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Pinewood biochar antistatic polymer composites: an 
investigation of electrical, mechanical, rheological and 
thermal properties
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Auckland, Auckland, New Zealand; bCarbon Research Centre, Carbon Dot Limited, Auckland, New Zealand; 
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ABSTRACT
This study investigates the practical applications of biochar as an 
innovative and sustainable conductive filler in composite materials. 
Utilizing the conventional melt-blending method, we prepared 
conductive pinewood biochar-filled poly(lactic acid)/poly(butylene 
adipate-co-terephthalate) (PLA/PBAT) composites and systemati
cally examined their electrical, mechanical, rheological and thermal 
properties. Our results reveal a significant enhancement of electri
cal and mechanical properties upon the inclusion of conductive 
pinewood biochar in the PLA/PBAT matrix. With the addition of 10  
wt% of conductive pinewood biochar, the average surface resistiv
ity of the composites decreased by three orders of magnitude, 
measuring 4:86� 1010Ω=sq, which meets the antistatic require
ments for polymer composites. Additionally, the average tensile 
strength of the biochar filler composites improved by 53% with 
an addition of just 1 wt% of biochar.
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1. Introduction

The global need for antistatic and electrostatic dissipative (ESD) materials utilized in 
electronic packaging and personal protective equipment (PPE) for hazardous environ
ments is on the rise [1,2]. Materials characterized by surface resistivity within the range of 
1� 105 to 1� 1012Ω=sq are classified as antistatic. Polymer composites exhibiting elec
trical conductivity with this range find applications in antistatic scenarios. Among various 
conductive fillers employed to improve electrical properties, carbon-based fillers offer 
additional benefits, including corrosion resistance, tuneable electrical and mechanical 
properties, high thermal stability, biocompatibility and ultraviolet radiation resistance 
[3–7].

Carbon-based fillers are extensively utilized in the polymer industry to improve 
both the mechanical and electrical properties of the polymer matrix. Graphene, carbon 
nanotubes (CNT), carbon black, carbon fiber and graphite are the most commonly 
employed conductive and reinforcing fillers in polymers [8,9]. However, these fillers are 
predominantly derived from nonrenewable sources, and their production processes 
often lack environmental friendliness [10]. In an endeavor to promote the utilization of 
carbon derived from biowaste, eco-friendly biochar produced from agricultural waste 
has emerged as a novel reinforcement filler. Biochar offers several advantages over 
conventional carbon-based fillers, including sustainability, renewability and cost- 
effectiveness [11–13]. However, the electrical conductivity of conventional biochar 
remains relatively low, with the highest reported value for monolithic biochar being 
4.3 S/cm [14]. Therefore, achieving the desired electrical conductivity for the biochar 
polymer composites in the range of commercially accepted standard antistatic mate
rial proves challenging.

Although biochar proved to be an effective reinforcing filler in numerous polymers, its 
application as a conductive filler for antistatic and electrostatic dissipation materials is 
limited due to its low electrical conductivity. However, the characteristics of biochar can 
be tailored by adjusting the pyrolysis conditions and utilizing specific precursors. For 
instance, biochar synthesized at high temperatures in an inert atmosphere exhibits a high 
concentration of sp2 carbon, which imparts electrical conductivity to the material [15]. 
Considering these tunable properties, biochar with a hierarchical porous structure, large 
surface area and high concentration of sp2carbon can potentially be material for antistatic 
and electrostatic dissipation polymer composites.

