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Abstract. Polyhydroxyalkanoate (PHA) composites containing multi-walled carbon nanotubes (MWCNTs) were prepared
using a process of melt-blending three-dimensional (3D) printing filaments. Maleic anhydride (MA)-grafted polyhydroxyalkanoate (PHA-g-MA) and chemically modified MWCNTs (MWCNTs-COOH) were used to improve the compatibility
and dispersibility of the MWCNTs within the PHA matrix. Structural, morphological, thermal and mechanical characterisations revealed dramatic enhancements in the thermal and mechanical properties of the PHA-g-MA/MWCNTs-COOH composites compared with PHA, because of the formation of ester carbonyl groups through the reaction between MA groups of
PHA-g-MA and the carboxylic acid groups of the MWCNTs-COOH. For example, with an addition of 1.0 wt% of MWCNTsCOOH, the initial decomposition temperature and tensile strength at failure increased by 72 °C and 16.0 MPa, respectively.
Moreover, MWCNTs or MWCNTs-COOH enhanced the antibacterial activity and static dissipative properties of the composites. Composites of PHA-g-MA or PHA containing MWCNTs or MWCNTs-COOH had better antibacterial activities
and antistatic properties.
Keywords: processing technologies, antibacterial activity, antistatic properties, multi-walled carbon nanotubes, three-dimensional reinforcement

1. Introduction

increasingly noticed by industry. The inorganic carbon nanotubes remedy several deficiencies of polymers, e.g. generally poor thermal stabilities, mechanical strengths and electrical conductivities [11–13].
The environmentally friendly polymers conform to
the international trend of energy savings and carbon
reduction and are free of environmental hazards;
they include polylactic acid (PLA), polyhydroxyalkanoates (PHA) and polycaprolactone (PCL) [14, 15].
PHA, which is a bio-based material polymerised by
microorganisms, has good ductility, processing, high
filler acceptance and good mechanical properties;
thus, it is one of the most promising environmentally
friendly aliphatic polyester materials [16, 17]. To enhance the compatibility of aliphatic polymers and

In 1991, S. Iijima of Japan NEC discovered carbon
nanotubes. These are conducting non-metallic materials composed entirely of carbon atoms [1]. The
source of their electrical conductivity, which lies between that of metals and semiconductors, is various
π–π conjugate structures [2, 3]. Additionally, carbon
nanotubes are characterised by their small particle
size, large specific surface area, low density, thermal
stability and good mechanical properties [4–6]. They
are frequently used in hydrogen storage applications
(as double-layer capacitance pole materials), as well
as in field emission displays and as conducting and
antistatic composites [7–10]. They are also used in organic polymer composites, where they are becoming
*
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carbon nanotubes in composites, similar methods of
improvement of aliphatic polyesters properties (e.g.
PLAs) by modification with carbon nanotubes have
been studied [18, 19]. The previous researches has
used acid-etched carbon nanotubes to increase the
number of –COOH groups on the surface side
chains, thus increasing the polar groups on the carbon nanotube surface. For example, Chen et al. [20]
used a mixture of concentrated sulfuric and hydrochloric acids, Xiong et al. [21] used recycled concentrated sulfuric and nitric acids, and Bajada et al.
[22] used concentrated hydrochloric acid with ultrasonic treatment.
In the 1980s, the three-dimensional (3D) printing
technologies have been gradually used in the field
of rapid prototyping to accelerate commercial product research and development. Recently, the 3D printing has been identified as a key aspect of a new Industrial Revolution [23, 24]. Fused deposition modeling (FDM) is the most widely used process for 3D
printing filaments; such as nylon, acrylonitrile butadiene styrene (ABS), polystyrene (PS) and PLA polymers [25, 26]. However, most FDM filament materials are not environmentally friendly because thermofusion printing can release toxic substances [27].
In this work, acid-treated multi-walled carbon nanotubes (MWCNTs) and maleic anhydride (MA)modified PHA were separately prepared and then
melt blended to improve the functionality and environmental aspects of the composite. The thermal and
mechanical properties, antibacterial activity, electrical conductivity and antistatic properties of the composites were evaluated. A functional 3D printing filament was made by extrusion; no toxic substances
were released during printing, thereby protecting the
local workspace and the environment [28, 29]. For
the development of MWCNT-containing polymer
nanocomposites for 3D printing, some recent works
on electrically conducting 3D printing thermoplastic
materials incorporating CNTs had been proposed
[30, 31]. This work furthers the development of
PHA-MWCNTs composites.

