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Abstract

Agricultural by-products, such as cashew nut shells (CNS), sorghum stems (SS), and corn stems (CS), constitute unutilized
waste. However, these by-products can be used to produce biochar, which improves soil structure and fertility while contributing
to water retention and carbon stability. The objectives of this research were to produce biochars from these three biomasses
and to evaluate the physico-chemical characteristics of the biochars obtained [yield, pH, macro and micronutrient content, elec-
trical conductivity (EC), infrared analysis (FTIR), specific surface area (SBET), morphology (SEM), and CHNS/O content]. A
total of eighteen biochar samples were obtained by varying the carbonisation temperature (350 and 400 °C) and residence time
(30, 60, and 120 min) in a muffle furnace. At a fixed temperature, yield decreases with increasing residence time, surface area,
pH, and electrical conductivity. Among the eighteen types of biochar, the one derived from corn stalks had an apparent specific
surface area of (35.07 m?/g). , followed by sorghum stalks (32.45 m?/g) and cashew nut shells (0.14 m?/g). The pH of the bio-
chars is in the basic range (7.6-10.3). Furthermore, Krevelen's diagram reveals that biochars made from cashew nut shells are
more stable in the long term, with the potential to persist for several centuries. These properties suggest that different types of
biochar can be produced by adjusting production conditions and selecting biomass based on the soil characteristics in which it
can be applied.

Keywords: Biomass, Biochar, Carbon sequestration, Soil amendment

INTRODUCTION evolved from open-air furnaces to more controlled sys-
tems such as fixed-bed, continuous or fluidised reac-
tors, which allow the regulation of thermal parameters

and the reproducibility of biochar properties. Biochar is

In the face of the ever-increasing difficulties associated
with soil degradation, climate change, and more broad-

ly, the need for sustainable agriculture, biochar emerg-
es as a long-term alternative to traditional soil amend-
ments (Lehmann and Joseph, 2015). Biochar is a new
scientific concept referring to a porous carbon-based
solid produced at temperatures between 300 and 700°
C from lignocellulosic biomass residues by dry carboni-
sation or pyrolysis (Parmakoglu et al., 2023). Technolo-
gies for producing biochars have evolved. They have

widely recognised as an effective tool due to its multi-
functional applications, including improving the physico
-chemical properties of soils for effective fertilisation,
sequestering carbon, and immobilising heavy metals
and inorganic pollutants (Lehmann et al., 2011). Its
chemical and physical properties are strongly linked to
the type of biomass used and the carbonisation condi-
tions (Jindo et al., 2014).
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Carbonisation is important for identifying the most ap-
propriate application of biochar in soil. Agricultural
waste, such as biomass residues, is increasingly valued
as a renewable raw material due to its high carbon con-
tent and its potential to produce biochar and bioenergy
(Kwapinski et al., 2010). Valorising these residues into
biochars addresses the issue of sustainable manage-
ment, avoiding open burning, reducing CO, emissions,
and enriching the soil (Lehmann and Joseph,
2015).The temperature at which biochar is produced
significantly affects its physicochemical properties
(Ates et al., 2013). Biochar derived from relatively low-
temperature carbonisation is characterised by a high
content of volatile substances containing easily decom-
posable substrates, which promotes plant growth
(Robertson et al., 2012). Biochar has physicochemical
properties that make it interesting for several energy,
environmental, agricultural, and forestry applications. In
the energy industry, it is like coal, and in agriculture and
forestry, it is like organic matter (Allaire, 2013). The
main interest in using biochar in soil today lies in its
environmental sustainability benefits, as it is considered
a new methodology for establishing a long-term carbon
sink for atmospheric CO, in terrestrial ecosystems,
while reducing the need for chemical fertilisers, which
cause pollution (Rehrah et al., 2014).

Furthermore, the transformation of biomass carbon into
biochar carbon results in greater sequestration than
open burning or direct biomass application (Lehmann et
al., 2006). Few studies have explored and compared
the production of biochar from different agricultural resi-
dues at low carbonisation temperatures (<400°C) with
varying carbonisation times. (Mukherjee et al., 2022)
examined the influence of residence time on yield and
physicochemical properties at temperatures ranging
from 400 to 600°C for 30 and 90 minutes, which im-
proves biochar stability. However, this temperature vari-
ation exceeds 400°C, with only a small variation in resi-
dence time and no comparison of the properties of the
biochars obtained under the same conditions. This
study aimed to produce biochars at low temperatures
by varying the carbonisation time with a variety of agri-
cultural residues, and to compare their potential as soil
conditioners and carbon stabilisers.

MATERIALS AND METHODS

Preparation of biochars

The sorghum and maize stalks, as well as the cashew
nut shells, were dried in the sun for 3 days. They were
then placed in an oven at 40 °C for 24 hours to reduce
their residual moisture content, then cut into pieces no
larger than 3 cm. The cashew nut shells (CNS) were
carbonised in their natural form due to their high me-
chanical rigidity. This difference in particle size and ge-
ometry reflects the intrinsic physical properties of the

raw materials and can influence heat transfer and de-
volatilisation behaviour during carbonisation; this pa-
rameter was taken into account in the interpretation of
the results. The Nabertherm L24/11 programmable
muffle furnace (internal dimensions 230 x 250 x 200
mm) was used to carbonise the biomass in a static at-
mosphere (limited air) at a maximum temperature of
1100 °C. Carbonisation was carried out at final temper-
atures of 350 °C and 400 °C with residence times of 30,
60, and 120 minutes. A total of eighteen (18) biochars
were produced and used in this study, derived from
three different feedstocks: cashew nut shells (CNS),
sorghum stalks (SS), and corn stalks (CS). The bio-
chars were coded according to feedstock type, carboni-
sation temperature, and residence time. The furnace
was preheated for 2 hours before each production cy-
cle to reach a stable temperature. Each precursor was
placed in a porcelain crucible.Table 1 summarizes the
factors that influence biochar production.

