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Abstract Biochar is found to be an important tool in improving the soil quality
for agriculture. In this work, biochar was derived from Aegle marmelos (commonly
known as bael) shell (AMS) by pyrolysis for evaluation and analysis of different prop-
erties. In the experiment of pyrolysis, a fixed bed reactor was used for the production
of biochar from AMS. The range of particle size of the biomass feedstock was 0.5—
1.0 mm, while pyrolysis temperature was fixed at 450 °C with the rate of heating
as 15 °C/min. The heating value of the AMS biochar (i.e., 24.91 MJ/kg) is found
to be higher when compared with the raw AMS (i.e., 18.11 MJ/kg). Thermogravi-
metric (TGA) and derivative thermogravimetric (DTG) analyses show that biochar
decomposes at higher temperature due to the significant contamination of lignin. The
surface morphology of AMS biochar reveals few small pores (e.g., 0.88—1.4 pwm),
and the surface area of the biochar according to Brunauer, Emmett, and Teller (BET)
was measured to be low, i.e., 3.9 m?/g. The AMS biochar shows the pH value to be
quite high as 9.3. The spectrum of Fourier transform infrared (FTIR) of the biochar
indicates the presence of some compounds of aromatic functional groups with C=C
stretching. The alkaline biochar of AMS becomes useful for the improvement of soil
of acidic nature. Further, aromatic functional groups of AMS biochar enhance the
soil stability.
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1 Introduction

Biomasses are found almost every part of the world and considered as wastes. A
major part of the biomass can be used as the substituting agent for soil fertilization.
However, conversion of biomass into liquid and gaseous fuel and chemicals are the
major concerns of the recent research. Although many conversion techniques are
available, the pyrolysis and gasification are the most common and easy to perform
[1]. In the process of pyrolysis, the feedstock is generally put inside a reactor in
the temperature range of 400—700 °C in an environment of limited oxygen. During
pyrolysis, the biomass undergoes many chemical reactions leading to convert the
biomass into liquid (tar or pyrolytic oil), solid (biochar), and gas (incondensable
gas). It is found that the properties of pyrolysis products such as biochar show better
quality in comparison with the raw biomass. Therefore, biochar can be utilized as
an agent for the improvement of soil properties [2, 3]. Although pyrolysis is mostly
carried out to produce bio-oil, a significant amount of biomass (approximately 15—
20%) is found to be solid product, i.e., biochar [4]. The biochar obtained by pyrolysis
contains the residual of carbonaceous substance and can be the cause of natural fire
with negligible amount of oxygen [5]. Biochar can also be used for the purpose of
fertilization of soil, plant growth, decontamination of adulterant such as acaricides,
heavy metallic substance, and compounds of hydrocarbon [6, 7].

In the past years, the use of biochar has been found as a substance for improve-
ment and reclusion of C in soil [8]. Biochar can be considered as a by-product of
pyrolysis in solid state, which is available in the form of black carbon with the pres-
ence of elemental carbon or graphite to aromatic carbon [9]. In general, biochar has
much smaller specific area and micropore volume than the carbon which is activated
commercially. However, the capacity of adsorption relative to organic pollutants and
heavy metals are equivalent to and sometimes higher in comparison with the acti-
vated carbon [9]. Moreover, the detail study of the previous publications reveals that
the biochar is useful for upgradation of soil properties, improving the productivity
of crop, fixation of CO,, and absorption of unnecessary ingredients [10]. Biochar is
relatively stable in comparison with some other organic substances and sustainable
for along period of time in soil [11-13]. Further, the biochar has the ability of reduc-
tion of the release of major greenhouse gases such as CHy and N;O, particularly
from the soil of rice paddy field [14-16].

