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Abstract: Development of biodegradable materials for packaging is an issue of the utmost importance.
These materials are an alternative to petroleum-based polymers, which contribute to environment pol-
lution after disposal. In this work, graphene oxide (GO) and glucose-reduced graphene oxide (rGO-g)
were incorporated to thermoplastic starch (TPS) by melt extrusion. The TPS/GO and TPS/rGO-g
composites had their physical properties and biodegradability compared. X-ray diffraction (XRD)
showed that the type of graphene used led to different dispersion levels of graphene sheets, and
to changes in the crystalline structure of TPS. Tensile tests carried out for the compression-molded
composites indicated that TPS/rGO-g composites presented better mechanical performance. The
Young’s modulus (E) increased from E = (28.6 & 2.7) MPa, for TPS, to E = (110.6 & 9.5) MPa and
to (144.2 + 11.2) MPa for TPS with rGO-g incorporated at 1.0 and 2.0 mass% content, respectively.
The acid groups from graphene derivatives promoted glycosidic bond breakage of starch molecules
and improved biodegradation of the composites. GO is well-dispersed in the TPS matrix, which
contributes to biodegradation. For TPS/rGO-g materials, biodegradation was influenced by rGO-g
dispersion level.

Keywords: starch; graphene; composites; crystallinity; mechanical properties; biodegradation

1. Introduction

Petroleum-based plastics are inexpensive, durable and lightweight materials, present
in our daily lives. Concern on environmental pollution caused by plastic waste has moti-
vated the development of environmentally friendly materials, which are mainly used as
packaging [1]. In general, discarded plastics break down into smaller fragments, leading
to microplastics. Microplastics are small pieces of synthetic materials, less than 5 mm in
length, which have increasingly been found in the environment [1,2].

Starch-based plastics have emerged because of their relatively low cost, renewability
and biodegradability in most environments [3,4]. Starch consists of two polysaccharides,
amylose and amylopectin, both formed by D-glucose repeating units. To obtain thermo-
plastic starch (TPS), granular starch should be processed in the presence of plasticizers,
such as water and polyols [5,6]. However, TPS has limited applications. This is because of
its high hydrophilicity, which results in poor mechanical properties as it ages [7]. To solve
this drawback, blending TPS with less hydrophilic polymers, or incorporating inorganic
nanoparticles, has been addressed as alternatives to improve its physical properties [5,8].
Furthermore, the thermoformability and mechanical properties of TPS composites have
been studied aiming to produce competitive biodegradable plastics for industrial scale
manufacturing [9,10].

Graphene is the two-dimensional sheet-like material, consisting of sp-hybridized
carbon atoms. Graphene has attracted attention as a polymer nanofiller because of its high
thermal, mechanical and conductive properties [11,12]. Graphene may be prepared in large
scale from graphite, in two steps. In the first step, using oxidizing reagents, graphene oxide
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(GO) is obtained. GO is characterized by its hydrophilicity, resulting from the presence of
alcohol, epoxide and carboxylic acid groups on its surface [13]. The second step consists
of a reduction reaction, usually with hydrazine or sodium borohydride, which leads to
reduced graphene oxide (rGO) [14,15]. The use of green approaches, to the large-scale
production of rGO has been highlighted. For example, ascorbic acid was found suitable to
reduce GO [16]. A facile nontoxic method to obtain rGO is based on reducing sugars and
exfoliated GO [17,18].

Composites of starch and graphene derivatives have been developed and presented
improvements in mechanical [7,19] and thermal [19,20] properties, as well as enhancements
in electrical conductivity [20,21]. Favorable interactions and exfoliation of graphene sheets
in the starch matrix explain these results. In general, solution casting is the methodology
most frequently cited for the preparation of starch/graphene composites [19-21]. However,
studies on more convenient methods to be applied in industrial processes, such as melt
mixing [19] and extrusion [7], have shown that it is possible to obtain TPS/GO composites
with well-dispersed graphene nanosheets.

