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Hybrid biocomposites from 
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polypropylene (pp) is an attractive polymer for use in automotive parts due to its ease of processing, 
hydrophobic nature, chemical resistance and low density. the global shift towards eliminating non-
renewable resource consumption has promoted research of sustainable biocarbon (BioC) filler in a 
pp matrix, but this material often leads to reduction in composite strength and requires additional 
fillers. Graphene nano-platelets (GnPs) have been the subject of considerable research as a nanofiller 
due to their strength, while maleic anhydride grafted polypropylene (MA-g-pp) is a commonly used 
compatibilizer for improvement of interfacial adhesion in composites. this study compared the thermo-
mechanical properties of PP/BioC/MA-g-PP/GnP composites with varying wt.% of GnP. Morphological 
analysis revealed uniform dispersion of BioC, while significant agglomeration of GnPs limited their even 
dispersion throughout the PP matrix. In the optimal blend of 3 wt.% GnP and 17 wt.% BioC biocontent, 
tensile strength and modulus increased by ~19% and ~22% respectively, as compared to 20 wt.% BioC 
biocomposites. thermal stability and performance enhancement occurred through incorporation of 
the fillers. Thus, hybridization of fillers in the compatibilized matrix presents a promising route to 
the enhancement of material properties, while reducing petroleum-based products through use of 
sustainable BioC filler in composite structures.

Plastics have been embraced in the automotive industry specifically due to their durability, ease of moulding 
and low density, with percent plastic by weight in automobiles rising 75% from roughly 200 kg per car in 2014 to 
350 kg in 2020 according to a study by IHS chemical1. Polypropylene (PP) is one such plastic that is commonly 
used in exterior and interior automotive parts such as bumpers, dashboards and hoods. PP sees wide use due to 
its high heat and chemical resistance, while still maintaining strong mechanical properties and a low density of 
0.95 g/cm3 at a comparatively low cost2.

Increased dependence on plastics has raised concerns about petroleum usage and waste disposal. Plastics 
are largely non-biodegradable, making disposal at landfills problematic, while incineration releases toxins that 
threaten the environment and contributes to climate change3. In 2018, PP was the most demanded plastic, 
accountable for 19.3% of global plastic production as found in the 2019 PlasticsEurope Market Research Group 
consensus, meaning a reduction in the use of this polymer could significantly reduce oil dependence4. Thus, the 
incorporation of biobased fillers into a PP matrix has been a growing avenue of research. However, integration of 
biobased fillers presents several key challenges, including maintaining desirable thermal and mechanical proper-
ties at low weight and cost.

Biocarbon (BioC) is one such biobased material, produced through a process known as pyrolysis. Pyrolysis is 
the heating of low energy organic materials in the absence of oxygen, resulting in the production of higher energy 
syngas, bio-oil and BioC5. These are produced in varying ratios, depending on pyrolysis temperature, residence 
time and type of organic material5. BioC already sees use as a soil amendment and in wastewater treatment, but 
higher volume applications are required to increase the feasibility of pyrolysis as BioC is typically produced in 
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excess6. The physical structure and properties of BioC vary widely depending on pyrolysis conditions. Heating 
up to 900 °C results in the release of volatiles, eliminating functionality and subsequently increasing surface area 
through greater material porosity7. Meanwhile, pyrolysis at 500 °C has produced BioC consisting of a 3D network 
of benzene rings with a high amount of functional groups in its structure, leading to the material having a more 
polar nature8.

Use of BioC for automotive parts presents several key advantages, most prominent being the introduction of 
biocontent through reduction of the PP matrix. Furthermore, BioC can be generated from a wide range of waste 
feedstocks or undervalued biomass that would otherwise be discarded, leading to reduced production costs com-
pared to other carbon-based fillers and also contributing to a circular economy9. The density of BioC typically 
ranges from 1.3–1.4 g/cm3 depending on pyrolysis temperature and feedstock, which is much less than traditional 
mineral fillers like talc, described with a density between 2.6–2.7 g/cm3 6. This is advantageous, as lower density 
composite parts lead to direct cost-savings through improvement of fuel economy in automobiles. As a result, it 
has been found that BioC serves as an attractive low-cost support for nanoparticle incorporation in composites10. 
In a recent study comparing pyrolysis temperature, Behazin et al.11 found that nonpolar 900 °C BioC had better 
compatibility with an ethylene-octene copolymer modified PP matrix as compared to 500 °C BioC due to the 
loss of functionality at high pyrolysis temperatures. They described that this should increase the affinity of BioC 
with the non-polar polymeric chains of the matrix, but found that, overall, both temperatures led to a decrease 
in mechanical strength. However, pyrolysis does lead to a more thermally stable structure, which is attractive for 
high-temperature applications12. Despite poor compatibility, pyrolysis conducted at low temperatures produces 
a higher yield of BioC, making it more feasible for industrial use13. The effect of BioC particle size has also been 
analyzed, with smaller particles corresponding to superior mechanical properties and dispersion, indicating the 
need for ball milling following pyrolysis14,15.

Commonly, functionalized PP is added to the interface between polar fillers, such as low temperature BioC, 
and the non-polar polymeric chains of PP to improve adhesion. The amount added is of great importance, as 
excess compatibilizer will saturate the matrix, ceasing any further participation in improvement of interfacial 
adhesion and leading to raised costs16. Typically, optimal compatibilizer concentrations range from 1–5 wt.% 
depending on the composite material in question. Studies have found maleic anhydride grafted polypropylene 
(MA-g-PP) to be a good compatibilizer between PP and BioC17,18. MA-g-PP results in separate dispersion of 
phases between BioC and PP, improving both stiffness and toughness of composites.

The use of nanomaterials is a promising new avenue of research to further improve mechanical and thermal 
properties of composites. Graphene is one such nanomaterial, with a two-dimensional hexagonal lattice struc-
ture that gives it incredible stability and strength19. Graphene is simply a single atomic layer of graphite, and 
multiple derivatives of graphene exist, including graphene nanoplatelets (GnPs), graphene oxide and reduced 
graphene20. Of these, GnPs hold great promise as a reinforcing agent in composites due to their unique mor-
phology, lower cost and low density21. GnPs are comprised of small planar stacks of graphene sheets in the shape 
of platelets, formed from chemical or liquid phase exfoliation of bulk graphite22. This forms a mix between the 
structure of graphite and graphene, as it consists of single and few-layer graphene (2–10 layers), intermixed with 
nanostructured graphite. Their classifications depend on the thickness, lateral size, and elemental concentration. 
In any given batch, thickness can vary from 0.34 nm to 100 nm and the number of graphene layers is typically 
between 10–6023,24. This structure leads to the high surface area and stability of GnPs, and research has found that 
their integration into composites can increase mechanical, thermal and electrical conductivity properties25. GnPs 
are also less expensive than many common nano-fillers, such as carbon nanotubes or graphene oxide, and can 
bring performance improvements at low loadings to offset this cost26. GnPs lack functionalization, desirable for 
a non-polar PP matrix as compared to reduced graphene oxide, and have a low density for their comparably high 
surface area as compared to other nanofillers, like nanoclay. Jun et al.25 analyzed the effect of varying GnP size 
on a PP matrix and found that particle diameters below 15 µm exhibited a higher level of GnP dispersion in the 
matrix, improving stress transfer and hindering crack propagation. Larger particle size led to agglomeration that 
hindered improvement of mechanical and thermal properties25. Homogenous dispersion of this nanomaterial 
can prove difficult, as strong π- π interactions and van der Waals forces between graphene sheets increase the ten-
dency to agglomerate27. Interestingly, the addition of both BioC and GnPs into a PP matrix has not been reported 
in literature and indicates the need for further study.

BioC can improve thermal properties of composites while simultaneously reducing petroleum usage. Its 
immiscibility with a PP matrix has been shown to be greatly reduced through the addition of MA-g-PP, while 
incorporation of GnPs has been seen to enhance both mechanical and thermal properties in many compos-
ites25,28. It is proposed that the combination of BioC and GnPs in compatibilized PP blends has the potential to 
enhance properties while simultaneously increasing biocontent and maintaining a low-density material. The aim 
of this research is to study the influence of GnP addition on performance of compatibilized PP/BioC composites. 
Mechanical, thermal and morphological characterizations of these composites were performed to determine the 
feasibility of their use in automotive applications.

