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The present work is to study the production and characterization of biochar produced at two 
different temperatures (400 and 900 °C) and its influence on the interaction of biochar with elastomers 
of different polarity, aiming at the replacement of carbon black in elastomer compounds, based on 
the rheometric, physical, chemical and mechanical properties. The biochar production temperature of 
900 ºC affected the optimum vulcanization time (t90), with compounds containing NR and NBR having 
the shortest vulcanization times because temperatures above 400 ºC produce an alkaline biochar that 
accelerates vulcanization. The biochar interacted with the two elastomers, being superior to NBR due 
to the oxygen concentration. Therefore, the blends with biochar showed a demonstrated reinforcement 
of the tensile strength, even if the biochar had a surface area of 3 m2.g-1 for the observed irregular 
surface, in addition to the mechanical properties, analogous to the blends with carbon black.
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1. Introduction
Elastomeric compounds are used in a wide variety of 

everyday applications, such as tires, seals, biomaterials, 
and many others, due to their suitable dynamic mechanical, 
physical, and mechanical properties. These properties depend 
on the formulation of the elastomer, and in any formulation, 
there must be a synergistic effect between all the components 
and their quantities. Reinforcing fillers, such as carbon 
black and silica, give elastomer compounds the physical, 
mechanical and degradation resistance properties required 
for saleable applications. The production and use of these 
fillers can have a negative impact on both the environment 
and health, as they contain toxic substances adsorbed on 
their structure1.

To reinforce elastomers, the fillers must interact with the 
elastomer based on their chemical and physical parameters. 
The key parameters that determine the reinforcing capacity 
of elastomeric compounds are the size and distribution of the 
primary particles, the shape (complexity) and distribution of 
the aggregates, and the surface activity, which is chemically 
related to the reactivity of the surface functional groups 
and physicochemically represents the adsorption capacity. 
The surface free energy determines this capability and the 
energy distribution on the surface2. During mixing between 
an elastomer and a reinforcing filler, strong interactions 
take place, the filler-elastomer interaction, which leads to 
the formation of the bonded rubber, associated with the 
chemical adsorption process. In addition, there is physical 

adsorption, where the isolated aggregates limit the mobility 
of the chains3.

Carbon black is considered one of the most commonly 
used reinforcing fillers and consists of a polynuclear carbon 
structure. It contains nanometric particles and is produced 
by the partial combustion of heavy hydrocarbons. European 
legislation restricts the marketing of products containing 
polycyclic aromatic hydrocarbons (PAH) with more than 
1 ppm of any of the 8 types of carcinogens PAH. For toys 
and children’s articles, the level is lowered to 0.5 ppm, which 
makes it difficult to continue using traditional components 
of the rubber industry, such as carbon black4. Therefore, 
the search for alternative materials and understanding their 
interaction with rubber is crucial to map the losses and 
completely replace carbon black, achieving new results 
in this field. To replace carbon black, the substitutes must 
have particles between 25 and 500 nm in size, as well as 
functional groups and a morphology suitable for interaction 
with the elastomer5,6.

The genus Pinus, one of the most significant representatives 
of coniferous trees, is foreordained to manufacture cellulose, 
furniture, sawmills, natural wood, civil construction, 
charcoal, steel, and wood panels7. Along the Pinus wood 
production process in 2016, is important to highlight the 
generation of about 47.8 million tons of waste, and its reuse 
was approximately 52%. With the growing environmental 
concern, wood residues trace a new path in their use8. The high 
content of volatile matter and low ash content, characteristic 
of conifers, make them attractive for pyrolysis7.*e-mail: rnbranda@ucs.br
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Pyrolysis is a thermochemical process that allows the 
conversion of biomass into a possible reinforcing filler with 
chemical properties that can favor interaction with elastomers 
of various types, similar to carbon black, with the advantage 
of being derived from a renewable resource and presenting a 
lower PAH concentration9. Biochar produced by the pyrolysis 
of biomass presents itself as a solid, porous product with a 
disordered molecular structure composed of aromatic rings 
randomly linked together. The surface chemistry of biochar 
changes depending on the raw material and the operating 
parameters used. The organic fraction contains a high carbon 
content, partly in the amorphous and partly in the crystalline 
(graphene-like) phase, while the inorganic fraction contains 
mainly Ca, K, Mg and inorganic carbonates9.