Biotechnology Co., Ltd. (Shenzhen, China). Multiple-walled carbon nanotubes (MWCNTs, purity
>95%, diameter = 10–40 nm), produced via chemical vapour deposition (CVD) were purchased from
Shenzhen Nanotech Port Co. (Shenzhen, China). Sulfuric acid (96%), nitric acid (69.5%), MA and dicumyl
peroxide (DCP) were obtained from the Aldrich
Chemical Corporation (Milwaukee, WI, USA). Other
reagents were purified using conventional methods.

2.2. Preparation of the modified MWCNTs,
PHA and their composites
The modification of the MWCNTs and PHA, and the
preparation of the composite material, are illustrated
in Figure 1. Crude MWCNTs (ca. 500 mg) were
stirred in a concentrated H2SO4/HNO3 (1:3) mixture
(30 mL) at 130–140 °C for 1 h to oxidatively generate carboxyl functional groups (MWCNTs-COOH)
with carboxyl content of 3.66 wt%.
Maleic anhydride-grafted polyhydroxyalkanoate
(PHA-g-MA) copolymer was prepared as follows.
The PHA was dissolved by stirring at 60 rpm in
dichloromethane in a round-bottomed flask under a
nitrogen (N2) atmosphere at 50±2 °C. A mixture of
MA and DCP was added, in four equal portions at
2 min intervals, to the PHA solution to allow grafting
to take place. Preliminary experiments established
that the reaction reached equilibrium in less than
12 h. Thus, reactions were allowed to progress for
12 h. The MA loading of the dichloromethane-soluble polymer was determined by titration and expressed as the grafting percentage [32]. PHA-g-MA
had a Mw of 591 000, a Mn of 312 700, a polydispersity index of 1.89. The grafting percentage was
0.96 wt%. The loadings of DCP and MA were maintained at 0.3 and 10 wt%, respectively.
Composites were prepared using a ‘Plastograph’
200 Nm W50EHT mixer with a blade-type rotor (C.W.
Brabender Instruments, Inc., Hackensack, NJ, USA).
Prior to composite formation, MWCNTs and
MWCNTs-COOH samples were dried in a vacuum
oven at 70 °C for 2 days. Composites of PHA/
MWCNTs or PHA-g-MA/MWCNTs-COOH were
prepared with 0, 0.5, 1, 2 and 3 wt% of inorganic
filler. The composite mixture (ca. 40 g) was blended
at 50 rpm and 130–140 °C for 15 min with an Sb2O3
catalyst (catalyst loading was 0.03 wt%). Composite
mixtures of PHA-g-MA/MWCNTs-COOH were
placed in a vacuum oven at 80 °C for 1 day for continued esterification. Standard specimens were pre-

2. Experimental
2.1. Materials
Commercial-grade polyhydroxyalkanoate (PHA)
(EM 5400F, with a weight average molecular weight
(Mw) of 596 000, a number average molecular
weight (Mn) of 325 000, a polydispersity index of
1.83) was obtained from Shenzhen Ecomann
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Figure 1. Reaction scheme detailing the modification of multi-walled carbon nanotubes (MWCNTs) and polyhydroxyalkanoate (PHA), and the fabrication of three-dimensional (3D) printing filaments

pared by pressing the hybrid composites into 1 mm
thick plates using a hydraulic press at 140 °C and
100 atm. After pressing, the plates were placed in a
dryer for cooling. Prior to characterisation, the specimens were conditioned for 1 day at a relative humidity of 30±5%.

