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Abstract. The present study carried out the characterization of carbon nanotubes (CNT) recovered from the biodegradation
process of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/CNT nanocomposites and the use of this recovered CNT
(CNT-rec) in the production of new PHBV nanocomposites. The results obtained by characterization of CNT-rec were very
similar to the CNT. Therefore, it was possible to state that CNT properties were preserved during the biodegradation process;
however, CNT-rec contained impurities such as proteins and residual PHBV. Regarding the performance as nanofillers, al-
though both CNT and CNT-rec decreased the thermal stability of nanocomposites compared to neat PHBYV, this effect was
less intense in the CNT-rec nanocomposites. It is expected that both nanofillers acted as nucleating agents in the PHBV
matrix crystallization process but with different effectiveness. There was no significant difference between the electrical
conductivity comparing PHBV/CNT 2% and PHBV/CNT-rec 2% nanocomposites. Therefore, the recovery and use of
CNT-rec is a feasible process.

Keywords: nanocomposites, biodegradable polymers, carbon nanotubes recovered, poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate), biopolymers

1. Introduction from renewable resources [ 1, 2]. However, with the
The search for environmentally friendly materials advancement in the production and use of biodegrad-
has motivated a lot of investigations in academia and  able polymers, new questions have arisen in the lit-
industry. In this regard, biodegradable polymers have  erature. The effective biodegradation of these mate-
stood out as an alternative material mainly to replace  rials when disposed of in a conducive environment.
synthetic polymers and in the production of materials ~ The possibility of recycling increases their useful life
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in the market since many have a higher production
cost than conventional materials. And whether con-
taminants are generated during the biodegradation
process since many of them are processed with other
materials and additives.

Therefore, studying the biodegradation of both bio-
degradable polymers from renewable and synthetic
sources is extremely important [3, 4]. These studies
have proven that these polymers are indeed biode-
graded, but there is still a lack of information regard-
ing methods that allow ensuring the complete bio-
degradation of the majority of the biopolymers and
that they are suitable for disposal in certain biodegra-
dation media [5]. Siracusa [6] pointed out the diffi-
culty of ensuring that all synthetic biodegradable
polymers are suitable for composting, noting the
possible contamination of the environment by poly-
mer fragments. The author also highlighted the im-
portance of having the polymer entirely biodegraded.
Other polymers already in commercial use (in plastic
bags) and reported as 100% biodegradable did not
show the same results in biodegradation studies per-
formed in the laboratory and at home-composting
conditions. The polymers did not suffer total decom-
position, mainly at home-composting conditions, thus
alerting them to the unbridled use of this material
that is reported as suitable for biodegradation [7].
In this context, the concerns regarding the waste of
biodegradable polymers have to be the same raised
by the waste of petroleum-based thermoplastic poly-
mers. Considering the current limitations of the bio-
degradation process and the higher production cost
in comparison with those derived from petroleum,
recycling biopolymers has emerged as a prominent
research field. Despite being still little explored, re-
cycling biopolymers has been proven to be econom-
ically, ecologically, and technologically advanta-
geous. Some biodegradable polymers may present
more viable recycling steps than petroleum-based
polymers, making their use even more attractive [8].
However, it is noted that recycling is more beneficial
for biodegradable polymers with thickness above
1 mm, and when the polymer is thinner, it is more
profitable to recover it (proper collection) before it
is disposed of by composting rather than recycling be-
cause thinner polymers degrade more easily [8, 9].
Although numerous works that reported on recovery
by recycling, biodegradation test, or even toxicity
(such as ecotoxicity with plants) of biodegradable
polymers are observed [1, 4, 10—12], the composites

or nanocomposites produced with these polymers
have been very little considered [13, 14]. Commonly,
biodegradable polymers are processed with other
polymers (polymer blends) or reinforced with filler
or nanofiller, generating composites or nanocompos-
ites with enhanced properties [2, 15-25]. Few studies
address the effect of the addition of the nanofiller on
the polymer biodegradation property [4, 21, 26-32],
and even fewer studies have investigated what hap-
pens to the nanofillers after polymer biodegradation
[26]. Since most parts of the inserted nanofillers are
not biodegradable, studies about their destination
should be considered in the research of nanocom-
posites. Just as important, strategies for reusing these
nanocomposites or a part of them, such as the nano-
particles themselves, should also be considered.
Among the biodegradable polymers produced from
renewable resources and synthesized from microbial
fermentation is the family of polyhydroxyalkanoates
(PHASs). Poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV) is one of the copolymers of this family
with great prominence in the production of compos-
ites and nanocomposites [33—40]. Some of our pre-
vious studies have focused on the analysis of the ef-
fect of the introduction of filler and nanofiller on the
biodegradation of PHBV. Titanium dioxide (TiO,)
nanoparticles or glassy carbon (GC) were shown to
not affect the biodegradation of PHBV nanocompos-
ites [31, 41]. Nevertheless, the introduction of CNT
or graphite nanosheets (GNS) decreased the biodegra-
dation rate with increasing nanofiller content [26, 30,
42, 43]. The lower biodegradation rate was associ-
ated with changes caused on the material surface,
hydrophilicity, and exposure of the nanofiller to the
biodegradable material. Added to this, in our previ-
ous study [26], it was observed that with the biodegra-
dation of the nanocomposite films, the CNTs were
exposed and released into the reaction medium as
part of the biodegradation residues. PHBV/CNT 2%
nanocomposite films were biodegraded in a liquid
medium on a large scale for 20 was analyzed by field
emission scanning electron microscope. It was ob-
served that CNT was intact after the test, reinforcing
the importance of an adequate treatment of the waste
and indicating the possibility of recovery of these
CNT after the biodegradation process.