Several studies have already shown that biochar reinforces 
elastomeric compounds10-14, although the ability for biochar 
to interact with elastomers, a fundamental requirement to 
be considered a reinforcing strain, requires further study. 
Examining the interaction between biochar and elastomers 
with different polarities could allow the relationships 
between the parameters of the pyrolysis process and the 
mixing process to be accurately determined to improve the 
reinforcing charge. From the interaction point of view, the 
current studies on biochar as a reinforcing filler in elastomer 
compounds are in agreement with the findings on carbon 
black in 1907.

Considering the possibility of producing biochar from 
the pyrolysis of Pinus spp. and the influence of this process 
parameter (pyrolysis temperature at 400 and 900 °C) on the 
properties of biochar, the present work aims to evaluate the 
biochar-elastomers interaction of different polarities, NR 
(nonpolar) and NBR (polar), in the substitution of carbon 
black in elastomeric compositions, based on the bound rubber 
content and rheometric, physical and mechanical properties.

2. Experiment

2.1. Materials
GEB type Poly(cis-1,3-isoprene)(NR) was provided 

by Braslatex; NBR type 615B, with 33% Acrylonitrile by 
Nitriflex SA; carbon black N550, from CABOT Corporation; 
zinc oxide from Agrozinco Indústria e Comércio LTDA; 
stearic acid from Proquitec Indústria de Produtos Químicos 
AS. Benzothiazyl disulfide (MBTS) is from Interquímica 
Comércio e Indústria de Produtos Químicos LTDA., 
n-tert-butyl-2 benzothiazolsulfenamide (TBBS) is from 
Interquímica Comércio e Indústria de Produtos Químicos 
LTDA; insoluble sulfur is from Basile Química Indústria e 
Comércio LTDA; toluene is from Vetec, with 99.9% purity; 
pure acetone, from Simoquímica. For the pyrolysis process, 
pellets of wood residue from Pinus spp. the Pioaquece 
branded by Piomade; isopropyl alcohol, from Dinâmica 
Química Contemporânea LTDA.

2.2. Pyrolysis process
The pyrolysis process was carried out in a fixed-bed 

bench-top reactor operating in batch mode. The system 
(Figure 1) consists of a Sanchis furnace containing an 
internally coupled stainless steel reactor. The reactor was 

electrically heated by resistors of 1900 W each, with two type 
K thermocouples placed inside the reactor (inlet and outlet of 
the reactor). The condensation of the vapors in bio-oil was 
carried out according to the adaptation of the standard CEN/
TS 15439 using ten bubbles arranged in series, impingers, 
with 100 mL of isopropyl alcohol in each bubble, except for 
the first and last, which were empty. The biomass pyrolysis 
experiments were performed at 400 ºC and 900 ºC15 with 
a residence time of 30 minutes and an inert gas flow (N2) 
of 200 mL.min-1 until a mass of biochar was obtained for 
the preparation of elastomeric compounds. The biochar 
coding is: BIO400 for the biochar produced at 400 ºC and 
BIO900 for the biochar produced at 900 ºC.

2.3. Characterization of the produced biochar
The biochar produced at 400 °C and 900 °C was ground 

in a Retsch planetary ball mill, model Emax (Germany), with 
50 mL tungsten carbide vessels and 4.0 mm and 3.0 mm 
in diameter. The following parameters were used for the 
grinding process: Mass ratio (m/m) between biochar and 
spheres of 4.5, agitation speed of 575 rpm for 30 minutes16. 
The following methods were used to characterize the biochar: 
Proximate analysis, scanning electron microscopy (SEM), 
surface analysis by N2 adsorption (BET), and surface free 
energy by the contact angle method.