After carbonisation at the desired temperature for the
desired duration, the biochars were cooled in a desic-
cator at room temperature, ground in a mortar to a par-
ticle size of less than or equal to 1 mm, and stored in
an airtight container. The objective was to produce bio-
chars that are inexpensive, readily available, and can
be produced at temperatures more easily attainable in
real conditions using biomass. Furthermore, the main
components of biomass decompose within the chosen
temperature range. Notably, hemicellulose decompos-
es at temperatures between 220 and 315°C, cellulose
at 315-400°C, and lignin at 160-900°C, depending on
the biomass (Yang et al., 2007).

Immediate analysis

Immediate analysis primarily relies on determining
moisture content, volatile matter content, ash content,
and fixed carbon content. The moisture content of bio-
masses is obtained in an oven at 105°C according to
the NF EN 14774-2 standard. The volatile matter con-
tent is obtained at 900°C for 7 minutes according to
ISO 18123. The ash content is determined at 550°C in
a muffle furnace until complete combustion according
to ISO 18122. The fixed carbon content is determined
by subtracting the sum of the ash and volatile matter
content from 100.

Analytical characteristics of the synthesised bio-
chars

Mass yield

The mass yield represents the ratio of the mass of the
biochar obtained to the mass of the dry shell used
(Formula 1). All masses were measured using a high-
precision balance from GOLDEN-METTLER USA

biochar mass
Y(%) = X 100 (1)

dry shell mass
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pH and electrical conductivity

The Sartorius pH meter was used to measure the pH of
the different types of biochar. These biochars are pro-
duced as granules in a mortar. They are then intro-
duced into distilled water at a 1:10 biochar:water ratio,
as recommended by Singh et al. (2017). The mixture
was homogenised by vigorous agitation for 30 minutes,
followed by sedimentation for 10 minutes and filtration,
and then the pH is measured. The electrical conductivi-
ty was measured in the same solution using a
Thermo Scientific Orion Star A212/A329 conductivity
meter.

Concentration of macronutrients and
micronutrients
Total nitrogen content
Total nitrogen content was determined using the
Kjeldahl method (Dabin, 1965). The principle was
based on the mineralisation of a 3 g sample with con-
centrated sulphuric acid and a catalyst to convert or-
ganic nitrogen into ammonium sulphate, followed by
dilution and adjustment to an alkaline pH. The released
ammonia is distilled into a 20 g/L boric acid solution in
excess, then titrated with 0.02 N sulfuric acid to deter-
mine the ammonia bound by the boric acid, and the
nitrogen content of the sample was calculated from the
amount of ammonia produced. Formula 2 was used to
determine the nitrogen content.
1,401 X T X (V, — V)

tet

- X 100 (2)

With T, the normalcy of the sulphuric acid solution; Vg
the volume in millilitres of the sulphuric acid solution
used for the blank test; V;the volume in millilitres of the
sulphuric acid solution used for the determination, and
m the mass in grams of the sample.

Total phosphorus content

Phosphorus was dosed using the ceruleomolybdic
method, which is based on the formation and reduction
of a complex of orthophosphoric acid and molybdic
acid. The reduction of phosphomolybdic acid results in
a blue colour, the intensity of which is proportional to
the amount of phosphorus present in the medium in
question. One gram of the sample is calcinated at 500 °
C for 5 hours, then dissolved in a 100 ml volumetric
flask. To 4 ml of the solution, 2 ml of sulphomolybdate
mixture and 5 ml of ascorbic acid were added, then the
volume is made up to 20 ml with distilled water. The
mixture is heated in a water bath at 85 °C for 10
minutes and the phosphorus is read using a UV-visible
spectrophotometer at 650 nm. Standard solutions were
prepared in sulfuric acid (1 N) from monopotassium
phosphate (PO4H.K). The phosphorus content is ex-
pressed in mg/100 g using formula 3:

lex V.. xFd
P=ro— 3
where Ic is the reading given by the spectrometer, Ve
is the volume of the sample taken for testing, Fd is the
dilution factor, and Pe is the volume of the sample tak-

en for testing.

Total sodium and zinc content

The total sodium and zinc content was determined by
atomic absorption spectrometry (AAS) according to the
standard NF EN ISO 6869, March 2002. Five grams of
the sample were calcined, then dissolved in a 50 ml
flask with nitric acid (0.05 M). Standard ranges were
prepared and analysed by AAS to plot the calibration
curves. The mineral concentrations are read and ex-
pressed in mg/100 g using formula 4.

Crue X V. X Fd

L

p=—t_T——x (4)

Where P is the mineral content (mg/100 g); Ci. the
concentration read on the screen (mg/L); V, the volume
of recovery (I); and Cj,. the sample weight (g).

Analysis by Fourier transform infrared
spectroscopy (FT-IR)

Infrared spectra of twelve (12) biochars obtained during
30 and 120 minutes were recorded using a NICOLET
iS5 Fourier transform infrared spectrometer with a
spectral resolution of 4 cm™. The baseline was estab-
lished using a pellet composed of 150 mg of pure po-
tassium bromide (KBr). For each analysis, the sample
was prepared by homogenising 0.4 mg of biochar pow-
der with 150 mg of KBr, then compressing the mixture
into a tablet for analysis in the spectrophotometer. Ta-
ble 2 shows the functions attributed to the different
wave numbers.