Pinewood (Pinus radiata) waste, abundant in many countries, such as New Zealand, is 
an environmentally friendly and sustainable alternative reinforcing filler for polymer 
composites. Pinewood is widely utilized in manufacturing furniture and support struc
tures due to its lightweight nature, dimensional stability, uniform grain and hierarchical 
structure [16]. Typically, pinewood waste, in the form of pinewood chips, finds application 
as animal bedding, building material, and bioenergy production [17]. The disposal of 
agricultural biomass waste into land and waterbodies contributes significantly to green
house gas emissions [18]. However, this agricultural biomass waste can be converted to 
value-added electrically conductive biochar with peculiar properties, such as large surface 
area, porous structure and highly stable carbon content, making it an attractive material 
for energy (electrode material) and manufacturing (reinforced conductive polymer com
posites) sectors [19–23].
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This study introduces a chemical-free approach to biochar production by 
employing pinewood waste through pyrolysis at 1200 in an inert atmosphere. 
The resulting pinewood biochar exhibits enhanced growth of sp2 carbon structures, 
contributing to an improvement in electrical conductivity. The resulting pinewood 
biochar was subsequently ground and sieved to a size less than 74 μm, and 
underwent comprehensive studies to gain insight into the structure, surface mor
phology, elemental content and functional group attached to the biochar through 
various techniques.

Pinewood biochar powder is integrated into biodegradable polymers like PLA and 
PBAT through melt-mixing, forming PLA/PBAT biochar composites. This study evaluates 
the mechanical, thermal, electrical and rheological properties and microstructure char
acteristics of these composites. This investigation aims to provide a comprehensive 
understanding of the potential antistatic applications of these biochar composites.

Although this research is primarily driven by the suitability of electrically conductive 
pinewood biochar for fabricating antistatic polymer composites, the study also aims at 
enhancing the mechanical and electrical properties, and the thermal conductivity values 
of these composites. This work serves the boarder purpose of creating innovative, eco- 
friendly antistatic material from pinewood biowaste.

The introduction of conductive pinewood biochar plays a crucial role in improving the 
compatibility between PLA and PBAT and, consequently, enhancing the mechanical 
properties of the composites. Notably, both the electrical and mechanical properties of 
the PLA-based composites surpass those reported in previous studies on PLA-based 
biochar composites [24,25]. These composites offer tuneable properties and provide 
valuable insights for the development of sustainable and high-performance materials 
for various applications.

2. Materials and methods

NatureWorks LLC, U.S.A., supplied 3D printing grade poly(lactic acid) (PLA), known as 
Ingeo BioPolymer 3D850. The PLA was in the pellet form with a specific density of 1.24  
g/cm3 and a melt flow rate of 7–9 g/10 min (ASTM D1238). Clariant, New Zealand, 
supplied poly(butylene adipate-co-terephthalate) (PBAT) pellets. Specific product 
details include the item as Renol 03459 PBAT CMP Natural. The PBAT had a 1.27 g/ 
ml density at 20�C as per ISO 1183–1 and a melt flow index (MFI) (190�C; 2.16 kg) of 4  
g/10 min (ASTM D1238).

2.1. Preparation of pinewood waste biochar

Pinewood biochar was produced through pyrolysis of pinewood chips (supplied by 
Bunnings Warehouse, Auckland, New Zealand) at 1200 in an inert gas at a heating ramp 
of 10/min and kept at 1200 for 60 min using a high-temperature tube furnace (SAF therm, 
Model: STG-100-17, China) and cooled to 700�C at a cooling rate of 5/min and then down 
to room temperature by natural cooling. The pinewood biochar was ground to powder 
and sieved using 200-mesh to under 74μm diameter and stored in a desiccator. The 
biochar powder was further characterized using SEM-EDS, Raman spectroscopy and XPS.
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2.2. Preparation of pinewood biochar composites

Different formulations of PLA (70, 75, 77.5, 79 and 80 wt%), PBAT (20 wt%) and biochar 
(BC) (0, 1, 2.5, 5 and 10 wt%) were melt-mixed (Table 1) to obtain PLA/PBAT/pinewood 
biochar (PWBC) composites using a Brabender mixer (Plasti-Corder Lab-station) at mixing 
temperature (200Þ;a screw rotation speed of 70 rpm/min for a mixing time of 5 min.