Biodegradable polymers may be depolimerized into smaller chains resulting in carbon
dioxide, water and methane by living organisms, e.g., bacteria, fungi, algae and insects
at specific conditions of light, temperature and oxygen [22]. Studies on biodegradability
of biocomposites have shown different biodegradation rates, which are associated to the
type, content and dispersion of nanofiller [23]. Over the last few years, the biodegradation
of aliphatic polyester/clays composites was related to a chemical hydrolytic degradation
caused by functional groups in the organoclay surfactant [24]. The biodegradation of TPS
with the incorporation of commercial clays and cellulose fillers was reported [25-29]. For
TPS/clay composites, increasing biodegradation rates depend on the relative crystallinity
of the starch matrix [25] and on the clay type [26]. For TPS/cellulose composites, the
biodegradation rates are decreased because of reduction in hydrophilicity as well as the
slower degradation of high crystalline cellulose filler [27,28].

Up to now, the role of graphene derivatives on the biodegradation of starch-based
materials has been reported for TPS/poly(lactic acid) (PLA) blends. The incorporation of
rGO modified the biodegradation rate as a function of microscopic structures formed by
graphene sheets within the TPS/PLA /rGO composites at 70:30:5 mass% composition. In
this case, the well-dispersed graphene sheets form fractal nanostructures, which favored
water diffusion across the sample, accelerating the degradation process [29]. In contrast, for
the composite at TPS/PLA /rGO at 30:70:5 mass% composition, the aggregation of graphene
sheets forms a barrier that hinders the diffusion of water into the blend, retarding the
biodegradation process [29]. In compost and inoculated vermiculite, graphene nanosheets
at 0.1% and 1% mass content were shown to increase the biodegradation rate of the TPS
phase in PLA /TPS reactive blends [30].

This work aimed to investigate the role of graphene derivatives, graphene oxide (GO)
and glucose-reduced graphene oxide (rGO-g), on the physical properties and biodegrad-
ability of TPS. The extruded TPS/GO and TPS/rGO-g composites were compared as a
function of dispersion and wettability of graphene sheets in the starch matrix. To the best of
the authors” knowledge, no study on this subject has already been reported in the literature.

2. Materials and Methods
2.1. Materials

Regular cornstarch (CS) was supplied by Ingredion Brasil—Ingredientes Industriais
Ltd.a. (Sao Paulo, SP, Brazil). According to the producer, this material is composed of
26-30 mass% amylose and 74-70 mass% amylopectin, with less than 0.5 mass% gluten. The
gravimetric method was used to determine the humidity content (12 mass%). Analytical
grade glycerol was purchased from Vetec Quimica Fina (Rio de Janeiro, R], Brazil) and
was used as received. D-glucose solution at 85% (m/v) concentration was purchased
from Marvi® (Ourinhos, SP, Brazil) and used as received. Natural graphite flakes were
purchased from Sigma Aldrich (Sao Paulo, SP, Brazil). All other reagents were P.A. and
were purchased from Vetec Quimica Fina (Rio de Janeiro, RJ, Brazil) and were used as
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received. Purified water from a Millipore water purification system, model Direct Q-3
(Sao Paulo, SP, Brazil) was used in the experiments.

2.2. Preparation of Graphene Oxide (GO) and Glucose-Reduced Graphene Oxide (rGO-g)

Graphite oxide was prepared from graphite flakes, using a modified Hummer’s
method [31]. Briefly, a 9:1 mixture of concentrated H,SO4/H3PO4 (400 mL) was added to a
1 L flask. The flask was adjusted to an ice-bath, and 3 g of graphite (1 mass eq.), and then
18 g of KMnOy (6 mass eq.) were added to the mixture under stirring. Then, the reaction
mixture was heated to 50 °C and stirred for 12 h. The product was poured into a 1 L
becher filled with ice cubes/water and homogenized with 3 mL of 30% HyO,. The oxidized
product was filtered and washed three times with water, 30% HCI aqueous solution and
ethyl alcohol. The resulting yellow-brownish material was filtered under vacuum and
dried in an oven at 60 °C for 48 h. GO was dispersed in water at 1 g/L concentration
and submitted to sonication at 40% wave amplitude for 15 min, in a Sonics and Materials
Inc. ultrasonic processor (Newton, CT, USA), equipped with a standard probe 13 mm in
diameter. The GO dispersion was transferred to a 1 L flask under constant stirring. Then,
40 g of glucose, a reducing carbohydrate, was slowly added to the dispersion under stirring
for 30 min. Afterwards, 1.0 mL of ammonia solution (20% w/v) was added to the reaction
up to pH 9. The reaction mixture was maintained under reflux for 1 h [17]. Finally, the
product (rGO-g powder) was dialyzed against water at room temperature for 48 h and
dried at 70 °C for 24 h.