The variation of biochar in terms of physiochemical properties is influenced by the
nature of biomass and conditions of pyrolysis experiment. In particular, the tempera-
ture used in pyrolysis process has the significant effects on the yield of biochar and its
properties. It was observed that by increasing temperature in pyrolysis process, the
yield of biochar is found to be decreased and at higher temperature, the biochar losses
carbon, some important functional groups and development of useful microstruc-
ture [17, 18]. The pyrolysis temperature also affects the properties such as thermal
stability, pH value, morphology of surface, and chemical composition [19].
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Gottipatti and Mishra [20] used Aegle marmelos fruit shell in order to prepare
microporous activated carbon (MAC) by KOH activation. This study was concen-
trated mainly on the porous characteristics of the activated carbon, such as pore
volume, surface area, and pore size distribution. The same biomass was taken for the
production of microporous activated carbon by activating ZnCl,, and this MAC was
applied for the removal of Cr (VI) from the aqueous solution [21]. Another study
performed by Ahmed and Kumar [22] showed the possible application of AMS
carbon as an absorbent to eliminate the congo red dye from aqueous solution. Roy
et al. [23] performed the research on characterization and application of bael shell
biochar in the removal of Patent Blue dye solution. Recently, Palniandy et al. [24]
have studied the application of bio-char derived from different biomasses such as
rubberwood and rice husk as fuel source in direct carbon fuel cells (DCFC) for power
generation. However, the detail investigation of different properties of the pyrolyzed
biochar of AMS dust is not much available in the previous publications. Although
the bael tree is found in different parts of the world, it is abundantly available in the
northeastern region of India. The inner part of bael fruit is very useful as food for
various medicinal purposes. On the other hand, the outer part, i.e., the shell of the
fruit is treated as waste. The biochar has many properties which are helpful in the
improvement of soil quality for agricultural purposes such as plant nutrition. In order
to reduce the wastes and to explore the properties of biochar, the bael shell was taken
in the present study as the raw material for biochar production. The present work is
concentrated on the production of AMS biochar by the process of pyrolysis and to
characterize all the physiochemical properties with a detailed comparative study.

2 Materials and Methods

The AMS biochar was obtained as a solid product during the production of pyrolysis
oil from AMS dust as explained by Bardalai and Mahanta [25]. Pyrolysis was carried
out with a heating rate of 15 °C/min in the range of temperature 450—-600 °C. However,
the biochar sample produced at 450 °C was considered for various analyses at which
the yield of biochar was about 45 wt%.

The proximate analysis, elemental analysis, TGA, FTIR, and pH measurement
were carried out according to the methodology used in the previous publication [25].
For pH measurement, a mixture of biochar and deionized water was prepared in the
ratio 1:20 (w/v) in order to obtain a homogeneous suspension to evaluate the pH value
within 1.5 h. An analytical instrument was used to perform the crystallographic study
known as XRD diffractometer (RIGAKU Mini flex, Japan). The operating voltage
of XRD diffractometer was 30 kV while current density was 15 mA. The range of
scanning was set at 20 = 10°-70°, and the scanning speed was 0.05°/s.

The morphology study of the biochar surface was conducted with the help of scan-
ning electron microscope—SEM (JEOL, JSM 6390 LV). BET (QUANTACHROME,
NOVA 1000E) was used to measure the specific surface area (SSA) of biochar at
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350.35 °C using N, sorption data. The timing of outgassing analysis was 6 h with
the temperature of 100 °C.

For characterization of all physical and chemical properties of AMS biochar, the
experiments were carried out for three times (standard deviation 0.5-1.5) and the
average values of these results are tabulated in this paper.

3 Results and Discussion

Different analyses for AMS biochar were carried out and the results are presented in
Table 1 and discussed in the following sections.

3.1 Proximate and Ultimate Analysis

The moisture content in AMS biochar is reasonably lower (refer Table 1) than the
biomass as it was removed during pyrolysis process and found to be consistent with
EFB biochar [26]. However, AMS biochar contains relatively higher moisture content
when compared with the biochar obtained from coconut shell (CSB) and mesquite
wood (MWB) as reported in Table 1 [27]. It can be seen that fixed carbon has increased
by an amount of 60.87 wt% when AMS was converted into biochar indicating that
the biochar is more carbonaceous than biomass and thus suitable for soil amendment.
The fixed carbon in AMS biochar is found to be quite comparable with other biochar
as seen in Table 1. High value of fixed carbon content helps the biochar in improving
soil properties. During pyrolysis, a series of thermochemical reactions take place