Determination of the porous surface area by

the BET method

The specific surface areas of the (12) biochars ob-
tained at 30 and 120 minutes were measured using an
automated sorptometer of the ASAP 2020 Micrometrics
type at liquid nitrogen temperature (77K). The BET
surface area calculation was performed using eight
points on the adsorption curve at relative pressures of
0.05 < P/P° < 0.30. Before analysis, the samples were
degassed at 90°C for 30 minutes, followed by 200°C
for 16 hours under vacuum using a turbo-molecular
pump (vacuum level: 13 pbar).

Elemental analysis by CHNS/O analyzer

To determine the elemental chemical composition of
the samples, 1 to 2 mg of sample was introduced in a
tin boat and subjected to ‘flash’ combustion at 1000°C,
releasing gases that undergo a treatment cycle
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Table 1. Variation in biochar production factors

i
CNS-350_30 30
CNS-350_60 350 60
CNS-350_120 120
CNS-400_30 30
CNS-400_60 400 60
CNS-400_120 120
$5-350_30 30
$S-350_60 350 60
$5-350_120 120
$5-400_30 30
$S-400_60 400 60
$S-400_120 120
CS-350_30 30
CS-350_60 350 60
CS-350_120 120
CS-400_30 30
CS-400_60 400 60
CS-400_120 120

-CNS denotes biochar derived from cashew nut shells; SS de-
notes biochar derived from sorghum stalks; CS denotes biochar
derived from corn stalks

(oxidising, reducing, etc.) in a reactor tube and/or spe-
cific traps. The CHNS Flash Smart elemental analyser
was used in this study. The treated gases are then sep-
arated using gas chromatography. The quantity of each
compound is determined using a thermal conductivity
detector (TCD). This analysis was performed on a total
of 6 samples. The oxygen content was determined by
calculation: subtracting the sum of the percentages of
nitrogen (N), carbon (C), hydrogen (H), sulphur (S), and
the ash content from 100 (Chung et al., 2024).

Analysis by scanning electron microscopy (SEM)
The morphology of the samples was examined using a
Hitachi TM3000 scanning electron microscope. A few
milligrams of each biochar sample were pressed onto a
carbon disc and then introduced into the microscope for
observation.

RESULTS AND DISCUSSION

Characterisation of biomass

The immediate analysis of the three types of biomass
focuses primarily on moisture content, volatile matter,
ash content, and fixed carbon. Table 3 shows the re-
sults of the immediate analyses of the three types of
biomass.

The analysis reveals that the cashew shells are com-
posed of nearly 82.50% + 0.99 volatile matter, 14.53%
+ 0.34 fixed carbon, and 2.97% + 0.08 ash. This com-
position is similar to that of cashew nut shells from Be-
nin, which were evaluated at 81.6%, 15.8%, and 2.6%
for volatile matter, fixed carbon, and ash content, re-
spectively (Godjo, 2017). These values differ slightly
from those of cashew nut shells from Nigeria, which
have a composition of 65.21% volatile matter, 22.21%
fixed carbon, and 2.75% ash (Kumar et al., 2012). The
moisture content of the sorghum stems is 2.56% =
0.028. This value is significantly lower than the range
reported in the literature, which spans 46.50% to
56.62% for the chemical and bioenergetic characterisa-
tion of sorghum agronomic groups (McKinley et al.,
2018). This variation could be explained by the type of
sample and the time at which it was collected. The sor-
ghum stems used in this study are collected after har-
vest and are therefore almost dry. Biomass containing
more than 30% water is not suitable as a raw material
(Tripathi et al., 2016). Drying the raw material to a mois-
ture content of 10 -15% is often necessary (Zabaleta et
al., 2018). A high ash content leads to poor combustion
and disposal problems (Chen et al., 2023). This is not
the case for these biomasses, as when added to soil for
carbon sequestration, it is desirable to have charcoal
with less ash and more carbon (Chou, 2015). The sor-
ghum and maize stems have a higher volatile matter
content than the cashew nut shells, which could reduce
the biochar's durability for long-term carbon sequestra-

Table 2. Vibration and wave numbers of spectra (FTIR)
(Carrier et al., 2012 and zwieten, 2010 and Gaskin et al.,
2008)

Wave number Types of vibration

(cm™)

3400 Stretching vibration of O-H hydroxyl

2950 Stretching vibration of C-H bonds in
Asymmetric stretching vibration of the

2850 C-H bonds of the CH[1 and CHI]
groups

1740-1720 Stretching vibration of aldehyde groups
Stretching vibration of C=C bonds in

1620 - 1650 aromatic groups and C=0 bonds in
amide, ketone and quinone groups

1580 -1590 Asymmetric stretching vibration COO-

1460 Asymmetric deformation vibration of C-
H bonds in CH3; and CH,, alkyl groups

1000 - 1100 Asymmetric stretching vibration Si-O-Si
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Table 3. Immediate analysis of biomass

Biomass CS SS CNS
Moisture (%) 2.53 £ 0,02 2.56 £ 0,03 7.51+0,49
Volatile matter (%) 91.47 + 0,68 90.49 + 0,75 82.50 + 0,99
Ashes (%) 5.13+0,09 5.88+0,12 2,97 £ 0,08
Fixed carbon (%) 3.4+£0,28 3.63+0,64 14.53 + 0,34
Neot (%) 0.48 £0,19 0.51+0,09 0.31+0,03
Na (mg/kg) 111+ 1.02 157 £ 0.98 6079 + 28.97
Pt (Mg/kg) 1968 + 4.68 2386 +5.10 2203 + 4.55
Zn (mg/kg) 15.6 £ 0.57 56.9 + 2.31 10.3 £ 0.52

CNS : cashew nut shells; SS : sorghum stalks ; CS : corn stalks

tion, but this can be corrected by increasing the quanti-
ty per unit area. Nevertheless, this increase in volatile
matter will provide a porous structure (Mohan et al.,
2006). and nutrients to improve the activity of soil mi-
croorganisms (Joseph, 2012).Furthermore, the high
fixed carbon content can be explained in part by the
intrinsic chemical composition of the raw material and
by physical effects related to particle size (Di Blasi,
2008). In view of the results of the immediate analyses
of the three biomasses, they are predisposed to being
precursors to produce biochar.