Tests for proximate analysis of biochar were performed 
on a Netzsch STA 449 F3 Jupiter, according to ASTM 
D7582-15. The experiments included 3 steps: drying, 
elimination of volatile matter in an inert atmosphere, and 
combustion in air. Moisture content was considered as mass 
loss when heating the sample to 110 ºC, at a flow rate of 
50 mL.min-1 and a heating rate of 20 ºC.min-1 to constant 
mass. Then, the elimination of volatile matter step started 
with a heating rate of 40 ºC.min-1 to 900 ºC until a constant 
mass was reached. Finally, the atmosphere was changed to 
an air flow rate of 50 mL.min-1, keeping the temperature at 
900 °C until a constant mass was reached.

The morphological information of the biochar was 
obtained by means of scanning electron microscopy (SEM) 
in a JEOL equipment, model JSM 6060 (Japan) with an 
acceleration voltage of 10 kV. The samples received a thin 
layer of gold (Au) for further analysis.

The biochar surface area analysis test by N2 adsorption 
was determined by the adsorption isotherm method by the 
Brunauer-Emmet-Teller (BET) method, according to ASTM 

Figure 1. Equipment and accessories that integrate the pyrolysis 
process system.
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D6556-19. The samples were submitted to an elimination 
of volatile matter procedure to remove interferents in the 
sample. Afterwards, the adsorption-desorption process in 
nitrogen took place, following the BET method.

The biochar surface free energy test using the contact 
angle was performed using the sessile drop method17. 
The samples were shaped into a disk by compression molding. 
The liquids selected for the study were distilled water and 
toluene. To obtain information on the surface properties 
of the biochar, the analysis of the surface free energy was 
performed with the London dispersive component and the 
specific polar component by the Fowkes method17. The surface 
and droplet images were acquired with a camera digital 
brand Panasonic. Surftens software was used to determine 
the contact angle.

2.4. Preparation of the elastomeric composites
ASTM D3192-09 was adopted for the base formulation of 

NR, and the following amounts in phr were held constant for 
all samples: NR - 100, ZnO - 5, stearic acid - 3, charge - 50, 
sulfur - 2.5, MBTS - 0.6. For the base formulation of NBR, 
ASTM D3848-03 was adopted, and the following amounts in 
phr were held constant for all samples: NBR - 100, ZnO - 3, 
stearic acid - 1, charge - 50, sulfur - 1.5, TBBS - 0.7.

The elastomeric formulations were initially processed 
in a handcrafted torque rheometer that resembles a Haake 
type, with a useful mixing chamber volume of 65 cm3. 
The mixtures were produced at 100 ºC, 60 rpm and a 
processing time of 10 minutes, with elastomer, activators 
and filler being added. After resting for 24 h, the premix 
carried out in the torque rheometer was added in a two-roll 
mill (MH-600 - Brazil) at 60 ºC, with the accelerator and 
sulfur being added to the premix.

The encoding used for the elastomeric compounds was: 
(NR) for uncharged NR compound; (NR/CB) for NR compound 
with carbon black; (NR/BIO400) for NR compound with 
biochar produced at 400°C; (NR/BIO900) for NR compound 
with biochar produced at 900°C. The same was adopted for 
NBR, with only the rubber acronym being changed (NBR, 
NBR/CB, NBR/BIO400 and NBR/BIO900).

