Effect of MWCNT functionalization on thermal and electrical
properties of PHBV/MWCNT nanocomposites
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Pristine multiwalled carbon nanotubes (P-MWCNTs) were functionalized with carboxylic
groups (MWCNT-COOH) through oxidation reactions and then reduced to produce hydroxyl
groups (MWCNT-OH). Pristine and functionalized MWCNTs were used to produce poly
(hydroxybutyrate-co-hydroxyvalerate) (PHBV) nanocomposites with 0.5 wt% of MWCNTs.
MWCNT functionalization was verified by visual stability in water, infrared and Raman
spectroscopy, and zeta potential measurements. Pristine and functionalized MWCNTs acted as
the nucleating agent in a PHBV matrix, as verified by differential scanning calorimetry (DSC).
However, the dispersion of filler into the matrix, thermal stability, and direct current (DC)
conductivity were affected by MWCNT functionalization. Scanning electron microscopy (SEM)
showed that filler dispersion into the PHBV matrix was improved with MWCNT functionalization.
The surface roughness was reduced with the addition and functionalization of MWCNT. The thermal
stability of PHBV/MWCNT-COOH, PHBV/P-MWCNT, and PHBV/MWCNT-OH nanocomposites
were 20, 30, and 30 °C higher than neat PHBV, respectively, as verified by thermogravimetry
analysis (TGA). Addition of pristine and functionalized MWCNTSs provided electrical conductivity

in nanocomposite, which was higher for PHBV/P-MWCNTs (1.2 x 107> S cm™ ).

. INTRODUCTION

In the last two decades, biodegradable polymers have
received special attention.' The dependence on petroleum
resources can be minimized by the development of
bioplastics, which can be obtained from biological and
fossil resources or combinations of both.?

With correct disposal and composting, the pollution
caused by nondegradable plastics can be controlled with
the use of bioplastics.® For this purpose, polyhydroxyal-
kanoates (PHAs) are very promising alternatives, due to
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their biodegradability.* This class of biopolymer is
produced by a wide diversity of microorganisms as
intracellular carbon and energy storage.”

PHAs can be decomposed inside or outside cells of
microorganisms, by hydrolysis reactions that are cata-
lyzed by specific enzymes. During hydrolysis reactions,
the molecules of water cause scission of ester bonds,
producing carboxylic acid and alcohol groups.” In the
natural environment, PHAs are decomposed to carbon
dioxide and water (aerobic conditions) or methane and
water (anaerobic conditions).®

Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) is
the most commonly synthesized polyester from the PHA
family’ but is brittle and has low impact resistance,
low elongation at break, high crystallinity, and slow
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crystallization rate that makes it not suitable for technical
applications.'®™? To solve these problems, the develop-
ment of PHBV nanocomposites has been widely studied.

One of the most cited filler is carbon nanotube (CNT)
due to its exceptional properties, such as high elastic
modulus, tensile strength, fracture toughness, exceptional
electrical, and thermal conductivity,'”® high chemical
stability, and large specific area.'*

One disadvantage in the use of CNT as a nanofiller to
produce nanocomposites is the tendency to form bundles
due to van der Waals interactions,'” so its exceptional pro-
perties are not fully transferred to the matrix. So, covalent or
noncovalent functionalization techniques are used to
improve CNT dispersion on the matrix. Covalent func-
tionalization consists in attachment of functional groups
to the CNT surface, to disrupt its extended conjugation.16
In addition, the functionalization of CNTs can be used in
the development of several kinds of polymer/CNT nano-
composites, whereas the functionalization can result in
great changes in the properties of CNTs.

In this work, we performed oxidation and reduction
reactions on multiwalled CNTs (MWCNTSs) and used
pristine, oxidized and reduced MWCNTs to produce
nanocomposites with PHBV. The MWCNT functionali-
zation reactions were evaluated through visual dispersion
stability, infrared and Raman spectroscopy, and zeta
potential measurements. The MWCNT dispersion and
adhesion to PHBV matrix were analyzed by scanning
electron microscopy (SEM), the thermal stability and
crystallization behaviors were verified by thermogravim-
etry (TGA) and differential scanning calorimetry (DSC),
respectively, and the electrical conductivity of nano-
composites was also measured.