Table 1 Proximate and ultimate analysis of AMS and AMS biochar

Property AMS AMS biochar | Other biochar

Moisture (Wt%) 10.88 542 0.35-5.15 [26, 29, 32]
Volatile matter (dry basis, wt%) 90.56 29.82 7.2-17.62 [26, 29]

Fixed carbon (dry basis, wt%) 5.46 66.33 65.4-72.94 26, 29]

Ash (dry basis, wt%) 3.98 3.00 7.9-67 [8, 26, 28, 29]
Calorific value (MJ/kg) 18.11 2491 26.6-28.8 [33]

C (Wt%) 41.80 70.87 22.5-74.19 [8, 26, 28, 29]
H (wt%) 5.80 3.99 1.6-3.48 [26, 28, 33]

N (wt%) 2.10 1.14 6.83 [26]

O (calculated by difference, wt%) 50.30 24 23.9-24.6 [26, 28]

H/C 1.67 0.68 0.62 [28]

o/C 0.90 0.25 0.27 [28]

pH - 9.3 7.2-10.9 [8, 27-29, 34, 35]
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leading to produce carbonaceous hydrocarbons from the oxygenated compounds
and thus content of oxygen is found to be decreased in biochar. The amount of ash
content in AMS biochar is significantly lower in comparison with many biochar
which was obtained from the biomasses such as bamboo shoot shell (BSS) [28],
palm empty fruit bunch (EFB) [26], and palm kernel shell (PKS) [29] as listed in
Table 1. The biochar which contains low ash is preferred for the purpose of soil
improvement, since the possibility of the presence of contaminants of heavy metallic
compounds in ash is high and leads to pollute the soil [30]. Moreover, the biochar
containing low ash content carries high calorific value, because the high ash content
is responsible for diluting the energy value of the biochar [31]. In this study, it is seen
that percentage of ash in AMS biochar is slightly more when compared with CSB
and MWB as they ranged within 1.29-1.46 wt% [32].

Due to high carbon content, low ash, and oxygen content, the heating value of
AMS biochar is relatively higher when compared with biomass (refer Table 1). The
amount of carbon content in the present biochar is higher in comparison with the
biochar obtained from sewage sludge (SS), municipal waste (MW), cattle digestate
(CD), poultry litter (PL), BSS, and EFB [8, 26, 28]. However, the carbon content in
AMS biochar is relatively lower than the biochar of PKS and cashew nutshell (CNS)
produced at 450 °C [29, 33]. The calorific value of AMS biochar is relatively lower
in comparison with CNS biochar due to lower carbon content [33].

The pH value of AMS biochar (see Table 1) can be compared with many biochar
which are available in a significant number of publications. It is found that, pH of
AMS biochar is higher when compared with the biochar of SS (pH = 7.2), MW (pH
=7.4), CSB (pH = 8.66), and MWB (pH = 8.73) [8, 32]. However, in AMS biochar,
the pH value is slightly lower relative to the biochar produced from rice straw (RS),
BSS, PKS, and argan shells (AS) [27-29, 34, 35]. The highly alkaline behavior of
the biochar is found to be favorable for improving acidic soil.

The atomic ratios, i.e., O/C and H/C of AMS biochar, are significantly lower
in comparison with raw AMS (Table 1). The reason of lower atomic ratios is the
liberation of H and O at the time of pyrolysis relative to carbon according to the
explanation of previous publications [27, 34-36]. The biochar with low value of
H/C is highly aromatic. The highly aromatic biochar resists the decomposition and
remains intractable, which is helpful in sequestrating the carbon in soil [17, 37].
However, the atomic ratio, O/C of AMS biochar is higher in comparison with the
biochar of wheat residue and activated carbon (e.g., 0.06-0.09). This reveals that
biochar of AMS is highly hydrophilic due to the presence of more polar groups [9].
Further, in AMS biochar, H/C ratio is slightly higher and O/C ratio is lower when
compared with BSS biochar indicating the release of higher amount of hydrogen and
lower amount of oxygen relative to carbon [31]. These differences of atomic ratios are
supposed to be due to polymerization of dehydrogenative radicals and dehydrating
polycondensation at the time of pyrolysis [38].
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3.2 Thermal Degradation Analysis