2.5. Characterization of elastomeric compounds
The elastomeric compounds were characterized after 

mixing in the torque mixer by testing the bonded rubber 
content. The bound rubber content18 was quantified from the 
extraction of the elastomeric compound with toluene solvent 
for NR and acetone for NBR. Samples of approximately 
1 g were immersed in 200 mL of solvent at 25°C for 45 h. 
Afterward, they were oven-dried to constant mass18. The bound 
rubber content was calculated according to Equation 1.
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Where BR is the bound rubber content (%); Wfg is the 
gel-filler mass (g); Wt is the mass of the sample (g); mf the 

amount of charge on the compound (phr); mr the amount of 
rubber in the compound (phr).

Elastomeric compounds characterization was carried out 
by rheometric properties obtained from a Tech Pro Rheotech 
OD+ (USA) oscillating disk rheometer, according to ASTM 
D5289-19a in an uncured sample of approximately 5 g, from 
the mixing of the roller mixer, at 160 ºC, with an amplitude 
of 1º and a deformation frequency of 1.67 Hz for 30 minutes.

The cure rate index (CRI) was obtained from the 
rheometric curve data, according to Equation 2.
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Where CRI is the cure rate; tS1 the pre-vulcanization time 
(min) and t90 the optimal vulcanization time (min).

The rubbers taken from the two-roll mill were vulcanized 
by compression molding in a Shultz hydraulic press, model 
PHS 15 T (Brazil), at 160°C for a period corresponding to 
the optimum vulcanization time (t90) determined from the 
rheometric curve. Plates with dimensions 150 x 150 x 2 mm 
were prepared according to ASTM D3182-16. The samples 
were cut for the plates mechanical tests.

Tensile strength was evaluated according to ASTM 
D412-16 in an Emic universal testing machine, model DL-
3000 (Brazil), with a force of 20 kN and a detachment speed 
of the claws of 50 mm.min-1 on five samples. Tear strength 
was tested according to ASTM D624-00 in the same universal 
testing machine on five samples. Hardness testing (Shore 
A) was performed according to ASTM D2240-15 using a 
Teclock brand Shore A durometer, model GS709 (Japan), 
with 5 measurements of the property.

The one-way Analysis of Variance (ANOVA) method, 
with an alpha factor of 0.05 and a confidence level of 95%, 
was used to validate the significance of the hardness and 
tear strength results of the elastomeric compounds. For the 
variance calculation, a script was written in R language.

3. Results and Discussion

3.1. Characterization of the biochar samples by 
instant analysis

Table 1 shows the results of the instant analysis of 
the biochar samples at pyrolysis temperatures of 400 ºC 
(BIO400) and 900 ºC (BIO900). In Table 1, it was found 
that the biochar produced at 900 ºC presents lower volatile 
matter content and higher ash and solid carbon content than 
the biochar produced at 400 ºC. The pyrolysis temperature 
has a significant effect on the physicochemical properties, 
as the volatile content decreases with the progression of 
thermal decomposition, and consequently increase the ash and 

Table 1. Proximate analysis for biochars samples at temperatures 
of 400 and 900 °C of the pyrolysis process.

Sample Moisture 
(wt%)

Volatile 
matter 
(wt%)

Ash (wt%)
Fixed 

carbon* 
(wt%)

BIO400 2.6 29.6 1.5 66.3
BIO900 2.9 3.3 2.7 91.1

*Obtained by difference.
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solid carbon content in the biochar19,20. These characteristics 
influence the reinforcement and affect the properties of the 
final compound, as the volatile content reflects the oxygen 
content and the polar component of the charge20,21.

3.2. Morphological characterization of biochar 
samples

Figure 2 shows SEM micrographs for samples of biochar 
produced at 400°C and 900°C.

It was possible to observe the development of pores and 
irregularities on the surface of the biochar by microscope 
analysis. The pyrolysis process naturally increases the 
porosity of the final product, and the temperature plays 
a significant effect on the porosity of the biochar, i.e., the 
increase in temperature leads to an increase in the porosity 
of the biochar, in addition to producing the irregularity of the 
surface of the biochar21,22. The irregularity of the surface of 
the filler is an important factor for reinforcement because it 
increases the reinforcing capacity of the material, regardless 
of the surface area, due to its direct influence on the surface 
free energy, increasing the filler-elastomer interaction23.

