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Anthropogenic activities accelerate fluoride contamination in groundwater, which largely affects public

health. Though biochars have been explored for defluoridation, the plasma technology-based

production of biochars has not received as considerable attention as other methods and it is also

important that biochars be tested on groundwater samples. In the present study, for the first time, we

report the preparation of biochars from different parts of Moringa oleifera using thermal plasma

processing and demonstrate fluoride adsorption in both synthetic and contaminated groundwater. Water

samples were collected from different locations in Nuapada district of Odisha such as Kotamal-

Makardampada (20°24′46′′N 82°37′19′′E), Pandrapathar (20°34′41′′N 82°39′25′′E), Karlakot-Kadobhata (20°

22′52′′N 82°37′24′′E), Kotamal-Jhakarpada (20°24′35′′N 82°37′20′′E), and Dohelpada (20°33′50′′N 82°

38′57′′E). The Moringa leaf samples are processed at 1600 °C for 3 min in an inert atmosphere under

a continuous flow of argon to get suitable biochars. The plasma-synthesized biochars contain larger

exposed surfaces, which are efficient for the adsorption of fluoride. The prepared biochars were highly

porous, amorphous, and contain > 72% carbon, which increases the efficiency of defluoridation due to

the surface adsorbate site exposed. XRD of the samples showed the presence of calcium hydroxide,

magnesium oxide, and calcium oxide, and large peaks of carbon. Raman data showed the double bond

of carbon with oxygen in the form of carbonyl bonds, thioether, and sulfhydryl bonds, which contribute

to the protonated site for the adsorption of fluoride, and assist in water penetration and swelling of

biochars. The biochar of Moringa oleifera is very efficient for the adsorption of fluoride from standard

samples as well as groundwater samples up to a concentration of 6 ppm. Conclusively, the present

investigation shows that Moringa oleifera leaves are a good alternative adsorbent that could be used for

the removal of fluoride from groundwater samples with > 85% removal in 18 h using 1 g biochar for

100 mL or 10 g biochar for 1 L water containing 4 ppm fluoride. To our knowledge, this is the first report

on the thermal plasma-based production of Moringa biochars for the removal of fluoride from drinking

water.
1. Introduction

Fluoride is most frequently found in ground water and has
become one of the most serious environmental hazards glob-
ally. Nevertheless, groundwater is the main source of drinking
water in rural areas and few ground water sources in rural
Indian villages have been found to be contaminated with
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uoride in recent times.1,2 Naturally, the ground water in India
contains uoride due to the geological distribution, i.e., pres-
ence of uoride belt-3 across the country.3 Additionally, due to
anthropogenic activities, the toxic level of uoride in ground-
water has become an urgent scientic problem that has to be
solved in the interest of public health.4,5 Fluoride enters the
body mostly through uoride-containing drinking water, which
is contaminated by the industrial effluent from food, cosmetic,
and drug industries. Moreover, the presence of uoride in
drinking water has high affinity for calcium phosphate in
bones, which is incorporated into the crystal lattice.6 Never-
theless, uoride is known to cross the cell membrane and enter
so tissues. Though the maximum safe limit of uoride
prescribed by WHO is 1.5 mg L−1,6,7 nearly 200 000 people are in
risk in Nuapada and Kalahandi districts of Odisha because of
objectionable uoride contents in the range of 3.88 to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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5.95 mg L−1.8 Dental, skeletal uorosis, and crippling disorder
are also noticed among people in the district of Nuapada.9 Since
no therapeutics is available for uorosis, preventive healthcare
measures of this disease are the urge of the society. Exposure to
uoride has a number of adverse effects on human health
including crippling skeletal uorosis, which is a signicant
cause of morbidity.6 The effect of excess of uoride in human
body causes mottled enamel at 2 ppm, osteoporosis at 5 ppm,
osteosclerosis at 8 ppm, crippling uorosis at 20–80 ppm,
mental retardation at 100 ppm, and kidney failure at 125 ppm.8

Thus, the acceptable limit for uoride in groundwater water is
set to be 0.5–1.5 ppm. However, over 200 million people in the
world are affected by a uoride concentration > 1.5 ppm in
drinking water.

