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This study investigates the feasibility of using canola meal as a feedstock for biochar
production. After drying and milling, the samples were subjected to slow pyrolysis
at 350 and 500°C, and the physicochemical properties of the resulting biochars were
characterized using CHNS, FTIR, Raman spectroscopy, TG/DTG, and DSC analyses.
CHNS results showed that the biochar produced at 350°C contained 48.75% carbon and
exhibited a higher H/C ratio compared to the 500°C sample, indicating the presence of
remaining organic compounds and a less aromatic structure. FTIR analysis confirmed
the reduction of C=C bands and the increase of carbonyl groups with rising temperature.
Raman spectra revealed that the carbon structure of the 350°C biochar was predominantly
amorphous (D1 type), with an increased ID/IG ratio reflecting greater structural disorder
induced by pyrolysis. TG/DTG and DSC results demonstrated that the canola meal
biochar possesses suitable thermal stability, requiring lower thermal degradation energy
than fossil carbon materials. Considering its carbon content, negligible sulfur level,
and favorable thermal resistance, canola meal can serve as a sustainable and renewable
source for biochar production and a partial substitute for fossil carbon in metallurgical
industries such as ferrosilicon and direct-reduced iron production.

1. Introduction

Fossil fuels used in steel and iron production can
be replaced with biochar and coke [1]. Greenhouse gas
emissions can be reduced through the potential of these
materials [2, 3]. Biocarbon resources must possess
several specific characteristics, including abundance and
renewability, to sustainably meet the needs of industries

such as steel. In addition, they must be cost-effective and
should notincrease the cost of producing carbon materials.
Besides, environmental protection should be regarded as
a primary issue, and harvesting forest resources toned
to consider the consequences of environmental damage
and destruction [4-6]. Previously, industries such as
ferroalloys and ferrosilicon used coal from sawmill chips
alongside fossil coke, in both composite and separate
forms [7], leading to improvements in the production
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process and a higher quality of silicon and silica products.
Another benefit of using biochar is the reduction in
emission indices of pollutant gases such as carbon
dioxide and sulfur dioxide [4]. For example, the potential
of biochar for application in ferromanganese production
was demonstrated by Sorp et al. [8], who performed
their investigation from a life cycle assessment (LCA)
perspective. Their findings revealed that bio-based metal
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reductants could significantly reduce greenhouse gas
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emissions in the ferromanganese production process.
Graphite electrodes in electric arc furnaces, biochars,
and cathode graphite linings are among the components
involved in the Hall-Héroult process for aluminum
extraction from biochar consumption positions [9].

The properties of several charcoals produced from
various raw materialshavebeenevaluated[10, 11]. Several
methods, such as torrefaction [12] and Pyrolysis [13, 14],
are also available for producing charcoal. These processes
have been exmained for their ability to create a variety of
properties and products (solid, liquid, and gas) [15, 16].

Charcoal production by slow pyrolysis method [17]
offers the highest yield of solid carbon material compared
to fast and medium pyrolysis. Several parameters
influence the quantitative and qualitative properties of the
resulting charcoal, including pyrolysis temperature[18]
residence time [19], heating rate (°C/min) [20], and
the biomass composition in terms of carbon content,
ash, and volatile matter [21, 22]. It has been shown that
the carbon concentration in coal increases at higher
pyrolysis temperatures, as demonstrated through tests at
various temperature levels. The study by Femi et al. [18]
revealed that increasing the pyrolysis temperature from
400 to 800°C raised the carbon concentration of coal
from 82.74 + 0.07 to 96.1 + 0.02 percent, although the
process efficiency decreased from 39% to 27%. Zhao
et al. also reported that changing the duration of raw
material storage in the furnace from 10 to 100 minutes
increased the carbon concentration of biochar from 74.53
to 77.12%. Engine [20] found that increasing the heating
rate from 10 to 50°C/min raised the carbon concentration
from 67.30 to 71.70, which is associated with the release
of volatile compounds. Biochar has a wide range of
applications, including the improvement of soil’s physical
and chemical properties [23]. The effect of biochar on
gas purification has also been investigated by Lehman
et al.[24] , who used charcoal odor to reduce H,S gas.