Il. EXPERIMENTAL
A. Materials

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
was provided by PHB Industrial, Sdo Paulo, Brazil, with
15 mol% of hydroxyvalerate units and molecular weight
(M,,) of 230.000 g mol~'. The material was used as
received.

MWCNTs produced by chemical vapor deposition
with a minimum purity of 93% (weight) were supplied
by CNT CO. LTD., South Korea. The diameter range of
the MWCNTs is from 10 to 40 nm and the length is from
5 to 20 pm.

B. CNT oxidation (MWCNT-COOH)

P-MWCNTs were functionalized with carboxyl groups
by oxidation reactions with nitric acid (HNOj). The
MWCNT suspension was allowed in a solution of
HNOj3 3 mol L' under reflux at 120 °C for 12 h.

After the oxidation period, the sample was filtered under
vacuum and washed thoroughly with distilled water.

C. CNT reduction (MWCNT-OH)

The resulting oxidized MWCNTs (MWCNT-COOH)
were functionalized with hydroxyl groups using lithium
aluminum hydride (LiAlH4) dissolved in anhydrous
tetrahydrofuran (THF) and refluxed for 12 h under N,
atmosphere. The reduced MWCNT were filtered under
vacuum and washed with acetone.

D. Nanocomposite preparation

Films of PHBV/P-MWCNT  0.5% (wiw),
PHBV/MWCNT-COOH 0.5% (wiw), and
PHBV/MWCNT-OH 0.5% (w/w) were prepared using
the solution-casting method. In all cases, the PHBV mass
was dissolved in chloroform. The CNTs were previously
dispersed in chloroform using a Hielscher UP200S (200 W,
24 kHz; Hielscher Ultrasonics GmbH, Teltow, Brandenburg,
Germany) ultrasonic processor with 35% of amplitude.
The suspension of CNTs and PHBV solution were mixed,
and the resulting volume was poured onto a Petri plate.
The mixtures were allowed to stand overnight, and the
films were formed after evaporation of chloroform.

E. Characterization of MWCNTs

To have an estimate of functionalization, MWCNTSs
were dispersed in water and chloroform before and after
functionalization to evaluate the suspension stability.
They were dispersed for 5 min in ultrasonic bath and
photographed at time intervals. Infrared spectroscopy
(FTIR) was performed using a Shimadzu IR Affinity-1
Spectrometer, with 2 cm ™" resolution to confirm the pres-
ence of functional groups on the surface of MWCNTSs.
The samples were prepared onto potassium bromide (KBr)
crystals. Raman analysis was carried out using a Raman
Renishaw 2000 spectrometer (Renishaw, Old Town,
Gloucestershire, UK), coupled to an optical microscope
with argon laser (514 nm). Zeta potential values were
obtained by using a dynamic light scattering equipment,
Beckman Coulter Delsa Nano (Beckman Coulter, Brea,
CA). MWCNTs were dispersed in a potassium chloride
(KCl) solution of 1 mM (pH 6), and the measurements
were performed at 25 °C at an angle of 15°. To calculate
the zeta potential from mobility values, the equation'” of
Smoluchowski was used, with values of refractive index,
dielectric constant, and viscosity of water at 25 °C.

F. Characterization of nanocomposite films with
PHBV

The fracture surface morphology of the nanocompo-
sites was observed by SEM using a JEOL JSM 6360-LV
microscope (JEOL USA Inc., Peabody, MA), operating
at 20 keV with detectors of secondary electrons. The
samples were covered in a MED020 Bal-tec sputter
(Leica Microsystems, Wetzlar, Hessen, Germany) with
Au/Pd alloy. The surface roughness was quantified
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through perfilometry using a WYKO NT1100 optical
profiling system (Veeco, Tucson, AZ).

The crystallization and melting behaviors of nanocom-
posites were characterized by DSC using a TA Instruments
2910 equipment (TA Instruments Waters LLC, New
Castle, DE). Samples were sealed in an aluminum DSC
pan and heated from room temperature to 200 °C at
10 °C min~'. They were kept at 200 °C for 2 min to elim-
inate the heat history, subsequently cooled to —30 °C at
10 °C min ', and kept at this temperature during the 2 min.
After this, they were heated to 200 °C at 10 °C min™ “under
nitrogen atmosphere with a flow rate of 50 mL min~".