Results and discussion
characterization of powder samples. A comparison of particle size and aspect ratio of the BioC and GnP 
powder used was conducted through SEM imaging, and is outlined in Table 1. As many GnPs were embedded 
in the injection flow direction within the PP matrix, their average measured particle size was lower than 5 µm. 
This was due to only platelet edges being primarily visible when viewing samples in the SEM in the perpendicular 
direction to the flow. The measured particle size of BioC particles following 2 hours of ball milling matched well 
with a recent study14. Fourier transform infrared spectroscopy was also conducted on these powders and soyhull 
meal to further characterize their functionality, with the spectra displayed in Fig. S1. FTIR of raw soyhull meal 
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and BioC agreed with a previous paper (Fig. S1a,b)7. However, FTIR of GnP showed an absence of any functional 
groups, as shown in Fig. S1c.

TGA-FTIR analysis was performed on the raw soyhull feedstock to examine the volatiles released during the 
pyrolysis process, as observed in Fig. 1a. The major volatile shifts identified were water/alcohol at ~3600 cm−1, 
hydrocarbons at ~2950 cm−1, carbon monoxide at ~2150 cm−1, carbonyl compounds at ~1750cm−1, ether com-
pounds at ~1200 cm−1, and carbon dioxide asymmetric and bending stretches at ~2350 cm−1 and ~650 cm−1, 
respectively. As identified by the absorbance peaks and Fig. 1b, the major constituent of the volatiles released 
consisted of carbon dioxide, with minor contributions from carbonyl, ether, and alcohol compounds. The 
Gram-Schmidt curve of soyhull fiber can additionally be seen in Fig. S2.

composite morphology. Figure 2 shows SEM images of impact bars of ~3.3 mm thickness that were 
cryo-fractured to expose the internal structure for high resolution imaging. Incorporation of 20 wt.% BioC into 
a PP matrix is shown in Fig. 2a. Phase separation was identified and circled between the PP matrix and the BioC 
particles, with significant pull-outs after fracture. This was due to a lack of interaction between the non-polar PP 
chains and functionalized BioC. Addition of MA-g-PP compatibilizer significantly improved adhesion, as parti-
cles of BioC were embedded in the matrix and there was less evidence of pull-outs occurring, as shown in Fig. 2b. 
Overall, the fracture surface was significantly smoother with addition of compatibilizer and consequently led to 
increased interaction between BioC particles and the matrix. The sample after addition of 1 wt.% GnP to compat-
ibilized PP/BioC composites is shown in Fig. 2c, where significant agglomeration was identified. As the thickness 
of a GnP is between 6–8 nm, the agglomeration perpendicular to the matrix consisted of a multitude of GnP 
stacks, with two transparent individual layers identified. Uniform dispersion was lacking for GnPs beyond the 
agglomerated stack, due to strong intermolecular forces present between the sheets. GnP loading at 3 wt.% indi-
cated significant agglomeration, with stacks identified both parallel and perpendicular to the PP matrix, as shown 
in Fig. 2d. Along with intermolecular forces, agglomeration was increased due to residual moisture content in 
the material. Excessive GnP agglomeration in 5 wt.% composites were visible through SEM analysis, displayed 
in Fig. 2e. Even at a lower magnification of 3,000×, multiple sites of agglomerated GnPs were identified, leading 
to a non-uniform fracture surface with many areas devoid of nanoplatelets. A low magnification cross-section of 
the impact fracture surface for 3 wt.% loading is visible in Fig. 2f. Throughout the fracture surface, GnPs can be 
identified primarily perpendicular in orientation, indicating the majority of this filler is aligned in the direction 
of melt flow during processing. It is also observed that BioC distribution was relatively uniform throughout the 
sample surface. Graphene’s hydrophobicity is largely dependent on thickness, with thinner layers being more 
hydrophilic, which in turn increases liquid bridging forces between the graphene sheets29. There was no evidence 
through SEM analysis of interactions occurring between BioC particles and GnPs. This was to be expected given 
the highly carbonaceous nature of the fillers, and consistent with literature findings of fillers of this nature30.

The 77/17/3/3 composite was further analyzed through AFM imaging, as displayed in Fig. S3. Modulus map-
ping of the sample surface led to insight into the dispersion of GnPs within the PP matrix, as GnP is characterized 
by a high modulus. The Young’s modulus of neat PP used in this study was found to be around 2.0 GPa, while a 
study by Kardashev et al.31 found pine wood BioC to have an elastic modulus ranging between 4–9 GPa. While 
this value will differ for BioC from different feedstocks, it does not compare to the natural modulus of GnP, which 

Powder 
Sample

Particle size distribution (%) Average 
particle 
size 
(µm)

Aspect 
Ratio

Surface 
Area 
(m2/g)0–0.5 µm

0.5–
1 µm 1–3 µm 3–5 µm 5–8 µm

8–
10 µm

BioC 0.22 12.59 69.44 13.92 3.61 0.22 2.07 0.65 10.7

M5 GnP 47.23 32.95 16.22 2.83 0.77 / 0.78 0.70 120–150

Table 1. Measured characteristics of the BioC and GnP powders used. Particle size and aspect ratio were 
measured through use of SEM. Data in bold represents the range which holds the maximum particle 
population.

Figure 1. (a) 3D surface plot of soyhull fiber generated by TGA-FTIR analysis for evolved gas products during 
heating and (b) relative amounts of volatiles generated.
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can range from 100 GPa to several TPa once introduced into a matrix21. Thus, the white spots seen in Fig. S3 are 
the distribution of GnPs in the matrix, and areas of agglomeration can be seen. There were large sections of the 
sample surface that were devoid of GnPs, confirming suspicions that there was poor dispersion of the reinforcing 
filler. TEM imaging of 3 wt.% GnP composites, displayed in Fig. 3, confirmed the results seen through SEM imag-
ing. Agglomeration of multiple GnP layers were identified and circled.

Figure 2. SEM micrographs of cryo-fractured composites for (a) the uncompatibilized blend (80/20/0/0) and 
(b) in the presence of compatibilizer (77/20/3/0), with BioC/matrix interactions circled. Agglomerated GnPs 
were identified in both (c) 1 wt.% composites (77/19/3/1) and (d) 3 wt.% composites (77/17/3/3). Excessive 
GnP agglomeration was identified in 5 wt.% composites at 3,000x magnification in (e), and a low 1,000x 
magnification cross-section of the fracture surface for 3 wt.% GnP loading is visible in (f).

Figure 3. TEM image of PP/BioC/MA-g-PP/GnP (77/17/3/3) composite, with stacked GnP sheets identified at 
two different magnifications (a,b).
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Mechanical properties. Figure 4 displays the tensile, flexural and impact strength of neat PP and all com-
posites studied, as well as the moduli. Neat PP had a tensile strength around 35 MPa and a flexural strength 
around 50 MPa. It must be noted that neat PP and all composites were tested at different rates according to 
ASTM standards, making a direct comparison impossible. Typically, a faster strain rate correlates to greater ten-
sile strength in composites. This was supported by a study that found neat PP3825 had a strength of ~27 MPa and 
modulus of ~1.4 GPA when tested at a rate of 5 mm/min32. It appeared that BioC had poor bonding with the PP 
matrix, rendering it less efficient in stress transfer, as corroborated by other findings2,11. Addition of MA-g-PP 
compatibilizer partly restored the tensile strength, enforcing the idea that improved adhesion and stress transfer 
between BioC and the PP matrix occurred, as suggested by SEM analysis. With 3 wt.% compatibilizer, tensile 
strength was raised from around 29 MPa to 33 MPa. Increasing GnP content led to minor improvements in ten-
sile strength at 1 wt.% and 3 wt.% loadings, which then diminished again at 5 wt.%. The improvements seen 
are probably due to the large surface area GnPs offer for their comparatively small size, which acted to enhance 
stress transfer between matrix and filler21. M5 GnP is characterized by a particle thickness of 6–8 nm and a par-
ticle diameter of 5 µm, which is relatively small compared to many commercially available GnP grades. This is 
advantageous, as it has been found that reduced GnP size improves reinforcement properties33. However, the 
improvement in tensile strength seen is less pronounced than other findings due to poor dispersion of GnPs in the 
PP matrix. Tensile strength is thought to have decreased in the 5 wt.% GnP blend due to excessive agglomeration, 
as higher loading levels increased the amount of interaction between graphene sheets. Further, a study by Wang 
et al.34 indicated that sudden mechanical property drops are common when using GnPs due to the formation of 
continuous graphene networks, which may be the case for high loadings like 5 wt.%.