3.3. Surface area analysis by N2 adsorption of 
biochar samples

The specific surface area (SBET), specific external surface 
area (SEXT), specific micropore area (SMICRO) and micropore 
volume (VMICRO) results for the biochars at the two temperatures 
of the pyrolysis process are presented in Table 2.

The surface analysis of the BIO400 and BIO900 biochars 
showed the small micropore area of the biochars after the 
ball milling process. Normally, the biochar produced at these 
temperatures (400 ºC and 900 ºC) presents a microporous area 
of about 20 m2.g-1 due to the correlation between the pyrolysis 
temperature and the surface area and microporosity due to 
the decomposition of lignocellulosic material, especially 
aromatic lignin, which eliminates volatile substances that 
block the pores24. At low temperatures (≤ 500ºC), lignin is 
not converted into polycyclic aromatic hydrocarbons, making 
the biochar less hydrophobic25.

The increase in porosity makes the material ineffective 
for application as reinforcing filler in elastomeric compounds 
since the mechanical stability of the material is inverse to 
porosity26. According to Leblanc27, fillers with surface area 
smaller than 10 m2.g-1, are considered inert fillers, as large 
areas compromise the mechanical properties of the compound.

3.4. Surface free energy analysis by the contact 
angle method of biochar samples

Table 3 presents the results for the contact angle (θ) for 
distilled water and toluene, the dispersive ( d

Sγ ) and polar ( SP
Sγ ) 

components and the surface free energy (γS) for samples 
BIO400 and BIO900.

The filler surface free energy is an important parameter 
for a filler used to reinforce elastomers because it is related 
to the interaction between them and affects the properties 
of elastomeric compounds28. The particle size or the outer 
surface has an influence on the dispersive component of the 
free energy. The surface activity, i.e., the surface functional 
groups, mainly hydroxyl, affect the polar component29. 
The charge-charge interaction is related to the polar 
component; the higher the value of this property, the greater 
the charge-charge interaction30. Tensile strength has a positive 
dependence for the dispersive component and a negative 
dependence for the polar component31. The rebound decreases 

Figure 2. SEM micrograph of (a) biochar produced at 400 °C and (b) 900 °C with 500x magnitude.

Table 2. Textural properties of the biochars BIO400 e BIO900.

Samples SEXT 
(m2.g-1)

SMICRO 
(m2.g-1)

SBET 
(m2.g-1)

VMICRO 
(cm3.g-1)

BIO400 2.01 0.86 2.87 0.007
BIO900 2.17 0.84 3.02 0.000

Table 3. Surface free energy and London dispersive component 
( d

Sγ ) and polar component ( SP
Sγ ) of the biochars.

Samples θwater  
(º)

θtoluene 
(º)

d
Sγ  

(mJ.m-2)

SP
Sγ  

(mJ.m-2)
γS  

(mJ.m-2)

BIO400 120.4 ± 0.3 0.0 28.5 16.6 45.1
BIO900 128.6 ± 0.3 0.0 28.5 11.2 39.7
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with decreasing oxygen concentration at the surface of the 
charge because the C–C bond has a lower binding energy. 
The crosslink density and the modulus of elasticity are not 
affected by the oxygen concentration32.