Pinewood biochar powder, poly(lactic acid) and PBAT were dried at 80 for 1440 min to 
remove moister content and were weighed and premixed before melt-mixing. The 
mixture is then introduced into 50cm3 mixing chamber, which was maintained at the 
set condition mentioned earlier. After the specified mixing time, the composites were 
collected and pelletized by a pelletizing mill (Model: IZ-120, Lab tech Engineering 
Company Ltd, Thailand) before injection molding. The pellets were dried at 
a temperature of at 72°C for 1440 min, compression molded to thin sheets of 
(100 mm × 100 mm × 5 mm) size, and used for the electrical studies. The tensile testing 
samples were injection molded using injection molding machine from Dr Boy, Neustadt, 
Germany.

2.3. Characterisations of pinewood biochar and composites

The scanning electron microscope Hitachi SU-70 FE-SEM was employed to examine the 
surface morphology of fractured surfaces of tensile samples. In order to prevent charging 
and enhance secondary electron emission, all samples underwent platinum coating. The 
secondary electron SEM utilizes a low acceleration voltage of 5kV.

The transmission electron microscope (FEI Tecnai FEG20), equipped with a field emis
sion gun and operated at an acceleration voltage of 200 kV, was used to capture HRTEM 
images. ImageJ software was then used to perform fast Fourier transform (FFT) analysis on 
the HRTEM images.

Raman spectroscopy studies were conducted using a LabRAM HR evolution confocal 
Raman microscope. Biochar powder samples (prepared with mortar and pestle) were used 
for Raman studies to ensure sample homogeneity. A 532 nm laser line, and a 50� objective 
lens was employed to collect all Raman data.

X-ray photoelectron spectroscopy (XPS) analysis was conducted using a Kratos Axis 
DLD XPS system with high energy resolution discussed elsewhere [25]. FEI Tecnai FEG 20, 
with an acceleration voltage of 200 kV TEM equipped with a field emission electron 
source, was used to image a high-resolution graphitic lattice in biochar.

The differential scanning calorimetry (DSC) study was conducted using the DSC 
Q 1000 instrument from TA instruments in New Castle, DE, U.S.A. The temperature 
profile was from 30 to 200 �C, and cooling was from 200 to 30 �C at a rate of 10 
�C/min, and hold time of 1 min; the samples were then heated again to 200 �C, 

Table 1. Nomenclatures of the polymer composites.
Composites PLA (wt%) PBAT (wt%) PWBC (wt%)

PLA (80/20) 80 20 0
PLA (79/20/1) 79 20 1
PLA (77.5/20/2.5) 77.5 20 2.5
PLA (75/20/5) 75 20 5
PLA (70/20/10) 70 20 10
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before being tested using a heat-cool-heat cycle as discussed in the previous study 
[25]. The calculations of the composites’ crystallinity are discussed elsewhere 
[26–28].

Thermogravimetric analysis (TGA) was performed on the composite samples using the 
TGA Q 5000 from TA instruments in New Castle, DE, U.S.A. The temperature profile used in 
the analysis was discussed elsewhere [25].

Mechanical properties were studied using an Instron 5567 universal tensile 
testing machine (Norwood, MA, U.S.A.) according to ASTM D638 protocol. Type IV 
compression molded samples were used for the studies. Electrical studies on four 
samples from each set were carried out using Keithly resistive meter 6517A 
(supplied by ValueTronics International, Inc, Illinois, U.S.A.) according to ASTM 
D257.

The rheological behavior of the composites was examined with an Anton Paar 
SmartPave 102 rheometer (Graz, Austria) in a 25 mm plate–plate configuration through 
oscillatory shear tests at temperature of 195 �C for the composites. The complex viscosity 
was assessed over a shear range spanning from 0.1 to 628 rad/s, maintaining a constant 
shear strain amplitude of 5%. The rheometer temperature was maintained at 175 for PLA 
(80/20) and 195 for the other samples.

Thermal conductivity was studied using a light flash apparatus (LFA) Netzsch 447 
NanoFlash (NETZSCH-Geratebau GmBH, SelB, Germany) according to EN ISO 22,007–4. 
The heat capacity of the samples was obtained compared to a Pyrex sample with a known 
heat capacity. The details of thermal conductivity studies are discussed elsewhere [29].