Physicochemical characteristics of biochars

Mass production yield

It is necessary to know the biochar production yield to
assess the availability of raw materials if this technolo-
gy were to be transferred to an industrial setting. The
production yield of biochars was determined for the
three biomasses, namely the cashew nut shells (CNS),
sorghum stems (SS), and corn stems (CS) . Fig. 1 illus-
trates the yield of the different biochars. The ranking of

Fig. 1. Mass yield of biochar production

yields gave CNS (33.24 — 55.61) > SS (16.7 — 26.51) >
CS (9.05 — 22.96). The high yield of biochar from cash-
ew nut shells could be explained by their rigidity and by
the apparent density resulting from the shells being
arranged compactly in the crucibles, creating a specific
thermal microenvironment that may affect heat penetra-
tion. Values ranging from 46.2 to 35.9% and from 37.8
to 30.3% by mass at temperatures of 350 °C and 400 °
C were found by (Kadjo et al., 2024) to extract the oil.
Low-temperature carbonisation yields more biochar
and volatile matter than high-temperature carbonisation
(Jindo et al., 2014). This can be observed for these
biomasses: the two temperature conditions (350 °C and
400 °C), despite being low, show differences due to
temperature variation and different residence times.
Furthermore, the type of raw material also affects bio-
char yield. For the same residence time, yields differ
across biomass types at different temperatures. They
decrease respectively for cashew nut shells, sorghum
stems, and corn stems. Similar findings were reported
by Khater et al. (2024), who observed a decrease in
biochar production yields when the temperature varied
from 400 to 800°C with biomasses such as rice straw,
wood chips, sugarcane residue, and tree leaves, due to
increased combustion rates. They attribute this to varia-
tions in the lignin and cellulose content of the biomass.
Carbonisation of all biomass types resulted in greater
biochar production at lower carbonisation tempera-
tures. It should be noted that the differences observed
in yield between biochar derived from cashew nut
shells and that derived from stems cannot be attributed
exclusively to the chemical composition of the raw ma-
terial, but also to the larger particle size of CNS, which
could, however, affect the transfer kinetics, potentially
contributing to the variations observed(Di Blasi, 2008).

pH of biochars

The pH of biochar is important to know, as it may influ-
ence soil pH. The pH ranking is SS (9.23-10.28) > CS
(9.26-10.05) > CNS (7.56-9.13). The lowest value is
that of the carbonised cashew nut shells at 350°C for
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30 minutes (CNS-350_30), which is probably due to the
presence of acidic cashew oil (Godjo et al., 2015). The
highest value is obtained with SS-400_120. Basic pH
values (pH > 9) were observed for biochars derived
from corn stover. Fig. 2 shows the pH of the different
biochars. Most biochars used for soil amendment are
alkaline (Mukherjee et al., 2014). However, pH values
ranging from 3 to 12 have been reported in the litera-
ture (Mukherjee et al., 2014;. During carbonisation,
acidic functional groups are eliminated, and salts of
alkaline and alkaline-earth metals are enriched
(Fuertes et al., 2010). These salts, which can be car-
bonates or silicates, give biochars considerable alkalini-
ty (Vassilev et al., 2013). However, this depends on the
raw material and the cooking process (Xie et al., 2015).
A substantial increase in pH occurs at higher tempera-
tures due to the increased relative concentration of non
-carbonised inorganic elements in the raw materials.

Conductivity

Conductivity is a parameter required by the Internation-
al Biochar Initiative (IBI) that indicates the biochar's
ability to conduct electricity. It is based on the principle
that solutions with high salt concentrations have a
greater ability to conduct electricity (Singh et al., 2017).
The highest value was obtained with biochar from
cashew nut shells, ranging from 128 to 730 uS/cm de-
pending on the production conditions, and could lead to
an increase in soil salinity, requiring appropriate dosing
to protect sensitive crops (Beesley et al., 2011). Bio-
chars made from sorghum stalks had the lowest con-
ductivity, ranging from 1.15 to 4.565 uS/cm, as shown
in Fig. 3. According to Joseph et al. (2010), biochar
conductivity depends on the amount of salts it contains,
and high biochar application rates in the soil can harm
sensitive plants. Biochar salinity can therefore be eval-

Fig. 2. pH of different types of biochars

uated by electrical conductivity, indicating that the ca-
pacity of plants to extract water from their environment
depends not only on matric potential but also on the
osmotic potential created by salinity (Chou, 2015). The
electrical conductivity of biochars increases with tem-
perature and carbonisation time. The highest values
are obtained with biochar from cashew nut shells, rang-
ing from 128 to 730 yS/cm depending on the produc-
tion conditions. Biochars made from sorghum stems
showed the lowest conductivity of the three biochars.
(1.15 — 4.565 pS/cm). This difference could be ex-
plained by the initial composition of the biomass, which
is rich in basic cations (K[, Ca?[J), which concentrate
in the biochar after carbonisation (Lehmann and Jo-
seph, 2015).