2.3. Processing of TPS/GO and TPS/rGO-g Composites

The mixture of CS and glycerol, added at 30 mass% based on starch dry mass, was
homogenized in a conventional mixer (Ika Works, Wilmington, NC, USA). GO and rGO-g
powder were previously dispersed in water. Then, the GO or rGO-g dispersions were added
(separately), under mechanical stirring, to the CS/glycerol mixture. The resulting mixtures
were dried in an oven at 60 °C for 48 h. The neat thermoplastic starch (TPS), TPS/GO
and TPS/rGO-g composites were extruded in a Coperion ZSK 18 (Werner and Pfleiderer,
Stuttgart, Germany) corotating extruder. The seven heating zones were maintained at
110, 110, 120, 120, 120, 110 and 110 °C and the screw speed was set at 200 rpm. The filler
contents in the TPS/GO and TPS/rGO-g composites were 0.5, 1.0 and 2.0 mass%. The
extruded materials were pelletized and compression-molded by heating at 120 °C under
68.9 MPa for 10 min and cooled for 5 min in a cold press.

2.4. Characterizations

Fourier transform infrared spectroscopy (FTIR): GO and rGO-g powders were ana-
lyzed as potassium bromide disks in a Varian spectrometer, model 3100 Excalibur Series
(Melbourne, Victoria, Australia), from 4000 to 400 cm 1.

UV-vis spectroscopy: Aqueous dispersions (0.01 g/L) of GO and rGO-g were submit-
ted to sonication for 15 min. The experiments were carried out in triplicate with a Cary
100 Conc spectrophotometer (Santa Clara, CA, USA) within the 200-900 nm range [32].

Contact angle measurements: Dispersions of GO and rGO-g at 1.0% (m/v) were
poured onto glass plates and dried at 50 °C for 24 h resulting in thin films. Contact
angles were measured with a Data Physics Goniometer, Model OCA 15Plus (Data Physics
Instruments, Filderstadt, Germany) coupled to the software module SCA 20 to capture
and process images. A 2 uL drop of distilled water was dripped on the surface of the films
using a syringe. After stabilization of the droplet, the drop contact angle variation was
registered during an interval of 30 s. The procedure was carried out in triplicate and the
contact angle presented was the mean value of all the measurement [33].

X-ray diffraction (XRD): X-ray diffractograms were obtained in an Ultima IV diffrac-
tometer (Rigaku Corporation, Osaka, Japan) in the angular region 2.0 to 35° (26) at 0.01°/s,
in reflection mode. The CuK,; radiation with wavelength of 0.15418 nm was generated
at 40 kV and 20 mA. The d001 values of the stacking order of GO were calculated by the
Bragg’s law, nA = 2 d sin 0, where n is an integer, A is the wavelength of the incident wave
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(15418 A), d is the spacing between any two atomic planes in the crystal lattice and  is the
angle of reflection [25].

Mechanical properties: Tensile tests were carried out at 21 °C in a Q-800 DMA equip-
ment (TA Instruments, New Castle, DE, USA) according to the ISO 527-3 method, with
rectangular compression-molded films (13 £ 0.2) mm x (6 & 0.2) mm x (0.8 £ 0.1 mm) in
dimensions, previously conditioned at 21 °C, and 50% relative humidity, for a period of at
least 48 h. The average value from a total of five measurements was taken. The samples
were placed between a fixed and a moveable clamp, and the experiments were performed
in tensile mode.

Soil burial biodegradation test: This test was performed for TPS and TPS/GO compos-
ites [25]. Soil, purchased from Vide Verde Compostagem Ltd.a (Resende, RJ, Brazil), was
put in a plastic container of 10 L capacity. Five replications of each squared sample were
buried in soil and remained under laboratory conditions (average temperature 23 °C) for
120 days. The soil moisture was maintained at (18 = 1.0)%. Every 15 days, the samples were
taken out from the container, cleaned with a smooth brush, and weighted. The average
mass was considered to evaluate biodegradation as a function of time (days). The soil
pH was measured in triplicate every 30 days. About 2 g of soil were added to 50 mL of
deionized water, maintained under stirring for 15 min and the pH of the liquid phase was
measured with a pHmeter. The initial pH of soil was 6.5 4= 0.1.

