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ABSTRACT

Agricultural waste is a vital renewable resource that promotes environmental sustainability, global
economic growth, and energy security. The focus of this study is on the effect of pyrolysis temperature on
physicochemical properties of biochar derived from millet straws as an agricultural wastes pyrolyzed at
four different pyrolysis temperatures of 300, 400, 500 and 600 -C for 30, 60, 90, and 105-minutes residence
time, respectively. The produced biochars were characterized by proximate and ultimate analysis,
Brunauer-Emmett-Teller (BET), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy
(FTIR). Pyrolysis temperature was shown to have a strong influence on physicochemical characteristic
of biochar samples. The experimental data shows that as pyrolysis temperature increased, ash content,
pH, electrical conductivity, cation exchange capacity, fixed carbon, BET surface area, and total C content
increased while biochar yield, total content of O, H and S significantly decreased. Similarly, the ratios
of O/C, H/C, tended to decrease with the upsurge of pyrolysis temperature. The FTIR data indicated an
increase in aromaticity and a decrease in polarity of biochar produced at a high temperature. Meanwhile,
the XRD showed that with increased in pyrolysis temperature, cellulose component of biomass loss and
crystalline mineral components increased. The result suggest that biochar produced at higher pyrolysis
temperatures possess stable carbon, which can be used to sequester carbon when used as soil amendment.

HIGHLIGHTS

@ Millet straws biochar was produced from the batch pyrolysis at different temperatures of 300, 400,
500, and 600.

@ The produced biochars were characterized for proximate, and ultimate analysis, as well as the BET,
FTIR and XRD analyses for surface area, functional groups, and crystalline nature the biochars,
respectively.

@ Pyrolysis temperature was found to have significant effect on the physicochemical properties of the
biochar.

@ Base on the physicochemical properties of millet straws biochar, the millet straws biochar could
be a source of soil amendment, in carbon sequestration, as an adsorbent for organic and inorganic
contaminants from the environments.
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Agricultural waste is a vital renewable resource these wastes are not effectively utilized or manage,
that promotes environmental sustainability, global particularly in developing countries (Aruya et al.
economic growth, and energy security. Since forestry
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economies of developing countries, it is extremely
desirable to utilize this biomass (El-hassanin et al.
2020). The majority of these wastes are biomass,
which has a massive energy content. Regrettably,
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2016). Large amounts of agricultural residues are
produced and subsequently abandoned as wastes
(Song et al. 2023). The accumulation of these wastes
that is continuously produced has been causing
environmental problems. It has been reported that
during harvest season, over 25% of crop straws are
burned to remove crop residues, which is harmful
for human health and air quality (El-hassanin et al.
2020). In light of the United Nation’s sustainable
development goals, which prioritize improved
public health and environmental sustainability, a
more effective strategy for handling agricultural
waste must be developed so that it can be properly
disposed of or converted into useful products.
(Oyegoke et al. 2023). The use of agricultural wastes
to produced biochar for different application has
continue to attract the attention of many scholars
(Kammann et al. 2017; Khawkomol et al. 2021;
Mahanty & Mondal, 2021; Wahi et al. 2015). To
produce a solid, liquid, or gaseous fuel, conversion
processes can be thermal, chemical, biological, or
physical. Thermochemical synthesis of biochar
appears to be the most promising option. One of
the most effective methods for making biochar is the
pyrolysis of biomass (Biswas et al. 2017). Pyrolysis, a
process, which involves rapidly heating feedstock to
moderate temperatures with or without the presence
of oxygen or air (Wystalska & Meers, 2021). The
main products of pyrolysis of biomass are biochar,
bio-oil, and gases (Jiang et al. 2019). The production
of biochar mostly dependent on the operating
conditions during pyrolysis. Biochar generated
at higher temperatures has a greater porous
surface area and lower O/C and H/C ratios, which
improves its ability to adsorb organic and inorganic
pollutants. However, since they include more
oxygen-containing functional groups, biochars made
at lower temperatures have superior heavy metal
adsorption properties in wastewater in addition
to conserving energy (Hu et al. 2022). Biochars are
porous carbonaceous materials produced from
biomass pyrolyzed under high temperatures of
300-700 -C in the absence or presence of insufficient
air (Nazari et al. 2019). Biochar production depend
upon the technique employed to it production as
well as the process parameters involved during
the production process (Tripathi et al. 2016).
Biochars are considered as important materials in
various environmental applications such as carbon
sequestration, greenhouse gas reduction, soil
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fertilization, and wastewater treatment (Almeida et
al. 202,). As well as an excellent form of adsorbents
due to the fact that it typically required little or
no treatment, couples with abundance functional
groups, such as hydroxyl groups, carboxyl groups,
and phenols, and large surface area (Loulidi et
al. 2020). Sustainable agricultural waste disposal
has continue to gained the global attention as
environmentally friendly technique in recent years
(Sahoo et al. 2021a). Agricultural residues such as
sugarcane bagasse (Almeida et al. 2022), peanut
shells (Natrayan et al., 2022), corn straw (Fan et al.
2018), rice straw (Nguyen et al. 2019) and black tea
wastes etc. (Ullah et al. 2022). That contain cellulose,
hemicellulose and lignin, are abundant sources
of carbonaceous materials (Mubarik et al. 2015).
However, the production of biochar from this crop
residues by pyrolysis is one of the most promising
techniques (Burachevskaya et al. 2023). Meanwhile,
the physicochemical properties of biochars vary
significantly with the pyrolysis conditions and type
of crop residue. While the former is considered to
have greater influence on the final properties of the
biochar (Dhyani & Bhaskar, 2017). The aimed of
this study is to investigate the effects of slow batch
pyrolysis temperatures on the yields, morphology
and physicochemical properties of biochar produced
from millet straws agricultural waste.

