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Abstract. Fluoride (F~) contamination in drinking water is a serious public health issue in many groundwater-dependent
regions. Long-term consumption of F~above permissible limits leads to dental and skeletal fluorosis and other health
problems. Existing defluoridation methods often suffer from high cost, pH sensitivity, or operational complexity, which
limits their suitability for rural applications. In this study a bio-adsorbent, an Aluminium Impregnated Orange Peel Ad-
sorbent (AIOPA) was developed using waste orange peels through acid treatment, aluminium sulfate impregnation, and
thermal activation. The objective of this work was to evaluate the F-removal performance of AIOPA under laboratory
and field conditions and to understand its adsorption mechanism. Batch experiments showed that an adsorbent dose of
1.5 g/L, a contact time of 6 hrs, and ambient temperature of 30 °C resulted in F'removal efficiencies of 86 to 90 percent
for an initial concentration of 9.0 mg/L. Field groundwater tests reduced F-levels from 9.0 mg/L to below 1.5 mg/L,
meeting drinking water standards. Adsorption followed the Langmuir isotherm, indicating chemisorption as the dominant
mechanism. The Langmuir adsorption capacity was found to be 29.8mg/g. The key novelty of this study is the pH-inde-
pendent performance of AIOPA across a wide pH range, combined with its low cost, eco-friendly origin, and strong
applicability for decentralized defluoridation systems.
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1.0 Introduction

Fluoride (F ) contamination in drinking water has
emerged as a major global public-health concern, par-
ticularly in regions that depend heavily on groundwater
for domestic consumption. Naturally occurring F-is typ-
ically released into aquifers through the dissolution of
fluoride-bearing minerals such as fluorite, cryolite, and
apatite. Fluorine is an important element that can be
beneficial or prejudicial to human health, depending on
the amount ingested [1,2]. Tt is
documented that more than 80% people are living in ru-
ral area and their sources for drinking water are dugwell
and tubewell. Around the globe about 200 million peo-
ple in 25 countries are under the warning of the fluoro-
sis[3]. Many industries used F~ widely such as brick,
glass, metal processing, coal power plants, semiconduc-
tor manufacturing, pharmaceutical companies, electro-
plating, rubber, and fertilizer industries results in in-
creasing the F- concentration in waste water and
groundwater [4,5] . Hence reducing F level in waste
water is an important task before discharging into the
surface water bodies such ash as river, lake, pond etc to
the researchers. According to the World Health
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Organization (WHO) and the Bureau of Indian Stand-
ards[6] the permissible upper limit of F-in potable water
is 1.5 mg/L[7,8 ]. Indian Council of Medical Research
(ICMR); 1.2 mg/L [9,10,11]. In Japan ; 0.8mg/L [12]
In Japan ; 0.8mg/L, South Korea ; 1.5mg/L [13], Cana-
dian; 1.5 mg/L,[14], Malaysia ; 1.5mg/L [15], Australia;
1.5mg/L[16], New Zealand; 1.5mg/L[17], UK ;
1.5mg/L [18], Switzerland; 1.5mg/L [19]

It is reported that low F-levels (=0.5-1.0 mg/L) are ben-
eficial for preventing dental caries, excessive intake
leads to a spectrum of adverse health effects [20] . Con-
centrations above this threshold can cause, several
health problems such as dental fluorosis skeletal
fluorosis, thyroid disorder, neurological damage,
mottling of teeth [21]. In several parts of India, Africa,
China, the Middle East, and Latin America, F~ concen-
trations often exceed 3—15 mg/L, making defluoridation
a mandatory step in ensuring safe drinking water [22].
Many countries, China, Sri Lanka, Turkey, the Rift Val-
ley countries in East Africa, parts of South Africa and
in tropical countries such as Kenya, Tanzania, Senegal
and India are facing the existence of elevated
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concentration of F~ in drinking water more than permis-
sible limit [23] . Due to the existence of F~ concentra-
tions greater than 1.0mg/L throughout China (north,
northwest, and east), 45 million people are suffering

serious health impacts. [3]. The persistence and geo-
graphical spread of high F-aquifers underscore the need
for cost-effective, scalable, and sustainable F-removal
technologies [24].

Global Fluoride Contamination

Fluoride Contamination Severity

|
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Fig. 1. Global distribution of fluoride ( F") contaminated groundwater.