Rapeseed oil is an important agricultural product
obtained from the compression of canola seeds and is
the second most widely cultivated oilseed in the world
after soybeans [25]. The by-products of rapeseed oil
extraction, produced in large quantities, are primarily
utilized for fuel, fertilizer, and animal feed [26]. However,
due to the presence of potentially harmful substances in
these residues[27], their usage in animal feed must be
limited. Such limitations contribute to the disposal of
substantial volumes of oilseed waste, including residues
from rapeseed, soybean, sunflower, etc.

Given the large amount of oilseed meal production,
this study has investigated the properties of rapeseed
meal as a raw material for biochar production. For this
purpose, a series of proximate and ultimate analyses
were conducted, along with advanced characterization
techniques including Fourier-transform infrared (FTIR)
spectroscopy, Raman spectroscopy, thermogravimetric/
differential thermogravimetric (TG/DTG) analysis, and
differential scanning calorimetry (DSC), to determine the
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structural and thermal properties of pyrolyzed rapeseed
meal charcoal.

2. Materials and Methods

A total of 1000 grams of rapeseed was prepared and
subjected to at a temperature of 49°C and a constant
pressure of 0.9 Pa. The resulting meal was collected in
briquetted form and subsequently crushed and sieved
to a particle size of approximately 200 pm according
to ASTM D 1762-84 standards. A sample of rapeseed
meal (RM) briquettes was weighed (36 grams) using an
analytical balance with a precision of 0.000 g and dried
in a ceramic crucible (50 cc capacity) at 105°C for 24
hours. Proximate analysis was conducted to determine
the moisture content (in an oven at 105°C), ash content
(muffle furnace at 500°C), and volatile matter (in a muffle
furnace at 900°C), according to the ASTM D1102-84
standard. The analysis was repeated three times, and
average values were calculated based on the weight
measurements before and after heating in the muffle
furnace. A 35-gram sample of rapeseed meal charcoal
was subjected to slow pyrolysis to produce charcoal in an
oxygen-free atmosphere. The temperature was gradually
increased at a rate of 10°C/min until reaching 350°C.
The obtained charcoal powder was named (RM350).
FTIR analysis was conducted on the dry meal sample
(RM105) and pyrolyzed charcoal samples (RM350 and
RMS500), using 0.2 g of each material and a Bruker
instrument. CHNS analysis was performed following
ASTM D3176-89 and using a PerkinElmer 2400
analyzer to determine the carbon, hydrogen, and nitrogen
contents of the pyrolyzed charcoal. Raman analysis was
performed using a Thermo Scientific Nicolet device
in the spectral range of 400-2000cm™ to determine the
changes in meal and coal more accurately. The thermal
properties of meal and coal were investigated using
TG/DTG analysis with a METTLER TOLEDO device.
Samples were placed in an alumina sample container in
the temperature range of 25-1000°C and a heating rate
of 10°C/min under a nitrogen atmosphere at a rate of
50 mL/min, with a target temperature of 453°C. Thermal
changes (endothermic and exothermic reactions) were
investigated using DSC calorimetry in the temperature
range of 25-453°C, under identical heating and nitrogen
flow conditions, with a DSC302 device.

3. Results and Discussion
3.1. CHNS Analysis

Table 1. shows the results of the carbon, hydrogen,
nitrogen and sulfur content of the pyrolyzed coal sample
RM350 determined by CHNS analysis, along with
the molar mass ratio of hydrogen to carbon. Another
sample (RM500) was also prepared under slow pyrolysis
conditions at 550°C. The carbon content of the primary
sample under investigation (RM350) was 48.75%. On
the other hand, the two additional tested samples had
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carbon contents of 50% and 53.6%, respectively. These
differences could be associated with the quality of the
grain, the type of oiling process, and the content of other
nitriding and hydrocarbon compounds. The hydrogen-
to-carbon ratio in the rapeseed meal sample (RM350)
was higher than that of the RM500 sample, reflecting a
greater hydrogen content in RM350. Given the known
concentrations of C, H, N, and ash, the maximum heat
production value of the fuel can be calculated using
Eq.(1), as proposed by Channiwala [28].

