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Abstract 

We engineered advanced biocarbon through pyrolysis of forestry waste (wood chips), agricultural 
waste (corn cob), energy crops (Miscanthus grass), proteinaceous material (chicken feather) and 
food waste (crab shell and shrimp shell). The developed sustainable fillers on reinforcement with 
polypropylene (PP) result in the development of light-weight biocomposites. Through reactive 
extrusion followed by injection molding the test samples were made for their performance 
evaluations. The biocarbon developed in the range of 500-600 °C present functionality over 
carbon surface unlike those made at > 900 °C pyrolysis temperature. High temperature biocarbon 
(~ 900 °C) showed improved interfacial adhesion towards polypropylene (which is a hydrophobic 
plastic). Biocomposites manufactured with high temperature-made biocarbon exhibited higher 
modulus as compared to low-temperature made counterpart. Again, the use of maleated-g-
polypropylene (MA-g-PP) helped in improving the overall performance of the developed 
biocomposites. The particle size reduction of biocarbon has a profound effect on the performance 
of the resulting composites. The combination of particle size reduction with the maleated coupling 
agent has a dramatic bonding effect thus on the performance of the resulting biocomposites. The 
developed biocomposites with 27 wt.% sustainable biocarbon fillers showed density of ~ 1 g/cm3 
making those quite lighter as compared to mineral-filled counterparts. Such light biocomposites 
from waste resources show significant potential in the development of light-weight auto-parts. 
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Introduction 

Polypropylene reinforced with mineral fillers and fibers are composites commonly used in the 
automotive industry. Mineral talc and glass fibers are used to improve the stiffness as well as 
thermal properties like the heat deflection temperature and thermal-dimensional stability. Many 
polypropylene-based composites are manufactured by two-step processing, i.e., melt-extrusion 
followed by injection molding. This combined technology is simple and cost-effective and allows 
the production of materials with intricated shapes [1]. 

In general, the properties of these composites are governed by several factors related to the 
fillers/fibers and matrix properties. The most evident change in properties occurs due to the 
particle morphology (surface area, particle size, and aspect ratio), the filler/fiber load and 
distribution/arrangement within the composite, the modulus of the particles, and the chemistry of 
the surfaces (fillers and matrix). All these parameters result in complex systems which govern 
inter-particle distance as well as the interactions at the interface filler-matrix [2]. 

The industry, however, is continuously looking for sustainability in its operations, including 
incorporating more sustainable materials. Thus, a current trend in composites manufacture is to 
reduce the associated carbon footprint by using more sustainable materials, including plastics, 
fillers, and fibers.[3]   

Particulate biocarbon is a promising bio-based substitute for mineral fillers as well as carbon 
blacks in many practical and high-performance applications [4, 5]. The use of this material is also 
aimed at reducing the overall weight of the final composites owing to its comparatively lower 
density [5]. The hydrophilicity of common bio-fillers is comparatively its main drawback. However, 
it has been proved that biocarbon is extraordinarily hydrophobic compared to traditional bio-fillers 
such as wood flour or natural fibers, etc., due to the intrinsic phenomenon of removal of hydroxyl 
and other polar groups occurring during pyrolysis of biomass. Furthermore, the hydrophilicity of 
biocarbon can be reduced by increasing the temperature of the pyrolysis of biocarbons [6]. 
Another important property of biocarbon is the ash content which depends on the source of 
biomass from which it is derived. The pyrolysis temperature dramatically reduces most of the 
differences found in the original raw materials yielding elemental carbon showing different rations 
of amorphous to graphitic structures [7]. However, the ash content remains, and the relative yield 
increases with the increasing temperature of pyrolysis. Wood-based biocarbon for instance will 
present less ash content with respect to grass-derived biocarbons (miscanthus or switch grass-
based biocarbons) [8-10]. Since biocarbon tends to keep the original shape of the basic pyrolyzed 
material, the particle size can be further controlled by using a simultaneous mechanical milling 
and sieving process. This process can lead even to the nano-scale size. However, since the 
particle size reduction of biocarbon is a “top-down” process, the production of particles is currently 
a relatively challenging task, as the size of biocarbons produced from biomass tends to present 
relatively large standard deviations [11]. Therefore, more dedicated research and analyses are 
required with respect to the effects of the properties of the different biocarbons on the overall 
performance of the composites. 
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This work focuses on the evaluation of biocarbon-reinforced polypropylene composites. The 
biocarbon was synthesized from different biomass sources, mostly waste biomass. The waste 
obtained from various sources was pyrolyzed at various temperatures, and the change in 
mechanical properties of the biocarbon was obtained. 