MATERIALS AND METHODS

Samples collection and treatment

The millet straws were collected from the local
farm land, which was used as feedstocks for the
preparation of the biochars in this study. Prior to the
experiments, the feedstocks were air dry for 30 days.
For better exposure to heat during slow pyrolysis
in the mulffle furnace feedstocks were cut into small
pieces of around 5-6 cm in length. Afterward, the
biomass materials were washed with distilled water
to remove any dirt and dust before drying in an
oven dried (thermostat oven DHG-9023A) for 24 h
at 105°C before pyrolysis (Sahoo et al. 2021a).

Preparation of biochar

The oven dried millet straws were subjected to a
batch slow pyrolysis in a muffle furnace (Carbolite
Gero-30-3000°C, UK). Placed in a ceramic crucible,
covered with a tightly fitting lid and wrapped with
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aluminium foil sheet, and then placed in the muffle
furnace and heated to 300, 400, 500, and 600 °C,
at a constant heating rate of 10°C/min for 30-, 60-,
90, and 105-mins residence time respectively. The
furnace was switched off after the set temperature
and allowed to cooled for some time before taken
out from the furnace and cooled in a desiccator to
room temperature, The biochars were then, crushed
and passed through a 100-mesh sieve and stored in
airtight plastic containers for subsequent analysis.
The biochars produced from the straws at 300, 400,
500, and 600 °C was designated as BCM-300, MBC-
400, BCM-500, and BCM-600, respectively (Wei et
al. 2019).

Biochar yield

The yield of biochar is expressed as the ratio of
the mass of the biochar to the initial mass of the
feedstock subjected to the pyrolysis process (Sahoo
et al. 2021b).