Eq.(1)
HHV=0.3491C%+1.1783H%+0.1005N%-
0.10340%-0.0211ash

The HHV comparison indicates that the HHV of
coal decreases with increasing pyrolysis temperature
(e.g. 650°C). It is suggested that by reducing the
temperature, duration, and heating rate during pyrolysis,
metal reduction processes can be facilitated using the
gases produced (H,, CO, CO,, CH,), which are stored
in pyrolysis process tanks [29]. It is possible to use
these gases in the direct reduction reactions involved in
green steel production. The low HHV value limits the
effectiveness of biochar for heat generation. However,
an important advantage of biochar over coal is its
negligible sulfur content, which addresses impurity-
related hazards. Beyond the problems of coal usage,
including its conversion into coke and the limitations of

fossil resources, biochar has various environmental and
practical advantages.

Chaniwala et al. [28] examined several bio-based
feedstocks (coconut shell, peanut shell, etc.) for their
elemental composition. The RM350 sample demonstrated
a carbon concentration close to that of the peanut
shell (Table 1.). The hydrogen content of RM350 is
approximately twice that of peanut shell, which raises the
possibility of higher energy release during combustion.
In addition, oilseed meals, such as rapeseed, offer more
sustainable and abundant sources. On the other hand,
rice husk combustion causes considerable greenhouse
gas emissions. Oni et al. [30] examined various biomass-
derived charcoals, including rice husk charcoal, wood
husk charcoal, sugar beet meal charcoal, poo chips, and
cow and chicken manure. According to the analysis
results, the carbon concentration in the charcoals varied
depending on the pyrolysis temperature, ranging from
49% to 93%, while the hydrogen concentration ranged
from 2.6% to 3.6%. Sun et al.[29] wused different
temperature conditions and heating rates for the pyrolysis
of rapeseed meal. The highest charcoal yield was obtained
under slow pyrolysis conditions at 350°C with a low
heating rate of 5 K/min, whereas the maximum carbon
concentration was produced in the sample pyrolyzed at
650°C with medium heating rate (24.1K/min) (Table 1).
The pyrolysis temperature of 350°C was selected for this
study because of its high efficiency and lower energy
consumption during the charcoal production process.

Table 1. Elemental Composition (C, H, N, S) of Pyrolyzed Charcoal Sample RM350.

C H N S H/C HHV(KJ/Kg)
RM350 48.75 11.39 | 4.58 | <0.1 2.8 27.4
350°C-S[29] 50.0 9.1 9.3 2.2 25.5
650°C-S[29] 53.6 6.8 9.5 1.5 24.9
650°C-M[29] 52.7 7.9 7.9 1.8 26
COAL(Blue
Gem)[31] 80.5 5.29 198 | 0.73
Peak Downs[31] | 77.1 4.34 1.68 | 0.58
Groudnut
shell[28] 48.59 5.64 0.58 19.698
673.15 K[32] 61.8 2.54 7.12
Pine-raw[33] 48.23 6.15 0.13 0 1.53 19.48
Pine -550[33] 67.55 2.82 0.41 0.01 0.5 24.60
P4-L1-550[33] 71.38 2.41 0.31 0.96 0.4 26.32
Coke[34] 83.36 1.14 0.39 | 0.30
Palm char[34] 59.35 2.98 0.30

25



R. Amini Najafabadi et al. / International Journal of ISSI, Vol. 22(2025), No. 2, 23-32

Mirogens et al. [31] used various carbon sources
such as coal, coke, charcoal, wood chips, and biochar to
produce metallic silicon. The researchers examined the
relationship between charcoal reactivity and porosity,
reporting fixed carbon contents ranging from 59% to
67% in the minimum and maximum states. The carbon
concentration in the final analysis was 80.5 and 75.9%
by weight. High reactivity, high conversion rate, and
negligible impurity were mentioned as important
characteristics of carbon materials. Noteworthy, biochar
exhibited negligible sulfur content, while this element
was present in coal and coke at 0.73 and 0.58%,
respectively. The presence of sulfur pollutant and its
potential removal by biochar can be regarded as key
environmental considerations.