CNT used as reinforcement in biodegradable poly-
meric matrices has been largely reported in the sci-
entific literature [17, 22, 44-51]. However, the char-
acterization and reuse of the CNT after the process

219



A. P. B. da Silva et al. — Express Polymer Letters Vol. 17, No.2 (2023) 218-235

of biodegradation of these matrices have not been
investigated yet. Due to the chemical and structural
properties of CNT, it is expected that these properties
will be unchanged in the biodegradation process, en-
couraging their recovery for reuse in the same ma-
terial or in the production of other nanocomposites
and products. This process would close the life cycle
of this material and meet the principles of sustain-
ability in the development of products. Thus, the pres-
ent study carried out the characterization of CNT re-
covered in a biodegradation process of PHBV/CNT
nanocomposites to evaluate the preservation of their
properties and consequently provide crucial infor-
mation to evaluate their reuse. Furthermore, the re-
covered CNT was used in the production of PHBV
nanocomposites. The as-prepared PHBV nanocom-
posites with recovered CNT (PHBV/CNT-rec) were
characterized regarding thermal, morphological, and
electrical properties. The comparison with the prop-
erties of PHBV nanocomposite prepared with CNT
and CNT-rec pointed out the successful recovery
process of CNT and the use of these CNT to obtain
nanocomposites with similar properties.

2. Experimental

2.1. Materials

Multiwalled carbon nanotubes (CNT) were supplied
by CNT CO. Ltd. (Incheon, Korea). The CNT were
produced by chemical vapor deposition with a purity
of 93% (weight), diameter in the range of 10 to
40 nm, and length in the range of 5 to 20 um. Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) was supplied
by PHB Industrial Ltd. (Sdo Paulo, Brazil), with
15 mol% of hydroxyvalerate units and average mo-
lecular weight (M,,) of 230.000 g-mol~'. To prepare
the films, chloroform (CHCI3) from LabSynth (Di-
adema, Brazil) was used as a solvent.

2.2. Nanocomposites films preparation

Films of PHBV/CNT nanocomposites were prepared
by solution-casting according to the methodology
determined in previous works [25, 26, 52, 53]. PHBV
was solubilized in chloroform under heating, with
8% (w/v). A suspension of CNT in chloroform was
previously sonicated in an ultrasonic processor (VCX
750 Sonics, 750 W; 20 kHz) for 2 min. The solution
and suspension, PHBV and CNT in chloroform, were
sonicated for 1 min and then poured onto Petri plates.
The films were formed after the evaporation of the
chloroform overnight. PHBV nanocomposite films
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were produced with 0, 1, and 2 wt% CNT and labeled
as PHBV, PHBV/CNT 1%, and PHBV/CNT 2%.

2.3. CNT recovery

The CNT recovered (CNT-rec) were obtained from
the biodegradation of films from the PHBV/CNT
2% nanocomposites following the methodology de-
veloped by our research group and previously report-
ed [26]. The films were incubated in a mineral solu-
tion with a microorganisms consortium previously
extracted from the soil at 32 °C with the agitation of
130 rpm for 20 days until complete biodegradation
of the polymer. The CNT released in the solution was
recovered in a centrifugation process and later washed
again (four times). After each centrifugation step, the
supernatant was discarded, and a volume of deion-
ized water was added to the suspension with the
CNT-rec. Aliquots containing the final mass of CNT-
rec with deionized water were frozen and then
lyophilized at —84 °C for 24 h in a Labconco Free
Zone 2.5 Plus Lyophilizer (Missouri, USA). CNT-rec
was used to produce new films, following the same
methodology of preparation of the nanocomposites
(Section 2.2). Nanocomposites films were produced
with 1, and 2 wt% CNT-rec labeled as PHBV/CNT-
rec 1% and PHBV/CNT-rec 2%.

2.4. Characterization of CNT

Pristine CNT and CNT-rec were analyzed in a field
emission gun scanning electron microscope (FEG-
SEM) model MIRA 3 (TESCAN, Brno, Czech Re-
public) operating at 20 kV. A transmission electron
microscope (TEM) JEOL JEM 1400Plus (JEOL,
Japan) was used to obtain images of the pristine CNT
and CNT-rec, operating at 80 kV. The nanofillers
were placed on carbon-coated copper grids.

Fourier transform infrared (FT-IR) spectroscopy was
performed using a Shimadzu IR Affinity-1 (Kyoto,
Japan), with 2 cm™! resolution, to confirm the pres-
ence of impurities remaining or molecules adhering
to the CNT-rec surface. Pristine CNT and CNT-rec
were prepared onto potassium bromide (KBr) crystals.
Pristine CNT and CNT-rec were analyzed by Raman
Renishaw 2000 spectrometer (Renishaw, Old Town,
Gloucestershire, UK), coupled to an optical micro-
scope with an argon laser (514 nm).

The samples were submitted to X-ray diffraction in
a high-resolution X-ray diffractometer Philips X-Pert
MRD (Eindhoven, Netherlands), with K, (1542 A)
of a copper tube operating under 45 kV and 40 mA.
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The data were collected over a range of scattering
angles (20) of 10—40°, time per step of 20 s, and step
size of 0.02°.