Tensile modulus saw a large increase through addition of BioC due to particle stiffness that acted to restrict PP 
matrix mobility. A study by Codou et al.14 confirmed that Miscanthus BioC increased the storage modulus of PP 
composites through DMA testing, indicating a restriction of molecular mobility at the interface and a resulting 
increase in tensile modulus. The modulus improvement is supported by the heat deflection temperature (HDT) 
results in section 3.6.2, as addition of BioC served to prevent polymer chain deformation under load. Addition of 
compatibilizer diminished the modulus to 2.2 GPa due to its rubbery nature and naturally low elastic modulus35. 
Furthermore, incorporation of GnP significantly improved modulus up to 3 wt.%, with a 41% increase compared 
to the compatibilized blend. This is largely due to GnP material strength, which served to improve interfacial 
strength and prevent deformation in the elastic region of the matrix36. However, this strength was limited with 
higher loading levels of GnPs due to reduced dispersion, explaining the decrease in modulus seen with 5 wt.% 
GnP content.

Flexural strength and modulus are shown in Fig. 4b. They followed similar trends as seen in the tensile data, 
with the only differences being that BioC improved flexural strength and addition of compatibilizer had no sig-
nificant effect on modulus. Improvements to strength can be attributed to the stiffness of BioC particles and GnP 

Figure 4. (a) Tensile strength and modulus, (b) flexural strength and modulus, (c) notched Izod impact 
strength and elongation at yield of neat PP and composites.
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sheets. The even dispersion of BioC particles further improved flexural strength, but agglomeration of GnPs at 
high loading levels led to diminishing strength at 5 wt.% loading. Improvement of flexural modulus with addition 
of MA-g-PP can be attributed to improved bonding, as this served to restrict matrix deformation in the elastic 
region. Furthermore, alignment of GnPs to follow the direction of flow during extrusion and injection could 
also serve to improve modulus up to 3 wt.% content, as a study by Idumah et al.36 suggested. This was observed 
through SEM imaging in both Fig. 2d,f. Past this loading level, agglomeration diminished both flexural strength 
and modulus. Furthermore, representative stress/strain curves for tensile data for the biocomposites tested can 
be found in Fig. S4.

Impact strength of neat PP and all biocomposites tested is shown in Fig. 4c. Neat PP had an impact strength 
around 26 J/m, and all composites tested had values within standard deviation after undergoing a complete break, 
except 1 wt.%, 5 wt.%, and the uncompatibilized blend. A slight decrease in impact strength was observed on 
addition of BioC due to the incompatibility with the PP matrix, but this was recovered through incorporation 
of compatibilizer. GnP addition had no observable effect on impact strength and, in the case of 1 and 5 wt.%, 
diminished it beyond the compatibilized blend. The benefit of GnPs on impact strength are also limited due to the 
increased density of the composites and heterogenous dispersion throughout the fracture surface, as observed in 
SEM imaging36. This imposes a trade-off between stiffness and toughness of the material, with one blend present-
ing an optimal balance. The effect of GnP on impact strength was supported by a recent study on PP/kenaf fibre/
GnP composites36. Fig. 4c also displays the elongation at yield of neat PP and the biocomposites, which displays 
a sharp decrease upon BioC loading. Overall, the trends of elongation at yield followed well with the impact 
strength of the different formulations, as both depended on the material’s ability to deform under stress. At high 
strains, the material acted in a more brittle fashion and is another indication of poor compatibility between the 
BioC particles and the PP matrix14.

From the mechanical data collected in this study, it was apparent that both a 1 wt.% and 3 wt.% GnP loading 
level provided a similar stiffness-toughness balance. These blends maintained the impact strength of neat PP, 
while maximizing tensile strength and modulus, as well as improving flexural strength and modulus. Further 
examination of thermal properties was needed to elucidate an optimal blend.

physical analysis of composites. Melt flow index (MFI). MFI is a relevant characteristic of composites 
as it describes ease of flow of the thermoplastic melt. It is also inversely proportional to the average molecular 
weight of a material, with higher MFI’s found to correlate with a lower molecular weight37. The MFI of neat PP 
and all composites tested is found in Table 2. The grade PP1350N was chosen due to its high MFI to allow it to 
achieve good flow characteristics, which in turn allowed for lower cylinder temperatures and a shorter cycle time. 
The addition of fillers leads to a subsequent decrease in MFI, making a neat polymer with low viscosity desira-
ble. This could be attributed to a lower molecular weight, and further nucleation additives allow for decreased 
polymer cooling time. BioC particle size and aspect ratio resulted in lowering the MFI from 55.5 g/10 min to 
19.1 g/10 min due to entanglement of PP polymeric chains. This served to increase the viscosity of the poly-
mer, leading to a lower MFI38. These findings matched a similar study on the addition of switch grass BioC to a 
high-density polyethylene matrix39. MFI was slightly diminished on addition of compatibilizer, which indicated 
formation of good adhesion between BioC particles and the PP matrix. This hypothesis was reinforced by the 
results seen through SEM analysis. Addition of 0.5 and 1 wt.% GnP content raised MFI from the compatibilized 
PP/BioC blend, and this is attributed to the lubricating properties of GnPs. The unique multilayered structure 
served to reduce contact between sliding bodies, as found in similar studies40–42. However, at 3 and 5 wt.% GnP 
loading levels, MFI decreased. This was due to significant agglomeration, which reduced lubricating capability 
and increased viscosity due to the large aspect ratio of GnPs, and is consistent with previous studies35,36,38.

Density. Maintaining low density composites is essential for automotive applications, as any weight reduction 
serves to improve fuel efficiency. BioC powder has a density ranging from 1.3–1.4 g/cm3, while the GnPs used 
have a density of 2.2 g/cm3, which is much lower compared to common inorganic fillers, such as calcium car-
bonate that has a density of 2.83 g/cm3, or talc that has a density between 2.6–2.7 g/cm3 43. PP had a density around 
0.91 g/cm3, and addition of BioC increased this to 0.99 g/cm3, which remained relatively constant upon further 
addition of GnPs. As seen in Table 2, the density of PP and all biocomposites was below 1 g/cm3. In comparison, 
another study found that utilization of 20 wt.% talc filler in a PP matrix resulted in composites with a density 
around 1.058 g/cm3, denser than the PP/BioC/GnP formulations43. Thus, substitution of traditional mineral fillers 
with BioC has the potential for weight reduction of fabricated parts.

Sample (PP/BioC/
MA-g-PP/GnP) MFI (g/10 min) Density (g/cm3)

Neat PP 55.48 ± 2.657 0.908 ± 0.004

80/20/0/0 19.10 ± 0.0453 0.985 ± 0.004

77/20/3/0 17.28 ± 0.059 0.988 ± 0.001

77/19.5/3/0.5 18.58 ± 0.161 0.984 ± 0.002

77/19/3/1 19.92 ± 0.13 0.984 ± 0.001

77/17/3/3 15.21 ± 0.02 0.989 ± 0.002

77/15/3/5 13.76 ± 0.10 0.994 ± 0.001

Table 2. MFI and density of neat PP and composites.
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thermal characterization. Thermogravimetric analysis (TGA). Thermal stability of the composites was 
analyzed through TGA testing, an extremely important property for automotive parts to ensure proper function 
over time. The results obtained are displayed in Fig. 5 and Table 3. Figure 5 shows the change in weight as tem-
perature was increased over time for neat PP, the compatibilized PP/BioC blend, and 3 wt.% GnP content. From 
this graph, the temperature at which 10 wt.% (T10) of the material had degraded and char yield were determined. 
Neat PP had a T10 of 419 °C, which increased to 438 °C for the compatibilized PP/BioC blend. GnP addition led to 
a minor increase, with 3 wt.% raising T10 to 444 °C, being the largest increase of all GnP blends tested. The right-
ward shift in Fig. 5 indicated that GnP inclusion resulted in more thermally stable composites, as chain scission 
and depolymerization occurred at higher temperatures44. BioC has strong thermal stability due to a loss of func-
tionality during the pyrolysis process7. GnP also lacks functional groups, confirmed through FTIR testing, that 
improve its stability. This was seen through the difference in char yield between neat PP and the biocomposites. 
Neat PP only had 0.1% material remaining following TGA heating, while BioC and GnP had close to 17% char 
yield as the majority of the BioC and GnPs persisted. This trend was also seen in PP/polyamide 6/BioC compos-
ites in a study conducted by Codou et al.14

