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Abstract

This study investigates the properties and adsorption performance of jamun seed biochar (JS biochar) produced through
calcination at varying temperatures. Elemental analysis reveals that the carbon content significantly increases from 64.25 to
87.93 wt.% as calcination temperature rises from 400 to 600 °C, while nitrogen content remains within the range of 2 to 2.29
wt.%. The biochar's surface characteristics, with a maximum specific surface area of 261.2 m?%g, demonstrate strong
adsorption capacity for small organic molecules, including ciprofloxacin (555.55 mg/g) and lamivudine (400 mg/g). The
identified functional groups, including hydroxyl and carbonyl groups, enhance adsorption through mechanisms such as
hydrogen bonding and electrostatic interactions. The observed porous, rough surface morphology supports the material's
effectiveness as an adsorbent. The results demonstrate JS biochar’s high adsorption capacity, governed by a synergistic
interplay of physisorption and chemisorption. This research underscores the potential of JS biochar as a sustainable and
effective solution for environmental remediation, particularly in mitigating aqueous pollutants. The findings offer valuable
insights for optimizing biochar properties to improve adsorption efficiency, thereby promoting sustainable waste
management and environmental remediation.
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1. Introduction

The contamination of ecosystems with organics, such as
antibiotics, and inorganics, such as lead, continues to threaten
the environment and public health.l'3] These substances are
recognized as pollutants due to their widespread use and
improper disposal.**! The pollution due to these substances
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primarily originates from industries, pharmaceutical waste,
agricultural runoff, healthcare facilities, and household
products,*? leading to the persistent presence in soil and water
bodies,”> ™13 and linked with deterioration of ecological
health.*%141  Additionally, water pollutants such as
ciprofloxacin, lamivudine, lead, and chromium can disrupt
natural microbial communities, leading to ecological
imbalances.!'>!¢1 Non-target organisms, including beneficial
microbes essential for nutrient cycling and ecosystem
functioning, are particularly vulnerable. Addressing water
pollution requires innovative and sustainable approaches.!”
Among various remediation strategies, the use of biomass-
based adsorbents has gained attention for its effectiveness,
environmental friendliness, and cost-efficiency. Biomass-
based adsorbents are derived from renewable organic
materials such as agricultural residues, forestry by-products,
and other organic wastes. These materials are not only
abundant and inexpensive but also possess unique properties
that make them highly effective for polluted water remediation.
Furthermore, exposure to sub-lethal concentrations of organic
pollutants such as ciprofloxacin to microbes may result in the
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development of resistance mechanisms, rendering standard
treatments ineffective. This resistance can spread among
microbial communities, posing a severe threat to human and
other animal health by making infections harder to treat. The
Centers for Disease Control and Prevention (CDC) estimates
that more than 2.8 million antimicrobial-resistant infections
occur in the U.S. annually, with around 700,000 deaths
worldwide due to antimicrobial resistance (AMR).[!8-20]
Similarly, inorganic pollutants such as heavy metals can play
a significant role in the development and spread of AMR. This
interaction occurs because certain heavy metals, when present
in high concentrations, can co-select for antibiotic resistance
in microorganisms and thus disrupt ecological health.l?!2?
Among the most toxic heavy metals, cadmium, mercury, lead,
and arsenic have contributed to AMR.[?!l Long-term exposure
to these metals, especially in aquatic and soil environments,
can lead to widespread resistance in bacteria, leading to the
deterioration of ecological health. Thus, measures are required
for ecological safety and sustainability.

Fig. 1: Jamun plant (Syzygium cumini) with its fruits.
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Adsorption using biomass-based materials such as
Syzygium cumini seeds (Fig. 1) involves the physical or
chemical binding of contaminants onto the adsorbent. These
materials are naturally porous and contain functional groups
(such as hydroxyl, carboxyl, and phenolic groups) that
enhance their interactions with various water pollutants,
including organics such as ciprofloxacin and inorganics such
as lead and mercury. High adsorption capacity, renewability,
and Dbiodegradability make biomass-based adsorbents
particularly suitable for removing persistent low levels of
pollutants and reducing the environmental impacts associated
with their production and disposal. Additionally, utilizing
waste materials for adsorbent production contributes to waste
management and promotes circular economy principles. For
example, agricultural wastes like rice husks, coconut shells,
and corn cobs, which are often discarded, can be converted
into valuable adsorbents. The process of creating biomass-
based adsorbents typically involves simple and low-cost
methods such as drying, grinding, thermal or chemical
activation or even pyrolysis to produce the carbon
nanostructures.