3. Results and discussion

3.1. Biochar characterisation

The pinewood biomass was converted to biochar with a hierarchical structure, Figure 1, 
through pyrolysis. To enhance the dispersion of biochar within the polymer, pinewood 
biochar blocks were ground and sieved into particles smaller than 74 μ size before being 
mixed with the polymer matrix through melt-mixing. The particle lengths ranged from 2.5 
to 70 μ with a mean value of 11.5 μ and a standard deviation of 14.7 μ. This procedure was 
crucial in achieving a consistent distribution of biochar throughout the polymer matrix, 
thereby improving the electrical and mechanical characteristics of the composite material.

Figure 1. SEM images of (a) pinewood biochar and (b) pinewood biochar powder.
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3.2. Raman spectroscopy of pinewood biochar

Figure 2 displays the Raman spectrum of pinewood biochar (p-1200), depicting char
acteristic peaks at 1345 cm� 1 corresponding to the D band and 1601 cm� 1 corre
sponding to the G band. The deconvolution process for the D and G bands of 
pinewood biochar was executed, resulting in the fitting of a total of four peaks, as 
illustrated in Figure 3. The G mode of the vibrational band is linked to the in-plane 
vibration of sp2 carbon atoms. In contrast, the D band arises from the breathing mode 
of aromatic rings, as shown in the schematic diagram of Figure 2 inset. In perfect 
crystalline graphite, the D band is absent but characterized by a sharp G band; 
however, the D band is prevalent for defective graphene and other sp2 carbon (carbon 
black, biochar and carbon nanotubes). The broadened G and D bands have additional 
peaks fit at ,1180cm� 1and ,1530cm� 1, which are D� and D�� respectively. Ferrari and 
Robertson have shown that these peaks are the sum and differences of C ¼ C stretch
ing and CH wagging modes (sp2 carbon) rather than from sp3 hybridised carbon [30]. 
These two peaks have previously been observed in nanocrystalline graphite produced 
through ball milling [30]. These findings indicate that these peaks are neither from 
remnant functional groups nor from sp3 hybridised carbon, instead, exist due to finite- 
size graphitic crystallites and defects originating during pyrolysis and size reduction 
[31]. The ratio of D and G band intensities (ID=IG) indicates the defects associated with 
the biochar. For the pinewood biochar, the ID=IG ¼ 2:9, which indicates that the 
biochar has high defect concentration. Although ID=IG ratio is attributed to the defect 
density associated with the graphitic structures; some authors have mentioned that 
D band intensity depends on graphitic crystal size [32]. However, recent studies have 

Figure 2. Raman spectrum of pinewood biochar.
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Figure 3. (a) XPS survey spectrum and (b) HR-XPS of pinewood biochar.
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shown that the increase in ID=IGis an indicator of the increase in defect density of the 
carbon material [33].

A 2D broad peak is observed at ,2670cm� 1for pinewood biochar, Figure 2. The sizes 
and shapes of 2D peaks depend on the defect density associated with the carbon 
material. Ferreira et al. have shown that for Arþbombarded few-layer or single-layer 
graphene with high defect density has bumpy 2D peaks. This observation is due to defect- 
induced peaks and suppression of 2D peaks owing to the disruption of the hexagonal 
lattice [34]. Similarly, the defects significantly change the shape of 2D peaks in pinewood 
biochar. The Raman studies were conducted on biochar after size reduction, which would 
have affected the shape of the 2D peak. Here, defects could also arise from the high- 
temperature pyrolysis.