The calculation of surface energy and its components 
for the biochar samples was performed based on the Fowkes 
method. The samples showed moderate values for the 
dispersive component, 28.5 mJ.m-2 for the two biochars, 
and low values for the polar component, 16.6 mJ.m-2 for 
BIO400 and 11.2 mJ.m-2 for BIO900. Values above 40 mJ.m-2 are 
considered high for both31. Comparing the results with 
other reinforcing fillers such as carbon black N550, the 
dispersive component is 45 mJ.m-2 and 3 mJ.m-2 for the 
polar component. The high dispersive component value 
leads to a large potential for material agglomeration, whose 
final structure is an agglomerate with an irregular shape, 
and since the interaction between the charges to form the 
structure results from weak forces, the structure breaks into 
a smaller structure called an aggregate due to shear during 
the production of the elastomeric compounds, the aggregate 
being the final form of the carbon black in the compounds28. 
Since the biochar samples did not show significant value 
in the polar and nonpolar components, the material showed 
low agglomeration potential, which consequently does not 
have a complex structure at any temperature, but a simple 
structure that does not provide reinforcement compatible 
with carbon black.

BIO900 sample showed greater hydrophobicity than 
BIO400, indicating a lesser interaction with polar compounds, 
observed by the higher contact angle shown in Figure 3. 
For toluene, a nonpolar liquid, the opposite occurred with 
the samples presenting an angle of 0º.

3.5. Characterization of mixtures and elastomeric 
compounds

3.5.1. Bound rubber content
Table 4 presents data on the content of rubber bound 

to reinforcing filler for the elastomeric compounds of NR 
and NBR.

The data presented in Table 4 showed that biochar has a 
better interaction with polar elastomers than carbon black, 
with higher bound rubber content with NBR than with 
NR. Carbon black presents about 5% of its composition of 
oxygen groups, the remainder being carbon and hydrogen, 
showing better interaction with NR than the compounds with 

biochar. The binding rubber content might increase by the 
interaction of the oxygenated groups on the charge surface 
(related to the volatile content) with the unsaturation of the 
polymer, normally at 100 ºC33. In addition, the polarity of 
the charge and the elastomer also influences the content of 
bonded rubber34,35.

3.6. Rheometric characterization of elastomeric 
compounds

The rheometric characterization of the elastomeric 
compounds are presented in Table 5.

Table 5 shows the elastomeric compounds with biochar 
presented the lowest values of minimum torque (ML), evidencing 
a less irregular final structure of the filler concerning the 
compounds with carbon black, generating less occlusion 
of the rubber in the filler, indicated by the low viscosity36. 
The compounds with BIO400 showed a higher ΔM than the 
BIO900 ones, regardless of the elastomer, indicative of the 
density of crosslinks.

NR/BIO900, NR/CB, NBR/BIO900, and NBR/CB 
compounds had lower values for optimum vulcanization 
time (t90) compared to the standard formulation, allowing 
the compounds to be produced in a shorter time, reducing 
energy and process costs, while NR/BIO400 and NBR/
BIO400 had the longest vulcanization time compared to 
the standard formulation. This difference was attributed 
to the pH of the filler. Fillers with acidic pH prolong the 
vulcanization time due to adsorption of basic accelerators, 
and fillers with basic pH shorten the vulcanization time37. 
Pyrolysis temperature affects the pH of the biochar, the pH 
increases as the carbonization degree increases, temperatures 
above 400ºC produce an alkaline pine biochar, and at 
temperatures below or equal to 400 ºC, the pine biochar is 

Figure 3. Contact angle with distilled water of samples of (a) BIO400 and (b) BIO900.

Table 4. Bound rubber content for NR and NBR based elastomeric 
compounds.

Compounds Bound rubber (%)
NR/CB 17.8

NR/BIO400 11.6
NR/BIO900 6.7

NBR/CB 26.5
NBR/BIO400 81.2
NBR/BIO900 45.4
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acidic, which confirms the vulcanization time data of the 
elastomeric compounds15,26.

3.7. Mechanical characterization of elastomeric 
compounds

Table 6 presents the hardness results (Shore A) for the 
NR and NBR elastomeric compounds produced.