A world map in Fig. 1 shows major fluoride-affected
regions (India, East Africa, China, Middle East)

A wide variety of defluoridation techniques including
adsorption, precipitation, electrochemical treatments,
ion exchange, and membrane processes have been
extensively studied and implemented. Among these,
adsorption-based techniques have gained significant
popularity due to their operational simplicity,
adaptability, and compatibility with rural water-
treatment systems . Conventional adsorbents
such as activated alumina, bone char, synthetic resins,
and the Nalgonda technique have been widely used in
field applications. However, each of these technologies
presents notable drawbacks. Activated alumina exhibits
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strong pH dependency, requiring tight control of
influent pH for optimal performance [25]. Bone char,
while economical, carries cultural and ethical concerns
in some regions, alongside quality inconsistencies.
Synthetic resins offer high efficiency but are expensive
and often sensitive to competing ions. The Nalgonda
process is simple yet produces high sludge volumes,
requires skilled dosing, and is inefficient at lower F-
concentrations [26]. These limitations collectively
highlight the need for improved adsorbent materials that
are sustainable, low-cost, environmentally benign, and
capable of delivering high fluoride-removal efficiency
under variable water-quality conditions [27].
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Fig. 2. Health effects of excessive F~ exposure through contaminated drinking water.
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Fig. 2 illustrates major physiological impacts of long-
term F~intake, including dental and skeletal fluorosis,
neurological effects, kidney stress, and endocrine dis-
ruption, highlighting the public-health significance of
effective de-fluoridation [28].
In response to these challenges, research attention has
increasingly shifted toward biomass-derived adsor-
bents, particularly those derived from agricultural and
fruit-processing wastes. Materials such as coconut shell,
orange peel ,banana peel, neem bark, rice husk, and sug-
arcane bagasse have been tested for their adsorption po-
tential after appropriate chemical activation or surface
modification. The advantages of such biomass-based
materials include their abundant availability, biodegra-
dability, carbon-rich structure, and ability to host vari-
ous functional groups capable of binding F~ions. More-
over, their transformation into value-added adsorbents
supports circular-economy principles by converting
waste into water-treatment materials. Despite promising
results, a recurring challenge among most biomass-
based adsorbents is their strong pH sensitivity, with
maximum F-removal typically occurring in acidic con-
ditions (pH 4-6). This restricts their application in real-
world scenarios, where drinking water generally falls
within the neutral pH range (6.5-8.5). Consequently, the
development of a pH-independent, biomass-based ad-
sorbent presents a compelling research opportunity.
Against this backdrop, the present study focuses on the
development and testing of Aluminium Impregnated
Orange Peel Adsorbent (AIOPA), a novel adsorbent
synthesized from orange peel waste. Orange peel con-
stitutes more than 40% of the fruit mass, and millions of
tonnes are discarded annually by juice-processing in-
dustries worldwide. This waste biomass is rich in cellu-
lose, hemicellulose, pectin, lignin, and surface func-
tional groups such as hydroxyl (—OH), carboxyl (-
COOH), and carbonyl (C=0), making it an ideal precur-
sor for adsorbent fabrication [29,30]. In untreated form,
orange peel has limited adsorption capacity for F. How-
ever, its performance can be substantially enhanced
through acid modification, metal impregnation, and
thermal activation. In this study, the orange peel is first
acidified using concentrated sulfuric acid to enhance po-
rosity and surface activation. Subsequently, the biopol-
ymer matrix is impregnated with aluminium sulfate
(AL(SO4)s-18H0)—an established fluoride-binding
species. Finally, thermal activation at 300°C under ni-
trogen produces a porous, chemically active adsorbent
with improved surface area and abundant fluoride-affin-
ity sites

The combined chemical modification and metal impreg-
nation strategy behind AIOPA yields a unique ad-
vantage: its adsorption efficiency remains almost inde-
pendent of pH, performing effectively across the BIS-

2012 [6] recommended drinking water pH range. This
pH-insensitivity represents a significant novelty when
compared to most reported biomass-based adsorbents,
which rely on acidic environments to achieve peak per-
formance. The stability of AIOPA under neutral pH
conditions also eliminates the need for pre- or post-treat-
ment pH adjustment, making it highly suitable for de-
centralized rural water-treatment systems.

The aim of this study is therefore threefold:

1.To develop a low-cost, sustainable, and environmen-
tally friendly adsorbent from orange peel biomass using
acidification, aluminium impregnation, and controlled
thermal activation;

2.To systematically evaluate the adsorption performance

of AIOPA for F removal through batch experiments as-
sessing adsorbent dose, pH, contact time, temperature,
and initial concentration; and

3.To characterize the structural, morphological, and

chemical properties of AIOPA using SEM, XRD, FTIR,
and EDX techniques to elucidate the underlying adsorp-
tion mechanism.