The % degree of crystallinity was calculated accord-
ing to the relation: Xc (%) = AH.,/Wpapv X AH,.°,
where AH,,; is the total melting enthalpy on second
heating, Wpygy is the weight fraction of PHBV in the
nanocomposite, and AH,.? is the theoretical melting heat
value of 100% crystalline PHBV, which was taken as
109 g '8

The thermal stability of the nanocomposites containing
PHBYV and CNTs before and after functionalization was
evaluated by thermogravimetric analysis, using a simulta-
neous TGA/DSC Analyser SDT Q600 from TA Instru-
ments. The samples were heated from room temperature to
1000 °C at a heating rate of 10 °C min~ ", under nitrogen
atmosphere with a flow rate of 100 mL min~".

The DC conductivity of the nanocomposites was
measured using a Keithley 2400 SourceMeter (Keithley
Instruments, Inc., Cleveland, OH) and the usual two probe
method. The measurements were performed using films
with an average thickness of 40 pm. The electrical contact
was gold/palladium thin film deposited by sputtering on
both sides of the sample producing a metal-nanocomposite—
metal structure. The electrical conductivity of the samples
was calculated from the following equation:

iL
°Tva
where G is the electrical conductivity (S cm™"); i is the
electric current (A); L is the sample thickness (cm); V is
the voltage (V); and A is the electrical contact area (cm?).

lll. RESULTS AND DISCUSSION
A. Suspension stability

The suspension stability in water provides an estimation
of the functionalization degree of a nanoparticle due to the
fact that when a surface is subjected to functionalization
reactions, functional groups are formed, and they can be
positively or negatively charged. The presence of the same-
sign electrostatic charges on the CNT surface makes them
repel one another, maintaining the dispersed material.

The stability of CNT dispersion state is a valuable
indication of its dispersion quality, as CNT tends to

reaggregate into bundles with time in an unstable
environment. The longer the dispersion lasts and the
fewer/smaller that CNT bundles occur, the higher its
dispersion quality."®

Here, a simple optical observation of CNT bundles was
applied to evaluate dispersion quality and functionaliza-
tion reactions. This approach cannot determine the
absolute quality of dispersion, but it is useful for
comparative studies, where the samples were compared
under identical conditions.

Figure 1 shows the suspension stability in water for
P-MWCNT (Flask 1), MWCNT-COOH (Flask 2), and
MWCNT-OH (Flask 3), immediately after ultrasonica-
tion [Fig. 1(a)] and 24 h after ultrasonication [Fig. 1(b)],
13 days after ultrasonication [Fig. 1(c)], and 72 days after
ultrasonication [Fig. 1(d)].

The stability of the P-MWCNT aqueous suspension is
lower than that of functionalized MWCNTs, since they
form agglomerates that settle at the bottom of the flask
immediately after ultrasonication. The hydrophobicity of
P-MWCNTs and their high van der Waals attractive force
cause their agglomeration. Samples of MWCNT-COOH
and MWCNT-OH showed better stability because of the
presence of functional groups on their surface, which
enhanced their hydrogen-bonding abilities, through the
conversion of the MWCNT surface from a hydrophobic
to hydrophilic state;*® but, MWCNT-OH after a period of
13 days was still stable, while it was possible to observe
some agglomerates on the MWCNT-COOH sample, and
the reason is because hydroxyl groups are smaller than
carboxyl groups, and they form hydrogen bonds easily,
which keeps the nanotubes dispersed. After 72 days,
MWCNT-OH still had a stable suspension, and
MWCNT-COOH showed more agglomerates at the
bottom of the flask. The stability in water was better
for the MWCNT-OH sample, and the reason is because
hydroxyl groups are smaller than carboxyl groups, and
they form hydrogen bonds easily, which keeps the
nanotubes dispersed.

B. Zeta potential

Zeta potential is an index of the magnitude of the
electrostatic interaction between colloidal particles and
has already been used to discuss the density of acidic
sites on the surface of MWCNTs and their stability in
colloidal systems.'’

Zeta potential measurements were performed at pH 6,
the same was used to analyze the MWCNTs stability
in the aqueous systems. Table I shows the values of
zeta potential for P-MWCNT, MWCNT-COOH, and
MWCNT-OH samples.

The zeta potential value found for P-MWCNT is
0.75 mV. Pristine CNTs have low colloidal stability.
This result is in accordance with the low dispersion
stability in water mentioned before, which is a result of
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low surface charges on P-MWCNT, which is insufficient
in preventing agglomeration of CNTs and their precipita-
tion in aqueous suspensions.