2.3. Fabrication of the 3D printing filaments
An extruder (Model TUS–194T; Atlas Electric Devices Company, Chicago, IL, USA) was used to make
the 3D printing filaments at a fabrication temperature
of 130–140 °C and a screw rotation rate of 50 rpm. A
sample (PHA, PHA-g-MA or a composite) was
placed in the extruder and heated until molten. The
sample was slowly extruded and the extrudate cooled
by a cooling system. The coiler speed was used to
control the diameter of the 3D printing filament to
1.75±0.05 mm. Figure 1 shows the fabrication of the
3D printing filaments and products from the composite materials [33].
2.4. Characterisation
Infrared spectra of the samples were obtained using
an FTS–7PC Fourier transform-infrared (FT-IR)
spectrophotometer (Bio-Rad, Hercules, CA, USA).
The spectra were obtained at 2 cm–1 resolution from
400–4,000 cm–1 with collection times of ca. 1 min.
Solid-state carbon-13 nuclear magnetic resonance
(13C-NMR) spectra were acquired with an AMX–
400 NMR spectrometer (Bruker, Madison, WI, USA)
at 100 MHz under cross-polarisation while spinning
at the magic angle. Power decoupling conditions
189

were set with a 90° pulse and a 4 s cycle time. The
mechanical properties, including the tensile strength
(TS) and elongation at break, of the dumbbell-shaped
specimens (having dimensions specified by the
ASTM D638 standard) were measured using a mechanical tester (Model LR5K; Lloyd Instruments,
Bognor Regis, UK) at a crosshead speed of
10 mm·min–1. The mechanical properties of five specimens were determined, from which the mean values
were calculated. Following failure, a thin section of
the fracture plane was removed, coated with gold
and imaged using scanning electron microscopy
(SEM; Model S–1400; Hitachi, Tokyo, Japan) with
an acceleration voltage of 15 kV to observe the fracture surface morphology. The surface resistivity of
a composite was measured using an Ohm-Stat RT–
1000 resistivity meter. The dimensions of the samples were 18.0×10.0×0.1 cm3.

2.5. Thermal properties
The phase transition behaviour was analysed by differential scanning calorimetry (DSC) (Model 2010;
TA Instruments, New Castle, DE, USA). The thermal behaviour was investigated by thermogravimetric analysis (TGA) (Model 2010; TA Instruments).
All experiments were carried out under an N2 atmosphere at a purge rate of 100 mL·min–1. A sample (ca.
5 mg) was placed in an aluminium crucible and tested with a thermal ramp, over a temperature range of
30–600 °C at a heating rate of 10 °C·min–1, and then
the initial decomposition temperature (IDT) of the
composite was determined. The heat deflection tem-
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perature (HDT) was determined according to the
ASTM D648 standard using a dynamic mechanical
analyser (DMA) (Model 2980; TA Instruments). A
constant load of 0.46 MPa was applied at the centre
of a three-point bending flexural bar specimen. Then,
the specimen was heated from room temperature to
150 °C at a rate of 2 °C/min and the deflection was
recorded as a function of temperature.

2.6. Antimicrobial assay
Escherichia coli (BCRC10239) and Staphylococcus
aureus ((BCRC107801) were obtained from the Bioresource Collection and Research Centre, Hsinchu,
Taiwan. The bacteria were maintained in nutrient
broth (NB) medium (3 g of beef extract and 5 g of
peptone in 1 L of distilled water, pH 7.0) and tryptic
soy broth (TSB, Difco Lab, Becton-Dickinson Co.,
USA), respectively. The samples were incubated at
37±1 °C at a relative humidity of ca. 90%.
E. coli and S. aureus were activated in the liquid
medium and then transferred to fresh medium for 18 h
of cultivation. The samples (100 µL) were then
dropped into the culture dish; a sterilised triangular
glass rod was used to spread the bacteria in the dish.
Additionally, the specimen (ca. 1.35 cm in diameter
and 0.05 cm thick) was wiped with 75% alcohol for
sterilisation and placed in a culture dish with clippers. The culture dish edges were then sealed using
sealing membrane and placed in an incubator, at
37±1 °C, for 24 h of cultivation to evaluate the bacterial inhibitory effects.