3.3. Elemental analysis and functional groups of biochar

The XPS survey spectrum of pinewood biochar, Figure 3(a), provides the percentage 
composition of elements present in the biochar. The major components of pinewood 
biochar are carbon (93.62 at%) and oxygen (6.38 at%). In order to determine the quantity 
of sp2carbon, and to assess the percentage of various functional groups, an in-depth 
analysis of the high-resolution C1s of pinewood biochar was conducted. The high- 
resolution quantitative C1s spectrum reveals a peak at ,284eV; which is due to sp2 

hybridised carbon from graphitic cluster. From Figure 3(b), the percentage of sp2 carbon 
can be calculated as ,69:60%. By resolving the core spectrum C1s gives a peak at 
,286:7eV and at ,288eV which correspond to the epoxy group (,17:12%) and carbonyl 
group, respectively. These functional groups are mostly present on the edges or at the 
defects on the graphene layers. It must be noted that the percentage of sp2carbon has 
considerably improved with high-temperature pyrolysis. The sp2carbon content of bio
char is responsible for its electrical conductivity. Therefore, an improvement in sp2 carbon 
content leads to an improvement in electrical conductivity despite any defects associated 
with biochar. This highlights the importance of maximizing the production of sp2 carbon 
during the pyrolysis process, as it can significantly impact the electrical properties of the 
material.

3.4. HR-TEM of pinewood biochar

Figure 4 shows the high-resolution transmission electron microscopy (HRTEM) of p-1200 
with a fast Fourier Transform (FFT) in the inset. The selected area electron diffraction 
(SAED) is provided by the FFT, showing a hexagonal lattice with an average lattice spacing 
of ,0:24nm, Figure 5, which is close to the lattice spacing reported for graphitic crystal 
earlier [35]. In all HRTEM images, we can visualize the crystalline regions (darker regions 
with lattice fringes) and amorphous regions (lighter regions with no lattice fringes). 
Hence, HRTEM provides a visualization of graphitic clusters and their size, lattice spacing. 
The HRTEM can be used to understand the growth and evolution of graphitic structures in 
biochar with pyrolysis temperature.

Figure 5 shows the HRTEM image of p-1200 and lattice spacing. The average spacing 
between the atoms is ,0:24nm;which is comparable to the graphene lattice spacing. The 
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Figure 4. HRTEM image of biochar (p-1200) and the inset shows fast Fourier transform (FFT) from 
a selected area yellow square with Bragg spots.

Figure 5. HRTEM of p-1200 and lattice spacing measured using imageJ.
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HRTEM provides evidence of graphitic growth in the biochar at high-temperature 
pyrolysis.

3.5. Characterisations of polymer composites

3.5.1. Biochar polymer matrix interaction from tensile fractured surface
Figure 6 depicts the fractured surface of pinewood biochar PLA-based pinewood biochar 
polymer composites. The image reveals the separation of PLA and PBAT phases, resulting 
from the incompatibility of these two phases. Figures 6(a,b) show the tensile fracture 
surface of PLA (80/20) and PLA (79/20/1), respectively. The fiber-like structures seen in 
images are PBAT phases that have been deformed plastically during tensile testing; this is 
expected due to the ductile nature of PBAT. Moreover, the biochar particles are coated 
with the polymer, enhancing the polymer matrix interfacial interaction with biochar. 
However, an increase in biochar content gives rise to the emergence of bead structures. 
This structure comprises the PBAT phase dispersed in the PLA matrix. The main compo
nent of the composite is PLA, in which PBAT and biochar powder are dispersed.

3.5.2. Thermal properties of polymer composites
Figure 7 displays the heating curve of the PLA and PBAT blend, and PLA, PBAT and 
pinewood biochar composites, displaying two transitions in the DSC thermogram: cold 
crystallization exotherm and melting endotherm. The cold crystallization exotherm of the 
PLA (80/20) blend appeared at around 101:54, with the melting endotherm at 176:05. 

Figure 6. SEM images of (a) PLA (80/20), (b) PLA (79/20/1), (c) PLA (75/20/5) and (d) PLA (70/20/10) 
[red arrows in Figure 5(a) show PBAT phase, red arrows in Figure 3(b-d) represent pinewood biochar].
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Pinewood biochar addition to the polymer matrix shifted the cold crystallization tem
peratures of the composites towards the low-temperature region, which is due to the 
nucleation by the biochar particles. This improvement in crystallization improves the 
percentage crystallization of PLA in the composites, with the PLA (80/20) blend having 
22.53% crystallization and PLA (70/20/10) composite with 10 wt% of biochar showing 
34.14% (Table 2) of crystallization – an improvement of 51.53% with the addition of 10 wt 
% of pinewood biochar.