Although many methods such as electrocoagulation, ion-
exchange, and adsorption are available for uoride
removal,10–13 adsorption is the preferred method, because of the
simple and economic process, and a lot of natural adsorbents
are available. The removal of pollutants from aqueous envi-
ronments via adsorption onto a microporous active carbon
surface is a sustainable method because of the high adsorption
capacity. The purication method, physical, chemical or bio-
logical, is based on the load of contaminants. The biosorption
technique is suitable for lower contaminant doses, while the
physical and chemical techniques are suitable for medium to
high contaminant doses.14,15 The activation process involves
heating the charcoal to remove substances that have adhered to
it as well as to break it down into ner particles and thus
increase the surface area. Activated carbon has been used for its
adsorptive properties as a ‘universal antidote’ in cases of
poisonings, lter-aid agents, and decolorization processes.16

Activated carbon is a microporous adsorbent that can be
produced from a variety of carbonaceous materials including
oak wood,17 bamboo,18,19 coconut buttons,20 okra waste,21 maize
cobs,22 cocoa shells,23 chitin24, pine wood,25 sawdust,26 and seed
hull.27 Thus, activated carbons can be potential adsorbents for
various contaminants including metal ions.28

Porous carbon is an excellent adsorbent for the removal of
uoride as it has a large surface area-to-volume ratio, hence
a large surface for the adsorption of uoride.29 The larger the
surface area, the more will be the adsorption and the more will
be the removal. Activated carbon is derived by grinding charcoal
into smaller particles. Charcoal is used in raw and activated
states for the removal of heavy metals and toxic contaminants
from aqueous solutions.30,31 Most of the sources are agricultural
wastes which are formed as by-products of agricultural prac-
tices. Activated carbons are commonly characterized by the
mode of activation. Unique adsorption properties of activated
carbon are due to high surface area, microporosity, and a broad
range of surface functional groups.29 The structure of activated
carbon is composed of carbon atoms that are arranged in
parallel stacks of hexagonal layers, exclusively cross-linked and
tetrahedrally bonded. Several heteroatoms including oxygen,
hydrogen, and nitrogen are detected in the carbonmatrix, in the
form of single atoms and functional groups. Oxygen is the
dominant heteroatom in the carbon matrix, while functional
groups such as carbonyl, carboxyl, phenol, enols, lactones,
© 2023 The Author(s). Published by the Royal Society of Chemistry
thioether, and carbamoyl have been observed in the activated
carbon.32 Nevertheless, such unique functional groups some-
times available in noble bio adsorbents or biochars are
prepared based on an advanced technique like thermal plasma
processing. Herein, for the rst time, we report the synthesis of
biochars from Moringa oleifera via thermal plasma processing
for adsorption of uoride.

The serious problem of uorosis is creating havoc in few
districts of Odisha and is considered as a serious health hazard,
which demands economic and sustainable techniques for the
deuorination of contaminated ground water. Various low-cost
materials have been developed in the recent past and used for
the removal of uoride from aqueous solutions.33 Though bio-
chars are explored for the removal of metal ions such as chro-
mium from drinking water,34,35 no attempt has been made for
the removal of uoride. Moringa plant is chosen for the prepa-
ration of biochars as it is widely available in India, and with-
stands long period of drought, grows well in arid and semi-arid
regions, and also tolerates soil with a pH between 4.5 and 8.
Thus, such adaptable species that grows faster is suitable for
biochar production.36 Since 18th Century BC, Moringa oleifera
has been used as medicine in India and recognised in the
Ayurvedic and Unani systems of medicine. The medicinal
properties include pharmacological, antimicrobial, anti-
diabetic, anticarcinogenic, anti-inammatory, antioxidant,
cardioprotective, and hepatoprotective uses.37 Keeping this as
background, different parts of Moringa oleifera have been pro-
cessed using a thermal plasma reactor and the produced bio-
char was thoroughly characterized using various biophysical
techniques. Finally, the leaf biochar of this plant was used as
a potential material for deuoridation of drinking water and
also tested for antibacterial activity. To our knowledge, this is
the rst report on the production of Moringa biochars via
thermal plasma processing and their application for uoride
removal and as antibacterial agents.
2. Materials and methods
2.1 Collection of raw materials and pre-processing for
biochars

For the current study, ground water samples contaminated with
uoride were obtained from different locations in Nuapada
district of Odisha such as Kotamal-Makardampada (20°25′45′′N
82°39′6′′E), Pandrapathar (20°34′41′′N 82°39′25′′E), Karlakot-
Kadobhata (20°22′52′′N 82°37′24′′E), Kotamal-Jhakarpada (20°
25′48′′N 82°39′8′′E), and Dohelpada (20°33′50′′N 82°38′57′′E)
(Table S1†). Biological samples from parts such as the leaf, bark,
stem, and seeds of Moringa oleifera were collected from the
kitchen garden of Dr Umakanta Subudhi. Samples were thor-
oughly washed with Milli-Q (MQ) water to remove dust and
other impurities. The materials were initially air dried sepa-
rately, followed by drying in an oven at 80 °C for 2 to 3 h and
then fed into a thermal plasma reactor. Biochars were used
without any chemical treatment or grinding to reduce the cost.
All other chemicals used in the experiments were of analytical
grade.
RSC Adv., 2023, 13, 4340–4350 | 4341
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2.2 Preparation of biochars using thermal plasma reactor