2.5. Characterization of nanocomposites films
Differential scanning calorimeter (DSC) measure-
ments of PHBV/CNT and PHBV/CNT-rec nanocom-
posites were performed using a Netzsch model DSC
204 Phoenix (Selb, Germany). Samples were sealed
in an aluminum DSC pan and heated from room
temperature to 200 °C at 10°C-min~!, and they were
kept at this temperature for 2 min. Posteriorly, sam-
ples were cooled to —20°C at 10°C-min", held at this
temperature for 1 min, and again heated to 200 °C at
10°C-min~!. Measurements were performed under a
nitrogen atmosphere with a flow rate of 50 ml-min".
The degree of crystallinity, X, [%], was calculated
according to Equation (1):

AH
Ppupy - AH& 10 @
where AH,, is the total melting enthalpy on second
heating, ¢pypy is the weight fraction of PHBV in the
nanocomposite, and AHY, is the theoretical melting-
heat value of 100% crystalline PHBV, which was
taken as 109 J-g~! [54]. dpupv Was considered equal
to 0.99 and 0.98 for nanocomposites with 1 and
2 wt% nanofiller, respectively.
Thermogravimetric analyses (TGA) of PHBV/CNT
and PHBV/CNT-rec nanocomposites were performed
using Netzsch TG 209 F1 Iris® equipment (Selb, Ger-
many). Samples were heated at a rate of 20 °C-min",
starting from 50 to 800 °C, under nitrogen flow.
DC conductivity of the nanocomposites was meas-
ured using the two probe method and equipment of
Keithley 2400 SourceMeter (Keithley Instruments,
Inc., Cleveland, OH, USA). The films had an aver-
age thickness of 40 pum, and the electrical contact
was gold/palladium thin film deposited by a Sputter
Coater SCD 050 Baltec (Scotia, NY, USA) on both
sides of the sample producing a metal-nanocompos-
ite—metal structure. The values were calculated using
Equation (2):

X, [%]=

il
°=vA 2)
where o is the electrical conductivity [S-cm™]; i is
the electric current [A]; L is the sample thickness
[cm]; Vis the voltage [V], and 4 is the electrical con-
tact area [cm?].
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The cryogenically fractured surfaces of nanocom-
posite films were analyzed by FEG-SEM in TES-
CAN (model MIRA 3) equipment (Brno, Czech Re-
public). The samples were fractured in liquid nitrogen,
fixed in aluminum stubs with carbon tape, and cov-
ered with a thin layer of gold deposited by a Sputter
Coater SCD 050 BalTec (Scotia, NY, USA).

3. Results and discussion

3.1. Characterization of CNT

3.1.1. Morphology: FEG-SEM and TEM
FEG-SEM analyzes were performed to evaluate CNT
morphology and possible changes resulting from the
biodegradation process. The long length (Figure 1a),
homogeneity in diameter size, and surface integrity
of the nanotubes (Figure 1b) can be observed in the
micrographs of the pristine CNT.

In the same way, in Figure lc, it is possible to ob-
serve the presence of CNT-rec in large quantities in
the residual recovered after the biodegradation test.
However, the residual still presents some regions of
CNT-rec with the PHBV matrix that had not been
fully degraded in the biodegradation process (indi-
cated in Figure 1c¢ with arrows). In our previous work,
Silva et al. [26] also showed the great presence of
CNT in the final residue of the biodegradation of
PHBV/CNT 2% films, and in some regions, the pres-
ence of the PHBV matrix that has not been fully de-
graded. An area with several CNT-rec with part of
its length completely free from the matrix can be ob-
served in Figure lc, whereas in Figure 1d, regions
of'its length adhere to the polymer matrix (indicated
by arrows). In Figure 1d, free CNT-rec with diame-
ters similar to those of pristine CNTs (in the 30 nm
range) can be observed, indicating that despite the bio-
degradation process, the structure of the CNT is pre-
served. In this micrograph, one can also notice the
presence of CNT-rec with parts completely inserted
inside the matrix, as indicated by the white arrows.
The morphology of CNT-rec due to the biodegra-
dation process was further investigated by TEM.
Figure 2a—2c shows the TEM micrographs of the
original CNT, where it is possible to see CNT with
different lengths and diameters and the presence of
amorphous carbon (Figure 2a). These structures are
already expected since they are known to be formed
during thermochemical vapor deposition (TCVD). It
is also noted black spherical particles that corre-
spond to the metallic catalyst particles, which are the
main impurity arising from the process of obtaining
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c)

Figure 1. FEG-SEM images of (a, b) pristine CNT; (c, d) CNT-

the CNT. CNT agglomerates can also be observed
(indicated by arrows in Figure 2b). The presence of
CNT agglomerate (darker region), amorphous car-
bon, and metallic catalyst particles have already been
identified in our previous work [25]. In addition, the
micrograph with the highest magnification (Figure 2c)
shows some conical closed ends (indicated by the ar-
rows) that are typical of not oxidized CNT, and it is
believed that the formation occurs due to the pres-
ence of pentagonal rings inserted between the hexag-
onal rings that make up the graphite sheet [55].

In the micrographs, it is possible to notice the pres-
ence of residues from the biodegradation process
around the CNT-rec (indicated in Figure 2d with
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arrows), probably the non-biodegraded PHBV and
residue from the biodegradation test, confirming what
was observed in the SEM micrographs (Figure 1).
Two factors may have caused the non-biodegrada-
tion of the PHBYV still present in the CNT-rec: A pos-
sible antimicrobial activity of the CNT [56-59],
which hindered the biodegradation process of the
PHBYV chains that were physically attached to the
CNTs; The period of time in which the test was per-
formed (20 days), which may not have been enough
to complete the action of the microorganisms.

In the analysis of the CNT-rec, black spherical par-
ticles are noted, which are also observed in the pris-
tine CNT, where they refer to the presence of the
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d)
Figure 2. TEM images of (a—c) pristine CNT and (d—f) CNT-rec.

metallic catalyst particles used in the CNT produc-
tion method (Figure 2¢). The arrow (Figure 2f) indi-
cates that the tip of the CNT-rec is closed; that is, it
has not been oxidized in the biodegradation process,
indicating that the structure of the CNT-rec has not
been damaged.