 

Materials 

Different sources (forestry waste (wood chips), agricultural waste (corn cob), energy crops 
(Miscanthus fibers [12]), proteinaceous material (chicken feather) and food waste (crab shell and 
shrimp shell) of biocarbon [13] were used in this study to prepare composites at a fixed load of  
27 wt.%. Talc and carbon black were used to compare with the biocarbons. The fillers used for 
this comparative study are listed in Table 1.  

Miscanthus, wood, and chicken feather biocarbons were provided by Competitive Green 
Technologies (Leamington ON, Canada). For these pyrolyzed biocarbons, a continuous pyrolyzer 
Metamag Inc. unit (London, ON, Canada) was used. The biochar obtained was hammer milled 
and passed in a 1/64 (~ 0.4 mm) screen. Further was ball milled by the same company in a D-
type ball mill from Petterson Inc. (Toronto ON, Canada). The milling media consisted of ceramic 
balls with diameters from ¾ to ¼ inch at 300 rpm. 

Corn cob and shrimp shell biocarbons were produced and ball milled in situ in our laboratory using 
a unit GLO-Gero type pyrolizer (Germany) and a planetary ball milling Pulverisette 5, Laval Lab 
Inc. (Canada) by using ceramic milling media and ceramic jars. 

The polymer used to manufacture the composites was a homopolymer polypropylene (PP) from 
Pinnacle Polymers (Garyville, LA, USA) grade 1120H. The coupling agent, the maleic anhydride 
grafted polypropylene (MA-g-PP) grade Fusabond® 353P was from DuPont (Wilmington, DE, 
USA). Mineral talc and carbon black were used to fabricate similar composites and to compare 
them with biocarbon. The carbon black used was from Asbury® carbons code 5501 (US), and the 
talc JetFine 500 was from Imerys® talc (USA). 
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Table 1. Fillers used for the preparation of specimens 

Filler Properties, Size, 
Source, Company 

Acronyms used for 
powder sample 

Synthetic fillers 

Mineral Talc 
JetFine 500 Imerys®, 
5 microns 

TC 

Carbon black 
Asbury®5501,  
500 nanometers 

CB 

Biocarbons 

Miscanthus biocarbon 
(Energy grasses) 

900°C 
Less than 300 microns 
Produced by hammer mill 
and passed through a 
mesh of 1/64 inch, 

MBC900 

Miscanthus biocarbon  
900°C (Same as above) + 
Ball milled 1 hour 

MBC900-1 

Miscanthus biocarbon 

600°C 
Less than 300 microns 
Produced by hammer mill 
and passed through a 
mesh of 1/64 inch, 
Competitive Green 
Technologies, 
Leamington, ON, Canada 

MBC600 

Miscanthus biocarbon 
600°C(same as above)+ 
Ball milled 1 hour 

MBC600-1 

Miscanthus biocarbon 
600°C(same as above)+ 
Ball milled 24 hour 

MBC600-24 

Wood waste chips  
(Forestry waste) 

600°C  
1 hour ball milled  

WCB600 

Shrimp shell biocarbon 
(Food waste) 

600°C 
1 hour ball milled 

SSB600 

Chicken feather (poultry, protein 
waste) 

500°C  
1 hour ball milled 

CFB500 

Corn cob biocarbon 
(Agricultural waste)  

500°C  
1 hour ball milled  

CCB500 
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Methods 

Composites were prepared in a 15-cc micro twin screws extruder from X-plore Instruments B.V. 
(Sittard, the Netherlands), having a screws length of 150 mm and an aspect ratio of 18. The 
compounding was performed at 100 rpm and 190°C with a residence time of 2 min. The mold 
temperature was 30°C, and the average pressure and holding time were 10 bar and 20 sec, 
respectively. The filler and the coupling agent (MA-g-PP) were kept constant at 27 wt% and  
3 wt%. Table 2 shows the composition of the manufactured composites. 