The partially dried samples of Moringa were processed in
a graphite crucible and the extended arc was formed by the
movement of the top graphite electrode with an axial hole
through which the argon plasma forming gas was introduced.38

The samples were separately carbonized at 1600 °C for 3 min in
the presence of argon gas, which provided an inert environ-
ment. The experiments were carried out in batch operations
and experimental conditions such as power and time were
constant. Typical material processing conditions such as argon
gas ow at 2 L min−1, a current of 300 A, a load voltage of 50 V,
and a temperature of 1600 °C were maintained throughout the
experiments.38 Aer 3 min, argon gas was allowed to ow for few
more minutes till the crucible cools down to room temperature
to maintain the oxygen-decient condition. During carboniza-
tion and activation processes, volatile materials were released as
gas and liquid products and le with high carbon content
materials.38 Biochars were generated in triplicate for each
experimental condition. The prepared biochars were directly
used for the adsorption study without further modication and
treatment.
2.3 Biochars prepared from different parts of moringa

Different parts of Moringa oleifera such as the drum stick, bark-
free oldest stem, bark-free older stem, bark-free younger stem,
bark, leaf, younger stem, younger stem with leaf and seed were
dried separately and taken for plasma processing at 1600 °C,
and thus, the biochars collected were used separately for uo-
ride removal from 2 ppm standard samples for 12 h. During
carbonization and activation processes, organic substances
become unstable as a result of the heat causing the molecules to
break their bonds and linkages. During activation steps, volatile
materials were released as gas and liquid products, which
evaporate off leaving a material with a high carbon content.39
2.4 Biochar-based uoride adsorption in synthetic water

Batch adsorption experiments were conducted to investigate the
effect of pH, adsorbent dosage, size of adsorbent and contact
time. All the experiments were conducted at 25 °C. The standard
uoride solution was prepared from 100 ppm NaF stock.
Primarily, a 2 ppm uoride-containing standard solution was
exposed to different amounts of biochars, namely, 0.0125,
0.025, 0.05 and 0.1 g for 12 h. The uoride content was esti-
mated in the treated sample aer the incubation period.
Further, experiments were optimized by performing adsorption
with 10 mL of synthetic sample containing 2, 4, 8 and 12 ppm
uoride. This range was selected based on the uoride
concentrations found in groundwater in India and other
countries. Exactly 0.1 g of biochar was added to the 10 mL
solution and, thus, 1 g for 100 mL of synthetic solution followed
by agitation for specied times to a maximum of 18 h at room
temperature. The contact time and conditions were selected
based on preliminary experiments, which demonstrated that
equilibrium was established in 18 h. The solutions were then
ltered and the absorbance of the samples was recorded at
4342 | RSC Adv., 2023, 13, 4340–4350
620 nm. Control samples of 2, 4, 8 and 12 ppm without biochars
were made for comparison aer adsorption at xed intervals of
studies. A uoride estimation kit was used for making the
standard curve and also for the analysis of uoride in ground
water using manufacturer's instructions.

2.5 Fluoride adsorption in contaminated groundwater using
leaf and seed biochars

The seed and leaf biochars were selected for the removal of
uoride from contaminated ground water. Five different
ground water samples were collected from the village of Kota-
mal, Pandrapathar, Karlakot, and Dohelpada belonging to the
district of Nuapada, Odisha (Table S1†). Samples 2, 3 and 4 were
used for the uoride adsorption study. However, Samples 1 and
5 have not been processed due to very low and high amounts of
F−. In brief, 0.1 g of biochar was allowed to interact with 10 mL
of ground water Samples 2, 3 and 4 and incubated for 18 h at
room temperature with intermittent shaking. Water samples
were then ltered and the uoride content was estimated in the
treated sample aer the incubation period.

2.6 Characterization of biochars using FESEM

The surface morphology and elemental analysis of biochars was
performed using a eld emission scanning electron microscope
model SUPRA GEMINI55 with a resolution of 1.7 nm at 1 kV.40

The FESEM images of leaf and seed biochars were acquired
before adsorption. Similarly, the biochar used for uoride
adsorption was collected and dried for FESEM analysis. The
EDX spectra were also analyzed for both seed and leaf biochars
to examine the elemental composition.