It was evidenced that all natural rubber formulations 
with the addition of biochar (NR/BIO400 and NR/BIO900) 
presented similar hardness to the formulation with carbon 
black (NR/CB). Although the values were close, the change 
in filler significantly affected the hardness results along the 
NR blends as can be evidenced by the ANOVA statistical 
analysis. The hardness of the compounds is determined by 
the interaction of the reinforcing filler with the elastomer, 
by the crosslink density and by the final structure formed 
by the reinforcing filler38. As for the elastomer compounds 
with NBR, similar to the NR compounds, the compounds 
with biochar showed better performance with a significant 
difference in the hardness results of the NBR compounds. 
This might be due to the better interaction of biochar with 
the elastomer, as biochar has a higher oxygen content (due 
to volatiles) and interacts better with polar elastomers. 
Although carbon black present lower interactions with 
the elastomer, the structural complexity formed along its 
aggregates works favourly, decreasing the polymer chains 
mobility and increasing the hardness of the compound35,36.

Figure 4 shows results of tensile strength, Young’s 
modulus and elongation at break for NR and NBR elastomeric 
compounds.

Compared to the samples without reinforcing filler, the 
samples with biochar showed a reduction in tensile strength 
of about 69.2% for the blend NR/BIO400 and of about 6.8% 
for the blend NR/BIO900. When comparing the tensile 
strength with the blend with carbon black (NR/CB), the 
blend NR/BIO900 showed a similar value, 12.7±0.9 MPa, 

Table 5. Rheometric properties of NR and NBR elastomeric compounds.

Compounds ML (dN.m) MH (dN.m) ΔM (dN.m) tS1 (min) t90 (min) CRI (min-1)

NR 2.8 15.5 12.7 3.4 8.2 20.8
NR/CB 7.4 30.5 23.1 1.4 6.5 19.4

NR/BIO400 1.1 20.2 19.1 3.8 10.1 15.9
NR/BIO900 2.2 16.6 14.3 2.8 5.4 38.9

NBR 2.6 15.0 13.1 4.4 9.2 20.9
NBR/CB 4.5 12.6 8.1 3.1 6.7 28.1

NBR/BIO400 3.8 14.8 11.1 4.4 11.9 13.5
NBR/BIO900 2.9 7.4 4.5 4.6 8.3 27.2

ML – minimum torque; MH – maximum torque, ΔM – cure rate index, tS1 – scorch time, t90– optimum cure time.

Table 6. Hardness of NR and NBR elastomeric compounds developed and analysis of variance (ANOVA) for the filled compounds.

Compounds Hardness (Shore A) Compounds Hardness (Shore A)
NR 35 ± 1 NBR 49 ± 1

NR/CB 52 ± 1 NBR/CB 67 ± 2
NR/BIO400 50 ± 1 NBR/BIO400 65 ± 2
NR/BIO900 47 ± 2 NBR/BIO900 68 ± 1

ANOVA – Hardness NR
Variation source SQ gl MQ F P-value F critical Significance
Between groups 68.8 2 34.4 19.85 0.00016 3.885 yes

Within the groups 20.8 12 1.73  
 

 
 

 
 

 
 Total 89.6 14  

ANOVA – Hardness NBR
Variation source SQ gl MQ F P-value F critical Significance
Between groups 18.53 2 9.27 4.41 0.037 3.89 yes

Within the groups 25.2 12 2.1  
 

 
 

 
 

 
 Total 43.73 14  

SQ - sum of squares; gl - degrees of freedom; MQ - mean squares; F - F value of the F distribution.

Figure 4. Tensile strength, Young’s modulus and elongation at break 
for NR and NBR compounds.
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compared to 15.8±1.7 MPa of the blend with carbon black. 
This result is due to the interaction between charge and 
elastomer, since the presence of oxygen along the charge 
increases the polar component, weakening the interaction 
with non-polar elastomers39-41.