The study holds practical significance for fluoride-af-
fected regions, particularly rural communities with lim-
ited access to advanced treatment technologies. The use
of agricultural waste as a precursor not only reduces ma-
terial cost but also contributes to environmental sustain-
ability. Furthermore, the observed pH-independent per-
formance and strong fluoride-binding capacity of
AIOPA position it as a promising candidate for the de-
velopment of community-scale and household-level
defluoridation units.

2.0 Materials and Methods

2.1 Raw Materials and Chemicals

The key precursor for the Aluminium Impregnated Or-
ange Peel Adsorbent (AIOPA) was the orange peel bio-
mass which was thrown away and collected from local
fruit juice vendors. The peel waste was first rinsed with
tap water, and then deionized water to make sure that all
the dust, sugars, as well as adhering organic impurities
are removed completely. The biomass was treated with
concentrated sulfuric acid (H-SOs, analytical grade) for
acidification and partial carbonization. Aluminum sul-
fate octadecahydrate, Alx(SOa4)3-18H20 (>98% purity),
was used as the impregnation chemical to create alumi-
num-rich binding sites. Double distilled water was used
to prepare standard sodium F- (NaF) stock solutions
which were further diluted to get the required F~ concen-
trations for batch experiments. In this study, all chemi-
cals were of analytical grade quality, and double-dis-
tilled water was used for the preparation of all solutions.
The information regarding the chemicals and materials
used in the study is given in Table 1.

Table 1. Chemicals and Materials Used for the Preparation and Testing of AIOPA

Material / Chemical Grade / Purity Purpose in Study Supplier
Orange peel waste Raw biomass Precursor for adsorbent Local fruit
vendors
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H2S04 (Concentrated) 98% Acidification, activation Merck
Al(SO4)3-18H20 >98% Chemical impregnation for F|Merck
binding
NaF (Sodium fluoride) Analytical grade Preparation of Fstock solution Loba Chemie
Distilled water — Solution preparation, washing Laboratory
facility
Nitrogen gas 99.9% Thermal activation atmosphere Gas supplier

2.2 Preparation of AIOPA

The synthesis of the AIOPA adsorbent was performed
by employing a sequence of controlled chemical and
thermal modifications similar to the procedure described
in the experimental dataset. The preparation steps led to
the enhancement of porosity, surface activation, and the
introduction of aluminum sites that were responsible for
F-adsorption.

Drying and Preprocessing of Orange Peel. Freshly
harvested orange peels were processed to eliminate the
pulp, and any other impurities. The peels that were
cleaned were subjected to sun drying for about seven
days or more, and this process was continued until the
weight remained unchanged. The dried product was
then sliced into small particles. The material was ground
and sieved (passing through a 300 um & retained on 150
um mesh) and provided further chemical treatment by
increasing the surface area.

Acidification Using Concentrated H.SOa. The pro-
cess of acidification of the sun-dried peel was conducted
by the gradual addition of concentrated H.SO4 (1: 20)
under strict control. The acidification process had two
main functions:

(1) to carbonize the biomass partially,

(2) to increase the porosity by extraction of the volatile
organic fractions.

The interaction of the biomass with the acid led to its de-
hydration and underwent a change in structure. The dis-
tilled water washing of the material after acid treatment
was done until the pH of the washings became neutral.

- |8
Raw
Orange Peel Washing —
Waste Sun-Drying
(48 h)

Impregnation with AlL(SO4):-18H20. The biomass
that had been treated with acid was then subjected to in-
filtration with aluminum sulfate of 0.5M at a ratio of 1:5
W/V (biomass: Alx(SOa4):-18H20). The biomass was
soaked in an aqueous salt solution and gently mixed for
twelve hrs to guarantee that the aluminum ions were
evenly distributed in the matrix. The process of alumi-
num impregnation is very important because the ions
A** have a strong interaction with F~ and they form in-
ner-sphere complexes. Water aluminum sulfate dissolv-
ing hydrolysis happens:

Al,(SO,); - 18H,0 — 2AI*"+3S0%+18H,0 (1)
These AI** ions subsequently anchor to the functional
groups of the peel matrix, which is forming Al-O-C
linkages.