2.7 X-ray diffraction analysis of biochars

For the identication of chemical compounds and their
respective phases on the basis of their dissimilar crystalline
structure, samples were dried, mounted and dispersed for X-ray
diffraction analysis (Model STR 500). A high-voltage eld
accelerates electrons with very high-speed collides with a metal
target and then rapid deceleration of electrons converts its
kinetic energy to produce X-ray radiation.41 The X-ray radiation
wavelength at 514 nm laser identies the phase identication of
powder at resolution 2q: 2° to 100° and in the range of 100–
4000 cm−1.

2.8 Antimicrobial property of biochars

For studying the antibacterial activity, 10 mL of autoclaved MQ
water was taken into each of the four 50 mL falcon tubes con-
taining 0 g, 0.001 g, 0.01 g and 0.1 g of biochar to achieve 0%,
0.01%, 0.1% and 1% respectively. Then, 100 mL of inoculum
containing 2 × 107 cells was added to each tube and the tubes
were then transferred to a shaking incubator and kept for 6 h.
Aer 6 h, serial dilution was made up to 10−3 and 10−4 times for
each tube and a spread plate technique was followed in tripli-
cate by taking 50 mL of sample from 10−3 and 10−4 dilution
tubes. The same method was done for each tube except 1%
biochar tube, where spreading was done from 10−2 and 10−3
© 2023 The Author(s). Published by the Royal Society of Chemistry
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dilutions. The plates were kept in an incubator at 37 °C for
overnight culture. The following day, the colonies were calcu-
lated and CFU mL−1 was noted down, as mentioned earlier.42

2.9 Statistical analysis

All data are presented as mean ± standard deviation with n = 3
or 5. The level of signicance was determined by one-way
ANOVA followed by Duncan's new multiple range test. A
difference was considered statistically signicant at p # 0.05.

3. Results and discussions
3.1 Preparation of biochars using a thermal plasma reactor

Plasma technology is preferred over the conventional pyrolysis
process due to high energy density, fast heating and reaction
rates, ability to achieve very high temperatures in a short time,
formation of highly reactive ions, rapid start-up and cooling of
plasma reactors.38 To improve the efficiency of deuorination,
primarily the volatile materials were released during the
carbonization temperature in an inert atmosphere, which was
maintained with a constant ow of argon. These chars are the
product of biomass carbonization in the absence of oxygen at
a very high temperature of 1600 °C in a plasma furnace. The
graphite crucible containing the charge acted as the bottom
electrode. The extended arc was formed by the movement of the
top graphite with an axial hole through which the argon plasma
forming gas was introduced. The formation of plasma occurred
when the electric discharge passes through the gas, which
ionised the gas molecules and generated heat due to electrical
resistivity of the system.38 For preparing the biochar under
a plasma reactor, the dried materials were processed at 1600 °C
for 3 min. During such reaction, the bonds of oxygen with
carbon are broken, thus increasing the efficiency by exposing
the adsorption site to uoride for adsorption. The samples have
very less oxygen and ash contents with a high carbon content up
to 80%, which increases the efficiency of the samples due to
surface adsorbate site exposed. Since a high ash content
adversely affects the activated carbon as an adsorbent material,
a thermal plasma route is preferred in preparing the biochar
with minimal ash contents. The plasma-treated sample is black
in colour and fragile in nature, and thus, it could be easily
ground in a mortar and pestle. It was observed that within two
minutes, the volatile was removed in a plasma furnace. The
samples were synthesized by a special method and used without
further treatment.

3.2 Biochar-based uoride adsorption in synthetic water

Different parts of the plant were dried separately and taken for
plasma processing to prepare biochars for uoride removal.
Proximate analysis was used to analyze the moisture content,
volatile matter, xed carbon and ash contents (Table S1†).
Proximate analysis clearly indicates that the physiochemical
activation successfully increased the xed carbon content and
decreased the volatile matter.43 Though Moringa oleifera seed
has been used for the removal of heavy metals from aqueous
solutions,44 no reports are available on the removal of uoride
© 2023 The Author(s). Published by the Royal Society of Chemistry
using biochars of Moringa plant parts like the seed and leaf.
Keeping this as background, the initial experiment of uoride
adsorption was conducted for 12 h with different biochar
samples as the Moringa leaf, younger stem, bark-free younger
stem, youngest stem with leaves, bark-free oldest stem, bark-
free older stem, bark, and seed. The uoride concentration in
the synthetic water was kept up to 2 ppm. Moringa biochars
adsorbed 10%, bark-free oldest stem adsorbed 17%, bark-free
younger stem adsorbed 19.8%, bark-free older stem adsorbed
24%, bark adsorbed 27%, leaf biochars adsorbed 44%, younger
stem adsorbed 49%, the youngest stem with leaves adsorbed
55%, while seed biochars adsorbed 100% (Fig. 1a). Interest-
ingly, a minimal amount of uoride was noticed with the ltrate
from Moringa seeds. Thus, Moringa seed biochars are best F−

adsorbents as compared to other parts of the Moringa oleifera
plant. The next experiment was conducted to examine how
much minimum amount of biochars are required for uoride
adsorption.