Furthermore, biomass-based adsorbents can be modified to
enhance their adsorption properties. Chemical treatments or
the addition of functional groups can tailor the adsorbents for
specific contaminants, improving their efficiency and
effectiveness. Table 1 presents studies that used biochar made
from jamun (Syzygium cumini) seed biomass, type of pollutant,
conditions, removal or adsorption capacity. Co-selection
between heavy metals and antimicrobial resistance presents a
significant challenge, as antimicrobial pollution promotes
resistance and disrupts ecological balance. Therefore,
effective remediation strategies are essential to mitigate these
impacts. Biomass-based adsorbents offer a promising solution
due to their sustainability, cost-effectiveness, and high
adsorption capacity, making them an attractive alternative to
traditional methods. By utilizing natural materials and simple
production techniques, biomass-based adsorbents provide an
eco-friendly and efficient approach to addressing the
pervasive issue of pollution. As research and development in
this field progress, the adoption of biomass-based adsorbents
could play a crucial role in safeguarding both environmental
and public health.[6-23-30)

The Jamun plant (Syzygium cumini), also known as the
Java plum or Indian blackberry, is indigenous to the Indian
subcontinent.3! It is native to regions of India, Bangladesh,
Nepal, Sri Lanka, and parts of southeast Asia, including
Thailand and Philippines. The tree is also found in other
tropical and subtropical regions due to its adaptability,*!) and
its fruits are underutilized. Jamun seed biomass for the
preparation of adsorbent has several advantages compared to
its leaves or bark.?l Fruit yield for full-grown seedlings
ranges from 80-100 kg and 60-70 kg for grafted plants per year,
indicating the potential source of seed biomass for adsorbent
preparation.**! Seeds have a higher carbon content compared
to leaves and bark, which is beneficial for producing high-
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Table 1: Studies that used biochar prepared from jamun (Syzygium cumini) seed biomass for remediation, type of pollutant,

conditions, removal, or adsorption capacity reached.

Biomass Pollutant Conditions Removal/Adsoption capacity Remarks Reference
Potential use for
99.91% of Pb(II) was .
. remediation of lead
Pb (1) ions NaOH removed from aqueous . [23]
uti contaminated water
solution
and effluents
KOH,
Fluoride H3POq, .ZnClz Maxir'num adsorption 24]
pyrolysis at capacity of 3.65 mg g!
900 °C Potential use for
The Bed Depth Service Time  remediation of other
(BDST) model was pollutants
Cr (VD NaOH appropriate for [25]
designing the column for
industrial purposes
FeCls, . Potential use for
Maximum percent removal .
NaOH, remediation of
Jamun As (1II) 0f69.30 % to 88 % of As . . [26]
. HCHO, . arsenic contaminated
(Syzygium (IIT) was achieved
. H2S04, HCI water and effluents
cumini) seed .
Physical,
chemical and  The maximum adsorption Potential use for
Fe (II) combined capacity of 266.9 mg/g, remediation of iron 27]
e
physio- following Pseudo first order ~ contaminated water
chemical kinetics and effluents
treatment
The maximum adsorption .
Pyrolvsis at itv for BF d Potential for
) yrolysis a capacity for ye was .
Fuchsin d diat f oth 28
HESITEYE 500 oC found with jamun seed remediation of other [28]
. organic pollutants
biochar produced at 500 °C
Potential for
. . pyrolysis at More than 90% removal with  remediation of water
Ciprofloxacin, o
L 400, 500, 600  the model predicting up to and wastewater [6, 29, 30]
lamivudine . .
and 750 °C 100% removal contaminated with

organic pollutants

quality activated carbon.?*! The cellular structure of the seeds
often leads to the formation of a more porous adsorbent
material, which can enhance the adsorption capacity.

Jamun seeds contain phenolic compounds and fibers that
might contribute to better adsorptive properties for the
effective removal of contaminants.**! Jamun seeds are often
considered a waste product after the fruit is consumed,
utilizing them for adsorbent preparation adds value to this
byproduct and reduces waste.**! Seeds provide a more uniform
and stable raw material compared to leaves and bark, which
can vary significantly in composition and structure based on
environmental conditions.** Therefore, adsorbents made from
seeds are often more durable and have a longer operational life
compared to leaves or bark,*®! which can degrade more
quickly. Since seeds are a byproduct and often available in
large quantities, the cost of obtaining raw material for
adsorbent preparation is low.”! Table 2 summarizes data on
how different biomass-based adsorbents perform under
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specific conditions, providing insights into their efficiency in
the remediation of various water pollutants, including organics
and inorganics. These data indicate that Jamun seed biomass
is a preferable choice for preparing adsorbents for remediation.
Biomass-based adsorbents can be regenerated and reused
multiple times. This recyclability reduces the overall cost and
environmental footprint associated with water pollution
remediation processes. Biomass-based adsorbents offer a
promising solution for the remediation of water pollutants due
to their sustainability, cost-effectiveness, high adsorption
capacity, and environmentally friendly nature. Studies are
required on the application of biomass-based adsorbent for
remediation of organics and inorganics in environmental
settings such as urban receiving water and wastewater as most
of the studies considered synthetic environments. 3843

2. Experimental process
Jamun seed biochar adsorbents were prepared. The sample
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Table 2: Removal of antimicrobials and other organics by adsorption, biomass used to prepare adsorbent, adsorbate targeted,
structure of pollutants, removal efficiency, activation agent, implication, and conditions.