Tc -cold crystallization, Tm-melting temperature, ΔHcc- enthalpy change (cold crystal
lization), ΔHm-enthalpy change (melting), Xc- degree of crystallinity

3.5.3. Thermal degradation
Figure 8 shows the TGA and differential thermogravimetry (DTG) of the pinewood biochar 
PLA/PBAT blend and composites. The initiation of degradation in the PLA/PBAT blend 
appeared around ,347. Table 3 summarizes the initiation of degradation (T5, the tem
perature at which 5 wt% of degradation occurs) and maximum thermal degradation 
ðTmax) and char residue at 550. The TGA curve shows two weight losses; the initial weight 

Figure 7. DSC analyses of PLA/PBAT20/BC composites.

Table 2. The percentage crystallization of PLA/PBAT composites.
Sample Tc ½� Tm½� ΔHcc[J/g] ΔHm[J/g] Xc (%)

PLA (80/20) 101.5 176.1 17.4 34.3 22.5
PLA (79/20/1) 96.7 177.8 18.9 38.0 25.8
PLA (77.5/20/2.5) 96.5 177.2 15.4 36.5 29.0
PLA (75/205) 96.1 176.1 17.4 38.1 29.8
PLA (70/20/10) 96.7 176.6 18.5 40.9 34.1
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loss corresponds to the PLA degradation, and the final weight loss appears between 400to 
450, to PBAT. As expected, the biochar in the PLA/PBAT composites shows no degrada
tion, and the percentage weight of char residue at 550 increases with biochar content, 
with the majority of the residue, being the thermally stable biochar particles.

The degradation initiated at a lower temperature for the biochar composites compared 
to the PLA and PBAT blend. The degradation temperature of the biochar composites 
lowered with an increase in pinewood biochar concentration, however it decreased with 
the PLA weight percentage. As the content of PLA decreases, the onset of degradation 
and maximum degradation temperature starts at lower temperatures (Table 3), indicating 
that the thermal stability of the PLA/PBAT blend is higher than that of the PLA/PBAT 
biochar composites.

3.5.4. Mechanical properties
For the application of biochar added PLA/PBAT composites for personal-protective- 
equipment (PPE), a combined mechanical and electrical conductivity in the antistatic 
region is essential. Figure 9 shows the mechanical properties of the PLA and PBAT blend 
and pinewood biochar incorporated PLA/PBAT composites. The addition of 1 wt% of 
biochar resulted in an improvement of the tensile strength of the PLA/PBAT blend by 
approximately 53:8%. However, further addition of biochar causes a decrease in tensile 
strength, reaching values to those of PLA/PBAT blend with biochar at 10 wt%. The 
increase in the tensile strength is due to the enhanced interfacial interaction of the 
biochar with the polymer matrix. Biochar particles can deviate some of the stress from 
the polymer matrix, preventing the generation of cracks [21]. Moreover, a low biochar 
concentration improves the miscibility between the PLA and PBAT phases and enhances 
their interfacial interactions. However, the agglomeration of biochar particles at high 

Figure 8. (a) TGA (b) DTG of PLA/PBAT pinewood biochar composites.

Table 3. Degradation onset ðT5Þ, the maximum degradation temperature 
ðTmaxÞ and residual char (%) at 550.

Sample T5ðÞ TmaxðÞ Char residue at 550 %ð Þ

PLA (80/20) 347.0 382.9 1.4
PLA (79/20/1) 344.2 377.8 2.3
PLA (77.5/20/2.5) 343.8 377.2 3.8
PLA (75/20/5) 337.4 376.8 6.1
PLA (70/20/10) 329.6 373.7 11.0

12 J. GEORGE ET AL.



concentrations leads to a decrease in tensile strength [36]. Similar behavior was observed 
in PLA/PBAT/CSB composites [25]. The incorporation of pinewood biochar into the PLA 
and PBAT blend has drastically reduced the elongation at break of the composites, 
making them more brittle [Figure 9(c)]. However, even with the addition of 1 wt% to 
the PLA/PBAT polymer matrix, there is an impressive 1581% improvement in the average 
tensile modulus of the composites, Figure 9(b).

