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In this study, the spectroscopic and physico-chemical properties of biochar derived from waste biomass of aquatic plant Azolla pinnata
are reported. The biochar produced by pyrolysis at 500 °C was characterised by PXRD, XRF, FESEM, EDX, BET, FTIR and TGA
analysis. The biochar is basic in nature, contains mesopores and diverse nanoparticles that exhibit irregular shapes and sizes. It has strong
thermal stability with moderate surface area which increases by 31.71% after pyrolysis. Spectroscopic and chemical analyses indicate that
the primary constituents of the biochar are KCI, NaCl and SiO3, along with significant amounts of MgO, CaO and CaCOs. It has features
similar to other Ca-rich waste biomass-derived catalysts utilised in transesterification processes, making it a viable candidate hetero-
geneous base catalyst for organic reactions. Furthermore, due to its high concentration of beneficial nutrient combinations such as Ca,

Mg, N, P and K, it is a potential natural fertilizer to boost agricultural productivity as well as a natural cure for acidic soil.
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INTRODUCTION

Agquatic plants easily inhabit lakes and polluted waters,
have attracted considerable interest from researchers to inves-
tigate their potential applications owing to their rapid growth
rates, high biomass production and ease of maintenance and
harvesting. One such unique aquatic plant that can reproduce
and double its biomass in just two days is Azolla. Azolla is a
miniature and fast-growing aquatic fern which grows in
stagnant water bodies such as ponds and lakes and is found
all over Asia, Africa and America. The fern has a symbiotic
association with a nitrogen fixing cyanobiont Anabaena Azollae
[1]. The endosymbiont provides sufficient nitrogen for both
itself and its host [2]. This symbiotic association helps it to
reproduce at a very fast rate.

The term Azolla is a combination of two Greek words ‘azo’
and ‘allyo’ which means ‘to dry’ and ‘to kill’ respectively,
implying that the plant dies as it dries. It was initially coined
by French scientist Jean Bapitiste Lamarck in 1783 [3]. Lamarck
classified the genus Azolla as belonging to the division Poly-
podiophyta, class Polypodiopsida, order Salviniales and family
Salviniaceae [3]. The genus has six surviving species: Azolla
filiculoides, Azolla microphylla, Azolla caroliniana, Azolla

mexicana, Azolla pinnata and Azolla nilotica all of which are
globally distributed throughout the world. Azolla pinnata is
widespread across Asia and along the tropical African coast.

Aquatic plants are the foundation of a water body’s health
and productivity and are vital components of natural aquatic
systems. Conversely, excessive growth of aquatic vegetation
necessitates management as it turns into noxious aquatic
weeds in nutrient-rich habitats. The excessive proliferation of
Azolla creates dense mats over water bodies, diminishing
dissolved oxygen levels and endangering aquatic creatures.
The unchecked proliferation of aquatic plants competes with
other aquatic species for resources such as light, oxygen and
nutrients and may contaminate water bodies upon decom-
position [4]. By obstructing the drainage systems, they also
prevent water from flowing freely in irrigation structures,
alter the soil’s salinity and alkalinity and contaminate the
surrounding area by choking. Thus, to ensure the survival of
aquatic species and maintain the ecosystem and health of the
water body, it is essential to eradicate the excessive prolifer-
ation of aquatic plants. This can be done by utilizing the waste
biomass of aquatic plants in a variety of applications.