% Removal

Adsorbent Adsorbate Structure Activation  Implication Conditions  Reference
efficacy
e “ H s Potential
P ¢ husk Amoxicillin, m N\)< More than ZnCl adsorbent for H65 38]
an n .
canut us & tetracycline  HO o 2 70 ? remediation of P
o//\OH organics
Potential
36%—64% adsorbent for
Ricchusk  Phenol % Ca (OH: - pH 5.58 [39]
OH and 28% remediation of
organics
Potential
36%—64% dsorbent fi
Ricehusk  Phenol COM0 Thermal oo or pH 5.58 [39]
and 28% remediation of
organics
. o o Potential
Lotus stalk Norfl . M\OH < NaOH adsorbent for Hss [40]
orfloxacin a )
based (N N remediation of P
), |
3 organics
Potential
Macadami dsorbent fi
acadamia Tetracycline oH 0o HOHO O 70 to 100 NaOH acsor ,en, o pH4to3 [41]
nutshell remediation of
organics
Future use for [Clo=420
Lignin Tetracycline 76 H3PO4 remediation of mg/L; pH [41]
tetracycline 5.5 o
Co=26.15
+ 0.7 mg
kg, pH
6.3, co-
Seaweed Peroxymon .
96.06% existing [42]
kelp osulfate .
anions:
. 7 such as CI~,
HN W Y _
L o Future use for HCOs™, and
Ciprofloxacin - I l 1 remediation of HPOs* _
e ‘]’/\'CO Max. ciprofloxacin
Agricultural © dsorpti
gricuitura ACOIPHON  1.pOy AcidicpH  [43]
biomasses capacity
120.6 mg/g
Max.
mpkin adsorption HCI, pH 8,
Pump P H3PO4 P [44]
peels capacity of NaOH
153.9 mg/g
HaC or A& Maximum pH 3.4 and
. of . Use for
Rhodamine MG AN O N adsorption L 7.2,303 to
Palm tree Ll Ij . remediation of
) B, a tracer R capacities of ~ Not stated . 313K, [45]
biomass 1 _coon Rhodamine B
dye @ T 31.81- NaoH,
S~ 224.30 mg/g HCL
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% Removal

Adsorbent Adsorbate Structure Activation  Implication Conditions  Reference
efficacy
Maximum
N
‘: adsorption Use for
Metronidazol ,A \ rp L
HiC N r capacities of ~ Not stated remediation of [45]

¢ SHacHe 95.44-26.76 metronidazole

mg/g

adsorbents were marked as sample 1 (calcined at 400 °C),
sample 2 (calcined at 500 °C), sample 3 (calcined at 600 °C),
sample 4 (calcined at 750 °C), and sample 5 (uncalcined,
control), as reported by previous researchers.?*30:4¢41 This
study presents the results of jamun seed biochar (JS biochar)
adsorbent characterization, which was conducted after
material preparation and used in a batch adsorption test to
assess the efficiency for remediation of organic water
pollutants (ciprofloxacin and lamivudine), as outlined in prior
research.%>4 and depicted in Fig. 2.

The batch adsorption was optimized by response surface
methodology (RSM) utilizing an optimality design. Surface
characteristics, such as area, volume, and pore size, were
measured using a QUANTACROME 1000 L-Se series
porosimeter.*?l The specific surface area and pore size
distribution of the JS biochar were determined through the
Brunauer Emmett Teller (BET) analysis, which relies on the
physical adsorption of nitrogen gas onto the adsorbent
surface.*?] A detailed methodology is provided in Ref. [20],
and the data generated have been made available through
Mendeley Data.[*] Additionally, the elemental composition of
carbon, hydrogen, nitrogen, sulfur, and oxygen in the material
was analyzed using a carbon, hydrogen, nitrogen, and sulphur
(CHNS) analyzer (Flash 2000), consistent with the approach
described by Manmeen and colleagues. 4

This study builds wupon and extends previous
research,[0>394] where the surface functional groups of the
material, both prior to and after adsorption, as well as any
alterations resulting from interactions, were examined using a

Perkin Elmer Fourier transform infrared (FTIR) spectroscopy
(model V755).551 High-resolution imaging and atomic-level
chemical information of the JS samples were gathered using
the Talos F200X G2 (S) transmission electron microscopy
(TEM), a state-of-the-art instrument for detailed structural
analysis.* Physical properties like phase composition, crystal
structure, and crystal orientation in the powder form were
analyzed through the Shimadzu X-ray diffraction (XRD,
model 7000), a versatile, non-destructive analytical tool.l”!
High magnification and resolution examination of the
material's surface was conducted using a Carl Zeiss S 3400
scanning electron microscope (SEM), a German-
manufactured model known for its superior imaging quality
and multifunctional capabilities. Additionally, the integration
of an energy-dispersive X-ray (EDX) spectroscopy with the
detector allowed for the analysis of the material's elemental
composition.*!