3.1.2. FT-IR spectroscopy

Figure 3 shows spectra of PHBV, CNT-rec, and pris-
tine CNT. In the PHBYV spectra, the characteristic
bands of this neat polymer are verified, which are
present in other works in the literature [33, 60, 61].
FT-IR was used to characterize structural changes in
the CNT-rec from the biodegradation process com-
pared to the pristine CNT.

In the spectrum of CNT-rec, the broad band at
3450 cm™' is more intense compared with pristine
CNT. This band is assigned to the OH stretching of
carboxylic groups (O=C—OH), and is related to the
water molecules that the impurities present in the
CNT-rec may have absorbed during storage [62].
Spectrum bands at 2926 and 2870 cm™!, observed in
pristine CNT and CNT-rec, are assigned to the
asymmetric and symmetric stretching of the meth-
ylene present in the hexagonal structure of CNT. The
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Figure 3. FT-IR spectra of the neat PHBV, pristine CNT, and
CNT-rec.

identification of these bands in the CNT is related to
defects in the sidewalls of the nanotubes [63]. In the
spectrum of CNT-rec, some bands from the remain-
ing PHBV are observed, indicating the presence of
PHBYV chains in this CNT after the biodegradation
process. In addition, another band characteristic of
PHBYV is observed in the CNT-rec at 1454 cm™! that
is assigned to asymmetric angular deformation of
methyl groups in the polymeric chain of PHBV [12,
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33, 60]. The remaining bands of PHBV in the spec-
trum of CNT-rec are in accordance with the results
from FEG-SEM and TEM, confirming the presence
of small amounts of non-degraded PHBV.

The FT-IR spectrum of CNT-rec also shows the
bands at 1650 and 1068 cm™! that are characteristic
of the amide functional group I and can be assigned
to the presence of proteins since proteins have in-
tense transmittance bands at those wavenumbers.
The band at 1650 cm™! refers to C=0 stretching vi-
bration with a small participation of the C—C—N de-
formation, out-of-phase C—N stretching vibration,
and NH in-plane bend. And the band at 1068 cm™
refers to NH, deformation vibration [64, 65]. These
bands are additional indications of the presence of
protein adhered to the surface of the CNT-rec, being
a remnant of the biodegradation process. These pro-
teins are expected to be produced by the microor-
ganisms and released into the reaction medium.
Therefore, as observed in the morphological char-
acterizations, the existence of impurities adhered to
the CNT-rec is noted (as observed in TEM images,
Figure 2), which in this case indicates that the PHBV
did not biodegrade completely, remaining attached to
the CNT-rec, and also the residues of the biodegra-
dation process, which in this case, maybe protein
molecules.

3.1.3. Raman spectroscopy

Information about the degree of disorder of the crys-
tal structure can be obtained through Raman spec-
troscopy, an analysis widely used to characterize car-
bon materials [66]. All graphitic materials, including
CNT, exhibit a strong peak at 1580 cm™ (G band),
which is the first-order mode attributed to symmetry
vibrations, known as E2g, associated with perfect
graphite [67-70]. Since most carbonaceous materials
exhibit significant disorders, other bands are ob-
served. A band near 1350 cm™! called the defect band
(D1 band) is attributed to the Alg symmetry vibra-
tion mode of the graphite lattice, being caused by
structural defects and the presence of heteroatoms.
The band at 1620 cm™' (D2 band) is assigned to

vibration is from the graphene layers that are not
sandwiched between two graphene layers. The band
near 1530 cm™! (D3 band) is assigned to the amor-
phous sp?-bonded carbon species, and this band is
presented in poorly ordered materials, organic mole-
cules, fragments, or functional groups. The band at
1150 cm™! (D4 band) is assigned to sp3-sp?> mixed
sites at the edges of crystallites or C-C and C=C
stretching vibrations of polyene-like structures [68—
70]. Figure 4 presents Raman spectra (experimental
curve), their respective deconvolutions (fit peak
curve), and the cumulative peak curve for pristine
CNT and CNT-rec. The methodology used for de-
convolutions is described by Sadezky et al. [68]. The
combination of bands generated an R-square greater
than 0.99, being close to 1, which characterizes an
adequate fit (the theoretical curves and the values
were obtained using OriginPro 8.5 software.). The
bands discussed (G, D1, D2, D3, and D4) are detect-
ed in both samples, pristine CNT and CNT-rec.

To determine the degree of disorder in the structure
of CNT, the ratio between the relative intensities of
the D1 and G bands (ID1/1G) is usually calculated,
which is presented in Table 1. The ID1/IG ratio tends
to be higher for materials with higher defect density.
For the analyzed samples, the ID1/1G ratios are 1.25
for pristine CNT and 1.03 for CNT-rec, which sug-
gests that CNT-rec has fewer defects in its structure
compared with pristine CNT. However, since the

CNT — Experimental curve
— Fit peak curve
D1 — Cumulative fit peak
El
S,
2> R?=0.999
2 | CNT-rec
o
= D1
G
D3
D4 D2
R?=0.996
T T T T T T T T T T

1000 1200 1400 1600

Raman shift [cm™]