Scanning electron microscopy: The surfaces of TPS and TPS/GO composites were
analyzed after 90 days of biodegradation. A piece of each sample was cleaned with a
smooth brush, their surfaces were vacuum-coated with gold and examined with a Jeol
electron microscope, model JSM-6460LV (Akishima-shi, Japan) at the acceleration voltage
of 20 kV.

Aerobic biodegradation test: This test was performed for TPS and TPS/rGO-g compos-
ites incorporated with rGO-g at 1.0 and 2.0 mass%, according to the ASTM D5988-03 (2003)
standard test method. Compression-molded films were cut into pieces (2.5 x 2.5 x 1.0) cm?
in dimensions, weighed and exposed to a controlled aerobic composting process in con-
junction with the inoculum. The tests were performed in triplicate at 60 °C and relative
humidity (RH) of (60 & 10)% for 183 days. The amount of carbon dioxide evolved, resulting
from the degradation process, was trapped in potassium hydroxide solution and measured
as a function of time. The soil pH was measured in triplicate before and after the test. The
initial pH of soil was 6.5 + 0.1.

3. Results and Discussion

The use of reducing carbohydrates, such as glucose, may be considered an eco-friendly
approach for GO reduction. The mechanism of GO reduction is attributed to the alkali
conversion of glucose into fructose [17,18]. Infrared spectroscopy gives information on
the functional groups of GO and rGO-g (Figure 1a). The absorptions at 3420 cm~! and
1726 cm~! were attributed to stretching vibrations of O-H and —~C=0, respectively [17,31].
The absorption at 1625 cm~! was attributed to stretching of C=C bonds of un-oxidized
graphite [17]. However, this assignment remains under debate, because this band has
been attributed to oxygenated groups (ether and -OH groups) or to the bending vibration
of absorbed H,O molecules [34]. The absorptions at 1200 cm ™! and 1035 cm~! were
attributed to C-O (epoxy groups) and C-OH stretching vibrations, respectively [31,35]. For
rGO-g, these characteristic absorptions had their intensities decreased, which indicated
the partial deoxygenation of GO associated with glucose reduction. Figure 1b shows the
UV-vis spectra for GO and rGO-g. For both materials, the typical absorption at 228 nm was
related to 7t-7t * electronic transitions (isolated ethylenic and aromatic chromophores). For
rGO-g, the appearance of an intense absorption at 286 nm was attributed to the increased
number of condensed aromatic rings and revealed that the electronic conjugation within the
graphene sheets was restored upon reduction by glucose [17]. Additionally, the reduction
reaction was indicated by the color change of the dispersions from brownish yellow (GO)
to black (rGO-g), as shown in the insert of Figure 1b.
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Figure 1. (a) FTIR spectra for GO (trace I) and rGO-g (trace II). (b) UV-vis absorption spectra for GO (continuous line) and
rGO-g (dashed line) dispersions, photographs of GO and rGO-g sonicated solutions at 0.01 g/L.

Contact angle measurements were used to evaluate the role of the reduction process
on the polarity of graphene oxide (Figure 2a). GO and rGO-g presented 6 < 90° and may be
classified as hydrophilic materials [36], suitable to be dispersed in polar starch matrix. The
experimental results indicated that the contact angle for GO and rGO-g were (62.2 &= 1.9)°
and (73.7 & 2.3)°, respectively. As already reported, this difference is related to the reduction
of oxygen-containing groups on graphene sheets that decreases its hydrophilicity [33].
Furthermore, the rGO-g higher tendency to aggregation and, consequently, higher surface
roughness, may have contributed to its higher contact angle [36]. Therefore, the GO
surface is more wettable than the rGO-g surface, with a more flattened drop (Figure 2b,c).
This behavior corroborates FTIR results, which showed that rGO-g had lower density of
oxygen-containing groups, being less polar than GO.
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Figure 2. Contact angles of water as a function of contact time (a) for GO (squares) and rGO-g (circles)

films; photograph of water droplet on GO (b) and rGO-g (c) films.