Noorfarhana et al.[34] investigated the combination
of palm charcoal, Fe,0;, SiO,, and coke in specific ratios
in the process of ferrosilicon synthesis. The results
showed that the silicon concentration was 41.14% higher
when coke was used as the carbon source compared to
palm charcoal, although the reduction efficiency of silica
was superior with palm charcoal.

3.2. FTIR

FTIR spectroscopy was performed to investigate the
functional groups present in biomass and biochar samples.
Simplicity, non-destructiveness, speed, and accuracy
are the main characteristics of this analysis. FTIR
spectroscopy was performed in the range of absorbed
spectra 400-4000cm™!, enabling the identification of
chemical compounds and functional groups. In addition,
the differences in wave absorption values by biomaterial
and charcoal, along with the changes caused by the
key pyrolysis parameters (temperature, residence time
and heating rate) were also evaluated Fig. 1. presents
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the FTIR spectra of the raw material, rice bran dried
at 105°C, and biochar samples pyrolyzed at 350 and
500°C. Sun et al. [29] reported six main groups with
high absorption intensity in the infrared spectrum. These
observations included the —OH stretching vibration at
3400cm™, C-H vibrations (CH;, CH,) at 2920cm™!,
stretching vibrations of C=C and C=0 at 1646cm!,
C=C vibrations associated with aliphatic chains (CHs,
CH,) at 1455cm™, and C-O-C and Ar-H stretching
vibrations at 1050cm™ and 787cm™, respectively.
Structural changes induced by pyrolysis conditions can
be evaluated by examining the absorption values of C=0
and C=C and their ratios. Consistent with the results of
the above study, a decrease in the C=0O/C=C ratio was
reported with increasing pyrolysis temperature from
350°C to 500°C and 650°C. The FTIR analysis results
of RM105, RM350, and RM500 also confirmed this
decreasing trend from 350°C and 500°C, whereas the
dry powder sample and the RM350 biochar exhibited
a relatively higher C=0/C=C ratio. Fig. 2. shows the
changes in infrared absorption associated with C=C
stretching vibrations during the pyrolysis of the rapeseed
meal. These vibrations exhibited less infrared absorption
at higher pyrolysis temperatures. Since the infrared
absorption and the amount of compound present in the
sample are directly related, it is observed that increasing
the pyrolysis temperature from 350°C to 500°C has
caused the decomposition and elimination of C=C bonds.
In the case of C=O stretching vibrations, increasing
temperature increases infrared absorption, suggesting
that C=0 vibrations are formed as a result of pyrolysis
and increasing pyrolysis temperature (Fig. 3.).

The observed decrease in C=C stretching vibrations
and the corresponding increase in C=O stretching
vibrations during pyrolysis at 350°C indicate that this
temperature can be sufficient for coal pyrolysis.

crystalline

2500 3000 3500 4000 4500

Wavenumber (cm™)

Fig. 1. FTIR spectra showing infrared absorption characteristics of dried RM 105 raw material and
biochar pyrolyzed at different temperatures in the range of 400-4000cm™.
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Fig. 2. FTIR spectra highlighting infrared absorption changes associated with C=C stretching vibrations in dried
RM raw material and biochar pyrolyzed at different temperatures in the range of 1401-1461cm™.
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Fig. 3. FTIR spectra indicating infrared absorption changes associated with C=0 stretching vibrations in dried
RM raw material and biochar pyrolyzed at different temperatures in the range of 1601-1661cm™.