TGA profile of AMS dust (Fig. 1a) indicates that about 70 wt% of biomasses have
decomposed in temperature range of 450-500 °C. The highest decomposition rate
of AMS is observed at 259 °C as shown by DTG profile (Fig. 1a). This thermal
behavior of AMS biomass is consistent with other biomasses, such as in CNS, where
about 60 wt% degradation was observed in nitrogen atmosphere in the temperatures
between 450 and 500 °C, while the decomposition rate was found to be highest at
300 °C [33]. Further, about 70% weight loss was observed upto 450 °C when EFB was
thermally degraded and the highest rate of decomposition was at 300 °C [26]. Thus,
the decomposition of AMS within the temperature of 450-500 °C is found to be quite
similar to the other biomasses, and hence, the pyrolytic temperature for AMS was
fixed at 450 °C. As the pyrolysis temperature increases, the lignin components start
decomposing leading to the formation of tar which enhances in partially blocking
the pores on biochar surface [39].

The TGA curve of AMS biochar (Fig. 1b) shows that about 3% till 100 °C followed
by about 2% upto 300 °C mass loss has occurred. This is due to the release of
physisorbed water. According to the TGA curve (Fig. 1b), significant degradation of
the biochar starts from 300 °C, which reveals the degradation of lignin and residual
cellulose available in the biochar. The DTG plot of AMS continues to rise upto about
450 °C, which represents the degradation of residual cellulose and lignin content [40].
The peak at around 448 °C on the DTG curve (Fig. 1b) indicates the highest rate of
lignin and cellulose decomposition present in the biochar. Thus, the biochar derived
from AMS with lignin content is useful for the promotion of Fusarium oxysporum
cucumerinum (f.o.c.) survival in soil by growing the peculiar fungal flora [41].
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Fig. 1 Profiles of TGA and DTG for a AMS dust and b AMS biochar



Characterization of Bael Shell (Aegle marmelos) Pyrolytic Biochar 753

3.3 FTIR Analysis

The peaks observed in the FTIR spectra of AMS and AMS biochar (Fig. 2) have
been used in order to identify the functional groups of various compounds. A broad-
band which centered near 3414 cm™! is assigned to —OH functional group in AMS.
However, intensity of this peak is less when compared with the spectra of AMS
biochar indicating the deterioration of hydroxyl compounds during conversion of
biomass to biochar. The peaks at near to 2927 cm™! are due to the presence of
alkane group with C-H stretching vibration which are found on both biomass and
biochar. Similar type of functional group was identified in the FTIR spectrum of
MWB biochar [32]. Few peaks in the band of 1600 and 1800 cm™"! in the spectrum
as seen in Fig. 2 indicate the existence of functional groups of the compounds of
alkanes, carbonyl (C=0), water, and oxygenated hydrocarbon with plane bending
—OH, which disappear in AMS biochar [40]. This is the indication of reduction of
oxygenated compounds from biomass to biochar. The intense peak near 1592 cm™!
with stretching vibration represents the ring bonding of aromatic and alkynes (C=C)
characteristic in the AMS biochar similar to MWB [32], which is not found in the
raw AMS. Pituello et al. [8] also found the aromatic functional groups in the silage
digestate biochar spectrum. The carbon—carbon double-bonded stretching aromatic
peak reveals the presence of the ring of aromatic compounds such as benzene in the
AMS biochar, which helps in stabilizing the soil. The strong peak of AMS spec-
trum at 1031 cm™! indicates the stretching bond of C—-C-O or C-O-C, which are
not significant in the spectrum of AMS biochar. Further, the peaks found within the
band 500-700 cm~! in AMS spectrum (centered at 611 cm™') is supposed to be
hydroxyl group in the mode of out plane bending [40]. In FTIR spectrum of AMS
biochar, the appearance of peak nearby 827 cm™! is the agreement of the presence of
aromatic functional group. This can be attributed to aromatic C—H group which is to
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be out of plane deformation [32, 42, 43]. Thus, the FTIR analysis indicates that AMS
consists of compound of oxygenated hydrocarbons, while aromaticity dominates the
characteristics of AMS biochar.