Mass of Biochar (g)
Oven dry mass of feed stock

Biochar yield % =

Characterization of biochar samples

The biochar samples were characterized to
observe the effect of pyrolysis temperatures on the
crystallography, functional groups characterizations,
BET analysis, physical and chemical characterization.
The proximate characterization was conducted as
per the standard D1762 — 84, to determine moisture,
volatile matter, ash content of biochar samples (Aller
et al. 2018). For moisture content determination,
approximately 1 g of air-dried biochar was weighed
into a ceramic crucible and heated for 2 hours
samples. MC was determined based on mass loss
after two hours at 105 °C (Sahoo ef al. 2021a). Volatile
matter determination was conducted as (Sahoo et al.
2021b). 1 g of the dried biochar samples each was
heated at 950 °C for 7 min in a muffle furnace.
However, 1g each of the biochar samples were
placed into a lid covered crucible and combusted
at 750°C for 6 h in a mulffle furnace (Liu et al. 2018)
for ash content determination. The percentage
fixed carbon was determined by the difference in
sum of moisture, volatile matter and ash from 100.
The fractions of C, H, N, and S was determined by
ultimate analysis in a CHNS Elemental analyzer in
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the biochar samples. However, the mass fractions of
oxygen were calculated by the difference (Campos
et al. 2020). The pH and EC of the biochar samples
were determined using digital pH meter. A 1g
each of biochars were mixed with 10 mil distilled
water and Shaked for 1 h on a reciprocating shaker
at 35.5°C (Aller et al. 2018). The cation Exchange
Capacity (CEC) was determined according to the
procedure adopted by (Baffi & Cassinari 2010).
Briefly, 5 g each of the biochar samples were mixed
with 40 ml of 1.0 moldm® ammonium acetate
solution (pH 7) in 100 mil plastic beaker and stirred
with glass rod and left overnight. It was the suction-
filtered with 55 mm Buchner funnel. The residue
from filtration was leached with four 25ml portions
of 1 moldm® NH4Cl solution (pH 7). The solution
was discarded and the electrolyte washed out of
the sample with 150 ml ethanol. The sample was
allowed to drain completely and leached gradually
with acidified NaCl to 250 ml. 50 ml of 2% boric
acid was measured into 250 ml comical flash and 3
drops of mixed indicator were added. The acidified
NaCl leachate was poured into 500 ml Kjeldahl flask
and 10 ml of 1.0 moldm® NaOH and anti-bumping
granules were added. The leachate was distillates
over the boric. 1.5 ml of ammonium borate distillate
was titrated with standard 0.1 moldm3 HCI. For the
BET surface area of biochars were measured using a
NOVA 4200e analyzer (Quantachrome Instruments,
USA) at liquid nitrogen temperature (77 K). The
Brunauer—-Emmett-Teller (BET) surface area
(SBET), micropore surface area (S, . ) and micropore
volume (V) of the biochars produced at different
temperatures were determined using the BET
equation, t-plot method and single point adsorption
total pore volume analysis, respectively (Zhao
et al. 2017). The functional groups present in the
biochars were characterized by FTIR spectrometer
(PE-1710, USA). Dried biochar. Approximately 10mg
of each of the samples were dispersed in 200mg of
spectroscopic grade KBr to record the spectra using
potassium bromide disks to prepare the biochar
samples. The spectral range from 4000 — 650 cm™
(Liu et al. 2012). The mineral compositions of the
biochars and biochar composites samples were
analyzed using X-ray diffraction (XRD). The XRD
was used to identify the crystalline phases formed
for the prepared biochars, using the diffractometer
(Bruker D8 Advance), equipped with the Ka
radiation of copper (A = 1.5406) produced at 45kV
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15mA, the data were collected over 20 range (0-80°)
at 20 scan rate of 10°min.

STATISTICAL ANALYSIS

Except BET analysis, all other experimental data
were expressed as means of three replicates. One-
way analysis of variance (ANOVA) experimental
data were conducted in this work using the
MINITAB software, and the Turkey’s HSD post-
hoc tests (p < 0.05) were used to identify significant
differences among different biochar (Zhang et al.
2022).