1800 2000

Figure 4. Raman spectra and deconvolution for pristine

lattice vibration analogous to the G band, but this CNT and CNT-rec.
Table 1. Raman parameters calculated for pristine CNT and CNT-rec.
Intensity Area ratio
Sample
D1 G ID1/IG D1/All D2/All D3/All D4/All G/All
CNT 0.98 0.78 1.25 0.49 0.06 0.02 0.08 0.35
CNT-rec 0.82 0.79 1.03 0.44 0.06 0.05 0.09 0.36
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presence of mineral salts is observed in the XRD re-
sults of CNT-rec, this impurity can have caused the
change in the D1 band intensity of CNT-rec (Table 1).
Therefore, the ratios between the areas of each band
and the total area (sum of all areas) are calculated to
correlate the organization of this CNT structure and
possible defects or impurities (Table 1). Thus, it can
be seen that the other bands that are also attributed
to defects and impurities (D2, D3, and D4) do not
have a significant decrease between CNT-rec and
pristine CNT; on the contrary, the ratio between
D3/all-area and D4/all area have an increase. This
result indicates that in the case of the D3/all area
ratio of the CNT-rec (which is higher when com-
pared to the ratio of pristine CNT), there is a great
number of defects and/or impurities that can be at-
tributed to the presence of organic molecules, frag-
ments or functional groups [68, 69], and the presence
of minerals [71]. Bar-Ziv et al. [71] relate the band's
appearance around 1500 cm™' to the presence of
mineral matter observed in mineral-rich coal sam-
ples. The increase in the D3/all area ratio indicates the
presence of sp>-sp? bonds or C—C and C=C stretch-
ing vibrations characteristic of polyene-like struc-
tures [68, 69] and the presence of ionic impurities
[68]. This result can indicate the presence of parts of
the PHBV chain in the CNT-rec. Cuesta et al. [72]
attribute the presence of this band to impurities and
thus would not be linked to the degree of disorder of
the material, which in this case is not a disorder of
graphite. That being so, in the Raman analysis, as in
the previous analyses, the presence of mineral salts
and PHBYV as impurities in the CNT-rec are also ob-
served, but it is also observed that the biodegradation
process does not affect the CNT structure of the CNT-
rec, thus enabling its recovery after this process.

3.1.4. X-ray diffraction (XRD)

CNT X-ray diffractograms are characteristic of crys-
talline solids, which provide information regarding
structural changes and/or the presence of impurities.
Figure 5 shows the diffractograms of the pristine
CNT and CNT-rec. As can be seen, both curves show
peaks at approximately 26 = 26.1°, which is charac-
teristic of graphitic structure on the walls of the car-
bon nanotubes, reflection from the 002 planes of
graphite [73, 74]. However, the intensity of this peak
in the CNT-rec curve is lower when compared with
that observed for the pristine CNT. This can indicate
that CNT-rec still has residues from the PHBV
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Figure 5. XRD diffractometer curves of CNT and CNT-rec.

matrix and the biodegradation process, as observed
in morphological analyses (Figure 1 and Figure 2)
and results of FT-IR.

CNT-rec diffractogram presents an unexpected peak
at 20 = 24°, which can be associated with possible
residues from the biodegradation test, such as min-
eral salts. This peak is characteristic of potassium di-
hydrogen phosphate (KH,POy4) [75, 76], one of the
mineral salts used in the biodegradation test [26].
Even with the washings by centrifugation, some rem-
nant of this salt remained in the CNT-rec or in the
PHBYV mass, which is observed in the micrographs,
and thus detected in the XRD.

The presence of PHBV can also be noted in the
X-ray diffractogram of CNT-rec, where small eleva-
tions in the curve can be observed exactly in the
characteristic regions of the PHBV planes, which
are: 20 = 13° referring to the 020 plane, a slight ele-
vation between 19-23° where it contains the 021,
101, and 11 planes, and a slight displacement, shoul-
der, at 26° that may be due to the 121 plane at 20 =
25°. All these planes are presented and discussed in
our previous work [17]. These plans are characteris-
tic of the orthorhombic structure of PHBV [16, 53,
77]. Since PHBV appears as an impurity in CNT-rec,
these peaks do not appear as evident as when ob-
served in an XRD of its nanocomposite, but compar-
ing CNT-rec to pristine CNT may indicate the pres-
ence of PHBV.

3.2. Characterization of nanocomposites films
3.2.1. Differential scanning calorimeter (DSC)

DSC analyses are performed to determine the crys-
tallization and melting behaviors of PHBV and its
nanocomposites with CNT and CNT-rec. Figure 6
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shows the DSC curves for the cooling (after the first
heating to eliminate the thermal history) and the sec-
ond heating of the PHBV, PHBV/CNT, and PHBV/
CNT-rec nanocomposites. The values of crystalliza-
tion temperature (7;) obtained in the cooling and the
melting temperature (T,,), melting enthalpy (AH,,),
and degree of crystallinity (X.) obtained in the sec-
ond heating of PHBV and nanocomposites can be
observed in Table 2.

In the cooling curves (Figure 6a and Figure 6¢), it can
be seen that for pure PHBYV, the crystallization peak
occurs at a lower temperature than nanocomposites
with CNT and CNT-rec. This result suggests that both
the pristine CNT and the CNT-rec acted as nucleating
agents, providing the previous crystallization of the
PHBYV matrix. The effect of the CNT nucleating agent
on the PHBV matrix is also observed in the DSC re-
sults of the PHBV/CNT films with the addition of 1
to 10% CNT [25, 52, 54]. When well dispersed, CNTs
increase the number of nucleation sites and, conse-
quently, increase the polymer crystallization rate [54,
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78]. In the case of CNT-rec (7 at ~75 °C), this effect
is less pronounced than the pristine CNT (7, at 90—
98 °C), probably due to the lower actual concentra-
tion of CNT-rec. The characterizations of the CNT
(Section 3.1) reveal that the CNT-rec contained im-
purities from the biodegradation process; therefore,
the actual concentration of CNT in the PHBV/CNT-
rec may be lower than the added mass of CNT in the
PHBV/CNT nanocomposites.