3.4 Crystallographic Analysis

The XRD diffractograms of AMS and the AMS biochar are shown in Fig. 3a and b,
respectively, where both the spectra clearly show the amorphous behavior. However,
the peak spacings observed at 5.8 A, 5.52 A, 5.3 A,4.42 A,3.88 A, 2.57 Ain Fig. 3a
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indicate the crystal structure of cellulose in AMS [4, 19, 44]. This is due to the fact
that cellulose in biomass may consist of a wide range of segments, which contain
both amorphous and crystalline portions [45]. The peaks observed at 5.8 A, 5.3 A,
3.9 A,2.59 A, and 2.52 A in the diffractogram (Fig. 3b) of AMS biochar represent
the crystalline structure of cellulose [19, 42]. The presence of SiO; in AMS biochar
can be expected by the peaks at 4.27 A and 3.35 A (Fig. 3b) which is consistent
with RS biochar [34]. Further, the possibility of calcite (CaCOs3) contamination in
AMS biochar is detected by the peak identified at 3.04 A [34]. The calcite content
in biochar improves the soil of acidic nature and makes it useful for agricultural
purposes. The presence of graphitic structure in the biochar of AMS can be explored
by the peaks at the spacings of 3.35 A and 2.04 A [46].

3.5 Morphology Study

The SEM images of AMS biochar are shown with the magnifications 500, 2500,
and 5500x in Fig. 4a—d, respectively. At low magnifications (Fig. 4a, b), the micro-
graphs show no defined morphology which are similar to CNS biochar [33]. However,
a few numbers of pores with diameter in the range of 0.51-1.40 wm are observed on
the biochar surface (Fig. 4c, d). Therefore, the SSA of the biochar recorded by BET is
found to be very low (3.9 m?/g). The SSA of AMS biochar is quite comparable with
the results published by Shariff et al. [26], i.e., 0.1301-7.9890 m?/g. As the pyrolysis
was carried out at low temperature, the surface area of AMS biochar was found to
be relatively low [46]. The ash content and its composition are responsible for the
occurrence of pores on the biochar surface. Inorganic compounds present in biochar
such as ash and leads to plug the pores caused by pyrolysis [31, 47]. The less porosity
on the biochar surface is also the result of the production of tar in pyrolysis which
mixes with the biochar and tends to plug the pores. Few fibrillar structures can be
seen in Fig. 4b, c, which is the indication of the presence of cellulose on AMS biochar
and consistent with the results obtained in thermal and crystallographic analyses [8,
40].

The isotherms obtained in adsorption and desorption of nitrogen in AMS biochar
reveal the growth of micropores on the biochar (Fig. 5). The volume of adsorption
and desorption is not much significant at low relative pressure (e.g., 0.9), but becomes
very high beyond that. At low relative pressure, desorption is higher than adsorption,
while at higher relative pressure, both adsorption and desorption curves coincide
and good agreement of the study carried out by some previous researchers with the
analysis gas CO, and N, [40, 46]. This study reveals the partial desorption of nitrogen
in the AMS biochar.
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4 Conclusions

The physical and chemical properties of the biochar produced by pyrolysis process
from AMS were evaluated, and a comparative study was performed with different
biochar. The decomposition of AMS biochar begins at about 300 °C, which indicates
that it consists of lignin along with some undecomposed amount of cellulose. The
biochar contains higher heating value relative to biomass. Due to the high pH (9.3), the
AMS biochar is alkaline in nature and thus it can be used for soil improvement. The
biochar of AMS is composed of the compounds which are less oxygenated but more
carbonaceous with low O/C atomic ratio when compared with the biomass. Again,
the AMS biochar is highly aromatic due to low H/C ratio and helpful for the removal
of carbon and resisting the decomposition in soil. The FTIR analysis also shows the
functional groups of aromatic carbon due to the peaks with carbon stretching vibration
in AMS biochar. The diffractogram of XRD of AMS biochar shows the presence of
cellulose with few local crystalline structures. Moreover, the study also reveals the
possible existence of Si0,, CaCO;, and graphitic carbon in AMS biochar. The surface
of AMS biochar is mostly nonporous except few micropores (0.54—1.40 pwm). The
results of BET analysis indicate the small SSA on AMS biochar which is similar to
some other biochar. As further study, the biochar can be produced from the AMS
at different temperatures and the detailed study for the various properties can be
performed.
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