 

Table 2. Composition of composites manufactured 

ID Polypropylene 
(Wt.%) 

Filler 
(Wt. %) 

MA-g-PP 
(Wt. %) 

 

PP-TC 73 

27 
 

---- 
Figure 1 

 
PP-CB 73 ---- 
PP-MBC900 73 ---- 
PP-MBC900-1 73 ---- 
PP-MBC600 73 ---- 

Figure 2 
 

PP-MBC600-MA 70 3 
PP-MBC600-1 73 ---- 
PP-MBC600-1-MA 70 3 
PP-MBC600-24 73 ---- 
PP-MBC600-24-MA 70 3 
PP-CFB500-1 73 ---- 

Figure 3 
 

PP-CFB500-1-MA 70 3 
PP-WCB600-1 73 ---- 
PP-WCB600-1-MA 70 3 
PP-CCB500-1 73 ---- 
PP-CCB500-1-MA 70 3 
PP-SS600-1 73 ---- 
PP-SS600-1-MA 70 3 

 

Characterization  

The tensile and flexural tests were performed in a universal testing machine from Instron (UTS-
3382, Norwood, MA, USA). Tensile testing bars type IV for these tests were manufactured 
accordingly to ASTM D638. Flexural specimens were manufactured and tested according to 
ASTM D790. Specimens for the unnotched Izod impact strength were fabricated and tested by 
following the ASTM D 4812 standard. A unit ZwickRoell impact tester (Germany) was used for 
measuring impact strengths.  



6 
 

Results and Discussion 

(I) Effect of high temperature (900 °C) pyrolyzed Miscanthus biocarbon on polypropylene 
composites 

Comparisons of PP reinforced with Miscanthus biocarbon (MB) with particulate fillers such as 
carbon black and talc composites were carried out. As a rule, incorporation of fillers (27 %) results 
in a decrement of strength and increment of the moduli (tensile and flexural). The tensile modulus 
is usually similar to or slightly higher than the flexural modulus. The increase of the moduli is 
required when the filler is incorporated, despite the reduction of the elongation properties. Figure 
1 (A) shows the density of the biocarbon reinforced composites compared to talc and carbon 
black reinforced composites, and Figure 1 (B) shows the specific flexural modulus and the specific 
tensile strength.  

The properties of the composites are strongly dependent on the morphology of the fillers. Among 
all composites, carbon black showed the lowest specific tensile strength and specific flexural 
modulus. Talc and Miscanthus biocarbon composites showed similar specific flexural modulus 
and specific tensile strength (density of composites is shown in Figure 1(A)). The particle size and 
aspect ratio of biocarbons play a significant role in the performance of the composites [14, 15]. 
Figure 1 (B) shows Miscanthus biocarbon composites (of different particle sizes) pyrolyzed at 
900°C. In one of the composites, biocarbon was passed through a mesh of 1/64 inch (PP-
MBC900), and the other was further ball milled for an hour (PP-MBC900-1). A slight increment in 
the flexural modulus was observed after the biocarbon particle size reduction and 
homogenization. The high performance of high temperature pyrolyzed biocarbon PP composites 
can be attributed to the lack of polar functional groups or the increased hydrophobicity of 
biocarbon. The lack of functional groups can generally render better compatibility at the interface 
PP-Biocarbon. 

 

Figure 1. Comparison of PP composites with conventional and high-temperature pyrolyzed 
Miscanthus biocarbon properties: (A) densities; (B) specific flexural modulus and tensile 

strength. 
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(II) Effect of particle size of low temperature (600 °C) pyrolyzed Miscanthus biocarbon 
on PP composites and effect of maleic anhydride grafted polypropylene (MA-g-PP) 

Figure 2 shows polypropylene composites manufactured with 27 wt% Miscanthus biocarbon 
(MBC) produced at 600 °C, followed by sieving using a 1/64-inch screen (abbreviated as 
MBC600). Further, this biocarbon was ball milled for 1 hour (MBC600-1) and 24 hours (MBC600-
24), as shown in Table 1. The density of these three biocarbon samples were similar to  
PP-MBC900. These three biocarbons were used to prepare PP composites and were then 
reinforced with a commercial source of maleic anhydride grafted polypropylene (MA-g-PP) to 
generate compatibilized composites termed as PP-MBC600-MA, PP-MBC600-1-MA, and PP-
MBC600-24-MA (Table 2).  