Figure 3 shows X-ray diffraction results, used to evaluate GO and rGO-g exfoliation
within starch matrix and the role of these nanofillers on the crystallinity of TPS. For GO
alone (Figure 3a, trace I), the reflection at 20 = ~12.0° (dgp2 = 0.74 nm) is attributed to the
002 plane with expanded interlamellar d-spacing (d), caused by the introduction of oxygenated
groups [17]. For rGO-g (Figure 3b, trace ), this reflection shifted to ~13.1° (26) (dgp2 = 0.68 nm).
This result indicated a small reduction of the spacing between the graphene sheets by the
partial removal of oxygen-containing groups promoted by glucose reduction. For all TPS/GO
composites (Figure 3a, traces III-V), the reflection of GO was shifted to lower angles values,
bellow 20 = 0.9°. This result revealed the high dispersion of GO sheets within the starch matrix.
For TPS/rGO-g composites with rGO-g incorporated at 0.5 and 1.0 mass%, the reflection
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of rGO-g was also not detected (Figure 3b, traces III and IV). Conversely, the diffractogram
obtained for the composite with rGO-g incorporated at 2.0 mass% showed a shallow reflection
around 20 = 2.3° (d = 3.45 nm) (Figure 1b, trace V). This result indicated the coexistence of a
small fraction of intercalated rGO-g sheets within the TPS matrix. The reduction in wettability
of rtGO-g in TPS does not favor exfoliation of graphene sheets for high filler contents.
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Figure 3. X-ray diffractograms in the 0.9° to 35.0° (20) range for (a) GO (trace I), TPS (trace II) and TPS with GO incorporated
at 0.5 mass% (trace III), 1.0 mass% (trace IV) and 2.0 mass% (trace V) contents; (b) rGO-g (trace I), TPS (trace II) and TPS
with rGO-g incorporated at 0.5 mass% (trace III), 1.0 mass% (trace IV) and 2.0 mass% (trace V) contents.

For TPS (traces II), the reflections at 26 = 13.0° and 21.3° were attributed to V4 crystals,
related to processing-induced crystallinity of single helical amylose, found in extruded
and compression-molded TPS with less than 10% water [37]. As the content of GO was
increased in TPS/GO composites, the reflection at 20 = 13.0° presented increased intensity.
The reflection at 20 = 21.3° was slightly shifted to 20 = ~ 20.2°for the composite with
GO at 2.0 mass% content. This result suggests that some water was absorbed by starch
spherulites [37]. Probably, this water was previously bonded to GO. In contrast, for the
TPS/rGO-g composites, the V5 reflections were shifted to higher angles. The shift of
these reflections to higher 20 values revealed less water absorbed. This result was mostly
pronounced for the composite with rGO-g incorporated at 2.0 mass%, which presented
reflections at 26 = 14.5° and 26 = 22.4°.

Figure 4 shows TEM image obtained for TPS with GO incorporated at 1.0 mass%
content. Different dispersion levels of GO in the starch matrix were observed. GO sheets
might be superimposed, but not stacked. Note that this interpretation is also consistent
with XRD at lower angles, which indicated exfoliation of GO sheets. However, TEM images
revealed different forms and sizes of GO sheets within the starch matrix.

quisition Date_Sample
| 730000 | sooookd | 14i0/15, 11:55 TPS G 1,0 ——100 nm—

Figure 4. TEM image for TPS with GO incorporated at 1.0 mass% content.
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The mechanical properties of TPS, TPS/GO and TPS/rGO-g composites were in-
vestigated by tensile tests (Figure 5a,b) with the determination of Young’s modulus (E),
stress at break (0max) and elongation at break (emax) values. As already reported, the role
of graphene derivatives on the mechanical properties of TPS is related to the polarity
of these fillers, which control their dispersion [20]. As a reference, neat TPS presented
E =(28.6 £ 2.7) MPa, omax = (5.8 = 0.6) MPa and emax = (20.2 £ 1.9)%. For TPS/GO, the
E and omax values increased considerably. For TPS/GO with GO incorporated at 0.5, 1.0
and 2.0 mass% contents, E values varied from E = (51.4 4+ 4.8) MPa, (85.2 & 8.1) MPa and
(108.2 + 10.3) MPa, respectively. For the same samples, omax values were found to be
Omax = (6.9 £ 0.7) MPa, (9.4 £ 0.8) MPa and (10.6 £ 1.1) MPa. The enhancements observed
in relation to TPS are related to the good interfacial interaction of well-dispersed GO sheets
within the starch matrix. However, the emax values decreased to emax = (15.6 £ 1.1)%,
(16.1 £ 1.5)% and (12.3 £ 0.9)% with GO incorporated at 0.5, 1.0 and 2.0 mass% contents,
respectively. This result indicated that the high content of the filler increased hydrogen
bonding interaction between GO sheets and the TPS matrix, hindering the stretching of
starch chains [38].