Waste biomass derived applications have recently grown
in importance as people look for sustainable and eco-friendly
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methods, particularly in the light of the current world situa-
tion, which includes population explosion, global warming
and strict pollution rules. Preserving and restoration of eco-
systems associated to water, such as lakes, wetlands, aquifers
and rivers is one of the 17 Sustainable Development Goals
(SDGs) of the 2030 Agenda for Sustainable Development,
which was adopted by all United Nations Member States in
2015. Utilizing such aquatic plant waste biomass in a range
of research domains can help achieve this goal by transfor-
ming biowaste to biowealth. Biomass obtained from Azolla
has been applied in a variety of research fields such as using
the biomass in wastewater treatment [5,6], phytoremediation
of different contaminants such as heavy metals [7], as a bio-
fertilizer [8], CO; sequestration [9], increasing soil fertility
[10], animal feed [11], as a space food [12], etc. Thus, it is
evident that Azolla has demonstrated its potential in a variety
of applications, ranging from biofertilizer to space food. In a
study of Azolla, Wagner refers to it as “a green gold mine”
because of its many applications [13]. However, there is no
literature currently available on the study of its biochar.

Biochar is a carbon-rich, cost-effective material which is
derived from a variety of waste biomass and has a wide range
of applications [14,15]. Although there are many basic uses for
biochar, the most popular reported ones are improving nutr-
ient interactions in soil to increase fertility and productivity
[16] and immobilizing different pollutants in soil for soil
remediation [17]. Other applications of biochar include adsor-
bing carcinogenic organic dyes like indigo carmine [18], effec-
tively eliminating organic pollutants [19] and toxic heavy metals
like lead and mercury from wastewater systems [20]. More-
over, biochar serves as a resilient carbon sink capable of
remaining in the soil for over a century, garnering significant
interest from both the scientific community and the public as
an innovative approach to carbon capture and storage (CCS).
In this context, the utilisation of waste-biomass-derived biochar
catalysts in numerous organic reactions has recently gained
tremendous importance due to their low cost and widespread
availability while also making the process ecofriendly and
greener [21,22]. Waste biomass derived heterogeneous catalyst
such as waste egg shells [23], waste oyster shell [24], etc. have
been successfully applied as a catalyst in numerous organic
reactions thus making the process eco-friendly as well as
mitigating the problem of solid waste disposal.

Therefore, in this paper, we report the physico-chemical
properties and spectroscopic characterization of Azolla pinnata
biochar as well as investigate its biochar as a potential candi-
date heterogeneous base catalyst in the future, based on its
spectroscopic and physico-chemical characterisation and by
comparing the results to other reported biomass-based bio-
char catalysts. This work therefore offers baseline data that
allows evaluation of the spectroscopic and physico-chemical
characteristics as well as its possibility to be used as a
potential candidate heterogeneous base catalyst in future.

EXPERIMENTAL

Sample collection and preparation of Azolla pinnata
biochar: A. pinnata (Fig. 1) is abundantly available throughout
Northeast India. It is found as a free-floating water fern in

various lakes and ponds. Samples were collected from the
freshwater lake Deepor beel, located at 26.13°N 91.66°E,
Assam, India. It is a natural wetland of significant biological
and environmental significance that has a wide variety of
plants and animals and designated as a Ramsar Site. Various
free-floating, underwater and emergent aquatic macrophytes are
found throughout the year in this lake, with their abundance
increasing during the rainy season. These include Eicchornia
crassipes, Azolla pinnata, Pistia stratiotes, Lemna minor, Lemna
major and Spirodela polyrrhiza.

The Azolla pinnata biomass was washed thoroughly with
fresh water to remove impurities and air-dried for several
days, reducing 3 kg of wet mass to 250 g of dry material. The
dried sample was slowly burned in an earthen tray to obtain
31 g of ash, which was cooled and ground to obtain a homo-
geneous powder, designated as APA-CO0. This material was
further calcined at 500 °C for 3 h in a muffle furnace to pro-
duce biochar (APA-C500). The resulting biochar was cooled
in a desiccator to room temperature and stored for further use.