The interfacial adhesion of low-temperature biocarbon (600°C) and the PP can be considerably 
improved by using the coupling agent (MA-g-PP). The flexural modulus and the tensile strength 
(PP-MBC600, PP-MBC600-1 and PP-MBC600-24) improved when the coupling agent (MA-g-PP) 
was added. The larger surface area of the biocarbon after 24h ball milling produced a drastic 
reduction in the performance in uncompatibilized composites (PP-MBC600-24), which, however, 
in the presence of the coupling agent showed the best performance. The effect of the 
compatibilizer can be seen in the impact strength properties of the composites (Figure 2 (B)). As 
the surface area increased due to the milling of the Miscanthus biocarbon, the reduction in flexural 
modulus and tensile strength were observed in the case of the uncompatibilized composites, while 
compatibilized composites showed significant improvement in flexural modulus. 

 

Figure 2. Effect of compatibilization of PP composites with low-temperature pyrolyzed 
Miscanthus biocarbon of different particle size: (A) flexural modulus and tensile strength;  

(B) unnotched Izod impact strength. 

 



8 
 

(III) Effect of compatibilization on mechanical properties of biocarbons (low temperature 
pyrolyzed) from sources such as CFB (chicken feather biocarbon), WCB (wood waste chips 

biocarbon), CCB (corn cob biocarbon), SSB (shrimp shell biocarbon) 

Biocarbon was obtained from different sources such as forest residue (wood waste chips), 
agricultural residue (corn cob), proteinaceous industrial residues (chicken feather), and residues 
from the food industry (crab and shrimp shells). A comparison among different biocarbon fillers 
for polypropylene produced at similar temperatures (500 and 600°C) was performed.  

Chicken feather biocarbon (CFB500), wood chips derived biocarbon (WBC600), corn cob 
(CCB500), and shrimp shell (SSB600) were all produced at 500 and 600°C with a further 1 h ball 
milled and compounded with and without MA-g-PP (Figure 3).  

The reduction of the flexural modulus was observed in all biocarbon samples when the coupling 
agent was added (Figure 3 (A)). The improvement of the tensile strength (Figure 3 (B)) from 
uncompatibilized to compatibilized composites is almost constant despite the biocarbon source, 
which occurs from 28 MPa to 35 MPa on average with more than 20% increment in all cases. The 
maximum tensile strength obtained was for shrimp shell compatibilized with MA-g-PP, which was 
even slightly higher compared to the neat PP. 

 

Figure 3. Effect of compatibilization on flexural modulus and tensile strength of biocarbons from 
sources such as CFB (chicken feather biocarbon), WCB (wood waste chips biocarbon), CCB 

(corn cob biocarbon), SSB (shrimp shell biocarbon). 
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Conclusions 
 

• High-temperature biocarbon (~900°C) improves interfacial adhesion towards polypropylene (a 
hydrophobic plastic), resulting in higher modulus. 

• After reducing the particle size of 1/64 inch high temperature biocarbon (900°C) by using 1 h of 
ball milling, a slight difference in the overall properties of the polypropylene composites was 
observed. 

• A low interfacial adhesion was observed for low temperature pyrolyzed biocarbon (pyrolyzed at 
500 and 600°C). However, by adding a maleated coupling agent, the performance of the 
polypropylene composites improved dramatically.  

• The particle size reduction of low temperature biocarbon has a significant effect on the properties 
of composites. The larger area exposed gives rise to a more significant repulsion between the 
hydrophobic and hydrophilic phases. Thus, the combination of particle size reduction with the 
maleated coupling agent has a dramatic bonding effect on the composites. Size reduction of low 
temperature biocarbon has to be accompanied by maleated coupling agents.  

• Biocarbon particles are by nature irregular. The use of mechanical techniques to reduce the 
particle size or make such particles more uniform tends to make them more uniform or tend to be 
spherical. The performance of the composites will then respond to such morphological change. 
The extreme scenario of a spherical-like nanoparticle is shown by the testing of carbon black. 
Talc presents a lamellar or layered morphology. The extreme scenario will be graphene (a single 
atomic layer morphology).   
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