Chow et al. [35] identified the 1623cm™ band as
indicative of moieties containing the crononyl group.
The increase in IR absorption by this moiety in the
RM350 sample was relatively minor and remained
stable at a pyrolysis temperature of 350°C. The stability
of this moiety was also recorded at 700°C, which
highlights its thermal resilience under different thermal
conditions. As the pyrolysis temperature increased from
105°C to 550°C, the aromatic CH nuclei in the range of
800-880cm™ recorded an increase in absorption.
In addition, the 1100-1300cm™ range belonging to
hydroxybenzene (C-O, C-C, -OH) also increased, with
the highest absorption peak recorded at 1279cm™. Song
Yan et al. [36] reported the range of 900-1375cm™ as
being highly dependent on the crystalline and amorphous
regions. Their findings indicated that the addition
of NaOH caused a decrease in the absorption in the
1430 cm™! band, which belongs to the crystalline region,
and an increase in the ~897cm band, which belongs
to the amorphous structure. The absorption by this
band (~900cm™) in the RM550 sample is much higher

27

than that of RM350, demonstrating that the amorphous
structure (cellulose) has increased at higher pyrolysis
temperatures. The crystalline and amorphous levels of
the structure are evaluated through the crystallinity index
(CI = A1430/A897). A1430 and A897 represent the
infrared absorption intensities corresponding to the
characteristic  crystalline and amorphous bands,
respectively. The CI values calculated as the ratio A1430/
A897 for the RM350 and RM550 samples were 1.03%
and 1.50%, respectively.

Bin Gong [37] reported that strong infrared absorption
was observed at 2920cm ™! and 3050cm™!, corresponding
to aliphatic C-H stretching vibrations in cellulose
and aromatic C-H stretching in lignin, respectively.
This study indicated that cellulose was not completely
carbonized by pyrolysis. In the case of the meal charcoal
sample, the changes of this band were insignificant.
Huikeng [38] reported that infrared absorption bands at
3041cm™ and 2905cm™ correspond to NH,* and NH,
functional groups, respectively. CHNS analysis reported
the presence of high amounts (4.58%) of C-H-N.
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The infrared absorption intensities at 2905cm™ and
304lcm™ in the charcoal sample were significantly
reduced compared to those in the dried powder due to

pyrolysis.
3.3. Raman

Raman spectroscopy shares several similarities with
FTIR, although there are two fundamental differences
between the two techniques. The first difference lies in
the fact that Raman uses two photons, but FTIR uses
one [39]. Second, Raman uses the scattering of light by
frequency changes caused by the reduction or absorption
of vibrations by the molecules of the material, while
FTIR uses the peaks with the maximum energy of
Rayleigh waves.

Carbon exists in seven distinct structural forms,
including diamond, hexagonal diamond, graphite and
graphene, amorphous carbon, single-walled carbon
nanotubes, carbon nanofibers, and glassy carbon. Ferrari
et al. [40] investigated the structures of amorphous
carbon D and graphite G using Raman analysis. The
study employed the intensity ratio of the D to G bands
(I D/T_G) to assess the degree of disorder in carbon
structures, particularly in dried and pyrolyzed samples

at 350°C, following Gavilian et al. [41]. The broad
Raman band at 1580cm™ corresponds to the G band
and is indicative of graphite with an ideal lattice. The
D1 and D2 bands (graphite with a disordered structure)
are identified at 1350cm™ and 1620cm’!, respectively. In
addition, the 1520cm™ and 1260cm™ peaks correspond
to D3 (amorphous carbon) and D4 (disordered graphite
structure) structures.

As shown in Fig. 4. Raman spectrum analysis of the
dried rapeseed meal powder sample revealed seven peaks
with the highest absorption at 3866, 2922, 1909, 1855,
1724, 1635, and 1597cm™!, respectively.

Fig. 4. shows the Raman spectroscopy of a sample of
rapeseed meal dried at 105°C (RM105), with absorption
intensities for the G, D1, D2, D3, and D4 bands presented
in Table 2. The Raman absorption in peak G of RM105
was the highest (G>D2>D3>D4>D1), and the ratio
ID(D1+D2)/1G=1.69 was also calculated. On the other
hand, Fig. 5. shows the Raman spectrum of the pyrolyzed
sample at 350°C (RM350), indicating a higher degree
of structural disorder for the I D/I G ratio increased
to 2.25. In RM350, the highest infrared absorption was
by D4, and the absorption values generally decreased
compared to RM105. The relative absorption values
changed as D4<D1<D3<D2 due to the decomposition
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Fig. 4. Raman spectroscopy of dried powder at 105°C.
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Fig. 5. Raman spectroscopy of pyrolyzed biochar at
350°C.
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and compounds resulting from pyrolysis. The ID/IG ratio
of the pyrolyzed sample reveals that pyrolysis has caused
a structural change from relatively regular to disordered
and amorphous structures. Fig. 6. provides a detailed
view of the absorption peaks of RM350. As reported by
Sparavigna [41], the peak at 1387cm™ (Fig. 6.), indicated
an absorption intensity of 7508.58, reflecting disordered
carbons. According to Fig. 6., the Raman absorption for
D-carbon structures was in the order of D1>D3>D2>D4,
suggesting D1 as the dominant structure in RM350 coal.
The D2 structure, which had the maximum value in
RM105, diminished significantly in RM350.