Physico-chemical properties

Moisture content, loss on ignition, ash content and
pH: Moisture content, loss on ignition and ash content were
done according to ASTM D7348-08. The pH of the water
extract of the biomass was measured according to ASTM
D1293A. Before all the tests were performed, conditioning
of new silica crucibles was done by heating under the condi-
tions of the test and then cooling it before use. The moisture
content was determined by heating 0.5 g of dry ash (APA-
C0) in the preconditioned crucible at 110 °C for 2 h in a muffle
furnace and weighed after cooling down to ambient tempera-
ture in a desiccator. It was calculated using eqn. 1:

M= W00 (1)
W,
where M = percent moisture as determined in the test speci-
men, W, = initial mass of test specimen used, g, Wt = mass of
test specimen after drying in moisture test, g.
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The loss on ignition (LOI) was determined using a
single-step procedure. A new preheated and cooled silica cru-
cible was taken and 0.2 g of the sample was weighed. The
crucible with the sample was placed into the cold furnace
without a cover with air as furnace atmosphere. The furnace’s
temperature was increased gradually until the furnace reached
450-500 °C after 1 h and 750 °C after 2 h. The temperature was
kept stable for an extra 2 h. It was calculated using eqn. 2:

VVi_Wf
W

LOI = x100 )

where W; = mass of test specimen used and W+ = mass of test
specimen after heating at 750 °C.

Similarly, to determine the ash content, a silica crucible
was pre-conditioned and cooled before weighing 0.2 g of
sample. The crucible containing the sample was placed in the
cold furnace without a cover, with air as the furnace environ-
ment. The temperature of the furnace was gradually increased
until it reached 450-500 °C after 1 h and 750 °C after 2 h. An
additional 2 h were spent maintaining the temperature. It was
calculated using egn. 3:

Ash content (A) = % %100 (3)

where Wi = mass of test specimen used and Wr = mass of ash
residue after heating at 750 °C.

BET surface area, pore volume and pore size: BET
Micromeritics Tristar 3000 equipment was used to measure
the surface area, pore volume and pore size. Adsorption of N2
adsorption-desorption isotherms at 77 K were used to calculate
the specific surface area using the Brunauer-Emmett-Teller
(BET) formula. Nitrogen adsorption data were collected over
a relative pressure (P/P,) range of 0.05-0.30. The samples
were degassed for 3 h at 50-250 °C in a helium atmosphere
before being subjected to N adsorption analysis. The Barrett-
Joyner-Halenda (BJH) technique was used to determine pore
size distributions from desorption isotherms.

Characterization: Thermal stability of the uncalcined
A. pinnata sample (APA-CO0) was analysed by TGA (TGA/
DSC-1, METTLER TOLEDO) from ambient temperature to
700 °C at 10 °C min™* under nitrogen. Functional groups of
APA-CO0 and calcined biochar (APA-C500) were identified
using FT-IR (Shimadzu AFFINITY-1) in the range 4000-400
cm L. Surface morphology and elemental composition were
examined by FESEM coupled with EDX after gold coating.

Crystalline phases were analysed using PXRD (Rigaku Ultima-
IV, CuKa radiation, 26 = 10-80°) and elemental oxide comp-
osition was determined by XRF (Zetium X-ray fluorescence
spectrometer). The pH was measured using a digital pH meter
(Eutech Instrument, pH 510, pH/mV/°C) at room temperature
(24 °C). The calibration of the instrument was done using
buffer having pH 4, pH 7 and pH 10.

RESULTS AND DISCUSSION

Moisture content, loss on ignition, ash content and pH:
Table-1 shows that APA-CO possesses a moisture content of
15.58%, indicating the presence of physically adsorbed water
associated with the porous biomass structure. The loss on
ignition (49.63%) at 750 °C reflects the substantial removal
of volatile matter and decomposition of organic constituents.
As presented in Table-2, the ash content was 50.36%, sugg-
esting a high proportion of inorganic mineral components in
the sample. The aqueous suspension exhibited a pH of 10.54,
confirming the basic nature of APA-CO0, which can be attribu-
ted to the presence of alkaline mineral oxides and carbonates.