RESULTS AND DISCUSSION

Biochars Yields

The results of the biochar yields from millet straws
at different pyrolysis temperatures is presented
in table 1. It can be observed from the table that,
there is a significant (p < 0.05) decreased in biochar
yield with the corresponding increase in pyrolysis
temperatures. The percentage yield of BCM declined
from 48.33 to 28.58%, when the temperature rose
from 300 to 600°C respectively. This results are in
agreement with the previous research conducted
by various scholars. (Liu & Fan 2018) reported
that, the yield of biochar derived from wheat straw
declined from 35.9 to 23.9% when the temperature
rose from 300 to 700 respectively. Moreover, (Cheng
et al. 2021) reported that the yield of cotton stalk
biochar decreased from 46.71 to 33.15 %, when the
pyrolysis temperatures was increased from 300
to 500 °C, respectively. Additionally, (Zhao et al.
2017) demonstrated that, increased in pyrolysis
temperatures from 300 to 500 C, the yield of biochar
derived from apple tree branches respectively
decreased from 47.94 to 31.71%. This significant
declined in the biochar yield may be attributed to
lost in mass, principally due to loss in moisture
and hydrated water, and decomposition and
transformation of complex organic compounds into
vapor mixed with gases such as water vapor, CO,,
CO, H,, CH,, and heavier hydrocarbons (Hmid et al.
2014a; Novak, 2014; Sun et al. 2014). However, the
main components of these straws are hemicellulose,
cellulose, and lignin, and their decomposition
temperatures are in the ranges of 315—- 400, 220-315,
and 160-900 °C, respectively (Liu & Fan, 2018).
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Table 1: Millet straws biochar yields

Pyrolysis Heating .
Biochars temperature rate (°C/ I?emden.ce Yields (%)
. time (min)
(Y®) min)
BCM-300 300 10 30 48.33 +
0.020°
BCM-400 400 10 60 40.67 +
0.520°
BCM-500 500 10 90 3445+
0.514¢
BCM-600 600 10 105 28.58 +
0.020¢

Note: Each value represents the mean of three replicates (n=3), +
standard deviation. Small letters following the numerical values
denote significant differences between each row data (p < 0.05).
However, means that do not share a letter are significantly different.

Physical and ultimate analysis of biochar

The proximate analysis of derived biochars at
pyrolysis temperatures of 300, 400, and 600 is
summarized in table 2. As expected, these results
were largely dependent on pyrolysis temperatures.
The volatile matter and moisture content from
the results showed that increased in pyrolysis
temperature significantly (p<0.05) decreased the
volatile matter and moisture content for all the
biochars produced. The percentage volatile matter
of the derived biochar diminished gradually from
83.04 to 36.03%, when the pyrolysis temperature
increased from 300 to 600, respectively. This
finding is consistent with results obtained by many
researchers using different feedstocks. (Xin Zhang et
al. 2022) using sewage sludge biochars, (Venkatesh
et al. 2013), with cotton stalk biomass. (Steiner et
al. 2009) from peanut hulls, pecan shells, poultry
litter, and switchgrass. However, this gradual
decreased in volatile matter of the biochar produced
at higher pyrolysis temperature is attributed to a
greater loss of gaseous products and low molecular
mass hydrocarbons (such as CH,, C,H, and C,H,
(Gaffar et al. 2021). The percentage ash content
obtained (table 2) across all the biochars increased
significantly (p<0.05) as the highest pyrolysis
temperature (600). Such increased in ash content
with increased in pyrolysis temperature have been
observed previously (Cuixia et al. 2020; Reyhanitabar
et al. 2020; Song et al. 2023; Videgain-marco et al.
2020; Zhang et al. 2023). This is due to the gradual
concentration of inorganic components and the
reduction of other elements during pyrolysis. Thus,
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representing the inorganic portion that cannot be
volatilized or degraded by combustion (Almeida et
al. 2022; Hadey et al. 2022). (Hu et al. 2022) reported
that the ash content of biochar produced from
maize straw increased from 21.31% to 24.54% with
the increased in pyrolysis temperature from 300
to 500 °C. rose in pyrolysis temperature, resulted
in the increased in concentrations of minerals and
the combustion residues of organic matter and this
lead to the increased the adsorption behaviour of
biochar (Natrayan et al. 2022). The fixed carbon
content also shows a positive correlation with
the increased in pyrolysis temperature. It can be
observed from table 2 that BCM-600 demonstrated
higher fixed carbon of 52.50% at highest pyrolysis
temperature of 600. This is mainly due the fact that
the overall biochar mass reduces at higher pyrolysis
temperature (Gaffar et al. 2021). This finding is
in total agreement with the result of (Dhar et al.
2020; Guo et al. 2021). Fixed carbon content play
a vital role for the carbon sequestration ability of
the biochars (Dhar et al. 2020). mainly because a
higher pyrolysis temperature can reduce overall
biochar mass.