3. Results and discussion

The data from the characterization and sorption experiments,
previously shared on the Mendeley data repository and linked
to the initial data article, provide valuable insights into the
properties of adsorbents used for water remediation.-!
These results highlight the adsorbents' potential for removing
both organic pollutants, like antimicrobials, and inorganic
pollutants, such as lead and arsenic. Additionally, the data
offer critical information on the final characterization of these
adsorbents, supporting their effectiveness in environmental
clean-up applications.”

o Initial ¥ -
- | characterization [ ’n {___(%ﬁ

7 -
{5 — AR AA

Batch Sorption

Results of initial
characterization and batch
sorption experiments
optimized by RSM (Part 1)

Results of final material

batch sorption experiments (An
Update, Part 2)

characterization before and after

Adsorbent used in
batch experiments

Fig. 2: Summary of methodologies presents jamun seed (Syzygium cumini) plant bearing seeds, dried seeds, and biochar made from

seed biomass.
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Fig. 3: Variation of carbon and nitrogen content in JS biochar samples.

3.1 Variation in carbon, nitrogen and hydrogen content
The result of elemental analysis indicates that the carbon
content of JS biochar ranged from 64.25-87.93 (wt.%) and
nitrogen from 2-2.29 (wt.%) when calcination temperature
increased from 400 to 600 °C. The variation of carbon,
nitrogen, and hydrogen in JS biochar samples are presented in
Fig. 3. Increasing the temperature to 700 °C resulted in a
decreased content of carbon. This trend may be due to the
removal of ligands as the material is calcined. At higher
temperatures, almost all ligands are removed, therefore no
further increase in carbon content. Lopez and co-workers
evaluated the effect of calcination temperature on the material
and reported an increase in carbon content as the material was
calcined from 400 to 700 °C,[*" as observed in this study.

The calcination process involves heating a material to high
temperatures, leading to physical and chemical changes.
Therefore, calcination can result in the removal of volatile
components, decomposition of organic matter, and structural
transformations. The impact on carbon content depends on the
material, but in some cases, an increase in carbon content
occurs as non-carbonaceous components are removed. The
choice of calcination temperature influences material
properties such as crystalline structure, morphology, and
surface characteristics. Researchers often explore different
calcination temperatures to optimize materials for specific
applications such as catalysis, adsorption, and energy storage.
Understanding the effects of calcination is crucial for tailoring
material properties to meet desired specifications.l'! The
carbon content of biochar is a critical parameter due to its
significant impact on the stability, reactivity, and potential
applications of biochar. High carbon content contributes to the
stability of biochar, making it resistant to decomposition and
increasing its potential as an adsorbent.

6| ES Food Agrofor., 2025, 19, 1415

Similarly, the nitrogen content of biochar enhances its
adsorption capacity by improving surface functionality and
increasing interactions with pollutants. This makes biochar
more effective in removing contaminants, such as heavy
metals and organic pollutants, from water, making it a highly
efficient adsorbent for environmental remediation. The
nitrogen content in most adsorbents, especially biochar-based
materials, typically ranges from 0.1% to 5%, JS biochar had
nitrogen content within this reported range.”) This range
depends on the feedstock, production method (e.g., pyrolysis),
and any chemical modifications applied.l®>¢ Nitrogen-
enriched adsorbents often exhibit an enhanced adsorption
capacity due to the presence of nitrogen-containing functional
groups that interact more effectively with pollutants.

3.2 Variation of surface area, pore size and volume

Surface area, pore size, and pore volume are key
characteristics of adsorbent that significantly impact material
behavior. Surface area influences interactions in processes like
adsorption and catalysis.[* Pore size determines what
substances can be accommodated within the material, which
is crucial for applications such as gas storage and adsorptive
remediation through the pore-filling mechanism.!®! Pore
volume indicates the total available space within the material
and directly affects its capacity for adsorption or storage.!®
These parameters play a vital role in designing and optimizing
materials for specific applications, ensuring their effectiveness
in processes involving gases, liquids, and other substances.
The BET surface area, pore size, and volume presented in Fig.
4 indicate that the JS biochar calcined at 400 and 500 °C had
similar surface properties, including the specific surface area,
pore volume, and pore size. The unit of pore size is given in
Angstrom, which is equal to 1x10"® cm. The material calcined
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Fig. 4: Characterization data for specific surface area, pore volume, and pore size of adsorbent calcined at various temperatures.

at 600 °C had a high specific surface area and pore volume,
but the pore size decreased as the calcination temperature
increased to 750 °C. The present study gave the highest
specific surface area of 261.2 m?*/g and adsorption capacity of
555.55 mg/g for ciprofloxacin and 400 mg/g for lamivudine
adsorption with a relatively similar removal efficiency. The
size and pore structure of jamun seeds biochar appear to be
well-suited for adsorbing small antimicrobial molecules like
lamivudine and ciprofloxacin and may potentially be used to
remedy other organic and inorganic pollutants. The high
removal efficiencies reported in this study suggest that the
developed biochar has an appropriate pore size distribution,
with sufficient micropores and mesopores to accommodate
these adsorbates effectively. This makes jamun seed biochar a
promising sustainable alternative to conventional adsorbents
for their environmental remediation.