3. Results and discussion
3.1. Structural analyses
Figure 2 illustrates the FT-IR spectra of the MWCNTs
and MWCNTs-COOH. Characteristic peaks of the
MWCNTs appear at 1350 (C–O), 1480–1600 (aro-

Figure 2. Fourier transform-infrared (FT-IR) spectra and dispersion of (a) MWCNTs and (b) chemically modified MWCNTs (MWCNTs-COOH)

190

matic ring), 1645 (C=C) and 3393 cm–1 (–OH). The
FT-IR spectrum of MWCNTs-COOH (Figure 2)
shows two additional peaks at ca. 1180 and
1720 cm–1 that were assigned to the stretching vibrations of C=O and C–O groups in the carboxyl group
(–COOH), respectively. These results are in agreement with those of Jie et al. [34] and indicated that
long ropes of MWCNTs were cleaved into short openended pipes, and that after the chemical oxidation
treatment their tube-end sidewalls were also covered
with oxygen-containing functional groups, such as
–COOH. The broad infrared absorption peak at
3393 cm–1 for the MWCNTs was shifted to 3436 cm–1
for the MWCNTs-COOH (Figure 2). This absorption was attributed to –OH groups in the MWCNTs
and hydrogen bonding between those groups. The
degree of hydrogen bonding was less because their
absorption peak was shifted toward the position for
free –OH groups [35].
Other observations confirmed the modification of the
chemical structure of the MWCNTs. The MWCNTs
or MWCNTs-COOH were dispersed in a CDCl3/
H2O solvent mixture, which on standing separated
into upper (H2O) and lower (CDCl3) phases. Pristine
MWCNTs did not disperse in either solvent (Figure 2). Conversely, the relative hydrophilicity of
MWCNTs-COOH significantly enhanced their dispersibility in water (Figure 2). The solubility of the
hydrophobic chains of MWCNTs-COOH in water
confirmed that carboxylic acid groups were grafted
onto the MWCNTs [36].
The solid-state 13C-NMR spectra of PHA and PHAg-MA were also recorded; these spectra are shown
in Figures 3a and 3b, respectively. Three peaks were
observed that corresponded to carbon atoms in the
unmodified PHA (1, 6: δ = 169.2; 2: δ = 38.7; 3: δ =
71.8; 4: δ = 26.7; 5: δ = 9.5; 7: δ = 40.7; 8: δ = 67.6;
9: δ = 19.8 ppm) [37]. The 13C-NMR spectrum of
PHA-g-MA showed additional peaks (11: δ = 36.3;
10: δ = 42.3; 12: δ = 172.1 ppm), thereby confirming
that MA was covalently grafted onto the PHA [38].
Comparison of the solid-state 13C-NMR spectra of
PHA/MWCNTs (1.0 wt%) and PHA-g-MA/
MWCNTs-COOH (1.0 wt%) identified additional
peaks at δ = 36.3 (11) and δ = 42.3 ppm (10) in the
latter. As previously noted, peaks at locations 10 and
11 for PHA-g-MA were from MA grafted onto PHA.
The peak at δ = 172.1 ppm corresponding to the C=O
carbon of PHA-g-MA (Figure 3b) was absent in the
solid-state spectrum of PHA-g-MA/MWCNTs-
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Figures 4a and 4b indicate that the MWCNTsCOOH were well-dispersed in the polymer matrix
for 1.0 wt% of MWCNTs-COOH but agglomerates
were present for the 3.0 wt% MWCNTs-COOH.
Figures 4c and 4d show the TS at failure and Young’s
modulus, respectively, for the PHA/MWCNTs and
PHA-g-MA/MWCNTs-COOH composites as a function of MWCNTs or MWCNTs-COOH content. For
the PHA/MWCNTs composites, the TS and Young’s
modulus value decreased with increasing MWCNTs
or MWCNTs-COOH content because the interfacial
force between the PHA and MWCNTs was only that
of relatively weak hydrogen bonds. The PHA-g-MA/
MWCNTs-COOH composites exhibited much better
TS and Young’s modulus than the corresponding
PHA/MWCNTs, although the PHA-g-MA had lower
TS than pristine PHA. However, the TS (ranging from
15.9 to 32.2 MPa) and Young’s modulus (ranging
from 350.3 to 466.6 MPa) of PHA-g-MA/MWCNTsCOOH increased with increasing MWCNTs-COOH
content, up to 1.0 wt%, and then decreased. Finally,
for both grafted and non-grafted PHA composites, a
maximum TS and Young’s modulus could found as
the filler content is 1 wt%.
The positive effect on the TS and Young’s modulus
was attributed to the presence of immobilised or partially immobilised polymer phases [39], as well as
the high aspect ratio and surface area of the carbon
nanotubes, nanoscale dispersion of MWCNTs-COOH
layers in the polymer matrix and the formation of
chemical bonds through the condensation reaction
between PHA-g-MA and MWCNTs-COOH. For a
MWCNTs-COOH content above 1.0 wt%, the decrease in TS and Young’s modulus was attributed to
aggregation of the MWCNTs-COOH.

