It is worth noting that the bionanocomposite PHB/ORG3
exhibited a composition that was highly conducive to the
adhesion of biofilm formed by Pseudomonas aeruginosa.

Biofilm formation was observed in both of the analyzed films
at all withdrawal times, similar to what occurred with neat
PHB. The incorporation of 3 wt% of organophilic clay to
PHB led to faster biofilm formation by P. aeruginosa. These
results were consistent with those obtained through optical
microscopy, where it was found that PHB/ORG3 was the
film with the highest degree of degradation.

4. Conclusion

This study aimed to produce a PHB/clay bionanocomposite
compatibilized with PP-g-MA, incorporating both intercalated
and exfoliated structures, by employing a natural clay
and an organophilic clay (Cloisite 20A). The obtained
materials exhibited favorable and accelerated biodegradation
properties. The predominant identification of Pseudomonas
bacteria indicated their ability to depolymerize PHB in
all tested systems, under the evaluated conditions. The
presence of specific microorganisms is believed to reduce
the resistance to degradation of biopolymer materials
when exposed to contaminated water. Consequently, the
resulting depolymerization process is expected to cause
less environmental harm. In conclusion, the PHB/ORG3
film shows great potential as a promising alternative for
the packaging industry.
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