The samples with biochar were shown to reinforce the 
NBR with an increase of 206.8% for the NBR/BIO400 blend 
and 275.2% for the NBR/BIO900 blend compared to the 
samples without reinforcement filler. In opposite to Leblanc27, 
according to which fillers with a specific surface area (BET) 
of less than 10 m2.g-1 are considered inert fillers, the two types 
of biochar showed a reinforcing capacity, even for specific 
surface area of about 3 m2.g-1. This reinforcing capacity was 
attributed to the irregular surface of the biochar, as seen in 
the SEM microphotographs (Figure 1). After adsorption of 
the elastomer chains on the surface of the charge, the chains 
lose conformational entropy on an irregular surface, which 
is a smaller entropy loss than on a smooth surface because 
the chain can bypass the irregularity of the charge, providing 
to the compound greater reinforcement42-44. Compared to 
NBR/CB, the NBR/BIO900 and NBR/BIO400 compounds 
showed lower tensile strength, with a difference of 37.7% 
and 49.0%, respectively. Although the compounds have 
different chemical interactions and are much larger for the 
compounds with biochar, based on the results of the bonded 
rubber fraction, a high value for the dispersive component 
of the surface free energy is required for the charge-charge 
interaction to form a complex structure for the elastomer 
chains to adsorb in this structure, which is reflected in the 
increase in mechanical properties45,46.

The tear strength results for the NR elastomeric compounds 
are shown in Table 7.

Table 7 shows that the NR elastomeric compounds with 
biochar have higher values than the unfilled compound, 
about 6% and 16% higher for NR/BIO400 and NR/
BIO900 compounds, respectively. When comparing NR/

CB, the tear strength results were alike, the change in filler 
did not affect the tear strength properties of the compounds 
from NR, presenting no statistical difference. Increasing 
the filler-elastomer interaction leads to an increase in the 
hardness of the compound and thus to a decrease in the tear 
strength47, which is controlled by the polarity of the filler 
and influenced by the surface48. For the NBR compounds, 
the ones with biochar had higher tear strength than the 
unfilled compound, showing that reinforcement occurs in the 
composite due to the filler-elastomer interaction. Compared 
with the NBR/CB compound, the compounds with biochar 
showed poorer results for this property. The dispersion of 
the reinforcing fillers in the polymer matrix and the amount 
of crosslinks formed during vulcanization are closely related 
to the increase in tear strength49. Therefore, the change in 
filler significantly affected the tear strength results in NBR 
compounds, as confirmed by ANOVA.

4. Conclusion
The influence of temperature on the pyrolysis process 

of biomass shows that the higher temperature (900 ºC) 
causes an increase in the concentration of fixed carbon 
and pH, and a decrease in the concentration of oxygen and 
polar component. At the lowest temperature (400 ºC), the 
concentration of oxygen and polar component increases, 
while pH decreases. These parameters affect the rheometric 
properties, especially t90, and the mechanical properties 
when it comes to rubber reinforcement. The temperature of 
900 ºC is the most promising for the production of biochar 
as a filler in elastomers.
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Table 7. Tear resistance of NR and NBR elastomeric compounds and analysis of variance (ANOVA) for the filled compounds.

Compounds Tear resistance (kN.m-1)
NR 24.6 ± 2.6

NR/CB 31.4 ± 3.8
NR/BIO400 28.5 ± 3.8
NR/BIO900 26.1 ± 2.8

NBR 15.6 ± 2.6
NBR/CB 59.7 ± 5.4

NBR/BIO400 28.6 ± 2.3
NBR/BIO900 38.0 ± 2.4

ANOVA – Tear resistance NR
Variation source SQ gl MQ F P-value F critical Significance
Between groups 68.06 2 34.03 2.76 0.103 3.89 No

Within the groups 147.71 12 12.31
Total 215.78 14

ANOVA – Tear resistance NBR
Variation source SQ gl MQ F P-value F critical Significance
Between groups 2558.3 2 1279.16 95.57 9.19.10-11 3.24 yes

Within the groups 160.6 12 13.38
Total 2718.9 14
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