Table 2: Proximate analysis of millet straws biochar

Parameters (%)

Samples Moisture Volatile Ash Fixed
content content content  carbon
BCM-300 6.6+0.40a 83.04+0.05a 3.6+0.10c 6.76+0.09d
BCM-400 2.0+0.08b 78.01+0.02b 4.6+0.05b 15.39+0.13c
BCM-500 1.8+0.09b 66.03£0.95¢ 4.9+0.04b 27.27+0.01b
BCM-600 1.7+0.02b 36..03+0.10d 7.0+0.04a 55.27+0.2a

Analysis of millet straws biochar

The results of the ultimate analysis are presented in
table 3. BCM-600 derived biochar gave the highest
mass fraction of carbon of 49.82% at pyrolysis
temperature of 600 -C. And higher carbon content
in biochar, could be used as a source of carbon
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materials (Guo et al. 2021). This result showed
similar trend with the previous results obtained by
(Adekanye et al. 2022; Almeida et al. 2022; Poo et al.
2018; Sun et al. 2023; Xiaoxiao et al. 2019; Zhao et
al. 2017). However, contrary to the carbon content,
the hydrogen (H) oxygen (O), and nitrogen contents
(table 3) had a negative correlation with significant
difference (p<0.005), with the sequential increased in
pyrolysis temperature for all the biochars. (Hmid et
al. 2014b) report similar trend with olive mill waste.
That, H decreased from 4.97% to 1.89%, O declined
from 15.90% to 3.51% and N reduced from 1.02%
to 0.73%, when the pyrolysis temperature rose from
430 to 530, respectively. This effect of pyrolysis
temperature occurred due to the loses of surface
functional-OH groups, C-bond, O and H atoms
during the pyrolysis process of the feedstock owing
to dehydration and structural core degradation at
higher temperatures (Mahanty & Mondal, 2021;
Steiner et al. 2009). In the meantime, the H/C and
O/C molar rations, are the main parameters that
are generally used to characterize the degree of
organic aromaticity of the biochar (Wang et al.
2018; Xin Zhang et al. 2022). From (table 3) it can
be observed that both H/C and O/C molar rations
of all the biochars produced decreased significantly
with increasing pyrolysis temperature. These strong
negative correlation with increased in pyrolysis
temperatures is attributed to the decarboxylation
and decarbonylation during pyrolysis (Zhenyu et al.
2013). However, the C/N ratio significantly (p<0.05)
rose with the increased in pyrolysis temperatures,
indicating to the N ratio decreased faster than that
of C, as well as the reduction of nitrogen-containing
functional groups. This result was in agreement
with the research of (Xin Zhang et al. 2022) that, the
C/N ratio of biochar derived from sewage sludge
increased from 5.74 to 8.61% when the temperature
increased from 300 to 700, respectively.

Table 3: ultimate analysis of millet straws biochar

Parameters
Samples C (%) H (%) 0 (%) N (%) S (%) H/C O/C C/N
BCM300 43.96+0.12a 5.70+0.09a 44.28+0.10a 2.46+0.02a 4.59+0.03a 1.55 0.76 20.80
BCM400 44.52+0.08b 5.53+0.10a 43.33+0.15b 2.02+0.02b 10.33+0.02b 1.48 0.75 25.69
BCM500 48.12+0.06¢ 5.29+0.121a 39.99+0.09¢ 1.90+0.02bc 4.36+0.09¢ 1.30 0.62 29.52
BCM600 49.82+0.11c¢ 4.96+0.17a 36.43+0.02d 1.79+0.02c 7.33+0.02¢ 1.19 0.55 32.45
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Chemical analysis of biochar