The derivative weight of composites is also displayed in Fig. 5 and Table 3, with the peak corresponding to the 
temperature at which degradation occurred at a maximum rate. Neat PP had a maximum degradation temper-
ature of 451 °C, which increased to 461 °C in the compatibilized PP/BioC blend, and then further increased to 
469 °C on addition of 3 wt.% GnP. BioC particles dispersed in the PP matrix assisted with even heat distribution 
due to their thermal stability and resistance to degradation, as corroborated by a study of wood/PP/BioC com-
posites conducted by Das et al.28 Further increase in thermal stability through addition of GnPs was likely due to 
graphene’s barrier properties and its ability to remove antioxidants, which protected PP from oxidative degrada-
tion45. The ability of GnPs to act as a thermal conductor and their high surface area also served to help improve 
heat spread along the polymer matrix, and it is hypothesized that improved dispersion would increase thermal 
stability further. The decrease in maximum degradation temperature at 5 wt.% loading supports this, as SEM 
analysis in Fig. 2e shows large agglomeration of the nanofiller with other areas devoid of GnPs. Furthermore, the 
effect of addition of both GnPs and BioC on flame retardance in PP composites have been analyzed elsewhere. 
It was found that both fillers serve to form barriers against heat transport through hindrance of O2 movement. 
At similar loading levels, the peak heat release rate saw a significant decrease from addition of either filler, and 
indicates that the biocomposites in this study should benefit from higher flammability retardation as well46,47. 
Supplementary data on the thermal and electrical conductivity of the composites is found in Figure S4, illustrat-
ing the minor augmentation observed in both conductivities on inclusion of GnPs in the formulations. The small 

Figure 5. TGA (solid line) and derivative TGA curve (dashed line) of neat PP and composites.

Sample (PP/
BioC/MA-g-PP/
GnP)

TGA data DSC data

T10 (°C) Tmax. (°C)

First Heating Second Heating Cooling

Tm (°C) Xc (%) Tm (°C) Xc (%) Tc (°C)

Neat PP 418.6 ± 5.9 450.9 ± 1.8 167.8 ± 0.3 41.9 ± 0.1 164.6 ± 0.6 50.9 ± 0.4 121.5 ± 0.1

80/20/0/0 442.2 ± 1.4 463.8 ± 2.6 167.6 ± 1.8 43.6 ± 0.2 165.0 ± 0.1 51.9 ± 0.1 127.4 ± 0.5

77/20/3/0 438.1 ± 2.7 461.5 ± 1.5 167.4 ± 1.0 44.6 ± 0.2 164.9 ± 0.1 51.9 ± 0.4 126.9 ± 0.2

77/19.5/3/0.5 438.0 ± 0.6 461.4 ± 1.0 168.0 ± 0.2 45.1 ± 0.5 165.0 ± 0.1 52.4 ± 0.1 127.5 ± 0.3

77/19/3/1 439.7 ± 0.69 464.8 ± 0.1 166.7 ± 0.9 45.0 ± 0.4 165.2 ± 0.3 52.8 ± 0.4 128.2 ± 0.2

77/17/3/3 444.1 ± 0.19 468.6 ± 0.5 167.3 ± 0.1 45.3 ± 0.1 165.8 ± 0.4 53.0 ± 0.4 129.0 ± 0.1

77/15/3/5 438.6 ± 0.47 463.1 ± 0.3 166.8 ± 0.2 44.5 ± 0.3 165.7 ± 0.2 53.0 ± 0.1 129.9 ± 0.3

Table 3. TGA and DSC data of neat PP and composite samples. (*) T10 and Tmax. are the decomposition 
temperatures at 10 wt.% loss and the first derivatives peak, respectively, as determined through TGA 
measurements. Melting (Tm) and cooling (Tc) temperatures, as well as degree of crystallinity (Xc), were 
determined through DSC measurements of both the first and second heating scans.
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diameter of GnPs used was beneficial, as a recent study found smaller GnP size led to improved thermal stability 
of composites25.

Differential scanning calorimetry (DSC). The thermal characteristics were determined through DSC analysis, 
summarized in Fig. 6 and Table 3. Crystallinity was lower for all composites during the first heating ramp as pre-
vious thermal history had not been erased, resulting in a higher amorphous content compared to the second heat-
ing ramp. Crystallization temperature occurs at the peak during the cooling cycle, as seen in Fig. 6b. At this point, 
polymeric PP chains reorganized as the amorphous structure began crystallization. Neat PP had a Tc of 121.5 °C, 
which increased to 127.4 °C on addition of BioC. These results indicate that BioC acted as a nucleating agent for 
PP. Abdelwahab et al.2 showed that the incorporation of fillers such as talc, glass fiber and BioC increased the Tc of 
PP. This also indicated that use of BioC pyrolyzed at higher temperatures could prove more effective in raising Tc, 
as this BioC has a higher ash content. To a lesser extent, incorporation of GnPs also raised Tc, showing that they 
also served as nucleating agents. The morphology of GnPs gives a large surface area for crystallization to occur 
at relatively higher temperatures, and this trend had also been found in PP/GnP composites studied elsewhere25. 
However, the effect was less pronounced than addition of BioC, probably due to agglomeration of GnPs, as this 
would reduce the surface area available for crystallization to occur.

In both the first and second heating cycles, crystallinity had a minor increase with addition of BioC and the 
subsequent incorporation of GnPs. However, based on the filler content, this is rather insignificant, as in the sec-
ond heating cycle neat PP crystallinity increased from 51% to around 53% in the 3 wt.% GnP composite. Likewise, 
melting temperature remained relatively invariant on addition of fillers and compatibilizer, as seen in Fig. 6a. The 
melting peak of neat PP was seen around 168 °C, which corresponds to the α-crystalline phase of PP2. As Tm is 
largely dependent on the forms of crystals present, these results indicate that neither BioC nor GnP significantly 
affected crystal type. GnPs have been seen to cause β-crystal formation in PP composites that are characterized 
by a secondary melting peak between 150–160 °C, but in insignificant amounts and as such do not affect Tm

25. The 
formulations tested in this study showed no sign of a secondary melting peak.

thermomechanical characterization of composites. Heat deflection temperature (HDT). HDT is 
another important material characteristic for automotive applications as it describes heat resistance to a speci-
fied load. HDT values of PP and all biocomposites are displayed in Fig. 7. The HDT of neat PP was 90 °C, which 

Figure 6. DSC of (a) second heating and (b) cooling curve of neat PP and composites.

Figure 7. HDT of neat PP and composites.
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dramatically increased to 112 °C on inclusion of BioC. A similar result was found by a study looking at polyamide 
6/BioC composites12,15. BioC particles restricted PP chain mobility, limiting material deformation when subjected 
to a force. Incorporation of compatibilizer served to lower HDT, as expected from its rubbery nature and the low-
ered tensile modulus of this formulation. However, once GnP was added to the compatibilized PP/BioC blend, 
increasing loading led to a relatively linear increase in HDT. GnP led to enhancement of modulus, explaining the 
subsequent increase in HDT, as this material also served to block chain mobility of PP. These HDT findings are 
supported by a similar study by Idumah et al.36

Coefficient of linear thermal expansion (CLTE). CLTE describes the rate of change of material size with varying 
temperature and gives insight into the dimensional stability of the material. CLTE is typically evaluated in two 
distinct regions, the glassy and rubbery states. At lower temperatures in the glassy state, there is a lack of molecu-
lar motion, while motion of polymeric chains in the rubbery state is more frequent due to the higher temperature. 
As such, the rubbery state has a higher CLTE, since chain movement is less restricted and expansion is easier. The 
glassy state of PP and biocomposites was measured from −30 to 30 °C, and the rubbery state was analyzed from 
−30 to 100 °C, as per ASTM D696. Between these two states lies the glass transition temperature (Tg), described 
as an area of polymer matrix relaxation and an increase in free volume. While not measured in this study, different 
forms of PP (isotactic, atactic, and syndiotactic) have a glass transition region ranging from −20 to 0 °C, but can 
vary up to ~15 °C depending on the grade15. A recent study by Abdelwahab et al.2 found that the glass transition 
for grade PP1350N was 15.7 °C according to tan δ curves obtained through dynamic mechanical analysis. Thus, 
to follow ASTM standards for PP, the data collected includes the glass transition and does not solely describe the 
glassy and rubbery states, but rather serves as a comparison in trends between formulations tested. Both normal 
direction (ND) and flow direction (FD) were tested in this study and results can be found in Fig. 8a,b, respectively.