34. TG/DTG

Fig. 7. shows the changes in the reduced mass
and thermal stability of rapeseed meal biochar during
thermogravimetric analysis, conducted under ambient

conditions with nitrogen gas flow and a heating rate
of 10°C/min from 25 to 1000°C. The biomass is
primarily composed of cellulose, hemicellulose, and
lignin. Hemicellulose decomposes at 220-315°C, while
cellulose decomposes at 315°C-400°C [42]. The thermal
stability of lignin has been shown to remain stable from
150°C to 900°C. At temperatures below 200°C, cellulose,
hemicellulose, and lignin are endothermic due to moisture
loss. As the temperature increases to 355°C, cellulose
continues to exhibit endothermic characteristics, while
hemicellulose and lignin show exothermic responses at
275°C and 365°C, respectively.

Fig. 7a. shows the mass loss of biochar during TG
analysis. At the onset of heating, the mass loss rate is
initially low but becomes constant upon reaching a
specific temperature threshold. The DTG curve in
Fig. 7b. shows the initial stage of thermal degradation
for rapeseed meal biochar, occurring between

Table 2. Raman absorption results by carbon modes RM105 and RM350.

Weightloss %

. -]
prr.350 C .
T,4:10 °C/min
Temperature |
RN S S S S SS \Q@

Peaks G DI D2 D3 D4 ID/IG

Absorb |y 3o 5 1 70674.86 | 108475.5 | 108155.5 | 85509.63 | 1.69

RMI0S . . . . . .

Absorb

RM3s0 | 5929-62 | 5987.22 | 740287 | 6905.59 | 6862.26 | 2.25
Temperature

Derive.Weight( %/°C)

Fig. 7. TG and DTG curves of biochar pyrolyzed at 350°C at a heating rate of 10°C/min up to 1000°C in a
nitrogen injection environment at a rate of 50 mL/min, a) TG and b) DTG.
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25°C and 150°C. The maximum endothermicity is
observed at a temperature of 99°C, which can be due to
the evaporation of moisture, molecular water, and light
volatile compounds, as well as the early thermal response
of cellulose. The mass loss at this stage is 2.14%. There is
no mass loss with the continued increase in temperature
from 100°C to 311°C. Cellulose in the raw material is
destroyed and decomposed when slow pyrolysis is
performed at 350°C. In this range, the endothermic
reaction changes to exothermic and reaches a maximum at
173°C. From 311°C to 450°C, a mass reduction gradient
and a corresponding endothermic reaction occur in the
coal, which is probably indicative of decomposition and
destruction [43]. The original biomass is rich in protein,
carbohydrates, and polyunsaturated fatty acids. Krzysztof
Mazurek [32] reported that in the temperature range of
170°C -550°C the reaction energy would be exothermic,
while an endothermic response was recorded between
170-450°C in the sample under study, which could be
due to the difference in the pyrolysis temperature of
coal. With the transition from 450°C, the reaction energy
showed exothermic characteristics up to 776°C, after
which the reaction energy showed endothermic behavior
up to 1000°C. The mass reduction of the starting material
was 57.9% at the end of the experiment, leaving 42.1% as
residual biochar. The second stage of exothermicity was
related to the breakdown of unstable oxygen-containing
compounds (carboxyl and hydroxyl). In the third
exothermic phase (450°C-770°C), the decomposition
of nitrogen-containing compounds and the destruction
of carbon materials were reported, leading to a mass
reduction of 57.9%.