3.3 Fluoride adsorption using moringa seed biochars

To study the adsorption efficiency, different percentages of
Moringa biochars were taken for treatment of 2 ppm of uoride
for 2 h. The biochar of Moringa seed was weighed in a weighing
balance separately as 0.0125, 0.025, 0.05, and 0.1 g and added to
10 mL water containing 2 ppm uoride (Fig. S1†). The
percentage of removal of uoride increased by increasing the
biochar concentration. The capacity of uoride adsorption was
sharply increased from 0.0125 g to 0.05 g, while 0.1 g of biochar
was able to adsorb nearly 100% of uoride. Thus, the more the
amount of adsorbent available, the more the surface area for
ion-exchange and adsorption. Nevertheless, 0.05 to 0.1 g of
biochar is sufficient to remove uoride completely from 10 mL
of standard solution. To move further, different concentrations
of uoride solutions were examined with the xed amount of
biochars. One gram of Moringa seed biochars was used for
100 mL water with uoride concentrations of 2, 4, 8 and
12 ppm. Aer 48 h of incubation, the removal efficiency was
slightly lowered with the increase in concentration. Moringa
seed biochars were able to remove 96%, 92%, 84% and 42% of
uoride from 2 ppm, 4 ppm, 8 ppm and 12 ppm uoride
solutions, respectively. From 2 and 4 ppm, the removal is 96%,
and 92%, respectively, whereas from 8 and 12 ppm, we noticed
84% and 42% removal respectively. Possibly aer increasing the
uoride concentration and keeping the adsorbant amount
constant, the removal of uoride was gradually lowered. This is
due to the saturation of the active adsorbant site, and sufficient
hydroxyl ions are generated due to protonation and ion
exchange, which compete with the active adsorbate site in place
of uoride.

3.4 Biochar-based uoride adsorption in ground water
samples of nuapada district

To validate the uoride removal ability of seed biochars of
Moringa oleifera, different ground water samples were collected
from Nuapada district, which were contaminated with uoride.
Five samples collected from 4 villages were labelled Sample 1 to
RSC Adv., 2023, 13, 4340–4350 | 4343
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Fig. 1 Fluoride adsorption in a standard fluoride solution using biochars of different parts of Moringa oleifera (a). Drumstick biochar adsorbed
10%, bark-free oldest stem adsorbed 17%, bark-free younger stem adsorbed 19.8%, bark-free older stem adsorbed 24%, bark adsorbed 27%, leaf
biochars adsorbed 44%, younger stem adsorbed 49%, the youngest stem with leaves adsorbed 55%, while seed biochars adsorbed 100%. The
fluoride content in the filtrate after biochar-based fluoride removal (b). Removal of fluoride from contaminated ground water samples collected
fromNuapada district of Odisha. Fluoride adsorbed usingMoringa oleifera seed and leaf biochars in 18 sh (c). Level of fluoride in the groundwater
samples before and after treatment with leaf biochars (d).
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5, and the uoride content ranged from 0.932 to 6.12 (Table
S1†). When seed biochars were applied to different groundwater
samples and incubated for 1 h, the adsorption of F− for Sample
1 to 5 was 35%, 40%, 35%, 40%, and 60%, respectively. The
variation in the pattern of adsorption is possibly due to the
interfering ions present in the groundwater samples. The
chemical composition on the surface of the seed biochar as well
as the porosity and other physicochemical parameters might
participate in the ionic interaction and other anions present in
the sample most likely interfere with the process.

Since the adsorption with seed biochars was compromised
with regard to the standard F− solution, we explored other
materials such asMoringa stems with leaves, which were next to
seed biochars in adsorbing F− from the standard solution
(Fig. 1a and b). Similarly, the biochar of Moringa younger stems
with leaves was incubated with groundwater samples for 1 h.
The adsorption with stem-leaf biochars presents 25%, 80%,
65%, 60% and 55% removal (data not shown). It seems that the
F− adsorption capacity of different biochars differs and stems
with leaves are better than seed biochars. Nevertheless, the
removal efficiency of F− is largely compromised with ground
water due to the difference in composition as compared to the
standard F− solution. Thus, we enquired whether the biochar
4344 | RSC Adv., 2023, 13, 4340–4350
from leaves alone can be a better substance for F− removal in
ground water samples.