A similar study by Palapa et al.! reported that the
composite derived from rice husk had a surface area of 200.9
m?/g and an adsorption capacity of 470.96 mg/g. This
indicates the potential of biomass-based adsorbents for the
sustainable remediation of pollutants. Elnour et al. reported a
specific surface area of 249.13 m?/g and a pore volume of
0.031 cm?®/g for biochar produced at 700 °C, providing a
valuable context for understanding the characteristics of
biochar across different production conditions.!*” Compared to
the results from the current study, which demonstrate a higher
specific surface area of 261.2 m?/g for JS biochar at 600 °C. It
suggests that the calcination temperature and feedstock type
significantly influence the structural properties of biochar.[®”]
The higher surface area and potentially enhanced porosity of
JS biochar may contribute to its superior adsorption capacity,
making it a more effective adsorbent for contaminants such as
ciprofloxacin and lamivudine. Additionally, these comparative
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results emphasize the importance of optimizing calcination
conditions to maximize the adsorption potential of biochar,
reinforcing the need for further studies to explore the
relationship between production parameters and biochar
properties in environmental applications. Muzyka et al.l®
reports a notably high surface area of 400 m?/g and an average
pore size of approximately 2.34 nm for biochar produced at
700 °C, and highlights the potential for optimizing biochar
properties through precise control of production parameters.
Compared to the surface area of 261.2 m*g reported in the
current study for JS biochar calcined at 600 °C, which
indicates that higher calcination temperatures can further
improve the adsorptive capabilities of biochar. This
emphasizes the importance of exploring various production
conditions to maximize the efficiency of biochar as an
adsorbent. Furthermore, the results contribute to the growing
body of knowledge regarding biochar optimization for
environmental applications, particularly in wastewater
treatment and the removal of contaminants, reinforcing the
need for continued research in this area. On the other hand,
biochar made at a temperature below 400 °C had a lower
surface area and pore volume. The current work presents
surface areas of biochar calcined at 400 to 750 °C, and a
relatively similar higher surface area and volume are observed,
indicating similar results to previous studies.

3.3 Surface properties of adsorbent

Functional groups are critical surface properties of adsorbents
that play a significant role in determining their adsorption
capabilities and interactions with various adsorbates. Based on
the analysis, a broad band at around 2900 to 3750 cm™! in FTIR
of JS biochar calcined at 500 °C indicates the presence of
acidic (OH") hydroxyl groups, and a band at 1400 to 1850 cm"

ES Food Agrofor., 2025, 19, 1415 | 7
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! corresponds to (C-O) stretching. Whereas, for JS biochar

calcined at 400, 600, and 750 °C, a broad band at 3400 to 3850
cm’! corresponds to (OH") hydroxyl groups, a band at 1600 to
2850 cm™! corresponds to (C=0) stretching, a band at 1000 to
1350 cm™! corresponds to (C-O) stretching, and 2950 to 3400
cm’! may be due to C-H stretching (symmetrical for aliphatic
and asymmetrical). The FTIR spectra of JS biochar calcined at
400, 600, and 750 °C are relatively similar and slightly
different from the JS biochar calcined at 500 °C as presented
in Fig. 5.

i - 750 °C
gl
g ——600°C
=
m
=
E ——500°C
w L
=
2L
: W
C ——400°C
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em™
Fig. 5: FTIR spectra of JS biochar calcined at 400, 500, 600, and
750 <C, showing available functional groups potential for
adsorption.

The FTIR spectra of JS biochar adsorbents calcined at
various temperatures provide information on functional
groups available that are potential for the adsorption ability of
the material, Fig. 5. During calcination, the material undergoes
various thermal transformations, including dehydration and
the breakdown of organic components. This process can lead
to the formation of hydroxyl groups (-OH) on the surface of
the material. The loss of moisture and volatile compounds
contributes to changes in the vibrational characteristics of
these hydroxyl groups, resulting in specific stretching
vibrations observed in FTIR spectra, as reported by other
researchers.l'1 These results indicate the surface of JS
biochar is enriched with oxygen-containing groups and
aromatic structures, which are necessary for the adsorption of
contaminants, including ciprofloxacin, lamivudine, and
inorganic pollutants.

A similar observation was reported by Fang et al., in their
study, zeta potential curves were used to track the dissociation
of these oxygen-containing surface groups. This indicated that
when the pH increased, the H-bond donors on the biochar
surface for ClO4 binding changed from -(COOH
(Cl104)--"-HOOC)- and -(OH (ClO4-HO)-) to -OH alone.!”
Since high-temperature biochar provided a hydrophobic
microenvironment to accommodate weakly hydrated
perchlorate and facilitated the H-bonds for ClO4 binding to

8| ES Food Agrofor., 2025, 19, 1415

functional groups by their aromatic substrate's large m subunit,
the H-bond force was strengthened by the condensed aromatic
surfaces. This indicates that the interaction between biochar
and perchlorate is highly dependent on the surface functional
groups and environmental conditions, which has significant
implications for the material's application in pollution
mitigation.