BET surface area, pore volume and pore size: From
the BET surface area, pore volume and pore size measure-
ment it was found that the BET surface area of the uncalcined
A. pinnata biochar (APA-CO0) is 8 m?/g with corresponding
micropore volumes 0.0077 cm®/g (Table-3). The (APA-CO0)
contains mesopores (2-50 nm). The pore size value 16.2 nm
indicates relatively narrow pore size distribution. The BET
surface area of the calcined A. pinnata biochar (APA-C500) is
11 m?/g indicating that the surface area of biochar increased
by 31.71% after pyrolysis. Surface area and pore volume
typically increase with temperature as more volatile comp-
ounds are released from the biomass, despite the compromise
of a lower biochar output [25]. In a study by Lee et al. [26],
a calcium oxide-based catalyst with a surface area of 0.07
m?/g derived from waste obtuse horn shell was successfully
used in the transesterification of palm oil to biodiesel with an
optimum palm oil conversion of 86.75%. The catalyst was
thermally activated at 800 °C for 3 h. The decreased surface
area (0.07 m?/g) was caused by the agglomeration of micro-
scopic crystals as a result of employing the high calcination
temperature (800 °C). In another study by Hu et al. [27],
waste freshwater mussel shell (FMS) catalyst with a surface
area of 23.2 m?/g was successfully utilised in the transesteri-
fication of Chinese tallow oil with a biodiesel yield above
90%. Surface area of A. pinnata biochar is comparable to other

TABLE-1
MOISTURE CONTENT AND LOSS ON IGNITION DATA OF UNCALCINED A. pinnata SAMPLE (APA-CO0)
. Initial weight Temperature . Final weight Difference in weight Percentage
Ay (Wi (@) o "MO  w@ (AW=Wi-W) (@) (AW/MW) x 100
Moisture content (M) 0.5011 110 2 0.4230 0.0781 15.58
Loss on ignition (LOI) 0.2047 750 1 0.1031 0.1016 49.63
TABLE-2
ASH CONTENT DATA OF UNCALCINED A. pinnata SAMPLE (APA-CO0)
. Initial weight . . Final weight . Percentage
Physical property W) (9) Temperature (°C) Time (h) wi) () (wilwi) (wlwi) x 100
Ash content (A) 0.2047 750 0.1031 0.5036 50.36
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TABLE-3
BET SURFACE AREA, PORE VOLUME AND
PORE SIZE VALUES OF UNCALCINED AND
CALCINED A. pinnata BIOCHAR SAMPLES

BET surface Micropore Pore size
SNPEIE area (m?/g) volume (cm?/g) (nm)
APA-CO 8.5424 0.0077 16.25
APA-C500 11.252 0.0078 13.84

biomass-based catalyst used in transesterification reaction thus
making it a suitable candidate for catalytic application.

Thermal studies: To observe the thermal stability of A.
pinnata biomass thermogravimetric analysis (TGA) of the
uncalcined sample (APA-CO) was carried out at a range of
temperature of 0-700 °C with a slow heating rate of 10 °C/min
in a nitrogen environment. The TGA curve (Fig. 2) shows
three stages of weight loss for the biomass. The first stage (25-
220 °C) exhibits a minor weight loss of 2.4%, attributed to
the removal of adsorbed moisture and represents the drying
phase [28]. The second stage (220-500 °C) corresponds to the
main pyrolysis region, where decomposition of lipids, proteins
and carbohydrates occurs, resulting in the amorphous char
formation, with a weight loss of 3.76%. The third stage (500-
700 °C) represents the carbonisation region, involving decom-
position of carbonates and evolution of CO and CO», showing
the highest weight loss of 23%. The final residue was about
70% of the initial mass, indicating significant inorganic con-
tent in the biomass [29]. Temperatures between 500 and 700 °C
were considered suitable for biochar production, as they pro-
mote carbonisation while maintaining yield. At higher temp-
eratures, gasification and pore widening may occur, reducing
microporosity and biochar yield, and the resulting chars are
generally poorly crystalline in nature [24,30,31].