Many polymers have a high CLTE, an undesirable property for automotive parts. Neat PP had a CLTE from 
−30 to 30 °C in the ND of 109 µm/(m· °C), which was lowered by 18.5% to 88.6 µm/(m· °C) upon addition of 
BioC. Addition of compatibilizer and GnP led to subsequent decreases, but only by 2.5% and 1%, respectively. A 
similar trend was also seen from −30 to 100 °C in the rubbery region, as well as both measurements in the FD. 
One noticeable difference in the FD was that addition of GnP led to a more significant decrease in CLTE. In the 
compatibilized PP/BioC blend, CLTE was diminished by 7.6% on addition of 3 wt.% GnP, a change from 88.3 µm/
(m· °C) to 81.6 µm/(m· °C) as measured from −30 to 100 °C. This data suggests that BioC acted to constrain 
polymer movement due to its high available surface area and dispersion within the matrix, supported by other 
recent studies2,14,15. Addition of MA-g-PP compatibilizer further reduced CLTE through improvement of bonding 
between PP and BioC particles. Similarly, GnPs served to lower CLTE due to their high available surface area and 
low coefficient of thermal expansion36. The greater improvement in the FD suggested higher GnP alignment in 
the direction of polymer flow during the molding process, as this would expose a larger surface area to restrict 
chain movement.

conclusions
Compatibilized PP/BioC/GnP composites were prepared through injection molding, and the effect of varying 
GnP content was analyzed. Morphological analysis highlighted the presence of voids and a lack of adhesion in the 
PP/BioC composite, which was improved through addition of compatibilizer. There was evidence of significant 
agglomeration of GnPs in the compatibilized PP/BioC matrix due to adsorption of moisture and intermolecular 
forces between platelets, which was reinforced by mechanical and thermal data. Addition of compatibilizer and 
GnP improved tensile and flexural strength of the 20 wt.% BioC composites, as well as both moduli by ~41% and 
~21%, respectively. However, GnP addition had no significant effect on impact strength. It was determined that 3 
wt.% loading of GnP led to optimal properties, but the effect of this nanomaterial was limited due to agglomera-
tion. BioC and GnPs both served to improve the thermal stability of the composites, as seen through TGA anal-
ysis, by ensuring even heat distribution. DSC testing showed that crystal type and overall crystallinity remained 
relatively constant on addition of both fillers, but they did serve to improve crystallization temperature, indicating 
that they were possible nucleating agents. The HDT of neat PP was significantly improved by incorporation of 
both BioC and GnPs due to restricted chain mobility, with the optimized blend having a 29.5% increase. The 

Figure 8. CLTE of neat PP and composites, measured both in (a) the normal direction (ND) and (b) the flow 
direction (FD).
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dimensional stability of composites was also analyzed, which both fillers improved by lowering CLTE through 
constraining polymer movement. Overall, these composites have the potential to benefit the automotive field, as 
almost all thermal and mechanical properties saw improvement beyond the neat polymer. Additionally, these for-
mulations had a higher biocontent and lower density compared to mineral filled PP composites, thereby reducing 
dependence on petroleum products.

experimental
Materials. The soyhull meal used was purchased locally from Nieuwland Feed & Supply Ltd. based in Elora 
(Ontario, Canada). The chemical composition of the soyhull meal consisted of 5% cellulose, 15% hemicellulose, 
2% lignin, 44% acid detergent fiber, 10% crude protein, ash content below 5% and trace minerals. Acid detergent 
fiber is primarily comprised of cellulose, and to a lesser extent, lignin and silica. Thus, the true cellulose content is 
likely closer to the average 20% for soybean hulls48.

Polypropylene (PP), grade PP1350N, was purchased from Pinnacle Polymers, USA. It was characterized by 
an MFI of 55 g/10 min, notched Izod impact strength of 25.9 J/m, density of 0.9 g/cm3, and elongation at yield of 
9%, which coincides well with the technical data sheet. The MA-g-PP compatibilizer, under the commercial grade 
Fusabond P353, was acquired from Dupont (NC, USA). It had a density of 0.904 g/cm3 and MFI of 22.4 g/10 min, 
as described by the technical data sheet. The nano-filler used in this work was M5 GnPs supplied by XG Sciences 
(Lansing, USA), characterized by a surface area of 120 to 150 m2/g, thickness between 6 to 8 nm and average par-
ticle diameter of 5 µm, as indicated on the technical data sheet. Its structure had short stacks of graphene sheets 
that came together to form a platelet shape.

Bioc preparation. The soyhull meal was pretreated by drying at 80 °C for a minimum of 24 h prior to pyrol-
ysis until a moisture content below 2 wt.% was achieved, as measured by a moisture analyzer. Pyrolysis of the 
fibers was conducted in a Carbolite GLO 10/11–1 G industrial front loading retort furnace with a horizontal 
configuration. Approximately 1 kg of soyhull meal was put in a steel vessel and then placed in the furnace. Once 
closed, the furnace atmosphere was flushed with nitrogen gas to create an inert atmosphere. A heating rate of 
7.5 °C·min−1 was employed to reach the set operating temperature of 500 °C. This temperature was maintained 
for a residence time of 60 minutes, at which point the furnace was cooled to room temperature prior to removal 
of the sample. The low temperature BioC was then collected and ball milled using a Pulverisette 5 (Fritsch GmbH 
Idar-Oberstein, Germany), for two hours in alternating 30 minute forward and reverse rotation cycles. This pro-
cess was performed with 354 g of zirconium oxide balls and 65 g of BioC per chamber, with a total of 4 chambers. 
The samples were collected following ball milling and left to cool for a minimum of one day. The BioC did not 
undergo sieving prior to incorporation into composites.

Biocomposites fabrication. Prior to composite fabrication, all materials except the hydrophobic PP pel-
lets were dried at 85 °C for a minimum of 24 hours to prevent moisture absorption that could lead to hydrolysis 
reactions. Composites were prepared in the proportions indicated in Table 4. To improve surface adhesion of 
BioC and PP, the compatibilizer MA-g-PP at 3 wt.% was employed. Flexural, tensile and impact samples for each 
formulation were prepared through melt processing in a Xplore MC 15 Micro-compounder (Netherlands) at 
180 °C, a screw speed of 100 rpm and a residence time of 2 minutes, followed by moulding in a 12cc micro injec-
tion moulding machine at 30 °C and 10 bar for 20 s.

Mechanical analysis. Flexural and tensile tests for the composites were carried out on a Universal Testing 
instrument, Instron Model 3382 (USA). Tensile properties of neat PP were measured following ASTM D638 with 
type 4 specimens at a rate of 50 mm/min, while all the composites were tested at 5 mm/min in order to conform 
to the ASTM standard. This standard dictated that the sample must break between 30 seconds and 5 minutes 
during the testing process. All samples underwent flexural testing following ASTM D790 at a crosshead speed 
of 14 mm/min. Impact samples were notched directly after processing using a notching cutter (TMI, USA) and 
left for 48 hours, as required by ASTM D256. Notched Izod impact strength was measured by a Monitor impact 
tester, HIT25P Plus (Zwick/Roell) with a hammer pendulum of 2.75 J. All mechanical data used 5 samples for 
each measurement.

Scanning electron microscopy (SeM) analysis. Prior to imaging, flexural bars were placed in liquid 
nitrogen for 5 minutes and then fractured using a Monitor impact tester. The cryo-fractured biocomposites were 

Sample (PP/
BioC/MA-g-PP/
GnP)

PP 
(Wt.%)

BioC 
(Wt.%)

MA-g-PP 
(Wt.%)

GnP 
(Wt.%)

Neat PP 100 0 0 0

80/20/0/0 80 20 0 0

77/20/3/0 77 20 3 0

77/19.5/3/0.5 77 19.5 3 0.5

77/19/3/1 77 19 3 1

77/17/3/3 77 17 3 3

77/15/3/5 77 15 3 5

Table 4. Sample designations and component proportions of the composites.
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analyzed using a Phenom ProX (Netherlands) microscope. Accelerating voltage of 15 kV was applied for all com-
posite imaging. The impact fracture surface was sputter coated with gold for 10 seconds prior to imaging.