Macro and micronutrient content

The macro and micronutrient content of biochars is an
important factor in their agronomic value. The nutrients
that have been determined are mainly total nitrogen,
total phosphorus, sodium and zinc. Tables 4 and 5 il-
lustrate the variations of these different minerals. For
the three types of biochar at 350 °C, the total nitrogen
content ranges from 0.65 to 1.41%. This small variation
could be explained by nitrogen volatilisation during car-
bonisation. Therefore, biochars cannot be considered
as nitrogen fertilisers ( Chou, 2015). Rather, they can
be considered organic amendments that improve soil
structure and cation exchange capacity when incorpo-
rated. The nitrogen content obtained is consistent with
studies in the literature on various types of biomasses,
including hardwoods, softwoods, non-woody materials,
and others, whose nitrogen content falls within the
range of (0.21 to 5.71) (Chou, 2015). The sodium con-
tent ranges from 11,460 to 30,736 mg/kg. Biochar de-
rived from corn stalks indeed has an extremely high

EC(usicm)

Fig. 3. Electrical conductivity of different types of biochar
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Table 4. Variation in mineral content at 350°C as a function of residence time

: Niot Nayot Ptot Znyo
Biochars (%) (mglkg) (mglkg) (mglkg)
CNS-350_30 0.83+0.01 11460.7 + 54.3 6929+0.14 7.26 £0.04
CNS-350_60 1.00 + 0.04 15786.8 +70.5 715.3+2.75 9.26 + 0.05
CNS-350_120 1.04 +0.03 18556.9 + 165 681.7 £ 0.65 10.77 £0.03
SS-350_30 0.69 +0.01 24028.7 + 70 421.7 £ 0.56 6.26 + 0.09
SS-350_60 0.65+0.04 18973.6 + 141 428.4 +1.83 6.75+0.28
SS-350_120 0.72+0.15 30736.3 + 213 4915 +1.62 10.49 £ 0.02
CS-350_30 1.08 +0.02 21253.57 £+ 67 519.8 £+0.42 33.215+0.05
CS-350_60 1.41 +0.05 28850.4 + 0.01 531.2+0.67 33.69 +0.04
CS-350_120 1,37 £ 0.01 297679+ 70 564.2 £+ 0.35 35+0.05

total sodium content (30,000 mg kg™), and an agro-
nomic risk assessment must account for soil salinity
and sodicity thresholds. Soil salinity is generally ex-
pressed in terms of electrical conductivity, with values
above 4,000 yS cm™ considered moderately saline and
potentially restrictive for many crops, and values above
8,000 pS cm™ considered highly saline. Crop yield re-
sponse models, such as the Maas-Hoffman model,
indicate that salt concentrations above threshold levels
result in significant yield reductions. Exchangeable so-
dium percentages above 15% and sodium adsorption
ratios above are widely used as agronomic indicators of
sodicity risk, which can adversely affect soil structure
and plant growth. Therefore, despite the high total Na
content of biochar, its practical risk of salinity and
sodicity depends on the amount of sodium that be-
comes soluble and exchangeable in the soil environ-
ment rather than the total element concentration alone
(Breker, 2016; Araujo et al., 2024). The fact that CNS
had the lowest ash content confirms that ash repre-
sents total mineral matter and may not correlate with
the concentration of a specific element. The Na con-
centration in CNS biochars could be attributed to the
biomass's initial composition and to concentration ef-
fects during carbonisation (Evans et al., 2017). In-
creased nitrogen content (up to 1.58%) at 400°C, spe-
cifically for corn stalks, could suggest the formation of
aromatic structures containing nitrogen, which would
promote long-term stability and resistance to microbial
degradation in the soil (Lehmann and Joseph, 2015). At
400°C, the phosphorus content varies from 468.36 to
884.75 mg/kg. The maximum value is obtained with
biochar derived from cashew nut shells (CNS), followed
by biochars derived from corn stems (CS) and sorghum
stems (SS). This shows that the carbonisation tempera-
ture and the nature of the biomass influence the phos-
phorus content of biochars. Some biochars can there-
fore be used as a phosphorus amendment in soils and
potting mixes. Unlike nitrogen, biochars rich in phos-
phorus may be restricted in certain applications, such
as water filtration or repeated high doses in agricultural
fields (Chou, 2015). Biochars obtained from cashew nut
shells, sorghum, and maize stalks show a general ten-

dency for increased nitrogen (N), phosphorus (P), and
zinc (Zn) content with increased carbonisation time.
This increase could indicate a progressive concentra-
tion of nutrients due to increased evaporation of volatile
compounds at prolonged temperatures and times
(Enders et al., 2012). The high values obtained from
biochars from cashew nut shells are explained by the
presence of mineral salts that concentrate after carbon-
isation, which is correlated with the high conductivity of
biochars from cashew nut shells.

To better assess the effect of carbonisation, the ele-
mental composition of the raw biomass was also deter-
mined (Table 3). The nitrogen, phosphorus, sodium
and zinc contents varied according to the type of bio-
mass, ranging from 0.31 to 0.51%, 1968 to 2386 mg/
kg, 111 to 6079 mg/kg and 10.3 to 56.9 mg/kg, respec-
tively. Comparison with biochars shows that carbonisa-
tion concentrates these elements, mainly through the
loss of volatile matter and water. However, several
studies indicate that the nutrients in biochar are not
always immediately available to plants, as they are of-
ten bound to aromatic structures or solid mineral phas-
es. Nevertheless, they can contribute to soil fertility
through slow release and improved nutrient retention
(Lehmann and Joseph, 2015). Aqueous extraction and
soil-biochar incubation experiments show that most
phosphorus and nitrogen remain in the solid phase
(Mukherjee and Zimmerman, 2013), while aromatised
nitrogen limits rapid mineralisation, indicating that bio-
char acts primarily to retain existing nutrients in the soil
rather than as a direct source (Singh and Cowie, 2010).