FT-IR spectral studies: The FT-IR spectrum of uncal-
cined A. pinnata biochar (APA-CO0) shown in Fig. 3a as well
as that of calcined in a muffle furnace at 500 °C (APA-C500)
shown in Fig. 3b shows a strong broad band 3750 cm™,
which is attributed to Si-OH stretching vibration [32,33]. The
broad band at 3495 cm in both APA-CO0 and APA-C500 is
attributed to O-H stretching vibration of alcoholic OH groups
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Fig. 2. TGA plots of uncalcined Azolla pinnata biochar (APA-CO0)

[34] as well as to N-H stretching mode of amides [32]. The
broad band indicates the presence of hydrogen bonding, which
decreases somewhat in the calcined sample. The peaks beyond
3300-3100 cm™ region in the APA-CO spectrum corresponds
to O-H stretching vibration of adsorbed water molecules on
the surface of the catalyst, which becomes narrower under the
influence of thermal treatment as evident from the APA-C500
spectrum. The peaks beyond 2962-2605 cm™ region are assi-
gned to organic groups such as methyl and methylene groups
in fatty acids some of which disappear after pyrolysis as
evident from the (APA-C500) spectrum [35,36]. The strong
peaks located at 1601 is assigned to C=0 stretching (protein
amide-1) and the bands at 1200-950 cm™ characterised the
C-O-C stretching vibration absorption of polysaccharide [37].

The strong peaks located at 1105 cm~tand 451 cm~ are
attributed to the Si-O-Si stretching band and Si—O-Si defor-
mation vibrations of SiO», which is consistent with the results
reported by Betiku et al. [34]. The presence for carbonates
(COs%) in the form of calcite (CaCOs) in the ash is evident
from the peaks at 1423 cm that corresponds to C-O stretc-
hing of CO3?~ while the peak at 883 cm* corresponds to COs%
bending. The strong peaks at 729 cm and 451 cm™ were
assigned for Ca-O vibration [38]. The band at 1384 cm™ (asym.
stretching) and 1105 cm~ (sym. stretching) and the moderate
peak at 619 cm* (asym. bending) are attributed to SO42~ groups
[39]. It can be seen that there is not much difference in the two
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Fig. 3. FT-IR spectra of (a) uncalcined Azolla pinnata biochar (APA-CO0) and (b) calcined Azolla pinnata biochar (APA-C500)
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spectra obtained except for the disappearance of the peaks from
3000 cm to 2864 cm, which indicates the loss of volatile
organic groups such as alkane, alkene, alkyne and aldehydic
groups present in the calcined A. pinnata biochar (APA-C500)
in the C500 spectra.

FESEM studies: The surface morphology and comp-
osition of the uncalcined A. pinnata biochar (APA-CO0) and
the calcined A. pinnata biochar (APA-C500) were analysed
by FESEM and EDX. Uncalcined APA-CO shows nonporous
and irregular structures (Fig. 4). On calcination at 500 °C the
crystallinity of the particles increases which is evident from
the FESEM images of the calcined ash (APA-C500) (Fig. 5).

Calcined A. pinnata biomass undergoes the surface alter-
ation, transitioning from smooth and flat to a mix of smaller
aggregates and polycrystalline surfaces after 3 h of calcina-
tion at 500 °C. The subsequent microstructure shows that the
surface area increased from 8 to 11 m?/g as a result of calci-
nation, which may enhance its catalytic activity.

Various nanoparticles were observed in APA-CO with
agglomerated and irregular morphologies, including rhom-
bohedral (159-372 nm), hexagonal (152-257 nm), sheet- or
needle-like (~370 nm) and spherical particles (12-52 nm),
which became more prominent after calcination (APA-

300 nm EHT = 500 kV

Signal A = InLens
H WD= 42mm

Mag= 2600K X

C500). At higher magnification, loosely packed agglome-
rates composed of fine particles were visible, indicating poly-
crystalline nature. The spherical particles are attributed to
CaO nanoparticles, while rhombohedral and needle-like
structures correspond to calcite and aragonite phases of
CaCOs, consistent with previous reports [38,40-42].