Atomic force microscopy (AfM) analysis. Prior to AFM imaging, injection moulded samples were 
microtomed through use of a Leica ultramicrotome to produce a flat sample surface. Measurements were 
performed on a Bruker AFM instrument Multimode 8 (Billerica, USA) utilizing the peak force quantitative 
nano-mechanical mode. Analysis of imaging was performed using Nanoscope software.

transmission electron microscopy (teM). GnP nanoparticles were examined through use of a Jeol 
2010F microscope operated with an accelerating voltage of 200 kV. Prior to analysis, composite samples were 
prepared through collection of thin fragments from use of the Leica ultramicrotome. To allow tunneling to occur, 
sample width aimed to be below 100 nm during preparation.

fourier transform infrared spectroscopy (ftiR). A Nicolet 6700 ATR-FTIR (Thermo Scientific, USA) 
was used to collect the spectra of powder samples and analyzed using OMNIC spectra software analysis. The 
spectra were collected using 64 scans per sample with a resolution of 4 cm−1.

TGA-FTIR. A TA 5500 thermogravimetric analyzer system coupled with a Thermo Scientfic Nicolet iS20 
Mid-Infrared FT-IR spectrometer was employed to conduct TGA-FTIR analysis. The chamber was put under a 
nitrogen atmosphere, set at a flow rate of 50 ml/min. Roughly 10 mg of soyhull fiber was heated at a rate of 20 °C/
min from room temperature to 900 °C.

thermal analysis. Determination of melt temperature (Tm), crystallization temperature (Tc) and crystallin-
ity (Xc) of neat PP and the biocomposites was carried out with a DSC Q200 analyser, TA Instruments. Between 
7–12 mg of specimen was loaded into a 40 µL aluminum pan and introduced into nitrogen gas at a flow rate of 
50 mL/min. A heat/cool/heat cycle was employed, where the sample was equilibrated at −60 °C and heated at 
10 °C/min to 210 °C, at which point it was cooled back down to −60 °C at a rate 10 °C/min and then reheated to 
210 °C at the same rate. For each measurement, two samples were tested. Crystallinity was calculated using [Eq. 
(1)]

=
Δ

− ∅ Δ
⁎⁎X H

H(1 )
100

(1)c
m

m

where ΔHm is the measured melting enthalpy (J/g) in the DSC experiment, calculated as the integral of the fusion 
peak, φ is the weight fraction of reinforcing agent in the composite, and ΔHm

* is the theoretical melting enthalpy 
of 100% crystalline PP (207.1 J/g)2.

Thermogravimetric analysis was performed on a TGA Q500 analyzer, TA Instruments. Between 10–15 mg of 
sample was added to a platinum pan and heated to 850 °C at a rate of 10 °C/min under a nitrogen flow of 60 mL/
min. Two specimens were tested for every measurement.

thermomechanical analysis. Heat deflection temperature (HDT) tests were performed on a Dynamic 
Mechanical Analyzer (DMA) Q800, TA Instruments. ASTM D648 was followed for all testing, with a load of 
0.455 MPa and a heating rate of 2 °C/min using a three-point bending cantilever. Two samples were tested for 
each HDT measurement.

Determination of the coefficient of linear thermal expansion (CLTE) was performed using a ramp rate of 5 °C/
min and a force of 0.05 N on a Thermomechanical Analyzer (TMA) Q400, TA Instruments. The sample was first 
heated to 80 °C starting from −60 °C, and then cooled back down to −60 °C. The displacement change was then 
recorded as the sample was heated to 130 °C. Both the normal and flow directions were tested using expansion 
mode, with specimen dimensions of 3.2 mm/6.0 mm/6.0 mm. A nitrogen flow rate of 50 mL/min was employed, 
and two specimens were tested for every measurement. CLTE was calculated according to [Eq. (2)]:

α Δ Δ= L L T/ (2)o

where α is the coefficient of linear thermal expansion, ΔL is the change in length due to heating, Lo is the speci-
men length at room temperature, and ΔT is the temperature change tested in the experiment ( °C).

Melt flow index (MFI). The MFI of neat PP and all biocomposites was conducted on a Melt Flow Indexer 
(Model 2000A, Qualitest) following ASTM D1238. Tests were conducted at 230 °C using a load of 2.16 kg.

Density. Densities of all specimens were performed on a MD-300S Densimeter (Alfa Mirage, Japan). As the 
samples floated in water, the Archimedes principle was utilized to determine density by using a sinker to keep 
samples under water during measurements.

thermal conductivity. A Hot-Disk TPS 500 Thermal Constants Analyzer from ThermTest, Inc. (Canada) 
was used to measure thermal conductivity, based on the transient plane source method with a Kapton disk sensor. 
Test parameters included a heating power of 120 mW and a measurement time of 40 s and is present in Fig. S5a.

electrical conductivity. The electrical conductivity of the sample formulations was measured at room tem-
perature with a two-probe method in the normal direction with an Autolab PGSTAT302N (Metrohm Autolab 
B.V, Netherlands). Nova 1.8.17 software was used to measure the current over a potential range from −5 to 5 V, 
followed by determination of the slope from the IV curve. The IV curve was linear but contained significant 
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variable signal-to-noise due to the low conductivity of the samples. As such, conductance was calculated based on 
Ohm’s law and converted to conductivity according to sample dimensions to allow for easy interpretation. This 
data can be seen in Fig. S5b.

Received: 12 February 2020; Accepted: 28 May 2020;
Published: xx xx xxxx

References
 1. Palmen, N. in Meeting the automotive industry’s recycling challenges Vol. 198, 2–53. www.ai-online.com, (Oct. 2019).
 2. Abdelwahab, M. A., Rodriguez-Uribe, A., Misra, M. & Mohanty, A. K. Injection Molded Novel Biocomposites from Polypropylene 

and Sustainable Biocarbon. Molecules 24, 4026 (2019).
 3. Verma, R., Vinoda, K. S., Papireddy, M. & Gowda, A. N. S. Toxic Pollutants from Plastic Waste- A Review. Procedia Environmental 

Sciences 35, 701–708, https://doi.org/10.1016/j.proenv.2016.07.069 (2016).
 4. Plastics Europe. https://www.plasticseurope.org (2019).
 5. Bridgwater, A. V. Production of high grade fuels and chemicals from catalytic pyrolysis of biomass. Catalysis Today 29, 285–295, 

https://doi.org/10.1016/0920-5861(95)00294-4 (1996).
 6. Jubinville, D., Abdelwahab, M., Mohanty, A. K. & Misra, M. Comparison in composite performance after thermooxidative aging of 

injection molded polyamide 6 with glass fiber, talc, and a sustainable biocarbon filler. Journal of Applied Polymer Science 137, 
48618–48631, https://doi.org/10.1002/app.48618 (2019).

 7. Quosai, P., Anstey, A., Mohanty, A. K. & Misra, M. Characterization of biocarbon generated by high- and low-temperature pyrolysis 
of soy hulls and coffee chaff: for polymer composite applications. Royal Society Open Science 5, 171970, https://doi.org/10.1098/
rsos.171970 (2018).

 8. Chen, Y., Zhang, X., Chen, W., Yang, H. & Chen, H. The structure evolution of biochar from biomass pyrolysis and its correlation 
with gas pollutant adsorption performance. Bioresource Technology 246, 101–109, https://doi.org/10.1016/j.biortech.2017.08.138 
(2017).

 9. Nan, N., DeVallance, D. B., Xie, X. & Wang, J. The effect of bio-carbon addition on the electrical, mechanical, and thermal properties 
of polyvinyl alcohol/biochar composites. Journal of Composite Materials 50, 1161–1168, https://doi.org/10.1177/0021998315589770 
(2016).

 10. Inyang, M. & Dickenson, E. The potential role of biochar in the removal of organic and microbial contaminants from potable and 
reuse water: A review. Chemosphere 134, 232–240, https://doi.org/10.1016/j.chemosphere.2015.03.072 (2015).

 11. Behazin, E., Misra, M. & Mohanty, A. K. Sustainable biocarbon from pyrolyzed perennial grasses and their effects on impact 
modified polypropylene biocomposites. Composites Part B: Engineering 118, 116–124, https://doi.org/10.1016/j.
compositesb.2017.03.003 (2017).