The FTIR spectrum of JS biochar after ciprofloxacin
adsorption shows that the peaks shifted from the initial
position, as presented in Fig. 5. After ciprofloxacin adsorption,
a new peak appeared at 2920 to 3800 cm™ on the used
adsorbent, which is like the peak observed in ciprofloxacin,
and the peak intensity observed at 2920 to 3800 cm™'. This
result indicates that ciprofloxacin is adsorbed onto the surface
of JS biochar through interactions with available functional
groups (Fig. 6).

C —750°C —U750°C
_F ——600°C ——UB00°C
X
V]
Q
|
]
£
£ —500°C  ——US500°C
E b
[
S =
'- -

- ——400°C ——U400°C

S T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Fig. 6: Comparison of FTIR spectra of JS biochar used for
adsorption of ciprofloxacin (Black) and unused (Blue)

The coexistence of different adsorption mechanisms
highlights the complexity of the adsorption process and the
importance of considering various interactions and factors
when studying and utilizing adsorbents. It was observed for
the adsorption of organics onto the JS biochar calcined at
600 °C, another mechanism was dominant. Hence, apart from
the variations of surface properties for JS, biochar calcined at
750 °C had a relatively higher effectiveness. Further, the
effectiveness of adsorbents calcined at 400 °C and 500 °C
were relatively similar.

Similarly, for lamivudine adsorption Fig. 7, results show
that after adsorption onto JS biochar, the peaks shifted from
3450 to 3400 cm™'. A slight shift in peak position indicates that
lamivudine adsorption onto JS biochar calcined at 400, 500,
and 750 °C was through interactions with surface functional
groups, leading to the appearance of peaks due to functional
groups present.
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Fig. 7: Comparison of FTIR spectra of JS biochar used for
adsorption of Lamivudine (Black) and unused (Blue).

This analysis indicates that the functional groups present in
JS biochar calcined at various temperatures were involved in
the adsorption process. This was observed for the adsorption
of lamivudine onto JS biochar calcined at 600 °C. The
variations of surface properties resulted in other mechanisms
being dominant, such as pore-filling mechanisms, which is
named as a limiting step. Previous researchers reported that
the available functional groups on JS biochar played a
significant role in adsorption utilizing electrostatic

Fig. 8: The TEM images of JS biochar prepared at 500 °C, (a) 500 nm image, (b) 100 nm image, (c) | um image clearly showing the
porous having rough surface, (d) 2 pm image, (¢) a 50 nm images from varying orientations, (f and g) 20 nm images showing the
amorphic grains, and (h) a selected area electron diffraction (SAED) of an amorphous material revealing the characteristic halo ring
patterns

Engineered Science Publisher

interactions, complexation, Pi-Pi interactions, and hydrogen
bonding,®7!1 as observed in the recent study.*]

3.4 Surface morphology

The surface morphology characterization by TEM involves
detailed imaging of a material external structure at the
nanoscale. This powerful technique utilizes a beam of
transmitted electrons to provide high-resolution images,
revealing surface features such as particles, pores, and
crystalline structures. Fig. 8 presents TEM images of JS
biochar prepared at 500 °C, (a) 500 nm image, (b) 100 nm
image, (c) 1 pm image clearly showing the porous having
rough surface, (d) 2 um image, (e and g) a 50 nm images from
varying orientations, (f) a 20 nm images showing the amorphic
grains, and (h) a selected area electron diffraction (SAED) of
an amorphous material revealing the characteristic halo ring
patterns.

The TEM allows researchers to explore the intricate details
of a material's topography, providing essential insights into its
physical properties. From nanoparticles to biological
specimens, TEM is instrumental in studying surface
morphology, contributing to the advancements in materials sc-
ience, nanotechnology, and the understanding of biological
structures at the molecular level. Results of 2D TEM images
(Figs. 8-10) present surface properties of JS biochar. The
images indicate that JS biochar is a porous amorphous solid.
Previous researchers reported similar results that the structure
of biochar is largely amorphous but contains some local
crystalline structure of highly conjugated aromatic
compounds.[’>7!
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Fig. 9: The TEM images of Jamun seed biochar prepared at 600 °C, (a and d) 100 nm images from various orientations showing
rough surface of the material, (b) 1 nm image, and (c) 2 nm image clearly showing the porous having rough surface, (e and g) 50 nm
images from varying orientations, (f) a 20 nm image showing the amorphic grains, and (h) SAED of an amorphous material revealing

the characteristic halo ring pattern.

The TEM images of jamun seed biochar prepared at 600 °C,
(a and d) a 100 nm image from various orientations showing
rough surface of the material, (b) 1 nm image, and (c) 2 nm
images clearly showing the porous having rough surface, (e
and g) a 50 nm images from varying orientations, (f) a 20 nm
images showing the amorphic grains, and (h) SAED of an
amorphous material revealing the characteristic halo ring
pattern as presented in Fig. 9.