EDX studies: To investigate the elemental composition
of biomass, EDX analyses were also carried out on APA-CO
and APA-C500 (Fig. 6). EDX analyses confirm the presence
of carbon, silicon, oxygen, sodium, magnesium, calcium,
potassium and chlorine as the major elements whereas
phosphorus, sulfur, iron, manganese, aluminum and nitrogen
are present in trace amounts. These results are in-agreement
with the FT-IR spectra and PXRD results.

PXRD studies: The PXRD pattern of uncalcined A.
pinnata biochar (APA-CO) is depicted in Fig. 7. Sharp peaks
indicate the presence of crystalline phases in powder X-ray
diffraction experiments. It is evident from the PXRD data that
nanocrystalline phases are present in the A. pinnata ash which
is further confirmed from FESEM analysis. The investigation
confirmed the existence of inorganic component combinations.

As evident from the analysis, potassium was one of the
key components of the biochar, which was found in the form
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Fig. 4. FESEM images of the uncalcined Azolla pinnata biochar (APA-CO0)



1250 Singha et al.

Asian J. Chem.

EMT= 5000V
WO= &3 mm

Date 10 Jun 2019
Time :15:17:21

Signal A+ Intens
Mag= 000K X

ENT= 5000V

WO= 43mm

Signal A« intens
Mage 30.00KX

ENT= 8004V
WO= 43mm

Dete 10 Jun 2019
Time 152037

Signal A= Intens
Mag= 3000KX

Date 10 Jun 2019
Time 153642

100 nm EMT= 5004V Signal A= inLens Date 10 Jun 2019 — 160 om ENT= 8004V SignalA = inLens Date mm» - 100 ) EHT= 5004V Date 10 Jun 2019 —
Wo= 43mm Mag= 100.00K X Time 15.26.04 H Wo= 43mm Mg+ S000KX Time 134202 | Wo= 43mm Mag 15000 X Time 15.38.46
Fig. 5. FESEM images of the calcined Azolla pinnata biochar (APA-C500)

3.50K =
3.15K 3.69K
2.80K Element Weight (%) Atomic (%) | Element Weight (%) Atomic (%) 3.28K Element Weight (%) Atomic (%) | Element Weight (%) _Atomic (%)
2.45K 33.20 49.30 PK 0.64 0.37 2.87K CK 2.34 4.86 SiK 254 226

¥ 4.46 568 SK 167 093 NK 260 464 PK 448 362
2.10K 22.79 25.40 CIK 6.14 309 2.46K OK 2251 35.17 SK 465 362

7.82 6.06 KK 752 343 2.05K NaK 1405 15.28 CIK 1600 11.28

1.75K 1.33 097 cak 3.09 137 MgK 419 431 KK 15.00 959
1.40K 364 231 MnK 155 050 1.64K CaK 631 393 MnK 050 023

1.05K
0.70K
0.35K
0.00K

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9

Fig. 6. EDX spectra of (a) uncalcined Azolla pinnata biochar (APA-CO0) and (b) calcined Azolla pinnata biochar (APA-C500)

g Symbol  Compounds 20/ °)
S 1 KCI (Syhite) 28.3,40.4,50.1, 66.3, 73.7
1 2 NaCl (Halite) 31.6,45.4, 56.4
3 SiO, (Quartz) 20.8,26.6
4 CaCO, (Calcite) 29.3,36.0, 39.4, 47.37, 48.45
5 MgO (Periclase) 42.9,62.3
56 KNa(SO,), (Aphthitaite) 31.48,30.3, 44.3
0 §
2]
c 1
3 o
&) S
e =
2
2]
s
Q
]
£ s
o
o
=
10 20 30 40 50 60 70 80