Figure 3. Solid-state carbon-13 nuclear magnetic resonance
(13C-NMR) spectra of (a) neat PHA, (b) maleic anhydride (MA)-grafted polyhydroxyalkanoate
(PHA-g-MA,) (c) PHA/MWCNTs (1.0 wt%) and
(d) PHA-g-MA/MWCNTs-COOH (1.0 wt%).

COOH (1.0 wt%) (Figure 3d); instead, four peaks
appeared (13: δ = 175.9 and 14: δ = 177.5 ppm).
These five peaks are evidence of the condensation
reaction between the anhydride carboxyl groups of
PHA-g-MA and the –COOH groups of MWCNTsCOOH. Figure 3c shows that this reaction did not
occur with PHA and MWCNTs.

3.3. Thermal properties
Table 1 shows the DSC results for samples recorded
during heating scans at 10 °C·min–1. The glass transition temperatures (Tg [°C]), melting temperatures
(Tm [°C]) and heats of fusion (∆Hf [J·g–1]) were associated with endothermic transitions. The Tg increased with increasing MWCNTs or MWCNTsCOOH content for the PHA/MWCNTs and PHA-gMA/MWCNTs-COOH composites (Table 1). This
increase likely resulted from the reduced space available for molecular motion with increasing MWCNTs
or MWCNTs-COOH content [40]. At the same filler
content, Table 1 also shows that the Tg of PHA-g-MA/
MWCNTs-COOH was higher than that of PHA/

3.2. Phase morphology and mechanical
properties
SEM was used to evaluate the morphology of the
composites and to examine the tensile fracture surfaces of PHA-g-MA/MWCNTs-COOH (1.0 wt%)
and PHA-g-MA/MWCNTs-COOH (3.0 wt%); the
images are shown in Figures 4a and 4b. Individually
embedded MWCNTs-COOH in the polymer matrix
were very difficult to identify when the dispersion
was poor and there was poor interfacial adhesion between the filler and the matrix; a lack of wettability
can lead to agglomerated MWCNTs-COOH clusters.
191
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Figure 4. Scanning electron microscopy (SEM) images of the PHA-g-MA/MWCNTs-COOH composites with different
MWCNTs-COOH contents: (a) 1.0 wt% and (b) 3.0 wt%. Effect of MWCNTs or MWCNTs-COOH content on the
tensile strength at failure (c) and Young’s modulus (d) of the PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH
composites.

With a MWCNTs-COOH content above 1.0 wt%, the
excess fillers were physically dispersed in the polymer matrix. Such excess MWCNTs-COOH induced
agglomerates of the inorganic phases and reduced
their compatibility, causing the slight enhancement
of the Tg.
Table 1 also shows that the addition of inorganic
filler (MWCNTs or MWCNTs-COOH) reduced the
Tm for both composites and that the lowest Tm occurred at 1.0 wt%. Notably, at the same filler content,
all of the PHA-g-MA/MWCNTs-COOH composites
had lower Tm values than their PHA/MWCNTs coun-

MWCNTs. The greater enhancement in the Tg for the
PHA-g-MA/MWCNTs-COOH composites may be
because of the formation of chemical bonds via the
condensation reaction between PHA-g-MA and
MWCNTs-COOH, since these strong bonds would
be able to hinder the motion of the polymer chains.
For the PHA/MWCNTs composites, the improvement in Tg was slight because the MWCNTs were
physically dispersed in the PHA matrix. The Tg of
the PHA-g-MA/MWCNTs-COOH composites increased with increasing MWCNTs-COOH content,
to a maximum value at 1.0 wt%, and then decreased.