The TEM images of jamun seed biochar at 750 °C, are
presented as follows: (a) a 500 nm, (b and ¢) a 100 nm from
different orientations, (¢) a 2 nm, and (d) a 100 nm images all
showcasing the porous and rough surface of the JS biochar
material. Additionally, (g and f) 20 nm images from different
orientations, highlighting the amorphic grains, and (h) SAED
of an amorphous material, which reveals the characteristic
halo ring pattern, as shown in Fig. 10.

Fig. 10: The TEM images of Jamun seed biochar prepared at 750 <C, in various magnification and orientations and SAED image:
(a) a 500 nm, (b and ) 100 nm from different orientations, (c) a 2 nm, and (d) a 100 nm images showing porous, rough surface of JS
biochar material, (g and f) 20 nm images from different orientations, showing the amorphic grains, and (h) SAED of an amorphous

material revealing the characteristic halo ring pattern.
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Fig. 11: The SEM images of unused JS biochar prepared at 600 °C, from various orientations, indicating porous nature and rough

surface.

The results of the SEM analysis are presented in Figs. 11-
13 show that JS biochar adsorbent possesses a rough
mesoporous structure. Fig. 11 presents SEM images of unused
JS biochar calcined at 600 °C from different orientations and
magnifications. The images indicate that JS biochar adsorbent
possesses porous, rough surface potential interactions with
adsorbate, leading to adsorptive remediation.

Similarly, Fig. 12 presents SEM images for JS biochar
prepared at 600 °C used for a single cycle of Lamivudine

v, M |

. v
Fig. 12:
porous nature and rough surface.

Engineered Science Publisher

adsorption from various orientations, indicating that the
adsorbent is not loaded and can be used for other cycles.

Fig. 13 presents SEM images for JS biochar prepared at
600 °C used for a single cycle of ciprofloxacin adsorption
from various orientations, indicating that the adsorbent is not
loaded and can be used for other cycles.

The composition distribution varies greatly from one
biochar to another and is greatly influenced by the biochar
precursor and the synthesis circumstances. Previous scholars

» . 5 A* .
N A P |

The SEM images for JS biochar prepared at 600 <C and used for Lamivudine adsorption from various orientations, indicating
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Fig. 13: The SEM images for JS biochar prepared at 600 °C and used for a single cycle of ciprofloxacin adsorption from various
orientations, indicating the porous nature of the adsorbent and rough surface.

reported that most of the biochar contains carbon, oxygen,
heteroatoms (such as N and S), and minerals (Na, C, and K),["4
as observed in this study, Fig. 14.

The results of the XRD analysis of JS biochar adsorbent
are presented in Figs. 15-17, for the unused JS biochar
calcined at 750 °C (Blue), calcined at 600 °C (Red) and
calcined at 500 °C (Black). The observed diffraction peaks are
due to the presence of functional groups on aromatic
compounds. The presence of a surface functional group was

initially verified by the results of FTIR analysis (Fig. 5). Its
changes after adsorption of lamivudine (Fig. 6) and
ciprofloxacin (Fig. 7). In the diffraction area of 20°-65° for
biochar calcined at 750 °C, 30°-65° for biochar calcined at
600 °C, 40°-65° for biochar calcined at 500 °C, obvious
diffraction peaks can be observed on the unused biochar
samples, previous researchers reported similar trends.!”>76 The
results of the XRD analysis of unused JS are presented in Fig.
15, which indicates the material is amorphous.

Fig. 14: SEM image (a) EDAX image of used JS biochar calcined at 600 <C showing the porous, rough surface of the adsorbent and

(b) Elemental compositions of used JS biochar.
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Fig. 15: The XRD results of unused JS biochar calcined at 750 <C (Blue), calcined at 600 < (Red), and calcined at 500 T (Black).

By comparing the peak changes before and after
lamivudine adsorption, it was found that the peak strength was
enhanced and shifted to 42.5°-65° for all adsorbents,
indicating the presence of Lamivudine onto JS biochar
adsorbents. Fig. 16 presents the comparison of the XRD
results of unused JS biochar (Blue) used for the adsorption of
Lamivudine (Black).

By comparing the peak changes before and after
lamivudine adsorption, it was found that the peak strength was
enhanced and shifted to 45°-65° for all adsorbents, indicating
the presence of ciprofloxacin onto JS biochar adsorbents. Fig.
17 presents the comparison of the XRD results of unused JS
biochar (Blue) used for adsorption of ciprofloxacin (Black).
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Fig. 16: Comparison of the XRD results of unused JS biochar

(Blue) used for adsorption of Lamivudine (Black).
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Adsorbent properties are intrinsic qualities of materials,
enabling them to accumulate molecules or particles on their
surface. This process occurs due to attractive forces between
the JS biochar and the adsorbate, such as Lamivudine and
ciprofloxacin.’” The adsorptive removal of contaminants such
as Lamivudine and ciprofloxacin onto adsorbent such as JS
biochar depends on the properties of the adsorbent, including
specific surface area, porosity, and chemical composition.
Similarly, the carbon content of biochar typically ranges from
50% to 95%, depending on the feedstock and pyrolysis
conditions,®! as similarly observed in the current study.
Functional groups play a significant role in adsorption
processes by influencing the interactions between adsorbents

——750°C ——U750°C

U600 °C

——600°C

Intensity (a.u.)