pH and EC

It has been reported that increased in pyrolysis
temperature generally raised the pH and EC of
biochar and that the pH of biochars are generally
alkaline (Conz et al. 2017; Guo et al. 2021; Poo et al.
2018). However, this study recorded similar trend,
that increased in pyrolysis temperature increased
the pH of all the biochars generated as shown in
table 4. The pH increased from 7.45 to 10.39 with
the increased in pyrolysis temperatures from 300
to 600, respectively. The high pH of the biochar
may attributed major ash components such as K,
Na*, Ca*, Mg*, HCO, , and CO,” (Song & Guo
2012). (Song et al. 2023) reported that increased
in the pyrolysis temperature increased the pH of
pineapple leaves, banana stems, sugarcane bagasse
and horticultural substrate from 7.17 to 7.51, and
from 8.89 to 9.77 from 300 to 700 respectively. (Bera
et al. 2017; Tran et al. 2016) demonstrated higher
pH to the present of organic functional groups and
inorganic minerals resulted from carbonization of
feedstocks at higher pyrolysis temperature, and
functional groups such as -COO- and -O- groups
in biochars, were involved in protecting the acid
reaction hence, contributed to the alkalinity of the
biochars through association of these groups with
H the alkaline pH of biochars. However, there is
also increased in Electrical Conductivity (EC) with
an increased in pyrolysis temperature as depicted
in table 4.

Table 4: Chemical properties of millet straws biochar

Samples Parameters CEC (cmol/kg)
pH EC (dS/m)

BCM-300 7.45+0.01c 450+0.12d  28.60+0.02a

BCM-400 9.57+0.01b 7.43+0.03¢c 64.40+0.02b

BCM-500 10.48+0.03a 13.87+0.01b  71.11+0.02¢

BCM-600 10.39+0.05a 16.12+0.02a  75.60+0.21d

As shown in the table 4, increased in pyrolysis
temperatures, had significantly (P’<0.05) increased
the EC. The EC of millet straw biochar increased
from 4.50 to 16.12 dS /m at pyrolysis temperature
of 300 to 600respectively. This positive correlation
may be connected to the increased in ash content in
biochars with the increased in pyrolysis temperature
resulting in greater of loss of organic acidic portion
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in biochar with constant increased in the amount
of ions present through the increase in ash content
(Askeland et al. 2019; Bera et al. 2017). This finding is
in agreement with results reported by (Reyhanitabar
et al. 2020) with Tea waste, Wheat straw husk, Apple
tree wood pruning waste, and Walnut derived
biochars.

Cation Exchange Capacity (CEC)

The cation exchange capacity (CEC) is the amount
of exchangeable cations such as Ca*, Mg*, K", Na,
NH," that a material is capable of holding (Weber
& Quicker, 2018). Table 4 presented the CEC of the
millet straw biochars produced. The increased in
pyrolysis temperatures from 300 - 600 significantly
increased the CEC of the biochars (p<0.05). The CEC
of BCM increased from 28.60 to 75.60 cmol/kg, at
300 to 600, rise in temperatures, respectively. Similar
trend was obtained by (Wystalska & Meers 2021)
with poultry manure biochar. The increase in cation
exchange capacity (CEC) indicates the addition of
electrolyte content in substances, and the increase
of electrolyte content can promote the ion exchange
between adsorbents and heavy metals (Wystalska
et al. 2023).

BET Specific Surface Area

BET analysis was used to determine the specific
surface area of pyrolyzed millet straws. The specific
surface area, pore volume and pore diameters of
the biochars are given in table 5. From table, it was
observed that, the specific surface area (SSA) and
pore volume of the millet straws biochars increased
from 281.992 to 404.284 m?/g and 0.173 to 0.216 cc/g
with increased in pyrolysis temperatures from 300
to 600, respectively. This result is in agreement
with findings of (Ahmad et al. 2012; Amin et al.
2017; Fan et al. 2020; Sahoo et al. 2021b; Wu et al.
2019). The surface area increased of biochar derived
from coconut fibers from 193.7 to 278.58 m?*/g with
the pyrolysis temperature increased from 450 to
500 °C was also reported by (Dhar et al. 2020).
However, this positive correlation of surface area
of biochars with increased in pyrolysis temperature
could be attributed to the complete devolatilization
of the original biomass components (cellulose,
hemicellulose and lignin), and removal of pore-
blocking substances, destruction of aliphatic alkyls
and ester groups, exposure of the aromatic lignin
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core, thermal cracking and formation of vesicular
bundles or channel structures (Gaffar et al. 2021).
Higher surface area biochars are considered as
potential adsorbent (Xiaoling et al. 2020).