Table 1. DSC characterisation of the PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH compositesathe mean value of three
examination for each sample

MWCNTs-COOH or
MWCNTs
[wt%]
0.0
0.5
1.0
2.0
3.0

Tg
[°C]
–10
–6
–4
–5
–6

PHA/MWCNTs
Tm
[°C]a
135.6±0.3
135.0±0.2
134.2±0.3
134.5±0.4
134.8±0.4

∆Hm
[J·g–1]
36.7
32.5
29.8
27.6
26.5
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PHA-g-MA/MWCNTs-COOH
Tg
Tm
∆Hm
[°C]
[°C]a
[J·g–1]
–9
135.2±0.2
35.9
–4
134.1±0.3
34.5
2
133.1±0.3
32.9
1
133.5±0.4
32.0
–2
133.9±0.3
31.5
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terparts. This lower Tm for PHA-g-MA/MWCNTsCOOH made it a more easily processed blend. The
ΔHm of a polymer is a measure of its crystallinity.
For both composites (PHA/MWCNTs and PHA-gMA/MWCNTs-COOH), their melting enthalpies decreased with increasing MWCNTs or MWCNTsCOOH content. The lower degree of crystallisation
was probably caused by increased difficulty in rearranging the polymer chains, because the MWCNTs
or MWCNTs-COOH restricted movement of the
polymer segments. Additionally, the ΔHm of PHAg-MA (36.7 J·g–1) was lower than that of neat PHA
(35.9 J J·g–1) but those of the PHA-g-MA/MWCNTsCOOH composites were ca. 2–5 J·g–1 higher than
the corresponding PHA/MWCNTs ones. This behaviour was caused by the formation of the ester functional group from the reaction between the –COOH
group of MWCNTs-COOH and the MA group of
PHA-g-MA.
The IDTs of PHA, PHA-g-MA, MWCNTs and
MWCNTs-COOH, and the composites at constant
weight loss (5%), were all higher than those of pristine PHA because of the carbon nanotubes. For the
composites, the IDTs increased with increasing
MWCNTs or MWCNTs-COOH content. This result
was attributed to a looser PHA or PHA-g-MA polymer structure by the expansion of MWCNTs or
MWCNTs-COOH, and the very high IDTs of carbon
nanotube. For the same MWCNTs or MWCNTsCOOH content, the PHA/MWCNTs composites had
lower IDTs than the PHA-g-MA/MWCNTs-COOH
composites (Figure 5 and Table 2). The lower IDTs
of the PHA/MWCNTs composites were attributed to
two factors: increased inhibition of movement of
polymer chains by the MWCNTs and/or the condensation reaction, which led to increased adhesion of
MWCNTs-COOH in PHA-g-MA compared with
PHA/MWCNTs. These results are similar to those
obtained for other polymer composites with carbon
nanotubes and are a consequence of the difference

Figure 5. Thermogravimetric analysis (TGA) curves for
MWCNTs, MWCNTs-COOH, PHA, PHA/
MWCNTs and PHA-g-MA/MWCNTs-COOH
composites

in interfacial forces. The PHA-g-MA/MWCNTsCOOH composites have strong coordination sites,
associated with the presence of the MA groups and
the –COOH group of the MWCNTs-COOH [41].
The IDTs for the PHA-g-MA/MWCNTs-COOH
composites were ca. 17–48 °C higher than those of
the analogous PHA/MWCNTs composites. A comparison between PHA-g-MA and the PHA-g-MA/
MWCNTs-COOH composites showed that the increment in IDTs was ca. 76 °C with 1.0 wt% MWCNTsCOOH but only ca. 23 °C at 3.0 wt%. This result further confirmed that the optimal loading of MWCNTsCOOH was 1 wt%, because excess MWCNTs-COOH
caused separation of the organic and inorganic phases
and impaired their compatibility and dispersibility.
Furthermore, the char residual yields of the PHA-gMA/MWCNTs-COOH composites increased with
increasing MWCNTs-COOH content, indicating that
thermal decomposition of the polymer matrix was
retarded in the PHA-g-MA/MWCNTs-COOH composites. This result may be attributed to a combined
effect, i.e. the MWCNTs-COOH could prevent the
transport of decomposition products in the polymer
composites. As reported previously, the thermal sta-