In the curves of the second heating of pure PHBV
(Figure 6b and Figure 6d), a melting peak of 170°C
and a small shoulder in the curve of 157°C are ob-
served. For the PHBV/CNT and PHBV/CNT-rec
nanocomposites, it is possible to observe two melt-
ing peaks related to different lamella sizes of the
crystalline phase, related to the homogeneous and het-
erogeneous PHBV nucleation [39, 79]. The introduc-
tion of CNT and CNT-rec intensifies this bimodal
distribution due to its influence on the nucleation of
the crystals that can occur both in heterogeneous and
homogeneous nucleation, as already observed for the

PHBV/CNT 1%

PHBV/CNT-rec 1%

PHBV

Heat flow [a.u.]
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— T 7T T T T T T T
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Figure 6. DSC curves of neat PHBV, PHBV/CNT 1%, and PHBV/CNT-rec 1%: (a) cooling and (b) second heating. Neat
PHBYV, PHBV/CNT 2% and PHBV/CNT-rec 2%: (c) cooling and (d) second heating.
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introduction of CNT and other nanoparticles in the
PHBV matrix [16, 39, 41, 54, 80]. Still, for the CNT-
rec nanocomposite, this first peak appears with
lower intensity when compared to the CNT pristine
nanocomposite, which again indicates a lower actual
nanofiller concentration in these films. The varia-
tions in the melting temperatures (7, and Ti,p) are
not significant when comparing all samples.

Table 2 also shows a decrease in the degree of crys-
tallinity with the addition and increase of CNT con-
centration. Although CNT acts as a nucleating agent,
when homogeneously dispersed in polymeric matri-
ces and higher concentrations, they can act as a phys-
ical barrier, due to their length, for the growth of
crystallites, hindering the crystallization of the poly-
mer [17, 81]. The PHBV/CNT nanocomposite has a
higher degree of crystallinity than PHBV/CNT-rec,
which may be related to the better distribution of
CNT in the matrix and the more real content of CNT
in the final material. The most significant decrease
in the degree of crystallinity (~40%) in PHBV/CNT-
rec nanocomposites compared to pure PHBV may
be related to impurities from the biodegradation
process, as proven in other analyzes (morphology,
FT-IR, Raman, and XRD). The contaminants, such
as salts and protein, present in CNT-rec act as a bar-
rier to the diffusion and folding of polymeric chains
in the crystalline phase during crystallization. In this
way, the PHBV matrix crystallization process is ham-
pered since the mobility of the chains is restricted,
and the PHBV/CNT-rec nanocomposites show a
lower degree of crystallinity [36]. Furthermore, in
the case of PHBV/CNT-rec nanocomposites, no sig-
nificant difference is observed between the different
concentrations, as in the case of PHBV/CNT nano-
composites, probably because the 2% mass of CNT-
rec does not correspond solely to CNT, but also im-
purities.

Table 2. Thermal parameters evaluated from DSC for
PHBY, nanocomposites PHBV/CNT and nanocom-

posites PHBV/CNT-rec.

Sample G| e ra | e | o
PHBV 60 N/D 170 87.07 | 79.9
PHBV/CNT 1% 90 163 171 72.71 67.4
PHBV/CNT-rec 1% 75 158 170 40.64 | 37.7
PHBV/CNT 2% 98 164 172 55.16 | 51.6
PHBV/CNT-rec 2% 77 159 171 4247 | 39.8

N/D = not determined

3.2.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) determined the
thermal degradation behavior of neat PHBV and its
nanocomposites with CNT and CNT-rec in an inert
atmosphere (N;) (Figure 7). In the TGA curves of all
samples (Figure 7a and Figure 7b), it is found that
the thermal degradation occurred in a single step, re-
lated to the thermal degradation of the PHBV matrix,
which is proven by the curves of the first derivative
(DTG) (Figure 7c and Figure 7d). The thermal
degradation of the PHBV occurs by transesterifica-
tion and cis-elimination [82]. To determine the effect
of the introduction of the CNT and CNT-rec in the
thermal degradation of the PHBV matrix, the tem-
perature at 1% weight loss (779;), the onset temper-
ature (Tonser), the temperature at the maximum weight
loss (T1nax), and the residual mass (RM) are shown in
Table 3.

In the T, an increase in the thermal stability in all
nanocomposites is observed after the introduction of
CNT. The increase in 7T, is more evident for nano-
composites with 1 and 2% of pristine CNT. This in-
crease can be related to the decrease in the transport
of combustion gas during the polymer decomposi-
tion with the addition of CNT and causing the ab-
sorption of free radicals produced in the degradation
of the carbon surface [83]. A similar result is also re-
ported in our previous work [52] in PHBV/MWCNT
and PHBV/functionalized MWCNT nanocomposites
and by Lai et al. [83] with the addition of MWCNT
in PHBV nanocomposites.

However, the onset degradation temperature (Table 3)
does not show the same trend. The Typ; of PHBV/
CNT 1%, PHBV/CNT-rec 1%, and PHBV/CNT-rec
2% nanocomposites are almost the same as PHBV.
But a small decrease of 7°C in the Typset of PHBV/
CNT 2% nanocomposite is observed. The difficulty
of CNT dispersion can have caused this effect on this
concentration in the PHBV matrix. In the production
of PHBV/MWCNT nanocomposites, Lemes et al.
[25] observed that the increase of MWCNT concen-
tration does not improve the thermal stability in the
same proportion, and they attribute this result to the
difficulty of nanofiller dispersion. Although, in other
words, the increase in the thermal stability is ob-
served in PHBV nanocomposites with 0.5 wt% of
MWCNT, where the nanofiller act as a barrier to the
permeation of combustion gas in nanocomposites
with good dispersion of the MWCNT [52].
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Figure 7. Thermogravimetric curves of PHBV, nanocomposites PHBV/CNT and nanocomposites PHBV/CNT-rec. a) and
b) thermogravimetric curves; ¢) and d) first derivative curves.