According to Yifan Sun [29], coal derived from slow
pyrolysis exhibits lower thermal stability compared to
that produced via medium pyrolysis. Biochar can be
combined with fossil coke to form biocoke. Lichaw et al.
[33] investigated the thermal behavior of biocoke using
TGA and reported the intense reduction of the material
at high temperatures, highlighting the importance of this
characteristic in the reduction of iron oxides (conversion
of Fe,0O; to Fe). They prepared samples of pine sawdust
and lignin as pellets at 550°C for 1 h and a pressure
of 10 MPa. The samples contained 48.23, 67.55, and
71.38% carbon, as indicated in Table 3. The drop in
the TG curve at 520°C was attributed to the volatiles of
lignin, cellulose, and hemicellulose that released water,
aldehydes, phenols, and alcohols.

Here, T; is the temperature at which volatiles begin

Table 3. Temperature

to evaporate, T, indicates the temperature at which
the maximum weight loss of the material occurs during
TG, and R, indicates the maximum rate of material
loss.

3.5.DSC

Fig. 8. shows the DSC differential scanning
calorimetry curve of the dry powder and pyrolyzed
carbon of rapeseed meal. The decomposition of cellulose
is endothermic, while hemicellulose and lignin undergo
exothermic decompositions [42]. DSC evaluates thermal
stability primarily through two key parameters, including
the peak height (mW) and the heat required for the
reaction (j/g) [44].

Fig. 8. presents the initial thermal behavior of dry
powder and charcoal samples during heating, where
endothermic reactions could be observed. The highest
amount of energy (endothermic) was close to -1.5Mw for
the dry sample at 101°C, and —0.66 mW for the charcoal
sample at 89°C. The evaporation of molecular moisture
and volatiles can primarily illustrate the endothermic
reactions. The increase in temperature causes a decrease
in the endothermic energy and the start of exothermic
reactions. The dry powder sample becomes exothermic
upon reaching ~240°C, while it occurs at ~172°C for
charcoal. This behavior is potentially associated with
the decomposition and destruction of cellulose in the dry
powder and its residues in the charcoal. The presence
of exothermicity in the charcoal sample indicates the
retention of volatile cellulose residues. The heating rate
of 10°C/min is similar to the pyrolysis of the dry powder
sample and the reactions that occur during pyrolysis.
From 172°C to 185°C, the energy change is limited
in coal, while the material undergoes a shift toward
exothermic behavior with the temperature transition
from 184°C, which is due to the decomposition and
breakdown of hemicellulose and lignin bonds. At a
temperature of ~432°C, the dry powder sample stops the
increasing trend of the reaction energy TDSC = 432°C,
DSCPEAK = 2.57mW, which does not occur for coal
TDSC = 453°C, DSCPEAK = 2.84Mw. The enthalpy
values of the reaction over the temperature range of
~250°C to 350°C at a heating rate of 10°C/min were
172 J/g for the dry powder and 129 J/g for the coal,
which can be an estimate of the energy required for slow
pyrolysis. The energy required to produce coal from
biomass is less than that of fossil fuels [45].

characteristics during TG.

Sample Temperature (°C)
Ti Tmax Rmax
RM350 450 1000 -2.14
Pine-550 [33] 720 751 -3.5
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Fig. 8. Simultaneous DSC diagram of RM350 and RM105.

4. Conclusions

The physicochemical properties of biomaterials and
the resulting charcoal were investigated using FTIR-
Raman-TG/DTG-DSC analysis. Pyrolysis temperature,
sample retention time at maximum temperature, and
material type influence the properties of charcoal
(regular or disordered amorphous graphite). The thermal
stability and energy requirements for thermochemical
decomposition and structural degradation during biochar
production are lower than those needed for fossil-based
carbon materials. Rapeseed meal exhibits high potential
for carbonaceous charcoal production. The resulting
biocarbonaceous charcoal can be used independently
or composited with coal and fossil coke in industrial
production of ferrosilicon and iron, consequently
reducing the amount of fossil carbon. As demonstrated
by structural analyses, the carbon structure in RM350
charcoal is of amorphous type D1 (graphite with
disordered structure).
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