The oxidation and reduction reactions result in func-
tional groups being attached to the surface of CNTs,
which produces a negative net charge that is responsible
for preventing agglomeration.

The zeta potential for MWCNT-COOH is —21.03 mV
and for MWCNT-OH is —15.31 mV, which indicates that
they are fairly stable in water. It was observed during
stability tests that the colloidal stability from both
samples was more stable over the days. The solutions
of charged colloidal particles with such a zeta potential
are believed to be stable in water according to the theory
of colloid stabilization.”"

MWCNT-COOH sample showed a zeta potential more
negative than MWCNT-OH, and it may be explained
because carboxylic groups deprotonate in pH 6, while
hydroxyl groups do not. The MWCNT-OH sample also

TABLE L. Zeta potential values of P-PMWCNT, MWCNT-COOH, and
MWCNT-OH.

Sample Zeta potential (mV)
P-MWCNT 0.75
MWCNT-COOH —21.03
MWCNT-OH —15.31
P-MWCNT MWCNT-COOH  MWCNT-OH

’ q
g 1
i o / i F .
! £ £ 5 (i
* ¥ i r.

showed a negative potential, due to the electron cloud
that makes them negatively charged. However, stability
in water was better for the MWCNT-OH sample, as
indicated in the suspension stability section, and as
already discussed, the reason is because hydroxyl groups
are smaller than carboxyl groups, and they form hydro-
gen bonds easily, which keeps the nanotubes dispersed.

The enlarged values of zeta potential of MWCNT-COOH
and MWCNT-OH are in accordance with the much
improved dispersion stability in water. The dispersion
stability of pristine and functionalized CNT in water has
a strong relationship with the zeta potential.

IV. INFRARED SPECTROSCOPY

Figure 2 summarizes the behavior of the functional
groups observed via infrared spectroscopy of P-MWCNT,
MWCNT-COOH, and MWCNT-OH samples.

The spectra indicate intensive bands at 3436 cm ™
(stretching vibrations of isolated surface —OH moieties
and/or —OH in carboxyl groups and in sorbed water).*?
For P-MWCNT and MWCNT-COOH spectrum,
asymmetric methyl stretching band at 2960 cm™' and
asymmetric/symmetric methylene stretching bands at
2923 and 2853 cm ™' are observed, respectively. It is
usually assumed that these groups are located at the
defect sites on the sidewall surface.”> For MWCNT-OH,

1

MWCNT-OH

P-MWCNT

MWCNT-COOH

(d)
FIG. 1. Suspension stability in water for P-MWCNT (Flask 1), MWCNT-COOH (Flask 2), and MWCNT-OH (Flask 3): (a) immediately after
ultrasonication, (b) 24 h after ultrasonication, (c) 13 days after ultrasonication, and (d) 72 days after ultrasonication.

58 J. Mater. Res., Vol. 30, No. 1, Jan 14, 2015



T.L.A. Montanheiro et al.: Effect of MWCNT functionalization on thermal and electrical properties of PHBV/MWCNT nanocomposites

é 3436
@
o MWCNT-COOH
8 il :
= «
£ 1732/1708 i
@ 20 b 2853 i
© 3436 2923 1560
'_

MWCNT-OH

2853
2923
2436
T T y T T T " T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

FIG. 2. FTIR spectra of P-MWCNT, MWCNT-COOH, and MWCNT-OH.

spectrum bands at 2923 and 2853 cm™' decrease
greatly, which implies that the alkyl chains were cleaved
from the surface of the nanotubes.**

The C-O bands characteristic of carboxyl functional
groups on MWCNT-COOH surface are observed at 1732,
1708, and 1560 cm ™. The peak at 1560 cm ™ is related to
the carboxylate anion stretch mode.'* These bands are not
seen on P-MWCNT and MWCNT-OH spectrum.