Spectroscopic responses in infrared with Fourier
transform Infrared spectroscopy (FTIR)

Infrared spectroscopy with Fourier transform (FTIR) is a
tool for identifying functional groups in biochars
(Keiluweit et al., 2010). It highlights the structural
changes induced by carbonisation, such as the gradual
loss of labile oxygenated functionalities and the for-
mation of more condensed aromatic structures, provid-
ing essential information on the chemical stability and
surface reactivity of biochars (Chen et al., 2011). Fur-
thermore, it enables the evolution of characteristic
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Table 5. Variation in mineral content at 400°C as a function of residence time

f Ntot Nayot Piot Znot
Biochars (%) (mglkg) (mglkg) (mglkg)
CNS-400_30 0.88 + 0.06 18005.7 + 141 883.9+0.14 11.36 £ 0.42
CNS-400_60 1.02 +0.06 18066.5 + 57 884.8+1.13 11.61 £0.03
CNS-400_120 1.34 +0.03 19347.1 + 165 864.9+0.75 12.37 £0.03
SS-400_30 0.61+0.1 26899.2 + 563 468.3 £4.03 9.48 + 0.09
SS-400_60 0.66 + 0.04 24794 + 215 482.7 + 3.39 10.18 £ 0.01
SS-400_120 0.69 +0.01 32293.9 + 717 686.1 £ 0.89 1514 +£0.12
CS-400_30 143 +0.15 19745.7 +6.73 532.9+0.67 30.32 +0.28
CS-400_60 1.45+0.01 31151.5+ 1414 686.3 £ 0.64 34.63 +0.06
CS-400_120 1,58 £ 0.03 47317.7 £ 39 5747 £1.30 36 +0.01

bands to be linked to the agronomic and environmental
properties sought, such as carbon sequestration and
cation exchange capacity (Lehmann and Joseph,
2015). Figs. 4 and 5 show the spectra obtained at 350
and 400 °C for biochars alone, after 30 and 120
minutes, to highlight the differences.

Fig. 4 shows the spectra of the different biochars ob-
tained at 350 °C with carbonisation times of 30 and 120
minutes. The band at 3400 cm™ corresponds to the
stretching vibration of the hydroxyl group (O-H), indicat-
ing the presence of hydroxyl groups and possible resid-
ual moisture (Kuligiewicz et al., 2015). These bands are
more pronounced for SS-350_30 and CS-350_120 and
could increase their cation exchange capacity
(Tomczyk et al., 2020). Between 2960 and 2850 cm™, a
weak vibration of elongation of the aliphatic group (C-
H) is observed, which is characteristic of a low degra-
dation of the aliphatic chains in the biochars. The band
around 1600 cm™ corresponds to a vibration of elonga-
tion of the aromatic (C=C) bond or aromatic cycles. A
weak response is observed at 30 min and is slightly
more pronounced at 120 min, which could indicate the
formation of aromatic structures and, consequently, the
onset of stability (Parikh ef al., 2014). These bands are
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Fig. 4. Spectra of biochars obtained at 350°

more pronounced in the SS-350_120 and CS-350_120
than in the biochars from cashew nut shells. This could
be explained by the fact that cashew nut shells contain
a lignocellulosic wall and an oil containing phenol,
which undergoes dehydration and decarboxylation at
temperatures between 300 and 400°C, resulting in a
composite spectrum with broad bands rather than fine
ones (Cruz, 2024). The band between 1100 and 1000
cm™, specific to SS-350_120, corresponds to the elon-
gation vibration of the (Si-O-Si) group, indicating the
presence of ash during carbonisation. Similar findings
were reported by Qian and Chen (2013) when biochars
were produced from rice and palm kernel husks by car-
bonisation at 350 and 500°C, and they estimated the
vibration at 1091 cm™ to be due to aliphatic C-O or al-
cohol C-O stretching [48]. This shows that the duration
of carbonisation and the nature of the biomass influ-
ence the different surface functions. Fig. 5 illustrates
the spectra of the biochars obtained at 400 °C for 30
and 120 minutes. Increasing the carbonisation time
from 30 to 120 minutes resulted in a slight decrease in
the stretching vibration of the hydroxyl groups at 3400
cm™, except for the biochars obtained from cashew nut
shells, which could be explained by the presence of the

v(O-H)

v(C-H) v(C-C)

S~ — J/-"”“"
‘«'\\g’»\,ﬁ f\'v‘—//?
//\\/\m

|

| —17]
KRJN;—/\M

v(Si-0-Si)

F—— CNS-400_30
t—— CNS-400_120
|—— $S-400_30
|—— $5-400_120
CS-400_30
CS-400_120

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. Spectra of biochars obtained at 400°C
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Fig. 6. Specific surface areas of biochars

condensate (the oil it contains). The band around 1600
cm™ corresponds to the stretching vibration of the
(C=C) bond of the aromatic group. This can be seen in
the cashew nut shells. This observation can be attribut-
ed to the typical aromatic structures of lignin, as cash-
ew nut shells are rich in lignin (McCall et al., 2025. The
high electrical conductivity of CNS-400_120 (730 us/
cm) is correlated with a clear peak at 1400 cm-1, char-
acteristic of soluble salts. This absence could be ex-
plained by the fact that the salts present do not induce
a change in the dipole moment, a condition for a vibra-
tional mode to be observed (Hsu, 1997). SS-400_120
also shows an unclear peak at 1600 cm-1, characteris-
tic of medium resistance to microbial degradation
(Keiluweit et al., 2010). According to Zhao et al. (2024),
the band around 2900 cm™ decreases gradually with
increasing carbonisation temperature and is attributed
to dehydration or decarboxylation reactions, leading to
the rupture of aliphatic chains. These changes are not
very noticeable in Figs. 4 and 5 due to the low carboni-
sation temperatures (350 and 400°C). This is corrobo-
rated by Tomczyc et al. (2020), who state that at low
temperatures, biochar still contains oxygenated func-
tions such as carboxyl, lactones, and phenols, which
have not yet been completely deoxygenated. In sum-
mary, it is noted that the nature of the biomass, the
increase in carbonisation temperature and the resi-
dence time influence the quality of the biochars pro-
duced.