When ground water Samples 2, 3 and 4 were separately
treated with seed and leaf biochars, surprisingly the removal
efficiency was two times more in leaf biochars than in seed
biochars (Fig. 1c). When the seed biochar was able to remove
nearly 40% of F− from Sample 2, the leaf biochar efficiently
removed close to 90% of F− in the same experimental set up.
Similar ndings were also observed with Samples 3 and 4.
Though the removal efficiency was not similar in all water
samples with the leaf biochar, but irrespective of the ground
water the leaf biochar is a better candidate than the seed bio-
char in removing F− (Fig. 1d). Thus, one generic biochar may
not be applicable for all F−-contaminated ground water
samples, and at the same time, the biochar or similar adsorbent
materials that are very efficient in removing F− from the stan-
dard solution may not suitable in real-life applications. It is
imperative to understand the mechanism of differential F−

adsorption in different biochar materials.
3.5 Elemental characterization of moringa biochars

The detector allows for the detection of elements C, Ca, O, Al,
Mg, and S, in leaf biochars, whereas C, O, Al, and Mg in seed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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biochars (Table S2†). The carbon, oxygen, aluminium, calcium,
sulphur, and magnesium content in leaf biochars was 89.45%,
12%, 18%, 4.64%, 0.50%, and 0.47%, respectively. Possibly, the
positive charge on the surface of the adsorbent is due to the
presence of Al, Mg, and Ca. Since the carbon content in biochars
is responsible for uoride adsorption, the sample with the
highest amount of carbon is said to be the most efficient
adsorbent. Magnesium, aluminium, silicon, manganese, and
iron uorides have only slight water solubilities. Nevertheless,
calcium salts in the char could form insoluble uorides. Thus,
these compounds in biochars enhanced uoride adsorption in
ground water. Fluoride adsorption via a two-step ligand
exchange was reported, where the pH of the remediated water
solution increased aer uoride sorption.45 To further under-
stand, the biochar surface was thoroughly analyzed by SEM.
3.6 Scanning electron microscopy of biochars

The surface of the leaf biochar of Moringa oleifera has a higher
surface area and porosity. Moreover, the EDX spectra clearly
show the presence of C, Ca, Mg, and Al on the surface of bio-
chars (Fig. 2). Nevertheless, the presence of F− spectra in the
leaf biochar aer treatment supports the efficient F− adsorption
and removal from ground water (Fig. 3). The key mechanism of
F− adsorption is most probably due to the presence of Ca and C,
which have strong affinity for F−. The complex can be precipi-
tated or immobilized as CaF2. Moreover, the presence of
calcium-containing materials such as Ca(OH)2 and CaO also
Fig. 2 FESEM images of theMoringa leaf biochar before fluoride adsorpt
spectra of the leaf biochar showing the presence of Ca, C, O, Al, Mg, an

© 2023 The Author(s). Published by the Royal Society of Chemistry
enhances F− adsorption due to strong binding affinity between
calcium and uoride. FESEM data also support the generation
of pores, which takes place via selective elimination of reactive
carbon. Thus, high surface area and favourable porous archi-
tecture and carbon-rich biochars help in the adsorption of
uoride. Possibly, the seed has a lower surface area than that of
the leaf (Fig. 2, S2 and S3†). The lower adsorption for ground-
water samples in seed biochars is due to the ionic interference
and lower carbon content. The surface morphology is an
important factor in adsorbent–adsorbate interactions. The
gures clearly demonstrate the porous surfaces with a disorga-
nized structural pattern that still contains the original
morphology of wood cells. The macropore size distribution has
discrete groups of pore sizes rather. These pores are of impor-
tance to many liquid–solid adsorption processes. Instead,
chemical decomposition has occurred with loss of water and
organic fragments which reduce the total mass by at least 80%.
Macropores formed on the Moringa seed biochar surface are
coarser and rougher than those of theMoringa leaf char surface.
The vesicles on the smooth surface of Moringa leaves resulted
from the release of volatile gas contained in the soened
biomass matrix during plasma furnace processing. Metal uo-
ride bonds are strong and the solubility of CaF2 and AlF3 in
water is extremely low. Nevertheless, uoride is known to
interact with hydrous aluminium oxides and alumina;46 thus,
the presence of Al on the biochar of Moringa oleifera leaves
supports uoride adsorption in contaminated drinking water.
ion. All images show a higher surface area and porosity (a, b and c). EDX
d S (d).
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Fig. 3 FESEM images of the Moringa leaf biochar after fluoride adsorption (a, b and c). EDX spectra of the Moringa leaf biochar showing the
presence of Ca, C, O, F, Al, and Mg (d).
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Further, an X-ray diffraction study was carried out to examine
the nature of biochar.
3.7 X-ray diffraction of biochars