——500°C ——U500°C

1 1 1 1 1 1 1 L 1 1 1 b
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Fig. 17: Comparison of the XRD results of unused JS biochar

(Blue) used for adsorption of Ciprofloxacin (Black).
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and adsorbates. These groups, such as hydroxyl (-OH),
carboxyl (-COOH), amino (-NH>),” and others, introduce
specific chemical properties to the surface of materials.

The presence of functional groups enhances adsorption
through hydrogen bonding, electrostatic interactions, and van
der Waals forces. Surface area is a critical factor in adsorption
processes.l®! Adsorption occurs on the surface of a material,
and a larger surface area provides more sites for adsorbate
molecules to interact and adhere. Materials with a high
specific surface area are highly effective adsorbents due to
their numerous available binding sites. Pore size significantly
influences adsorption processes. Adsorbents with well-defined
pore structures, including different pore sizes like micropores,
mesopores, and macropores, offer distinct adsorption
capabilities.

Similarly, pore volume is a crucial parameter in adsorption
processes, determining the amount of adsorbate that can be
accommodated within an adsorbent material.*"! It refers to the
total volume of empty spaces or pores within the material that
can trap and retain molecules. Materials with higher pore
volume can hold more adsorbate molecules, leading to greater
adsorption capacities. In a similar manner, surface
morphology significantly impacts adsorption processes. The
physical characteristics of an adsorbent's surface, including
roughness, porosity, and structure, influence its interactions
with adsorbate molecules. A rough or textured surface
provides more sites for adsorption to occur due to increased
surface area. Porous structures, like those found in activated
carbon or zeolites, enhance adsorption by offering multiple
binding sites within the pores. Surface irregularities and
features can also create microenvironments that favor specific
interactions, such as hydrogen bonding or van der Waals
forces.

Further, the adsorption process may occur through physical
processes  (physisorption) or  chemical  processes
(chemisorption). Physisorption occurs due to weak van der
Waals forces between the adsorbent and adsorbate molecules.
It is a reversible process where molecules are attracted to the
surface through intermolecular forces, such as London
dispersion forces, dipole-dipole interactions, and hydrogen
bonding, and influenced by factors like temperature, pressure,
and the surface area of the adsorbent. On the other hand,
chemisorption involves stronger chemical bonds forming
between the adsorbent and adsorbate molecules. This can
include covalent bonds or ionic interactions. It's usually a
more specific and irreversible process, often requires
activation energy, and may involve surface functional groups
or active sites on the adsorbent. These processes can coexist
depending on the nature of the adsorbate and the adsorbent
surface. The choice between these mechanisms depends on
factors such as the nature of the materials, temperature,
pressure, and the presence of other substances. Understanding
the mechanism of adsorption is crucial in various applications,
including  purification,  separation, catalysis, and
environmental remediation. It determines the effectiveness of

14 | ES Food Agrofor., 2025, 19, 1415

adsorbent materials and aids in designing optimized processes
for specific adsorption needs.

4. Conclusion

The analysis of JS biochar reveals several significant findings
regarding its characteristics and performance as an adsorbent.
Increasing the calcination temperature from 400 to 600 °C
results in a notable rise in carbon and nitrogen content,
enhancing its adsorption capabilities. However, temperatures
exceeding 700 °C lead to a decrease in carbon content, likely
due to the removal of ligands and organic matter. The biochar
exhibits impressive surface properties, with a peak surface
area of 261.2 m?g, providing numerous active sites for
adsorption, particularly for small antimicrobial molecules like
ciprofloxacin (555.55 mg/g) and lamivudine (400 mg/g).
Functional groups, such as hydroxyl and carbonyl, identified
through FTIR analysis, play a crucial role in promoting
interactions through hydrogen bonding, electrostatic
interactions, and complexation with the adsorbates. Surface
morphology studies using TEM and SEM demonstrate that the
biochar possesses a rough mesoporous structure, which
significantly enhances its adsorptive capacity. Furthermore,
the data suggest that various adsorption mechanisms,
including both physisorption and chemisorption, may coexist,
indicating a complex interplay of weak and strong interactions
during the adsorption process. Lastly, the sustainable sourcing
of JS biochar from jamun seeds not only addresses waste
management but also positions it as a viable solution for
environmental remediation, effectively mitigating pollutants
from water sources. Overall, the findings suggest that JS
biochar is a highly effective adsorbent with a promising
potential for applications in environmental cleanup.
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