Specific surface areas of biochars

A total of 12 biochars derived from cashew nut shells
(CNS), sorghum stalks (SS), and corn stalks (MS) were
carbonised at 350 and 400 °C for 30 and 120 minutes,
respectively, and analysed to determine their specific
surface areas. N, adsorption isotherms at 77 K were
measured using the BET method over 0.05 < P/P° <
0.30. The BET constants were negative (C < 1), indicat-

ing that the BET model assumptions are not strictly
met; therefore, the calculated surface areas are appar-
ent values and should be interpreted with caution. This
corresponds to type Il isotherms, typical of materials
with macroscopic pores (Hwang and Barron, 2011).
Fig. 6 shows the apparent specific surface area of bio-
chars. The apparent surfaces varied slightly for most
samples. From 28-35 m?g for samples SS-350_120,
SS-400_120, and CS-400_120. Short carbonization
times (30 min) resulted in minimal pore development,
while longer times (120 min) increased apparent pore
formation. The dense, lignin-rich structure of CNS pro-
moted tar formation and pore blockage, resulting in
very low apparent surfaces, while the fibrous, low-
density structure of SS facilitated partial pore develop-
ment despite a higher ash content (Leng et al., 2021).
The highest apparent surface areas were 35.07 m?g
for SS-350_120 and 32.44 m?/g for SS-400_120, indi-
cating partial macropore development. These biochars
can nevertheless improve soil water retention and nutri-
ent availability (Glaser et al., 2002).

Properties of biochar for storing carbon in the soil
Given the results obtained for specific surfaces, only six
biochars carbonised for 120 minutes were analysed to
determine their carbon, hydrogen, nitrogen, sulphur
and oxygen content. These contents provide infor-
mation on chemical composition, stability and carbon
sequestration potential (Spokas, 2010). Table 6 shows
the content of the various constituent elements. It can
be seen that the biochars obtained at 350 and 400 °C
for 120 minutes have a high carbon content of 59.18% -
73.81%, followed by oxygen content of 15.28% -
24.49%. Hydrogen ranging from 2.37% to 4.66%, nitro-
gen varying from 0.44% to 1.8% and sulphur varying
from 0% to 0.53%. The raw CHNS/O data do not allow
for a direct assessment of the stability of the different
biochars, so it is necessary to calculate the H/Corg ra-
tio, which reflects aromaticity and the degree of con-
densation, and then the O/Corg ratio, which indicates
polarity and surface oxidation.

The International biochar initiative (IBI) and the Europe-
an biochar certificate (EBC) recognise these ratios.
Thus, a low H/Corg ratio (< 0.7) and an O/Corg ratio (<
0.4) are recognised by EBC (2022) as criteria for the
long-term stability of biochar. Consequently, the CHNS/
O content can be used to certify the quality and se-
questration function of biochars. Table 7 shows the
different atomic ratios. The H/Corg ratio can be used to
assess biochar stability and, consequently, its seques-
tration capacity.

The stability of biochar is important for two reasons:
firstly, it determines how long the carbon applied to the
soil in the form of biochar will remain in the soil and
contribute to mitigating climate change; secondly, it
determines how long biochar will continue to benefit the
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Table 6. CHNS/O content of biochars

Blochars ) ) ) ) G
CNS-350_120 0.78 £ 0.04 71.94+045 4.66+0.15 0 5.29+0.35 17.33+£0,47
CNS-400_120 0.44 +0.62 73.81+152 4.23+0.13 0 6.24 + 0.26 15.28 + 1.64
S§5-350_120 0.76 £ 0.07 62.40+1.73 2.77%0.16 0.42 £0.05 10.49 £ 0.67 23.16 £1.73
SS-400_120 0.87 +£0.03 59.18+0.98 2.47+0.02 0.53 +£0.02 14.38 + 0.51 22.57 +0.98
CS-350_120 1.80 +£0.02 60.01+0.40 2.37+0.05 0.08 + 0.01 11.25+0.38 24.49+04
CS-400_120 1.69 £0.02 59.35+2.68 2.45%0.23 0.1 +£0.07 15.98 + 0.64 20,43 +2.69

Table 7. Durability and persistence properties in soil of
different types of biochars

Biochars H/IC o/C
CNS-350_120 0.78 £ 0.03 0.18 £ 0.01
CNS-400_120 0.69 £ 0.02 0.16 £ 0,01
SS-350_120 0.53 £ 0.03 0.28 £ 0.02
S$S-400_120 0.5+0.01 0.29 + 0.01
CS-350_120 0.47 £ 0.01 0.3 £ 0;00
CS-400_120 0.5+0.03 0.26 + 0.04