A. Raman spectroscopy

Raman spectroscopy is a technique widely used for the
analysis of CNTs, because it provides information of the
structure disorder degree. The Raman spectra for
P-MWCNT, MWCNT-COOH, and MWCNT-OH are
shown in Fig. 3, and Raman data are shown in Table II.
From Fig. 3, it can be noted that all spectra are quite
similar and have the same pattern, which means that the
global structure of a graphene sheet does not suffer major
damages during functionalization treatments.>> This is an
advantage because severe conditions of oxidation can
cause great damage to the MWOCNT structure and,
consequently, a decrease in their reinforced action in
nanocomposites. This way, it is expected that oxidation
reactions create the desired functional groups while pre-
serving the MWCNT structure as much as possible.

The spectra consist of the main G band, which is the
high-frequency E,, first-order mode,?® and two disorder
bands, D and D’. The D band is a double-resonance
Raman mode, which can be understood as a measurement
of structural disorder coming from amorphous carbon and
any defects,”” and D’ band may be assigned to the
disorder-induced effect due to the finite size effect or
lattice distortion.**

Differences in the wave number of the G and D bands
can be found for other CNTs, and it is probably because
of different CNT specimens, laser-illuminated positions,
and incident laser power.”* The ratio between the
intensities of the G and D characteristic bands is a
quantification of the functional groups introduction, by
measuring the sp> carbon atoms introduced.?” As lower
this ratio, higher the amount of sp® carbon atoms; in
other words, higher the amount of functional groups.

Comparing the ratio of Ig/Ip from the samples, which
is 1.34 for P-MWCNT, 1.17 for MWCNT-COOH, and
1.07 for MWCNT-OH, it can be concluded that the
degree of disorder is modestly improved through the
functionalization reactions.

On oxidation reaction, some defects are created on the
MWCNT structure related to production of carboxylic
groups on the surface of CNTs. On reduction reactions,
these carboxylic groups are converted into hydroxyl
groups, and therefore, no new defects are created. The
difference found on Ig/Ip ratios is quite small, meaning
that the structure of CNTs was maintained after function-
alization. The reduction observed in the I/l ratio after
oxidation must be attributed to the introduction of new
defects and changes in the MWCNT geometry caused by
the binding of new functional groups, and after reduction,
the difference in the Ig/Ip ratio must be attributed only to
changes in the MWCNT geometry caused by the binding
of new functional groups.”> This is an indication that
functionalization is inducing a disorder that, as a result,
gives an increase in the D band area.”®

Scheibe et al.> also performed oxidation and reduction
reactions on MWCNTs and found that the I/l ratio is
modestly reduced through reduction reaction.
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FIG. 3. Raman spectra of P-MWCNT, MWCNT-COOH, and MWCNT-OH.

TABLE II. Raman data of the characteristic peaks of P-MWCNT,
MWCNT-COOH, and MWCNT-OH.

Sample Xb, cm™! Xa, cm™! Xbr, cm™! I/1p
P-MWCNT 1346.6 1573.4 1613.3 1.34
MWCNT-COOH 1344.9 1577.4 1614.9 1.17
MWCNT-OH 1345.9 1574.8 1611.9 1.07

B. Morphology

SEM images and average roughness values (Ra)
of fracture surfaces of the nanocomposites are
shown in Fig. 4: (a) PHBV, (b) PHBV/P-MWCNT,
(c) PHBV/MWCNT-COOH, and (d) PHBV/MWCNT-OH.

The fracture surface of neat PHBV, shown on Fig. 4
(a), compared with the surface of the nanocomposites,
exhibits great irregularity, with an average roughness
value of 868 nm. This irregularity must be attributed to
the sliding of the polymer chains, indicating that the
PHBV matrix suffered great deformation during the
fracture.

The fracture surface of the nanocomposite containing
P-MWCNT showed some small regions with smooth
surface and regions with great irregularity, in which were
found lots of P-MWCNT bundles. The average rough-
ness for the nanocomposite with P-MWCNT is 443 nm.
The irregularity observed indicates that the PHBV matrix
suffered a larger deformation in these regions during the
fracture; however, the deformation is smaller than that for
neat PHBV. It is also possible to observe a great amount
of unsheltered P-MWCNTs on the surface. The fracture
surface of the nanocomposites with functionalized CNTs
was, mostly, smooth, as shown in Figs. 4(c) and 4(d). The
average roughness for the nanocomposites with function-
alized MWCNTs was decreased compared with that of
neat PHBV and of the nanocomposite with P-MWCNT.

The average surface roughness for the nanocomposite
with MWCNT-COOH is 289 nm and for the nano-
composite with MWCNT-OH is 297 nm.