Table 5: BET analysis of millet straws biochar

Samples BET Surface Pore Volume Pore diameter
Area (m?%g) (cc/g) (nm)
BCM-300 281.992 0.173 2.132
BCM-400 334.666 0.168 2.100
BCM-500 347.909 0.216 2.144
BCM-600 404.284 0.224 2.123

Fourier transform infrared spectroscopy (FTIR)
Analysis

The analysis of the FTIR spectrum shows the presence
of many peaks in the range of wavenumbers from
4,000 to 1000cm™ indicating the complex nature
of millet straw biochar (Bayu et al. 2019; Loulidi
et al. 2020). The spectra of the biochar prepared
at pyrolysis temperatures of 300, 400, 500 and
600 were presented in Fig. 1 and the functional
groups involved in the structures of the biochars
are also provided in table 6. From the Fig. 1 it can
be observed that pyrolysis temperature has greater
influence on the biochar surface functional groups.
The adsorption peaks at 2922 cm™ in the BCM-
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300, which is attributed to aliphatic C-H group
(Azlina et al. 2013; Ertugay & Malkoc, 2014; Huang
et al. 2021; Yaoyao et al. 2019), and this confirms
the presence of aliphatic hydrocarbon (Natrayan
et al. 2022), found in cellulose and hemicellulose
(Munar-florez et al. 2021) has disappeared when the
temperature raised. However, the peak at 3755 cm™
was observed in BCM-500, and this was ascribed to
the stretching vibration of the phenolic or alcoholic
hydroxyl groups (-OH) (Bayu et al. 2019; Coates,
2000; Gao et al. 2023; Tong et al. 2011). The bands
between 2178cm™ to 2163cm™ are also present,
which is attributed to Thiocyanate (-SCN) (Bayu et
al. 2019). Furthermore, the peaks between 2117cm™
to 2113 cm™ was ascribed to the presence of C=C
stretching vibration of terminal alkyne. And /or
were attributed to ketene (C=0O) groups (Song et al.
2023). The bands between 1580 to 1509cm™ were
found between BCM-300 and BCM-400 biochars
indicating a weak aromatic ring stretch (C=C)
(Fan et al. 2018; Mary et al. 2016). contained in the
lignin structure (Almeida et al. 2022). The band at
1420 cm™ was attributed to the stretching vibration
of C = O in lignin (Sarfaraz et al. 2020; Xing et al.
2018), and/or indicative of bending vibration of
O-H in carboxylic acid (P. Zhang et al. 2020). The
peaks at between 1369 to 1362 cm™ in BCW-300

Table 6: Main FTIR Peaks for the functional groups of the millet straw biochars

BCM-300 BCM-400

Wavenumbers Functional groups Wavenumbers Functional groups

(em™) (em™)

2922 Methylene C-H asym./sym. stretch 2113 C=C Terminal alkyne

2178 Thiocyanate (-SCN) 2063 Aliphatic -C==C-, C==0 of aliphatic aldehyde

2113 C=C Terminal alkyne 1576 Aromatic C=C ring stretch

1988 Isothiocyanate (-NCS) 1377 Aromatic tertiary amine stretch

1580 Aromatic C=C ring stretch 872 Out-of-plane aromatic C-H bending

1509 C=C-C Aromatic ring stretch 779 Out-of-plane aromatic C-H bending

1097 Aliphatic ether C-O and alcohol C-O 693 Si-O- and/or Aliphatic bromo compound,
stretching C-Br stretch

782 Out-of-plane aromatic C-H bending

BCM-500 BCM-600

Wavenumbers Functional groups Wavenumbers  Functional groups

(em™) (em™)