3.5.5. Rheological analyses of PLA/PBAT composites
The melt rheology properties depend on factors such as phase morphology, the structure 
of the polymer chain, and filler–matrix interaction [37,38]. In order to understand both the 
microstructure and thermal properties of the polymer, it is necessary to examine the 
microstructure-process connection. The filler network formation can be demonstrated 
through the appearance of the plateau of the storage modulus curve at lower frequencies. 
Figure 10 and Figure 11 display changes in storage modulus G0ð Þ, loss modulus G00ð Þ, loss 
factor and viscosity of the blend and composites.

The angular frequency AccessisdeniedAccessisdeniedverses storage moduli 
AccessisdeniedAccessisdenied of PLA/PBAT composites with different weight percen
tages of pinewood biochar are shown in Figure 10(a). It can be observed that the 
storage modulus of PLA/PBAT blend improved with the addition 1 wt% of biochar. 
The composite with 1 wt% of biochar content shows the highest storage modulus. 
First, there is a drastic increase in storage moduli with an increase in biochar 
content (maximum for 1 wt%), which then decreases with an increase in biochar 
content in the composites but has values above the PLA/PBAT blend. However, the 

Figure 9. (a) tensile strength (b) tensile modulus (c) elongation at break of PLA/PBAT blend and 
composites.
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composite with 10 wt% of biochar shows a higher storage modulus than the PLA/ 
PBAT blend at lower frequencies, but the storage modulus shows a lower value 
than that of the blend at higher frequencies. At low concentrations of biochar 
loading, biochar particle acts as a reinforcing agent and improves the rigidity of 
the composites; however, beyond 5 wt%, the storage modulus decreases due to 
the difficulty in maintaining the structural integrity of the composites. Moreover, 
the storage modulus could also be decreased due to the agglomeration of the 
filler particles at high biochar loading concentration (10 wt%), which could be 
a reasons for the lowering of storage modulus with high loading concentration 
biochar [39].

The plot of loss factor (tan δ) the ratio of loss modulus ðG
00

Þ and storage modulus G
0� �
Þ

versus frequency data is shown in Figure 11. The melt viscosity of the composites with low 
loading of biochar shows behavior similar to that of the PLA/PBAT blend [39]. An increase 
in viscosity has been found for the composite with 1 wt% of biochar; however, viscosity 
decreases with an increase in biochar content, and when the biochar content reaches 10  
wt%, the viscosity shows a drastic decrease with increasing frequency. The decrease in 
viscosity of the composite with high-concentration biochar could be due to the plasticiz
ing effect of biochar particles. This effect could only be observed at high-loading con
centrations of biochar; at low concentrations, biochar particles can occupy interfacial 
regions of the polymer chain, restricting the polymer chain motion.

Figure 10. (a) Storage modulus and (b) loss modulus of PLA/PBAT biochar composites.

Figure 11. (a) thetan δ and (b) complex viscosity of PLA/PBAT biochar composites.

14 J. GEORGE ET AL.



3.5.6. Electrical conductivity values of the composites
Personal protective equipment (PPE) is often used in dangerous explosive atmospheres 
in industries like mines, petrochemicals and power stations. The most common reason 
for explosions in such an environment is the charges accumulated on PPE equipment. 
In order to prevent such accidents, it is crucial to use antistatic and electrostatic 
dissipative materials for PPE manufacturing [24]. Ideally, these materials should be eco- 
friendly, sustainable, biodegradable and possess antistatic properties. While consider
ing environmental benefits and antistatic properties, using eco-friendly, sustainable 
and biodegradable antistatic material for PPE manufacturing is desirable. Electrically 
conductive biochar-reinforced PLA/PBAT composites would be suitable for such 
applications.