On both cases, it is possible to observe only some
fragments of unsheltered CNTs. The functional groups
existing on MWCNT-COOH and MWCNT-OH surfaces
reduce the van der Waals forces, reducing the strong
tendency of CNTs to form bundles.

Apparently, MWCNT-COOH were better dispersed
than MWCNT-OH in the PHBV matrix owing to being
more embedded by the polymer and with a lower surface
roughness. In Fig. 4(d), it is possible to find more
fragments on unsheltered CNTs than in Fig. 4(c), in-
dicating the existence of a better interaction of functional
group COOH with PHBV matrix.

These images obtained by SEM have a very strong
relationship with the zeta potential values obtained for
the CNTs. Both samples of MWCNT-COOH and
MWCNT-OH showed negative zeta potential values,
with most negative value for MWCNT-COOH. This was
directly reflected in the CNTs dispersion inside the
PHBYV matrix. P-MWCNT showed zeta potential value
near zero, reflecting its strong tendency to form bundles,
which could be easily observed.

C. Differential scanning calorimetry (DSC)

DSC analyses were performed to determine the melt-
ing and crystallization behavior for PHBV and its nano-
composites. Figure 5 shows the DSC results for neat
PHBV and its nanocomposites containing pristine and
functionalized CNTs. Figure 5(a) shows DSC curves for
the first heating, Fig. 5(b) for cooling, and Fig. 5(c) for
second heating. Table III shows the values of melting
temperature (7,,), melting enthalpy (AH,,), degree of
crystallinity (X.), and glass transition temperature (75)
obtained in the second heating and the crystallization
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temperature (7.) and crystallization enthalpy (AH,)
obtained in the cooling of neat PHBV and its nano-
composites.

In the first heating curves, it is observed that neat
PHBV and its nanocomposites showed bimodal endo-
thermic melting peaks at approximately 156 and 173 °C
[Fig. 5(a)].

Double melting peaks are also observed on PHB and
some other polymers. The presence of these peaks is
justified by the melting of crystals with different lamellar
thickness and/or different crystal structures.*

Liu et al.'® studied the effect of nucleating agents on
PHBYV, and it was observed that either neat PHBV or its
nanocomposites showed double melting temperatures in
the DSC heating scan. However, for neat PHBV, the
melting temperatures were lower than for the nano-
composites, indicating the worst crystal perfection with
the lowest lamella thickness and confirming the effect of
the nucleating agents.

It can be noted [Fig. 5(a)] that the introduction of
CNTs did not affect the melting behavior and the melting
temperatures on the first heating curves, as also reported
by Vidhate et al.'® and Owen et al.*® The introduction of
CNTs on plain PHBV did not significantly affect the
melting enthalpies and the degree of crystallinity of
PHBYV but promoted its previous crystallization, as can
be seen from the cooling curves [Fig. 5(b)]. In the neat
PHBYV, there is no crystallization peak, whereas for the
nanocomposites, there is a peak at 58 = 2 °C. This result

(d)
FIG. 4. SEM fracture surface images and average roughness values of (a) PHBV, (b) PHBV/P-MWCNT, (c) PHBV/MWCNT-COOH, and
(d) PHBV/MWCNT-OH.

shows that both pristine and functionalized CNTs acted
as nucleating agents, promoting previous crystallization
of the PHBV matrix, as mentioned before.

Xu and Qiu' reported that with MWCNT-COOH
loadings lower than 1 wt%, there was no significant
enhancement on non-isothermal melt crystallization of
PHB. However, significant enhancement was obtained
for loadings of 2 wt% of MWCNT-COOH.

Figure 5(c) shows the second heating curves for PHBV
and its nanocomposites. Neat PHBV showed a crystalli-
zation peak at 55.5 °C. This crystallization occurs
because of the increase in mobility of the PHBV chains,
which allows the chains to organize and form crystallites.
For the nanocomposites, this peak is not observed due to
the previous crystallization of the chains during the
cooling. The first melting peak was slightly shifted to
higher temperatures, but the intensity was highly
decreased. This happened because the crystallization
conditions were different than the conditions of film
production. The second melting peak was slightly shifted
to lower temperatures comparing with the first heating,
and the enthalpies did not show significant changes.