Table 2. Effect of MWCNTs or MWCNTs-COOH content on the initial decomposition temperature (IDTs) and heat deflection
temperature (HDT) of PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH
MWCNTs-COOH or
MWCNTs
[wt%]
0.0
0.5
1.0
2.0
3.0

IDT (5%)
[°C]
231
245
261
270
278

PHA/MWCNTs
HDT
Char residue (400 °C)
[°C]
[5%]
89.2
0.8
93.8
1.5
97.6
2.9
98.6
4.1
99.3
5.5
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PHA-g-MA/MWCNTs-COOH
IDT (5%)
HDT
Char residue (400 °C)
[°C]
[°C]
[5%]
227
88.6
0.6
262
96.1
2.1
303
105.1
4.3
316
107.0
5.9
326
108.1
7.2
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bility of polymer/MWCNTs composites can promote
the formation of a char layer and form a MWCNTs
network structure that reduces the diffusion of volatile
combustible fragments generated by polymer degradation [42]. Therefore, the TGA results demonstrated that the incorporation of a small quantity of
MWCNTs-COOH could significantly improve the
thermal stability of the PHA-g-MA/MWCNTs-COOH
composites.
The HDT is an important indicator of the heat resistance of plastics and composites under an applied
load [43]. The value indicates the upper service temperature limit for the material. Table 2 shows that the
HDT of the PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH composites were slightly higher compared with that of PHA. This improvement was attributed to the enhanced interfacial adhesion between
the matrix and the carbon nanotubes. Table 2 indicates that the PHA-g-MA/MWCNTs-COOH composites had higher HDT than the corresponding PHA/
MWCNTs ones. The higher heat resistance of the
PHA-g-MA/MWCNTs-COOH composites might also
be related to the formation of stronger chemical bonds
between the PHA-g-MA and MWCNTs-COOH,
which prevented deformation.

Figure 6. Electrical resistivity of PHA and PHA-g-MA, and
the PHA/MWCNTs and PHA-g-MA/MWCNTsCOOH composites

MA/MWCNTs-COOH composites than for the PHA/
MWCNTs composites, presumably because of ester
bond formation, as previously discussed. Ester linkages are stronger than the hydrogen bonds formed in
PHA/MWCNTs composites and therefore are more
effective at hindering polymer motion. Moreover,
the electrical resistivities of all of the PHA-g-MA/
MWCNTs-COOH composites were lower than those
of their PHA/MWCNTs composite counterparts. This
lower resistivity allowed the PHA-g-MA/MWCNTsCOOH composites to more easily form an interconnected conductive pathway throughout the material.
The lower observed resistivity in the 1.0 wt% composites implied that an excess amount of MWCNTs
or MWCNTs-COOH was present at levels >1.0 wt%
and was physically dispersed throughout the polymer matrix. This excess of MWCNTs or MWCNTsCOOH may have led to aggregate formation between the organic and inorganic phases, thereby
lessening compatibility with the matrix in the PHA/
MWCNTs and PHA-g-MA/MWCNTs-COOH composites.
Figure 6 shows the results for the various PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH composites; the lowest resistivities were 6.3·108 and
9.8·106 Ω·sq–1, respectively. In general, an electrical
resistance between 105 and 1012 Ω·sq–1 indicates antistatic behaviour [45]. Figure 7 shows the results of
antistatic testing with pristine PHA and 0.5–3.0 wt%
PHA-g-MA/MWCNTs-COOH filaments (sample
size: length = 50.00±0.20 mm and diameter =
1.75±0.05 mm). Each 3D printing filament was rubbed
and then immersed in small expanded polystyrene
balls. Any adsorption of plastic balls indicated the
presence of static electricity. The pristine PHA filaments adsorbed a significant number of the plastic