Thermal Activation. The biomass that had been im-
pregnated was subjected to drying in an oven with hot
air at a temperature of 105°C for a period of 12 hrs, fol-
lowed by the process of thermal activation in a muffle
furnace. A continuous nitrogen flow was used to heat
the sample to the temperature of 300°C for a period of
3hrs, which allowed for the controlled carbonization as
well as the development of pores without the occurrence
of combustion due to the absence of air (Fig. 3).

This activation led to the reactions of dehydration and
decomposition, which in turn gave rise to the porous
structure, rich in carbon, that has the aluminum active
sites embedded in it, thus making it ready for F-adsorp-
tion.

»&*9 e@

Final AIOPA
Acidification Thermal Adsorbent
with Activation (Porous,
Conc. H,S0O, (300°C, 3 hrs , Al-Modified)
(Impregnation N, Atmosphere)
1:5)

Fig. 3. Schematic flow diagram of AIOPA synthesis process.

The final adsorbent that was marked as AIOPA was kept in airtight containers for storage in order to avoid moisture

absorption.
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Fig. 4. Real picture of complete preparation.

Fig. 3 presents a stepwise schematic illustrating the
complete preparation pathway and Fig. 4 shows real
picture of preparation for the Aluminium Impregnated
Orange Peel Adsorbent (AIOPA). The process begins
with the raw orange peel waste, which undergoes wash-
ing, and sun-drying to remove the impurities, as well as
reduce the moisture content. After the biomass is dried,
the next step is its acidification by concentrated H.SO4
treatment for the purpose of making pores and activat-
ing the surface functional groups. The next step is the
impregnation with aluminum sulfate
(AL(SO4)s-18H-0), which allows the introduction of the
aluminum species that are responsible for the binding of
fluoride. The impregnated material, then undergoes
thermal activation at 300°C in a nitrogen atmosphere to
form a stable, porous structure. The end product,
AIOPA, is a chemically enhanced, and thermally stabi-
lized adsorbent. The diagram below clearly illustrates
the stepwise synthesis process of the adsorbent in-
volved.

2.3 Batch Adsorption Experiments

The series of adsorption experiments in batches were
performed to find out the effect of operating parameters
on F-removal efficiency. Each and every experiment was
performed in 250 mL conical flasks, which were
containing synthetic F- solutions. If not specifically
mentioned, the experiments were carried out at pH (2 to
12), with an initial F~ concentration of 9.0 mg/L,
adsorbent dosage of 1.5 g/L, temperature at 20°C (293K)
, 30°C (303K) and 40°C (313K) agitation speed of 150
rpm, and the maximum contact time of 24 hrs.
Preparation of F-Solutions. A stock solution of F-with
a concentration of 1000 mg/L was made by dissolving a
precisely weighed amount of sodium F~in double dis-
tilled water. The working solutions (2—15 mg/L) were
subjected to serial dilution.

Determination of F-Concentration. The residual con-
centration of F~ (Ce) that remained after adsorption was
determined by means of ion-selective electrode (sub-
jecting the laboratory's availability). The percentage of
F-removal (R%) was computed as

R(%):C°C—'OC€ x 100 )

whereC,= initial F- concentration (mg/L), C.= equilib-
rium F concentration (mg/L).

Adsorption Capacity Calculation. The equilibrium
adsorption capacity, (q.) of AIOPA (mg/g) was calcu-

lated using the following [31] .
_ (Co-Ce)V

qe=—7— A3)
Where, V= volume of F-solution (L), m= mass of adsor-
bent used (g).

Effect of Dosage, Contact Time, , pH, and Tempera-
ture

e Adsorbent dose: The range was between 0.1 to 5.0
g/L.

e Contact time: To examine the equilibration process,
the samples were taken at time between 0.5 to 12 hours.
e pH variation: Changed from 2 to 12 with the help of
0.1 N HCl or 0.1N NaOH.

e Temperature: The tests were performed at 20 °C, 30
°C and 40 °C to know the effect of adsorption of F-.

2.4 Characterization Techniques

Scanning Electron Microscopy (SEM). The morpho-
logical transformations in orange peel structure due to
the F~adsorption have been monitored with the help of
SEM. Different magnifications were used to obtain im-
ages for the examination of pore evolution, surface
cracks, as well as F~deposition patterns.

X-ray Diffraction (XRD). XRD analysis was per-
formed with 1 Cu-Ko radiation (A = 1.5406 A). The
broad diffraction peaks suggested an amorphous struc-
ture which is favorable for adsorption because of the en-
hanced surface accessibility. Changes in peak intensity
and shape after adsorption confirmed the adsorbate-ad-
sorbent interaction.