The powder X-ray diffraction pattern of Moringa leaf biochars is
represented in the black spectra, which shows the crystalline
structure of CaO, KO2, MgO, Ca(OH)2, and amorphous carbons
Fig. 4 XRD spectra of the leaf biochar of Moringa oleifera before (black
the seed biochar ofMoringa oleifera before (blue spectrum) and after (gre
ofMoringa oleifera before (black spectrum) and after (red spectrum) fluor
before (green spectrum) and after (pink spectrum) fluoride adsorption (b

4346 | RSC Adv., 2023, 13, 4340–4350
up to 80% (Fig. 4). The peak were observed at 2q values in the
(001) plane for Ca(OH)2 (00-044-1481), (002) for carbon (00-026-
1080), (102) for CaO (01-070-4068), (104) and (006) for KO2 (00-
039-0697), (110) for Ca(OH)2 (01-089-8487), and (200) for MgO
(01-075-0447) using JCPDS les. The samples represented in the
red spectra (Moringa leaf biochars aer uoride adsorption)
show two intense peaks for carbon- and oxygen-bonded
spectrum) and after (red spectrum) fluoride adsorption. XRD spectra of
en spectrum) fluoride adsorption (a). RAMAN spectra of the leaf biochar
ide adsorption. RAMAN spectra of the seed biochar ofMoringa oleifera
).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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functional groups such as CaCO3, and smaller peaks for SiO2,
KO2, and MgO. Other peaks are not observed due to adsorption
of uoride, which has affinity for calcium that results in dis-
torted structures of CaO and Ca(OH)2 crystals due to new bond
formation between calcium and uorine atoms. The 2q values
in the planes (012), (104), (110), (113) (202) (018) (116), and (122)
for CaCO3 and (100) for SiO2 were also observed. The spectrum
of seed biochars (blue line) shows peak only for carbon but
devoid of Ca. The green line stands for the seed biochar aer
uoride adsorption, which also shows the peak of carbon and
CaCO3. This means the crystal structure is distorted aer uo-
ride adsorption and no more crystal phase is visible. The crys-
tallite size was determined using Scherrer's formula:

D ¼ 0:9l
b cos q

, where D is the crystallite size, l is the wavelength of

radiation, ß is the full width at half maximum of the peak and q

is Bragg's angle. The crystallite size of some structures such as
Ca(OH)2, KO2, MgO, CaO, CaCO3, SiO2, and C were 20.94, 25.78,
44.46, 74.90, 25.94, 34.52, and 39.24 nm, respectively. The
average crystallite size of the biochar presented in the black,
red, blue and green spectra was found to be 32.68, 32.88, 29.34
and 58.01 nm, respectively. Interestingly, the crystallite size
remained unaltered in the leaf biochar during deuoridation,
while the crystallite size became double for the seed biochar. To
examine further, the Raman spectra were analysed for the seed
and leaf biochars.

3.8 Raman study of biochars

The biochars contain substantial oxygen (8–11%) throughout
the solid enhancing hydrophilicity. The Raman spectra of these
biochars display bands due to different oxygen-containing
functional groups (C]O, C–O, and –OH). Oxygen-containing
functional groups can serve as potential sites for adsorption
and assist in water penetration and swelling of biochar solids.
Activated carbon contains macropores close to the surface that
branch into mesopores and nally micropores. Macropores
Fig. 5 Antibacterial activity of theMoringa oleifera biochar on Escherich
the presence of different concentrations of leaf biochars, 0%, 0.01%, 0.1%
into LB agar plates (a) 0%, (b) 0.01%, (c) 0.1% and (d) 1%. The disappearanc
antibacterial activity of Moringa biochars (e).

© 2023 The Author(s). Published by the Royal Society of Chemistry
represent the entrance to the internal adsorbent pore structure,
and mesopores facilitate diffusive transport to adsorption sites
in the micropores. S2 represents the used biochar aer 18 h of
uoride adsorption, which shows a peak at 1400 cm−1, a sharp
peak at 1600 cm−1 and between 2600 and 2800 cm−1. Peak
between 1000 to 1400 cm−1 is assigned for C–O, and C–N, 1400
to 1600 cm−1 represents for C]C, C–N. 2600 to 2800 cm−1