3.4. Electrical properties
The surface resistivity slowly decreased as the carbon nanotube content increased in low carbon nanotube-content composites. A large proportion of the
electrons of the applied field tunnel through the insulating layer when carbon nanotubes are present.
Figure 6 presents the surface resistivity of the PHA/
MWCNTs and PHA-g-MA/MWCNTs-COOH composites. The surface resistivity of PHA or PHA-gMA was greater than 1014 Ω·sq–1 and the value for the
composite decreased as the MWCNTs or MWCNTsCOOH content increased [44]. A marked decrease
was observed in the electrical resistivity with increasing MWCNTs-COOH content, up to 1.0 wt%,
above which the electrical resistivity slightly decreased. The reduced electrical resistivity of the PHAg-MA/MWCNTs-COOH composites was likely
caused by inhibited polymer motion, which would
have restricted the chain rearrangement and reorganisation required for solidification. As expected, all
of the PHA/MWCNTs and PHA-g-MA/MWCNTsCOOH composites had lower electrical resistivities
than pristine PHA and PHA-g-MA. The decrease in
the electrical resistivity was greater for the PHA-g194
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Figure 7. Antistatic properties of (a) PHA, (b) PHA-g-MA/MWCNTs-COOH (0.5 wt%), (c) PHA-g-MA/MWCNTs-COOH
(1.0 wt%) and (d) PHA-g-MA/MWCNTs-COOH (3.0 wt%) filaments

balls. At the 0.5% level, the PHA-g-MA/MWCNTsCOOH filaments adsorbed fewer expanded polystyrene balls, whereas the filaments were clean at
levels above 1.0 wt%. Thus, the addition of or MWCNTs-COOH to the composites improved the electrostatic dissipative properties of the bulk material.

3.5. Antibacterial activity
Gram-positive bacteria (S. aureus) and Gram-negative
bacteria (E. coli) cultures with PHA, PHA/MWCNTs
and PHA/MWCNTs-COOH were chosen as the bacterial standards for determining the antibacterial
properties of the composite materials. Figure 8
shows that the PHA membrane lacking MWCNTs
displayed no antibacterial zones. However, some
micro-sized antibacterial zones were found in the
PHA/MWCNTs and PHA-g-MA/MWCNTs-COOH
membrane specimens containing as little as 1.0 wt%
MWCNTs or MWCNTs-COOH; the antibacterial
zones became more apparent with increasing
MWCNTs or MWCNTs-COOH content. Thus, the
PHA/MWCNTs or PHA-g-MA/MWCNTs-COOH
membranes displayed an antibacterial effect because
of the incorporation of the MWCNTs or MWCNTsCOOH [46]. Moreover, the antibacterial zones of the
PHA-g-MA/MWCNTs-COOH membranes were

Figure 8. Exposure course of the inhibition zones of E. coli
and S. aureus cells during exposure to PHA or
PHA-g-MA and their composite surfaces

larger than those of the PHA/MWCNTs membranes.
The antibacterial effect was enhanced in the PHAg-MA/MWCNTs-COOH membranes because the
PHA-g-MA was stabilised in a fixed orientation by
the MWCNTs-COOH. This orientation resulted in
bacterial death because of increasing effective concentration of the MWCNTs-COOH or a longer contact time with the bacteria. According to Figure 8,
the inhibition zone of the PHA/MWCNTs or PHAg-MA/MWCNTs-COOH series composite on E. coli
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was greater than that on S. aureus; this was because
the Gram-positive bacteria structure has thick peptidoglycan cells [47].
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fabricated from the composites. The strong interaction of the nanotubes with the PHA matrix in the
PHA-g-MA/MWCNTs-COOH composites led to
improved mechanical, thermal, conductive, antistatic
and antibacterial performances. At the 1.0 wt% incorporation level, the IDT of the composite was 72 °C
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neat PHA. This provided a high antistatic effect. Antibacterial activity was enhanced with the addition
of 1.0 wt% of MWCNTs-COOH to PHA-g-MA, resulting in large antibacterial zones. Thus, the current
study demonstrated improved compatibilisation between PHA and MWCNTs, with subsequent enhanced antibacterial and antistatic properties.
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