 12. Ogunsona, E. O., Codou, A., Misra, M. & Mohanty, A. K. Thermally Stable Pyrolytic Biocarbon as an Effective and Sustainable 
Reinforcing Filler for Polyamide Bio-composites Fabrication. J Polym Environ 26, 3574–3589, https://doi.org/10.1007/s10924-018-
1232-5 (2018).

 13. Brewer, C. E., Schmidt-Rohr, K., Satrio, J. A. & Brown, R. C. Characterization of biochar from fast pyrolysis and gasification systems. 
Environmental Progress & Sustainable Energy 28, 386–396, https://doi.org/10.1002/ep.10378 (2009).

 14. Codou, A., Misra, M. & Mohanty, A. K. Sustainable biocarbon reinforced nylon 6/polypropylene compatibilized blends: Effect of 
particle size and morphology on performance of the biocomposites. Composites Part A: Applied Science and Manufacturing 112, 
1–10, https://doi.org/10.1016/j.compositesa.2018.05.018 (2018).

 15. Abdelwahab, M., Codou, A., Anstey, A., Mohanty, A. K. & Misra, M. Studies on the dimensional stability and mechanical properties 
of nanobiocomposites from polyamide 6-filled with biocarbon and nanoclay hybrid systems. Composites Part A: Applied Science and 
Manufacturing 129, 105695, https://doi.org/10.1016/j.compositesa.2019.105695 (2020).

 16. Sombatsompop, N., Yotinwattanakumtorn, C. & Thongpin, C. Influence of type and concentration of maleic anhydride grafted 
polypropylene and impact modifiers on mechanical properties of PP/wood sawdust composites. Journal of Applied Polymer Science 
97, 475–484, https://doi.org/10.1002/app.21765 (2005).

 17. Yuan, W., Guo, M., Miao, Z. & Liu, Y. Influence of maleic anhydride grafted polypropylene on the dispersion of clay in polypropylene/
clay nanocomposites. Polymer Journal 42, 745–751, https://doi.org/10.1038/pj.2010.68 (2010).

 18. Maldhure, A. V., Ekhe, J. D. & Deenadayalan, E. Mechanical properties of polypropylene blended with esterified and alkylated lignin. 
Journal of Applied Polymer Science 125, 1701–1712, https://doi.org/10.1002/app.35633 (2012).

 19. Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene. Science 
321, 385–388, https://doi.org/10.1126/science.1157996 (2008).

 20. Dasari, B. L., Nouri, J. M., Brabazon, D. & Naher, S. Graphene and derivatives – Synthesis techniques, properties and their energy 
applications. Energy 140, 766–778, https://doi.org/10.1016/j.energy.2017.08.048 (2017).

 21. Cooper, C. J., Abdelwahab, M. A., Mohanty, A. K. & Misra, M. Hybrid Green Bionanocomposites of Bio-based Poly(butylene 
succinate) Reinforced with Pyrolyzed Perennial Grass Microparticles and Graphene Nanoplatelets. ACS Omega 4, 20476–20485, 
https://doi.org/10.1021/acsomega.9b01771 (2019).

 22. Asgharzadeh, H. & Eslami, S. Effect of reduced graphene oxide nanoplatelets content on the mechanical and electrical properties of 
copper matrix composite. Journal of Alloys and Compounds 806, 553–565, https://doi.org/10.1016/j.jallcom.2019.07.183 (2019).

 23. Cataldi, P., Athanassiou, A. & Bayer, I. S. Graphene Nanoplatelets-Based Advanced Materials and Recent Progress in Sustainable 
Applications. Applied Sciences 8, 1438 (2018).

 24. Um, J. G. et al. Investigation of the size effect of graphene nano-platelets (GnPs) on the anti-corrosion performance of polyurethane/
GnP composites. RSC Advances 8, 17091–17100, https://doi.org/10.1039/C8RA02087F (2018).

 25. Jun, Y. S., Um, J. G., Jiang, G. & Yu, A. A study on the effects of graphene nano-platelets (GnPs) sheet sizes from a few to hundred 
microns on the thermal, mechanical, and electrical properties of polypropylene (PP)/GnPs composites. Express Polymer Letters 12, 
885–897, https://doi.org/10.3144/expresspolymlett.2018.76 (2018).

 26. de Sousa, D. E. S., Scuracchio, C. H., de Oliveira Barra, G. M. & Lucas, A. d. A. In Multifunctionality of Polymer Composites. eds Klaus 
Friedrich & Ulf Breuer. 245–261 William Andrew Publishing (2015).

 27. Sheshmani, S., Ashori, A. & Arab Fashapoyeh, M. Wood plastic composite using graphene nanoplatelets. Int J Biol Macromol 58, 1–6, 
https://doi.org/10.1016/j.ijbiomac.2013.03.047 (2013).

 28. Das, O., Sarmah, A. K. & Bhattacharyya, D. A novel approach in organic waste utilization through biochar addition in wood/
polypropylene composites. Waste Management 38, 132–140, https://doi.org/10.1016/j.wasman.2015.01.015 (2015).

 29. Munz, M., Giusca, C. E., Myers-Ward, R. L., Gaskill, D. K. & Kazakova, O. Thickness-Dependent Hydrophobicity of Epitaxial 
Graphene. Acs Nano 9, 8401–8411, https://doi.org/10.1021/acsnano.5b03220 (2015).

 30. Dios, J. R., García-Astrain, C., Costa, P., Viana, J. C. & Lanceros-Méndez, S. Carbonaceous Filler Type and Content Dependence of 
the Physical-Chemical and Electromechanical Properties of Thermoplastic Elastomer Polymer Composites. Materials 12, 1405 
(2019).

 31. Kardashev, B. K., Orlova, T. S., Smirnov, B. I., Wilkes, T. E. & Faber, K. T. Young’s modulus and internal friction in porous biocarbon 
white pine wood precursors. Physics of the Solid State 51, 2463, https://doi.org/10.1134/S1063783409120063 (2009).

https://doi.org/10.1038/s41598-020-66855-4
http://www.ai-online.com
https://doi.org/10.1016/j.proenv.2016.07.069
https://www.plasticseurope.org
https://doi.org/10.1016/0920-5861(95)00294-4
https://doi.org/10.1002/app.48618
https://doi.org/10.1098/rsos.171970
https://doi.org/10.1098/rsos.171970
https://doi.org/10.1016/j.biortech.2017.08.138
https://doi.org/10.1177/0021998315589770
https://doi.org/10.1016/j.chemosphere.2015.03.072
https://doi.org/10.1016/j.compositesb.2017.03.003
https://doi.org/10.1016/j.compositesb.2017.03.003
https://doi.org/10.1007/s10924-018-1232-5
https://doi.org/10.1007/s10924-018-1232-5
https://doi.org/10.1002/ep.10378
https://doi.org/10.1016/j.compositesa.2018.05.018
https://doi.org/10.1016/j.compositesa.2019.105695
https://doi.org/10.1002/app.21765
https://doi.org/10.1038/pj.2010.68
https://doi.org/10.1002/app.35633
https://doi.org/10.1126/science.1157996
https://doi.org/10.1016/j.energy.2017.08.048
https://doi.org/10.1021/acsomega.9b01771
https://doi.org/10.1016/j.jallcom.2019.07.183
https://doi.org/10.1039/C8RA02087F
https://doi.org/10.3144/expresspolymlett.2018.76
https://doi.org/10.1016/j.ijbiomac.2013.03.047
https://doi.org/10.1016/j.wasman.2015.01.015
https://doi.org/10.1021/acsnano.5b03220
https://doi.org/10.1134/S1063783409120063


13Scientific RepoRtS |        (2020) 10:10714  | https://doi.org/10.1038/s41598-020-66855-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 32. Nerenz, B., Fuqua, M., Chevali, V. & Ulven, C. Processing and Characterization of a Polypropylene Biocomposite Compounded with 
Maleated and Acrylated Compatibilizers. International Journal of Polymer Science Paper 2012, 1–7, https://doi.
org/10.1155/2012/472078 (2012).

 33. Kalaitzidou, K., Fukushima, H. & Drzal, L. T. Mechanical properties and morphological characterization of exfoliated 
graphite–polypropylene nanocomposites. Composites Part A: Applied Science and Manufacturing 38, 1675–1682, https://doi.
org/10.1016/j.compositesa.2007.02.003 (2007).