20 ()
Fig. 7. PXRD spectrum of uncalcined Azolla pinnata biochar (APA-CO0)

of KCI (sylvite). Comparison of the PXRD pattern with JCPDS
data confirmed the presence of multiple crystalline phases in
APA-CO. High-intensity peaks at 20 values of 28.34° and
40.52°, along with peaks at 50.19°, 58.81°, 66.39° and 73.71°
(JCPDS card no. 41-1476), correspond to KClI, indicating signi-

ficant potassium content. Peaks at 27.18°, 31.62°, 45.40°, 56.42°
and 75.19° (JCPDS 00-05-0628) confirm NaCl (halite). Strong
reflections at 26.64° and 20.85°, with additional peaks at 36.54°,
39.46°, 42.45° and 50.10° (JCPDS 01-083-0539), indicate crys-
talline SiO; (quartz), also supported by FESEM observations.
Further peaks at 29.3°, 36.0°, 39.4°, 47.3° and 48.4° (JCPDS
05-0586) correspond to CaCO3 (calcite), while reflections at
42.9° 62.3% and 78.6° (JCPDS 87-0653) confirm MgO. Minor
phases such as CaSO, (25.4° and 31.3°, JCPDS 00-037-1496)
and aphthitalite KsNa(SO4)2 (30.3°, 31.48° and 44.3°, JCPDS
00-20-0928) were also detected, indicating the presence of alkali
and alkaline earth mineral components in the biochar.

XRF studies: XRF analysis confirmed SiO,, CaO and
MgO as major oxides in APA-CO (Table-4). The biochar exhi-
bited basic nature (pH 10.54), good thermal stability up to 500
°C and moderate surface area with mesoporous characteristics.
Spectroscopic and chemical analyses indicated that the material
mainly consists of oxides of Ca, Mg and Si, along with
chlorides of K and Na, while sulfates and phosphates of elem-
ents such as Na, K, Ca, Mg, Si and Fe were present in trace
amounts, consistent with PXRD results. PXRD identified KCl,
NaCl and SiO; as dominant phases with moderate MgO and
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TABLE-4
QUANTITATIVE XRF CHEMICAL ANALYSIS DATA OF
UNCALCINED Azolla pinnata BIOCHAR APA-CO

Major oxides Weight (%)
SiO2 15.19
CaO 5.79
MgO 5.70

CaCOs, whereas EDX confirmed K, Na, Cl, Si, C and O as
major elements and Ca and Mg in moderate quantities. Calci-
nation at 500 °C increased the surface area of APA-CO by
31.71% and FESEM images revealed hexagonal crystalline
structures with enhanced surface roughness after heating. The
presence of CaO and CaCQs is particularly significant, as CaO
is a well-known heterogeneous base catalyst due to its high
basicity and low toxicity. Biomass-derived CaO materials have
been widely explored as sustainable catalysts, especially for
transesterification reactions. Therefore, A. pinnata biochar con-
taining CaO and CaCOs shows potential as a low-cost, eco-
friendly heterogeneous base catalyst for future catalytic appli-
cations.

Conclusion

The biochar produced from sun-dried Azolla pinnata is
thermally stable and composed mainly of oxides of Ca, Mg
and Si, along with chlorides of K and Na, while sulfates and
phosphates of elements such as Na, K, Ca, Mg, Si, Fe and Al
are present in trace amounts. PXRD analysis identified KClI,
NaCl and SiO; as major phases with moderate amounts of
MgO and CaCOs. These characteristics are comparable to
Ca-rich biomass-derived materials used as heterogeneous base
catalysts, indicating its potential for catalytic applications. In
addition, the presence of nutrients such as Ca, Mg, N, P and
K suggests possible use as a soil amendment or natural ferti-
lizer, particularly for acidic soils. Utilization of A. pinnata
biomass also offers a sustainable and cost-effective approach
to manage its excessive growth while supporting future studies
on catalytic performance and agricultural applications.
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