corresponds to C–H, O]C–H. The peak near 1580 cm−1 repre-
sents the G-band due to bond stretching of all pairs of the SP2
atom and 1350 cm−1 represents the D-peak due to the breathing
mode of SP2 (Fig. 4).47 Thus, we can conclude the bonds noticed
in the used biochar; bonds below 650 cm−1 is for C–F, C–Br, and
C–I. While 3700–2500 cm−1 represents single bonds to
hydrogen, 2300–2000 cm−1 for triple bonds, 1900–1500 cm−1 is
for double bonds, 1400–650 cm−1 for single bond (other than
hydrogen), between 3000 to 2800 cm−1 represents C–H bonds,
between 200 to 1500 cm−1 for C]O, C]N. The expected func-
tional groups are aldehyde, esters, ketones, carboxylic acid,
amines, and weak C]C bonds. The peaks obtained for Sample
1 show the presence of C–O, C–N, C–C, C–H, O]C–H, and C–F.
The peaks obtained for Sample 2 showed C–F, C–O, C–N, C]C,
and weak bonds of C–H. Thus, the presence of carbonyl, sulf-
hydryl, thioether, amine, amide bonds, etc., on the biosorbent
was conrmed. All these bonds along with the metal ions and
high porosity of carbon are responsible for biosorption of
uoride selectively. We can say that other ions present in the
groundwater sample may interfere with the process, but still the
activatedMoringa leaf sample is efficient enough to adsorb up to
85% uoride from the sample.
3.9 Effect of biochars on the growth of microbes in
a nutrient broth

Three different concentrations ofMoringa oleifera biochars were
used to study the antibacterial activity on E. coli following the
procedure reported earlier.48 Based on 6 h time interval, three
ia coli. Pure cultures of E. coliwere mixed with autoclaved MQ water in
, and 1%. After 6 h of incubation, suitably diluted samples were spread
e of colonies with the increase in concentrations of biochar implies the
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distinctly different and descending growth rates were observed
as compared to the biochar-free control growth rate. The decay
rate increased substantially, with the increase in biochar
concentration, as indicated by the disappearance of CFU in 1%
leaf biochar. Bacterial inhibition was calculated using the
formula log reduction = log10(Nt/N0), where N0 is the colony
count of water sample before experimentation at time t = 0 and
Nt is the colony count of water sample aer experimentation at
time t.

The trends of bacterial growth in the presence of different
concentrations of biochars in the nutrient medium are shown
in Fig. 5. The results indicated a tendency of diminished growth
with the increase in concentrations of leaf biochars. For the
same initial bacterial concentration, bacterial growth was found
to be 4.84 × 108 CFU mL−1 in control, whereas an increased
biochar concentration resulted in a signicant reduction in
bacterial growth. A signicant decrease in growth (CFU mL−1)
was observed for 10 mL broth containing 0.01% and 0.1% leaf
biochar. It is interesting to note that the highest deterioration of
growth was observed in 10 mL broth containing 1% leaf bio-
char. Though biochars of Camellia oleifera seed shell and corn
stalk were explored for uoride adsorption,49,50 few reports
demonstrate the antibacterial activity of biochars. To our
knowledge, this is the rst report on both deuoridation and
antibacterial activities of biochars prepared from Moringa olei-
fera leaves via thermal plasma processing.

4. Conclusions

Biosorption is preferred over other chemically available proce-
dures for uoride removal because of simple design, ease of
operation, non-toxicity, and economic values. The present work
deals with a case study of Nuapada district of Odisha, India,
where a large number of school children, young, adult, and old
people are affected with dental and skeletal uorosis because of
uoride contamination of ground water. For the removal of
uoride from the contaminated ground water, thermal plasma-
based biochars were explored and it was found that theMoringa
leaf biochar can remove > 80% of uoride with overnight
incubation. The relative contributions of the functional groups
present on the biochar surface depends on the sample pro-
cessing of biochars and also the raw materials. We found that
the seed biochar which was efficient in uoride adsorption in
a standard Fluoride solution is very poor in ground water,
whereas the leaf biochar which was a poor adsorbent for
a standard F− solution is a potential candidate for F− adsorp-
tion in ground water. Thus, a series of biochars need to be
identied for different locations and depending upon the
nature of contamination. One generic biochar may not be
applicable for all contaminants or uoride removal from all the
contaminate sources. The preliminary results of thermal
plasma processing motivate to scale up the process and also
search for other possible materials suitable for the removal of
uoride or any such metal contaminates from water. This is the
rst report to highlight the uoride removal from ground water
using biochars and it was noticed that the composition of
different ground water samples is different, and hence,
4348 | RSC Adv., 2023, 13, 4340–4350
a thorough study is required to come-up with a site-specic
solution for such unique problems.
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