Comparing the two nanocomposites with the content
0of 2%, PHBV/CNT 2%, and PHBV/CNT-rec 2%, the
same behavior of decreased thermal stability is not
observed. PHBV/CNT-rec 2% may have maintained
the same temperature range as PHBV due to the ac-
tual content of CNT inserted being smaller in this
nanocomposite since, as previously observed, CNT-
rec contained not only CNT but also impurities. Thus,
in the case of PHBV/CNT-rec nanocomposites, the

Table 3. Temperature at 1% weight loss (779;), onset temper-
ature (Tonset), temperature of maximum weight-loss
rate (Tiax), and residual mass (RM) for PHBYV,
PHBV/CNT, and PHBV/CNT-rec nanocomposites.

Swwle | ld eS| ea |
PHBV 225 282 303 0,02
PHBV/CNT 1% 245 280 297 1,97
PHBV/CNT-rec 1% 230 280 297 1,08
PHBV/CNT 2% 242 275 299 3,11
PHBV/CNT-rec 2% 240 283 302 1,16
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non-variation of thermal stability may be related to
the presence of impurities from the biodegradation
process, such as the polymer itself.

In the Tmax results (Table 3), the addition of 1%
CNT causes a small decrease of 6 °C in the temper-
ature value for the nanocomposites with pristine CNT
and CNT-rec and of 4°C for the PHBV/CNT 2%.
This small decrease can be associated with CNT dis-
persion in the polymer; since not being well dis-
persed, the nanofiller does not act as a transport bar-
rier for combustion gases, as was expected [83].
With the addition of 2% CNT-rec, no significant
variation is observed compared to PHBV, which may
also be associated with nanofiller dispersion in the
matrix. In addition, the presence of PHBV in the
CNT-rec may have collaborated in not affecting
more expressively (impairing) the thermal stability
of the nanocomposite. Lai ef al. [83] observe an in-
crease of 16°C in T, for PHBV nanocomposites
with 2% of MWCNT and relate this increase to the
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effective dispersion of the MWCNT, that act as a
barrier to thermal degradation of the polymer.

As expected, the RM value obtained for the PHBV
films is very close to 0% since, at this temperature,
it is expected that the entire polymer has already de-
graded. The RM of nanocomposite with 1 and 2%
pristine CNT show values well above the expected
value, close to the added CNT content for each nano-
composite, since this is supposed to be the residue
from the thermal degradation of the nanocomposites.
However, this value is proportional for both nano-
composites. In the previous work of this research
group [52], it was also observed an increase in RM
value compared to the content of CNT in PHBV/
MWCNT nanocomposites, being justified by the
more active surface of the pristine CNT, which pre-
vented the degradation of a small part of the poly-
mer. Meanwhile, for the PHBV/CNT-rec 1% and
PHBV/CNT-rec 2% nanocomposites, lower RM val-
ues are noticed compared to the content of CNT in
the PHBV/CNT-rec nanocomposites. The difference
in the RM value of the PHBV/CNT-rec 2% is even
greater. This effect may be associated with the real
content of CNT-rec that was added being lower since
the CNT-rec still contained impurities arising from
the biodegradation process as observed in the char-
acterization of CNT-rec and which may have suf-
fered thermal degradation.

Results obtained from the TGA analysis show that
even with impurities in the CNT-rec, the PHBV/CNT-
rec nanocomposites present suitable thermal stabili-
ty, and under some conditions, it is even better than
the thermal stability obtained by the addition of pris-
tine CNT. These results further support our claim
that the recovery and reuse of these carbon materials
after the biodegradation process of the films is a fea-
sible strategy.

3.2.3. Morphology

Cryogenically fracture surfaces of PHBV/CNT, and
PHBV/CNT-rec nanocomposites were analyzed by
FEG-SEM micrographs (Figure 8). The PHBV/
CNT 1% (Figure 8a) shows a smooth fracture sur-
face typical of a brittle and hard material; in addition,
it is possible to observe the presence of CNT in the
PHBV matrix (white arrows). On the other hand,
PHBV/CNT-rec 1% (Figure 8c) presents a slightly
rougher surface, characteristic of a material that suf-
fered some deformation before rupture. But in this
region of the micrograph, it is impossible to observe

the presence of CNTs, only possible impurities
(white arrows), which may be linked to a smaller
amount of nanofiller than the added content and the
nanofiller not being well dispersed in the polymer
matrix, due to the agglomerates.

PHBV/CNT 2% (Figure 8b) presents a rougher sur-
face than other nanocomposites, indicating that it
suffered a greater deformation before rupture. In com-
parison with the PHBV/CNT 1% nanocomposite, the
increase in the content of CNT may also have con-
tributed to the increase in roughness. CNT is present
in the PHBV matrix (white arrows) with good inter-
action between nanofiller and polymer. However, in
other works with this same CNT content, it is possi-
ble to observe the presence of a greater amount of
CNT well dispersed in the polymer [83] or to iden-
tify the nanofiller's poor dispersion in large areas ag-
glomerates [25]. Therefore, the micrograph of
PHBV/CNT 2% (Figure 8b) may indicate the het-
erogeneity of the nanocomposite and thus may not
represent regions that may contain the CNT poorly
dispersed in the polymer matrix. This would be in
agreement with the results observed in TGA, that the
poor dispersion impaired the improvement of the
thermal degradation temperatures of the nanocom-
posites.