3755 Primary or secondary, OH in-plane bend 2117 C=C Terminal alkyne

2105 C=C terminal alkyne mono-substituted 1992 Isothiocyanate (-NCS)

1988 Isothiocyanate (-NCS) 1917 Isothiocyanate (-NCS)

1563 Aromatic C=C ring stretching 1397 —CH, Trimethyl or tert-butyl

1397 Methyl C-H asym. /sym. bend 872 Si-O-Si groups

875 Si-O-Si groups 693 Si-O- groups/ aromatic C-H out-of-plane

689 Si-O- groups/ aromatic C-H out-of-plane
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Fig. 2: XRD Analysis of millet straw biochars produced at different pyrolysis temperatures

and BCW-400 indicate the presence of C-O group
of carboxyl and alcohol of lignin (Khawkomol
et al. 2021). The peaks at 1065 cm™ was due to
the stretching of C-O-C (Khawkomol et al. 2021;
Xing et al. 2018). The peaks at 1097 is assigned to
phenolic OH and aromatic C-O bonds (Ali et al.
2022). The band at 875 cm™ is ascribed to stretching
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of Si-O-Si groups (Khawkomol et al. 2021; Xing et
al. 2018). The bands at 875 to 872 present in all the
biochars is characterized by out-of-plane aromatic
C-H bending vibrations (Keerthanan et al. 2020).
The peaks at 782 to 779 cm™ which were observed
typically in all the prepared biochars represent Si-O-
Si group (Shi et al. 2019). This is due to the abundant

Online ISSN : 2230-732X



Production and Characterization of Biochar Produced from Batch Slow Pyrolysis of Millet Straw

Si in straws of the feedstocks. The bands at 693 to
689cm™! designed for the aromatic C-H out-of-plane
vibration and/or the Si-O band (Singh et al. 2023).

X-ray diffraction (XRD) Analysis

XRD analysis was used to evaluate the degree to
which the samples were crystalline or amorphous.
The XRD characteristics of the biochars are presented
in Fig. 2. The samples were analyzed in the region
of 2 Theta (0) and angle range of 0°- 80" at room
temperature. The characteristic peaks in the XRD
pattern for all the biochars generated indicated the
presence of five peaks at 2 of 19.5, 21.37, 43.2, 50.6
and 80.2. The peak at 20 = 21.37 is characterized
by presence of inorganic minerals such as SiO, (El-
hassanin et al. 2020; Naeem et al. 2019). And is an
indication that the biochars were amorphous carbon.
Additionally, the peaks revealed the presence of
graphene structure in all biochar samples (Amen
et al. 2020). The formation of graphene structures
can occur during the pyrolysis of materials derived
from agricultural by-products (Le et al. 2021). The
identification of another band within the range of
43.2 at an angle of 20 can be assigned to the layers
of the graphene oxide layer in a short-ranged order
form and the appearance of peaks of 50.70° and 81.2
at 20 may be attributed to calcite, (Ampofo et al.
2021). conclusively, it can be said that the biochars
produced from the straws are mainly composed of
the amorphous carbon due to the absence of any
strong and sharp peak in the XRD (Amen et al.
2020). When a substance is crystalline, well-defined
peaks can be observed, whereas non-crystalline
or amorphous materials exhibit hollow peaks.
Additionally, a highly sharp and strong peak shows
that the material has developed a pure crystalline
structure due to the elimination of hemicellulose
and lignin (Ampofo et al. 2021).

CONCLUSION

The results of the presence study indicated that
pyrolysis temperature has significate influence on
the characteristics of the biochar. however, biochar
produced at higher temperature exhibited stable
properties such as higher pH, EC, CEC, SSA, and
stable carbon content. And this type of biochar has
greater impact on soil for agricultural purpose,
carbon sequestration, as well as an adsorbent for
remediation of organic and inorganic of polluted
soil and water environments.
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