Table 4 shows the surface resistivity of the composite with different loading con
centrations of pinewood biochar. The addition of 10 wt% of pinewood biochar 
decreased the surface resistivity of the composite by 3 orders of magnitude. The 
decrease in surface resistivity of biochar is due to the presence of sp2 hybridized 
carbon. Adding 10 wt% of pinewood biochar to the polymer matrix does not drasti
cally decrease the electrical resistivity of the composite; however, the surface resistivity 
of 10 wt% biochar composite show lower resistivity than previously reported values 
[24]. Moreover, the electrical conductivity of the composite with 10 wt% of biochar is 
suitable for antistatic material [9]. While compared to the previously studied 10 wt% 
coconut shell biochar PLA/PBAT composites, the electrical resistivity has increased by 
an order of magnitude [25].

3.5.7. Thermal conductivity values of PLA/PBAT biochar composites
Figure 12 shows the thermal conductivity of the pinewood biochar composites at three 
different temperatures (25, 35 and 45). The thermal conductivity of the PLA/PBAT matrix 
at25 is 0:178W=mK; and for composite with 10 wt% of biochar is 0:214W= mKð Þ. The 
thermal conductivity of the composites improved with the loading of biochar. At low 
concentrations of biochar, there is no appreciable change in thermal conductivity; how
ever, there is ,20:22% improvement in the thermal conductivity of the composite with 
the addition of 10 wt% of biochar. The increased thermal conductivity of the composites 
with high concentrations of biochar is due to the interconnectedness of the biochar 
particles in the polymer matrix. The thermal carriers (phonons) can propagate through 
a least resistive path created by interconnected biochar particles in the polymer 
matrix [29].

Table 4. Surface resistivities of pinewood biochar pla- 
based composites.

Material
Surface resistivity (ohm/square) 

Mean� SD

PLA (80/20) 1:58� 1013 � 0:09� 1013

PLA (79/20/1) 4:72� 1012 � 0:23� 1012

PLA (77.5/20/2.5) 2:67� 1012 � 0:18� 1012

PLA (75/20/5) 1:24� 1012 � 0:16� 1012

PLA (70/20/10) 4:86� 1010 � 0:25� 1010

INTERNATIONAL JOURNAL OF SMART AND NANO MATERIALS 15



4. Conclusions

Agricultural waste-derived pinewood biochar is a suitable conductive and reinfor
cing-filler material for PLA/PBAT polymer matrix. Pinewood biochar addition to PLA/ 
PBAT improved the composites’ mechanical and electrical properties. Electrically 
conductive pinewood biochar was produced through the pyrolysis of pinewood 
firewood. The biochar was characterized in depth using Raman spectroscopy and 
X-ray spectroscopy. The spectroscopic studies revealed that the amount of sp2 

carbon content improved with high-temperature pyrolysis. Raman studies showed 
that the biochar produced through pyrolysis had a high concentration of defect 
density.

The biochar was used to prepare PLA/PBAT biochar composites with different 
loading concentrations. The tensile strengths of the composites with 1 wt% of 
biochar have shown an improvement of ,53:81%, which is much higher than the 
previously reported values. The improvement in the tensile strength of the compo
site is due to a better interfacial interaction of the biochar particles with the polymer 
matrix. The thermal studies of PLA/PBAT composites show that the total crystallinity 
of the composites improves by increasing biochar concentration. Moreover, the 
decrease in cold crystallization of the composite is primarily due to the nucleating 
effect of biochar particles. The electrical studies have revealed that the surface 
resistivity of the composite with 10 wt% of biochar is reduced by 3 orders of 
magnitude when compared to that of the PLA and PBAT blend. The surface resis
tivity of 10 wt% biochar composite is found to be 4:86� 1010Ω=sq and is suitable for 
antistatic applications. The addition of biochar has improved the thermal conductiv
ity of the composite due to the formation of the interconnected network within the 

Figure 12. Thermal conductivity values of the PLA/PBAT composites.
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polymer matrix. Hence, pinewood biochar is an eco-friendly, sustainable, low-cost, 
electrically conductive PLA/PBAT polymer matrix filler. In addition, these composites 
are suitable for antistatic applications.
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