A single CNT (white arrow) is observed on the frac-
ture surface of PHBV/CNT-rec 2% (Figure 8d), in
addition to a smooth surface, characteristic of a brit-
tle and hard material, and the presence of impurities
(white circles). Similar to the PHBV/CNT-rec 1%
nanocomposite, this result indicates that the amount
of CNT in the nanocomposite is lower. This is also
in agreement with the other characterizations that
stated the non-real content (being 2% in this nano-
composite) of the CNT and the presence of impuri-
ties (white circles).

3.2.4. Electrical conductivity

Electrical conductivity measurements are performed
to verify the influence of the addition of CNT (pris-
tine CNT and CNT-rec) to the PHBV matrix and the
possible consequences of the biodegradation process
on the electrical properties of CNT-rec. The values
were calculated using Equation (2) through the linear
portion of the -V curves obtained from the equipment
and are shown in Table 4. The PHBV shows the be-
havior of an insulating polymer, as observed by the
electrical conductivity value (5.1-10713 S-cm™) [52].
The addition of CNT can turn the nanocomposite
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c)

Figure 8. FEG-SEM micrographs of (a) PHBV/CNT 1%, (b) PHBV/CNT 2%, (c¢) PHBV/CNT-rec 1%, and, (d) PHBV/

CNT-rec 2% nanocomposites.

into a semiconductor or conductive material up to a
certain value (percolation threshold). The percentage

Table 4. Electrical conductivity values of PHBV, nanocom-

posites PHBV/CNT, and nanocomposites
PHBV/CNT-rec.
Sample C()[I;(.j:;tj,‘ilty
PHBV" 5.10-10713
PHBV/CNT 1% 5.77-107*
PHBV/CNT-rec 1% 4.18-1071
PHBV/CNT 2% 1.42-1072
PHBV/CNT-rec 2% 1.41-1072

*Value of the reference [52]

of CNT greatly influences the electrical conductivity
of the nanocomposite, so this property tends to in-
crease according to the increase in the percentage of
the nanofiller [84, 85].

As expected, the addition of 1% CNT to the PHBV
provides a significant improvement in the electrical
conductivity of the nanocomposite, an increase of
9 orders of magnitude, when compared to the values
of pure PHBV. The improvement in the electrical
property supposes that a conductive network of CNT
is formed in the polymeric matrix, thus allowing the
transport of electrons in the nanocomposite [85].
The electrical conductivity of PHBV/CNT-rec 1%
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nanocomposite (4.18-107'"' S-cm™) is lower by 7 or-
ders of magnitude compared to PHBV/CNT 1%
(5.77-10* S-em™) and an increase of 2 orders of
magnitude compared of pure PHBV. This result can
be justified due to the amount of residual PHBV and
impurities present in the CNT-rec, making the actual
mass of CNT-rec in nanocomposite less than that
mentioned, as already discussed and presented in
other analyses.

Within this context, it would be expected that the
electrical conductivity in the case of PHBV/CNT-
rec 2% nanocomposite would also be lower com-
pared to that of PHBV/CNT 2% nanocomposite due
to the lower real concentration of CNT-rec. Surpris-
ingly, there is no significant difference between the
electrical conductivity of the PHBV/CNT 2%
nanocomposite (1.42:1072 S-cm™") and the PHBV/
CNT-rec 2% (1.41-1072 S-cm). This result indicates
that even with a concentration of less than 2% CNT,
this amount can be sufficient to reach the percolation
threshold in the PHBV/CNT-rec 2% film and thus
result in a conductivity value close to the film with
2% CNT. The increase compared to pure PHBV is
11 orders of magnitude for both PHBV/CNT-rec 2%
and PHBV/CNT 2%.

Therefore, electrical conductivity measurements of
PHBYV nanocomposite reveal that the biodegradation
process does not compromise the electrical proper-
ties of CNT-rec, which corroborates with the results
of previous analyses that observed the integrity of
CNT-rec after the biodegradation process. Therefore,
it is possible to state that it is possible to obtain
nanocomposites with the same electrical properties
when using pristine CNT or CNT-rec.

4. Conclusions

The use of carbon nanotubes recovered (CNT-rec)
from the biodegradation of PHBV/CNT nanocom-
posites films to produce new nanocomposites with
PHBYV matrix is viable and very promising. Since
the life cycle of this material can be closed in a rel-
atively short period, it is full of sustainable principles
of new material development. The methodology ap-
plied in this work shows that it is possible to recover
the CNT from the biodegradation of PHBV/CNT
nanocomposites; however, the CNT-rec still con-
tained impurities such as proteins, mineral salts, and
the PHBV matrix that were not fully biodegraded,
thus indicating that the CNT recovery process needs
to be improved. Despite that, it is found that CNT-rec
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maintains its main structural characteristics. Compar-
ing the properties of PHBV/CNT and PHBV/CNT-
rec nanocomposites, it is noted that the effect of
these nanofillers on the matrix is very close, mainly
concerning the thermal and electrical properties of
the nanocomposites. In some cases, despite observ-
ing the same trend, the changes of the PHBV prop-
erties are less evident in the PHBV/CNT-rec, prob-
ably due to the lower accurate content of CNT-rec in
the nanocomposite since the nanofiller contains im-
purities arising from the biodegradation process. Re-
garding electrical conductivity, which can be consid-
ered a key property of the final application of the
nanocomposite, there is no significant difference be-
tween the PHBV/CNT and PHBV/CNT-rec nano-
composites. Therefore, the results reported herein
show that the recovery of the CNT from a nanocom-
posite is a feasible process that results in CNT with
similar properties to the original ones and that the
CNT recovered can be applied to produce new sam-
ples of the PHBV nanocomposite also with similar
properties of the original nanocomposite.
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