5

10 15 20 25 0 5 10 15 20 25
Strain (%) Strain (%)

Figure 5. Stress versus strain curves for (a) TPS (closed squares), and TPS with GO incorporated at 0.5 mass% (squares),
1.0 mass% (triangles) and 2.0 mass% (circles) contents; (b) TPS (full squares), TPS with rGO incorporated at 0.5 mass%
(squares), 1.0 mass% (triangles) and 2.0 mass% (circles) contents.

For TPS/rGO-g, E and omax varied from E = (80.2 & 5.3) MPa, (110.6 & 9.5) MPa to
(144.2 + 11.2) MPa and from oy = (8.9 & 0.7) MPa, (12.9 =+ 1.1) MPa to (14.5 + 1.2) MPa
with rGO-g incorporated at 0.5, 1.0 and 2.0 mass%, respectively. These improvements are
related to the reinforcing effect of rGO-g. In addition, TPS/rGO-g composites presented
€max Values similar to TPS alone, which were emax = (19.6 £ 1.7)% and (18.1 4+ 1.4)%
for the compositions with rGO-g at 0.5 and 1.0 mass% contents. This result may be
associated to the decrease in rGO-g polarity, as compared with GO, which results in a
lower number of potential hydrogen bonding between RGO-g and the TPS matrix. The
stretching of plasticized starch chains was not altered for those compositions. In contrast,
for the composite with rGO-g incorporated at 2.0 mass%, the decrease in elongation
(¢max = 14.1 £ 1.2)% was observed. Possibly, the presence of rGO-g intercalated sheets
contributed to hinder stretching of starch chains.

Biodegradation experiments are of fundamental importance for production of envi-
ronmentally friendly materials. The glycosidic linkages, easily attacked by enzymes of
microorganisms, make starch a biodegradable material [22]. For TPS and TPS/GO com-
posites, soil burial tests were carried out at room temperature, and evaluated by weighing
specimens regularly (Figure 6). In the first fifteen days, the samples absorbed some soil
humidity. TPS absorbed a higher amount of water than the TPS/GO composites. As ob-
served by X-ray diffraction, GO was well-dispersed within starch matrix and the exfoliated
sheets acted as a barrier for water permeation in this first stage. For TPS, the primary
degradation stage was associated with leaching of glycerol from the starch matrix [39].
Within 45 days of incubation, the TPS/GO composites already show mass loss, which was
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more pronounced with the increase in GO mass content. As already reported, GO has
carboxyl groups linked to the sheet edges. These groups give acid character to GO [40,41].
Furthermore, these acid groups in GO may induce the breakage of glycosidic bonds in
starch molecules, accelerate their depolymerization and facilitate the bioassimilation of
resulting materials by microorganisms from soil.

o

0 15 30 45 60 75 90 105 120
Time (days)

Figure 6. Remaining mass for TPS (closed squares), TPS with GO incorporated at 0.5 mass% (squares),
1.0 mass% (triangles) and 2.0 mass% (circles) during biodegradation in soil for 120 days.

SEM was used to image samples at an advanced stage (90 days) of biodegradation
(Figure 7a—c). With the increase in GO content, surface degradation was increased, with the
presence of heterogeneous bacterial community (Figure 7c), characteristic of biodegradation
in compost soil. In fact, these microorganisms generate enzymes with the ability of breaking
starch molecules [39]. As a result of the biodegradation process, the pH of soil decreased
from 6.5 £ 0.1, at the initial stage, to 5.9 &= 0.2 at the end of the test, which could also have
contributed to deterioration of the starch matrix.