In Fig. 5(c), it is possible to observe the drop in the
baseline for neat PHBV, which shows the glass transition
temperature. This drop happens sharply within a small
temperature range. For the nanocomposites, this drop in
the baseline is not defined and occurs in a larger
temperature range. This could be explained because the
amorphous phase in the nanocomposites is smaller than
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FIG. 5. DSC curves for neat PHBV and PHBV/MWCNT nanocompo-
sites: (a) first heating, (b) cooling, and (c) second heating.

in neat PHBV, due to the previous chain crystallization.
For neat PHBV, there is no crystallization peak on cooling,
so the chains were completely amorphous. This change at
the baseline corresponds to variations in the heat capacity
(ACy) due to chain mobility. So, it can be concluded that
AC, in nanocomposites is smaller than in plain PHBV.

D. Thermogravimetry (TGA)

Thermal degradation behaviors of neat PHBV and
PHBV/MWCNT nanocomposites were examined using
TGA under N, flow. The original thermogravimetric
curves are shown in Fig. 6(a) and the first derivative

curves in Fig. 6(b). The derivative curves showed that
the thermal degradation of pure PHBV proceeded by
a one-step process with a maximum decomposition
temperature.”' The temperatures of 1% of weight loss,
temperature of maximum weight loss rate (7max), and
residual charge (RC) are shown in Table IV.

The temperature at maximum weight loss rate of
PHBV and the nanocomposites was almost the same.
This may be explained by the low content of CNTs
(0.5%) on the samples, which did not affect the maxi-
mum weight loss temperature. Previous studies showed
an increase of 16 °C in the temperature of maximum
weight loss with an addition of 2% of MWCNTs on
PHBV?' and an increase of 9.3 °C adding 3% of
MWCNT on PHBV.??

However, an increase in the thermal stability was
observed in the weight loss initiation temperature. It
observed an improvement of about 21 °C in the temper-
ature of 1% weight loss in all nanocomposites, as shown
in Table IV. It may be explained that due to the
introduction of CNTs, the transport of combustion gas
was hindered, and there was absorption of free radicals
generated during polymer decomposition by the activated
carbon surface.”'

After the temperature of 1% weight loss, the degrada-
tion processes of pure PHBV and the nanocomposites
occurred at similar temperatures, showing no effect of the
CNTs in the thermal degradation of PHBV matrix.

The RC of nanocomposites with functionalized
MWCNT reflected the amount of added CNTs, since
the values were similar to the content of CNTs. For
P-MWCNT, the RC was 0.87%, which is a little higher
than the added amount. This may be explained due to the
active surface of P-MWCNT that prevented the degrada-
tion of a certain amount of PHBV.

E. Electrical conductivity

Electrical conductivity measurements were performed
to evaluate the influence of addition and functionalization
of CNTs in the PHBV matrix. The values of electrical
conductivity were obtained using the linear portion of
[-V curves obtained from the equipment.

PHBV is an insulating polymer with an electrical
conductivity of 5.1 x 107"* S cm™", and the addition
of CNTs in low contents (0.5%) make the nanocompo-
sites conductors. The conductivity values are shown in
Table V. The influence of MWCNT functionalization can
be noted in the conductivity values. The conductivity
values decreased for nanocomposites with functionalized
CNTs. This may be explained because functionalization
reactions create defects on the surface of the nanotubes,
what harms the electrical transport.

For nanocomposites containing pristine CNTs, the
electrical conductivity is 1.2 x 107> S cm™'; with
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TABLE 1III. Values of melting temperature (7,,), melting enthalpy (AH,,), degree of crystallinity (X.), crystallization temperature (7),
crystallization enthalpy (AH.), and glass transition temperature (7,) during cooling and second heating for neat PHBV and PHBV/MWCNT