soil and plants (Lehmann et al., 2006). It should be not-
ed that an increase in temperature is inversely propor-
tional to the H/Corg ratio, except for corn stalk bio-
chars, which may be explained by the removal of sur-
face polar functional groups and an increase in aro-
matic carbon (Cantrell et al., 2012). Consequently, bio-
chars produced at higher temperatures would be less
polar, exhibit greater stability and aromaticity, and thus
show a more hydrophobic character (Nguyen et al.,
2018). According to the International biochar initiative
(IBI), the term ‘biochar’ only applies to carbon residue if
the H/Corg ratio is less than 0.7. With the exception of
CNS-350_120, whose H/Corg ratio is slightly above the
threshold (0.78), all biochars obtained after 120
minutes have an H/Corg ratio below 0.7, indicating
good aromatisation, stability, and structure (Mclintosh,
2013). They are therefore relatively recalcitrant. The O/
Corg ratio ranges from 0.16 to 0.30. As with the H/Corg
ratio, the O/Corg ratio decreases with increasing car-
bonisation temperature. In addition, biomass-derived
materials generally contain labile and recalcitrant oxy-
gen fractions; the former are quickly lost after initial
heating, while the latter are retained in the final biochar
(Rutherford et al., 2012). It should be noted that the IBI
gives priority to the H/Corg ratio, unlike the EBC, which
also takes into account the O/Corg ratio. Based on the
EBC (2022) requirements, all biochars have an O/Corg
ratio of less than 0.4, suggesting high aromatic conden-
sation and therefore stability. To find a compromise

between the two, we turn to Van Krevelen's diagram,
illustrated in Fig. 7. This diagram aims to assess the
degree of carbonisation by estimating the stability and
persistence of biochar (Spokas, 2010). It is also a
graphical tool often used to characterise the chemical
stability of biochars and, therefore, their ability to se-
quester carbon. The diagram reveals that biochar is
more stable when the H/Corg and O/Corg ratios de-
crease (IBI, 2015). Fig. 7 illustrates Krevelen's diagram,
combined with the half-life estimate proposed by
Spokas (2010) based on laboratory-incubated synthetic
biochars. The diagram shows that all biochars exhibit
potential long-term persistence of several centuries or
more, depending on experimental conditions. Biochars
derived from cashew nut shells are distinguished by
their ratio (O/Corg < 0.2), indicating a more stable, less
biodegradable and less oxidised structure (Spokas,
2010).They are below the EBC threshold (O/Corg <
0.4), indicating strong carbon sequestration potential
(EBC, 2022). The nature of the biomass, residence
time, and, above all, temperature are factors that have
been suggested as substitutes for stability (Baldock
and Smernik, 2002).
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Fig. 7. Van Krevelen diagram
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Fig. 10. SEM image of CNS_400_120

Biochar morphology

Scanning electron microscopy (SEM) analysis enables
the visualisation of the surfaces and porous structures
of different biochars. A total of 12 biochars were sub-
jected to SEM testing, as was the specific surface area.
However, due to image quality, only the biochars with
the highest specific surface area for each biomass, and
for cashew nut shells with the lowest surface area (0.14
m?/g), are presented, as shown in Fig. 8, 9, and 10. Fig.
8 shows the biochar produced from sorghum stalks and
reveals a heterogeneous surface with visible aggre-
gates and cavities (Downie et al., 2009). This is charac-
teristic of highly decomposed lignocellulosic materials
(Ahmad et al., 2014). This morphology is consistent
with biochar produced at intermediate temperatures,
representing a compromise between pore development
and chemical stability (Zhao et al., 2013). Unlike the
biochar produced from sorghum stalks, the biochars
produced from maize stalks in Fig. 9 have a more recti-
linear and less fragmented structure. This organisation
promotes porosity, which is conducive to water storage
and nutrient retention. Fig. 10 shows a biochar with a
compact, dense, low-porosity structure, typical of lignin-
rich biomass-derived biochars. The CNS sample (0.14
m?/g) shows lighter areas, which may indicate the pres-
ence of tar residues that could clog the cavities. This
morphology results from advanced carbonisation, indi-
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Fig.9. SEM image of CS_400_120

cating a relatively low specific surface area (Suliman et
al., 2016).

Conclusion

This study characterised biochars produced from three
abundant agricultural biomass sources in Togo: cash-
ew nut shells, sorghum stalks and maize stalks. These
biomasses were selected as representative agricultural
and agro-industrial residues in order to assess the influ-
ence of carbonisation conditions on the properties and
potential applications of biochar. The samples were
obtained by slow carbonisation in a muffle furnace at
two temperatures (350 and 400 °C) with holding times
of 30, 60 and 120 minutes. Biochars derived from cash-
ew nut shells had the highest yield and conductivity due
to the rigidity of the shell and the presence of soluble
salts. The pH levels of biochars derived from sorghum
and maize stalks were the most alkaline. The low nitro-
gen content (0.6-1.6%) highlights the role of biochar as
a soil conditioner rather than a fertiliser. The macronu-
trient and micronutrient content is highly dependent on
biomass and temperature, suggesting differentiated
agronomic potential. Spectroscopy (FTIR) reveals the
emergence of aromatic bands for CNS-400_120 and
SS-350_120, particularly for CNS-400_120, as con-
firmed by the Krevelen diagram, thus complying with
IBI and EBC standards. This shows that biochars de-
rived from cashew nut shells are more effective for car-
bon sequestration, with the potential to persist for sev-
eral centuries. Biochars derived from corn straw and
sorghum had moderate apparent surface areas (28 to
35.07 m?/g). The moderate specific surface area (35.07
m?/g) could indicate the presence of macropores con-
ducive to water and nutrient retention, which is an addi-
tional agronomic advantage. These results highlight the
potential of using biochars derived from cashew nut
shells, sorghum and maize stalks as sustainable soil
amendments. Although the total nutrient content has
been quantified, the availability of nutrients under soil
conditions remains to be evaluated. Future studies
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should investigate nutrient leaching, mineralisation and
bioavailability in order to better predict their agronomic
potential.
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