 34. Wang, H. et al. Studies on the mechanism for the sudden mechanical property drops of graphene/polymer nanocomposites. 
Polymers for Advanced Technologies 31, 786–794, https://doi.org/10.1002/pat.4814 (2020).

 35. Mantia, F. P. L., Ceraulo, M., Giacchi, G., Mistretta, M. C. & Botta, L. Effect of a Compatibilizer on the Morphology and Properties 
of Polypropylene/Polyethylentherephthalate Spun Fibers. Polymers 9, 47 (2017).

 36. Idumah, C. I. & Hassan, A. Characterization and preparation of conductive exfoliated graphene nanoplatelets kenaf fibre hybrid 
polypropylene composites. Synthetic Metals 212, 91–104, https://doi.org/10.1016/j.synthmet.2015.12.011 (2016).

 37. Charles, A. H. Handbook of Plastics, Elastomers, and Composites, Fourth Edition. 4th ed. edn, McGraw-Hill Education (2002).
 38. Bao, C. et al. On the dispersion systems of graphene-like two-dimensional materials: From fundamental laws to engineering 

guidelines. Carbon 107, 774–782, https://doi.org/10.1016/j.carbon.2016.06.097 (2016).
 39. Bajwa, D. S. et al. Characterization of bio-carbon and ligno-cellulosic fiber reinforced bio-composites with compatibilizer. 

Construction and Building Materials 204, 193–202, https://doi.org/10.1016/j.conbuildmat.2019.01.068 (2019).
 40. Eswaraiah, V., Sankaranarayanan, V. & Ramaprabhu, S. Graphene-Based Engine Oil Nanofluids for Tribological Applications. Acs 

Appl Mater Inter 3, 4221–4227, https://doi.org/10.1021/am200851z (2011).
 41. Altay, L. et al. Synergistic effects of graphene nanoplatelets in thermally conductive synthetic graphite filled polypropylene 

composite. Polymer Composites 40, 277–287, https://doi.org/10.1002/pc.24643 (2019).
 42. Kim, K.-S. et al. Chemical Vapor Deposition-Grown Graphene: The Thinnest Solid Lubricant. ACS Nano 5, 5107–5114, https://doi.

org/10.1021/nn2011865 (2011).
 43. Leong, Y. W., Ishak, Z. A. M. & Ariffin, A. Mechanical and thermal properties of talc and calcium carbonate filled polypropylene 

hybrid composites. Journal of Applied Polymer Science 91, 3327–3336, https://doi.org/10.1002/app.13543 (2004).
 44. Davis, T. E., Tobias, R. L. & Peterli, E. B. Thermal degradation of polypropylene. Journal of Polymer Science 56, 485–499, https://doi.

org/10.1002/pol.1962.1205616420 (1962).
 45. Zhao, S., Chen, F., Huang, Y., Dong, J.-Y. & Han, C. C. Crystallization behaviors in the isotactic polypropylene/graphene composites. 

Polymer 55, 4125–4135, https://doi.org/10.1016/j.polymer.2014.06.027 (2014).
 46. Das, O., Bhattacharyya, D., Hui, D. & Lau, K.-T. Mechanical and flammability characterisations of biochar/polypropylene 

biocomposites. Composites Part B: Engineering 106, 120–128, https://doi.org/10.1016/j.compositesb.2016.09.020 (2016).
 47. Dittrich, B., Wartig, K.-A., Hofmann, D., Mülhaupt, R. & Schartel, B. Flame retardancy through carbon nanomaterials: Carbon 

black, multiwall nanotubes, expanded graphite, multi-layer graphene and graphene in polypropylene. Polymer Degradation and 
Stability 98, 1495–1505, https://doi.org/10.1016/j.polymdegradstab.2013.04.009 (2013).

 48. Snyder, H. E. & Kwon, T. W. Soybean Utilization. Springer Netherlands (1987).

Acknowledgements
The authors are thankful for the financial support of (i) the Ontario Ministry of Agriculture, Food and Rural 
Affairs (OMAFRA)/University of Guelph – Bioeconomy for Industrial Uses Research Program (Project #030332); 
(ii) the OMAFRA-University of Guelph Gryphon’s LAAIR Program (Project # 298636); (iii) the Natural Sciences 
and Engineering Research Council (NSERC), Canada Discovery Grants (Project #400320 and 401111); (iv) the 
Ontario Research Fund, Research Excellence Program; Round 7 (ORF-RE07) from the Ontario Ministry of 
Research, Innovation and Science (MRIS) (Project #052644 and 052665) in carrying out this research.

Author contributions
Amar K. Mohanty, Hamdy Kahlil and Manjusri Misra designed the study and supervised the project. Ethan Watt, 
Mohamed Abdelwahab and Michael Snowdon conducted the experimental work. All authors contributed to the 
data analysis, discussion, reviews and approval of the manuscript for publication.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66855-4.
Correspondence and requests for materials should be addressed to A.K.M. or M.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-66855-4
https://doi.org/10.1155/2012/472078
https://doi.org/10.1155/2012/472078
https://doi.org/10.1016/j.compositesa.2007.02.003
https://doi.org/10.1016/j.compositesa.2007.02.003
https://doi.org/10.1002/pat.4814
https://doi.org/10.1016/j.synthmet.2015.12.011
https://doi.org/10.1016/j.carbon.2016.06.097
https://doi.org/10.1016/j.conbuildmat.2019.01.068
https://doi.org/10.1021/am200851z
https://doi.org/10.1002/pc.24643
https://doi.org/10.1021/nn2011865
https://doi.org/10.1021/nn2011865
https://doi.org/10.1002/app.13543
https://doi.org/10.1002/pol.1962.1205616420
https://doi.org/10.1002/pol.1962.1205616420
https://doi.org/10.1016/j.polymer.2014.06.027
https://doi.org/10.1016/j.compositesb.2016.09.020
https://doi.org/10.1016/j.polymdegradstab.2013.04.009
https://doi.org/10.1038/s41598-020-66855-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hybrid biocomposites from polypropylene, sustainable biocarbon and graphene nanoplatelets
	Results and discussion
	Characterization of powder samples. 
	Composite morphology. 
	Mechanical properties. 
	Physical analysis of composites. 
	Melt flow index (MFI). 
	Density. 

	Thermal characterization. 
	Thermogravimetric analysis (TGA). 
	Differential scanning calorimetry (DSC). 

	Thermomechanical characterization of composites. 
	Heat deflection temperature (HDT). 
	Coefficient of linear thermal expansion (CLTE). 


	Conclusions
	Experimental
	Materials. 
	BioC preparation. 
	Biocomposites fabrication. 
	Mechanical analysis. 
	Scanning electron microscopy (SEM) analysis. 
	Atomic force microscopy (AFM) analysis. 
	Transmission electron microscopy (TEM). 
	Fourier transform infrared spectroscopy (FTIR). 
	TGA-FTIR. 
	Thermal analysis. 
	Thermomechanical analysis. 
	Melt flow index (MFI). 
	Density. 
	Thermal conductivity. 
	Electrical conductivity. 

	Acknowledgements
	Figure 1 (a) 3D surface plot of soyhull fiber generated by TGA-FTIR analysis for evolved gas products during heating and (b) relative amounts of volatiles generated.
	Figure 2 SEM micrographs of cryo-fractured composites for (a) the uncompatibilized blend (80/20/0/0) and (b) in the presence of compatibilizer (77/20/3/0), with BioC/matrix interactions circled.
	Figure 3 TEM image of PP/BioC/MA-g-PP/GnP (77/17/3/3) composite, with stacked GnP sheets identified at two different magnifications (a,b).
	Figure 4 (a) Tensile strength and modulus, (b) flexural strength and modulus, (c) notched Izod impact strength and elongation at yield of neat PP and composites.
	Figure 5 TGA (solid line) and derivative TGA curve (dashed line) of neat PP and composites.
	Figure 6 DSC of (a) second heating and (b) cooling curve of neat PP and composites.
	Figure 7 HDT of neat PP and composites.
	Figure 8 CLTE of neat PP and composites, measured both in (a) the normal direction (ND) and (b) the flow direction (FD).
	Table 1 Measured characteristics of the BioC and GnP powders used.
	Table 2 MFI and density of neat PP and composites.
	Table 3 TGA and DSC data of neat PP and composite samples.
	Table 4 Sample designations and component proportions of the composites.