nanocomposites.
First heating
Sample Tml (OC) AIiml (J/g) TmZ (OC) AI-Im2 (J/g)
PHBV 156.4 32 173.5 43.8
PHBV/P-MWNTC 156.0 3.9 173.6 46.3
PHBV/MWNTC-COOH 156.0 3.6 172.9 48.7
PHBV/MWNTC-OH 156.0 33 173.0 45.8
Cooling
Sample T. (°C) AH, (J g "
PHBV N/D N/D
PHBV/P-MWNTC 59.9 48.4
PHBV/MWNTC-COOH 56.8 49.2
PHBV/MWNTC-OH 59.0 46.4
Second heating
Sample T. (°C) AH, (T g™ Ty (°C) Tz (°C) AH, (T g™ T, (°C) Xc (%)
PHBV 55.5 39.2 148.4 170.7 51.3 0.22 47.1
PHBV/P-MWNTC N/E N/E 151.7 171.2 48.6 N/D 44.8
PHBV/MWNTC-COOH N/E N/E 150.6 171.5 52.6 N/D 48.5
PHBV/MWNTC-OH N/E N/E 152.1 171.4 48.8 N/D 45.0
N/E = nonexistent.
N/D = not determined.
100 _-—-,“J "
80 ;; 2
) ="
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(a) Temperature (°C) (b) Temperature (°C)

FIG. 6. Thermal degradation of neat PHBV and PHBV/MWCNT nanocomposites: (a) original thermogravimetric curves and (b) first derivative

curves.

MWCNT-COOH, the conductivity decreased to
1.0 x 107°S cmfl; and with MWCNT-OH, the value
shifted to 3.0 x 107°S em™".

Pristine CNTs have a perfect structure, without defects,
so the charge transport is favored. With functionalization,
some defects are created on the MWCNT surface, which
disrupt the surface conjugation and the mode of electrical
transport is modified. Carboxylic groups on the surface of
oxidized CNTs (MWCNT-COOH) withdraw electrons by
induction and resonance, so the charge transport is
disabled. Hydroxyl groups on MWCNT surface withdraw

electrons by induction, but push by resonance. That is the
reason why the conductivity for nanocomposites contain-
ing reduced CNTs is higher than the ones containing
MWCNT-COOH.

Some works have reported similar behaviors of elec-
trical conductivity. Li* compared the conductivity values
of MWCNT/PVDF and MWCNT-COOH/PVDF compo-
sites and found lower conductivity values for the nano-
composites with oxidized CNTs. This phenomenon was
justified because the carboxylic groups on the MWCNT
surface change the mechanism of electrical transport,
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TABLE 1V. Temperatures of 1% of weight loss, temperature of
maximum weight loss rate (7max), and RC for neat PHBV and its
nanocomposites.

Sample T1% Tmax RC (%)
PHBV 230 294 0
PHBV/P-MWCNT 259 295 0.87
PHBV/MWCNT-COOH 251 295 0.40
PHBV/MWCNT-OH 260 296 0.57

TABLE V. Electrical Conductivity values for neat PHBV and nano-
composites with pristine, oxidized and reduced MWCNT.

Sample Conductivity (S cm™")
PHBV 5.1 x 10713
PHBV/MWCNT 12 x 1073
PHBV/MWCNT-COOH 1.0 x 107°
PHBV/MWCNT-OH 3.0 x 107°

decreasing the tunneling currents. So, if there are
carboxylic groups between MWCNTs, it becomes
difficult for the electrical transport to occur, what
caused a reduction in conductivity values.

Aguilar et al®> found that agglomeration promotes
MWCNT-to-MWCNT interactions through surface con-
tact (or tunneling) and hence it increases the electrical
conductivity of the composites. Overall, the authors found
conductivity values of the agglomerated films larger
than that of the uniformly dispersed ones, irrespective
of MWCNT loading, and it was justified by the
increased MWCNT-to-MWCNT contact/junctions in
the agglomerated state.

V. CONCLUSION

According to the results, we can conclude that the
functionalization of CNTs change the properties of
MWCNTs and the properties of PHBV/MWCNT nano-
composites. The oxidation and reduction reactions
improve MWCNT aqueous suspension stability, reflect-
ing on their dispersion in the nanocomposites, as shown
in the SEM images. The functionalization of MWCNT
also reduces the surface roughness of the nanocompo-
sites. Adding only 0.5 wt% of pristine and functional-
ized CNTs in the PHBV matrix promoted and facilitated
its crystallization and increased its thermal degradation
temperature, without changing the degradation behavior
of the matrix. A small amount of CNTs added to PHBV
makes the polymer a conductor, and functionalization
harm the electrical transport, reducing conductivity
values. The small shift to higher conductivity values
for the nanocomposite with MWCNT-OH compared
with the ones with MWCNT-COOH and P-MWCNT
makes this kind of functionalization suitable to further
studies for electrical applications, once that it implies in
better dispersion of the tubes in the polymer matrix.
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