Figure 7. SEM images taken from surfaces of specimens after 90 days of incubation; TPS (a), TPS incorporated with GO
at 1.0 (b) and 2.0 mass% (c) contents.
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Figure 8 shows photographs taken for TPS and TPS/GO samples over the period of
soil burial tests. On day 60, the image indicates mineralization, alteration in color, decrease
in thickness and highly rough and eroded surface. On day 120, the specimens appeared as
fragments, which were smaller as the GO content increased.

Sample Day 0 Day 60 Day 120

TPS

TPS + GO at 0.5%

TPS + GO at 1.0%

TPS + GO at 2.0%

Figure 8. Photographs of TPS/GO samples submitted to soil burial biodegradation tests.

The biodegradation of TPS and TPS/rGO-g under anaerobic conditions was evaluated
by cumulative CO, produced by the specimens during the process (Figure 9). Differently
from the soil burial test, in this test the high biodegradation and the remaining fragments
after 183 days were smaller. Their mass could not be measured. As may be observed, in
relation to neat TPS, the amount of cumulative CO; increased with the presence of rGO-g.
The profile of curves showed an increase in cumulative CO, in the first 60 days. This result
is an indication that the acid groups of rGO-g, as well as in GO, induced the breakage of
glycosidic bonds of starch molecules, accelerating their degradation. This result may be
explained by the reduction in pH after 183 days of test, which were 6.2 = 0.1, 5.6 £ 0.1
and 5.8 £ 0.2 for TPS, and TPS with rGO-g incorporated at 1.0 and 2.0 mass%, respectively.
Comparing the behavior of TPS/rGO-g composites as a function of filler content, different
biodegradation rates were observed. For the sample with rGO-g incorporated at 1.0 mass%,
the amount of cumulative CO, was four times higher than the amount observed for TPS
alone. In contrast, for the composite with rGO-g incorporated at 2.0 mass% content, the
amount of cumulative CO, corresponded to twice that determined for TPS. This result
seems to indicate that the biodegradation of TPS/rGO-g composites is related to rGO-g
dispersion. In the composite with well-exfoliated rGO-g sheets at 1.0 mass% content, the
breakage of glycosidic bonds was enhanced. A larger amount of low molar mass starch
derivatives was formed, with high hydrophilic character. Certainly, the increase in water
absorption favored the action of soil living microorganisms. Conversely, as observed by
XRD results, TPS with rGO-g incorporated at 2.0% mass content had a large fraction of
intercalated sheets within the starch matrix. These aggregates slowed the biodegradation
process. The effect of carbon nanoparticles on a similar environment was reported in the
literature. Some authors found that multi-walled carbon nanotubes at high concentrations
could decrease the microbial activity and biomass in soils [42]. In contrast, other authors
reported that graphene altered the structure of soil bacterial communities by enriching
some nitrogen fixing and dissimilatory iron reducing bacteria genus [43]. Comparing
TPS/rGO-g composites, the increase in rGO-g mass% content caused a delaying in the
biodegradation process. However, the biodegradation process was still faster than for
TPS alone.
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Figure 9. Average cumulative carbon dioxide production from TPS (full squares), TPS incorporated
with rGO-g at 1.0 mass% (triangles) and 2.0 mass% (circles) contents for 183 days.

4. Conclusions

Two graphene derivatives were obtained and characterized. It was demonstrated
that glucose was able to partially restore the graphitic structure and reduce the oxygen-
containing groups of graphene oxide (GO). GO and glucose-reduced graphene oxide
(rGO-g) were incorporated within glycerol-plasticized starch by melt extrusion, leading to
TPS/GO and TPS/rGO-g composites. The different wettability of graphene derivatives
in TPS was related to their polarity. The high polarity of GO led to higher exfoliation of
graphene sheets even at a high mass content. In contrast, the less polar rGO-g led to the
intercalation of graphene sheets when incorporated at a higher mass content. Both compos-
ites exhibited improvements in mechanical properties. However, TPS/rGO-g composites
presented the best mechanical performance because of the good reinforcement effect of re-
duced graphene sheets. The incorporation of GO and rGO-g increased the biodegradability
of the TPS matrix. The results were explained by the assisted breakage of glycosidic bonds
of starch molecules by acid groups present in both graphene derivatives. The TPS/GO
composites presented increases in biodegradation rate with increasing GO mass content.
The TPS/rGO-g samples had the biodegradation rate affected by the dispersion level
of rGO-g.
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