Fourier Transform Infrared Spectroscopy (FTIR).
The FTIR spectrums were taken from 4000-400 cm™ to
spot functional groups like -OH, -COOH, C-H, C=0,
and C-0. The shifts in peaks seen post-adsorption were
indicative of hydrogen bonding, complexation and elec-
trostatic interactions with F-ions being involved.
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Energy Dispersive X-ray Spectroscopy (EDX). The
elemental composition of AIOPA was determined via
EDX analysis, both prior and subsequent to F-adsorp-
tion. Post-adsorption spectrum showing the presence of
fluorine peaks supported the successful adsorption and
surface incorporation of F~ ions.

3.0 Results and Discussion

3.1 Optimization of Adsorbent Dose

The adsorbent dosage plays a critical role in determin-
ing the number of available active sites for F-binding.
Batch studies were carried out by varying the AIOPA
dose from 0.1 g/L to 5.0 g/L while maintaining constant
process conditions (pH = 7.0, initial F-concentration =
9.0 mg/L, temperature = 30°C and agitation speed =
150 rpm). Initially, the experimental dataset showed that

100
90
80
70
60
50
40
30
20
10

% Removal of fluoride

0 0.5 1 1.5 2

Fremoval efficiency increased steadily with the higher
adsorbent dose.

However, at the lowest doses (0.1-0.5 g/L), F-removal
was only moderate because of the restricted accessibil-
ity to the active Al**-rich sites and a small surface area.
F-removal achieved approximately 80% at 1.0 g/L, in-
creasing sharply to 87% when the dose reached 1.5 g/L,
beyond which only marginal improvement was ob-
served. At 2.5 g/L, adsorption almost reached equilib-
rium, suggesting early saturation and minimal practical
advantage in excessive dosing.

From the experimental data (Fig. 5), it is observed that
1.5 g/L is the final value identified as the concentration
of F~ is within the range of 1 to 1.5 mg/L (BIS 10500-
2012) and hence can be suggested as the best dose with-
out any excess expense of materials and to reduce the
disposal problem after exhausting.

2.5

3 35 4 4.5 5 5.5

Dose of adsorbent ( g/L)

Fig. 5. Effect of Adsorbent Dose on F-Removal

(Conditions: pH = 7.0, Initial F-concentration = 9.0 mg/L, Temperature = 30°C,

3.2 Contact Time Study

Agitation speed = 150 rpm)

The time of contact has an effect not only on the rate but also on the amount of F~that gets adsorbed. The adsorption plot
from the kinetic study done over 8 hrs showed that initially there was a rapid uptake during the first two hours, which
was followed by a slow increase in adsorption until the equilibrium was around 6 hrs.

The initial rapid phase can be identified with the presence of many vacant pores and very active surface functional groups.
With the passage of time, the resistance due to pore diffusion increases, and the adsorption rate is reduced until dynamic
equilibrium is reached when the active sites are all occupied.
This phenomenon indicates that the adsorption mechanism is a process of both surface chemisorption and intraparticle
diffusion. The characteristic of the plateau obtained at 6 hrs is in agreement with adsorbents having micro-mesoporous
structures and metal-impregnated surfaces . Fig. 6. Shows the evolution of adsorption during the initial hours was sig-

nificant and it subsequently leveled off by 6 hrs.

1JDDT, Volume 16 Issue 15s, 2026

Page 154



Development and Performance Evaluation of Aluminium-Impregnated Activated Orange Peel Adsorbent (AIOPA) for
Fluoride Removal from Water

100
90
80
70
60
50
40
30
20
10

% Removal of fluoride

Time (hrs)

Fig. 6. Contact Time vs. F"Adsorption Curve.
(Conditions: pH = 7.0, Initial F-concentration = 9.0 mg/L, Dose of AIOPA= 1.5 g/L, Temperature = 30°C, Agitation

speed = 150 rpm)

3.3 Effect of pH

The most important discovery made in this research, is
the pH-independent characteristic of AIOPA. The re-
sults of the batch tests have been conducted in the pH
range of 2-12, which is showed only a slight reduction
in the F-removal efficiency, which remained steady at
86-93% throughout the entire range. The same pattern
was endorsed in the other reported  papers
[32,33,34]. This is a huge difference when compared to
the performance of common adsorbents which are found
in the prevailing literature. The majority of the biomass-
based and metal-loaded adsorbents exhibit maximum
performance at the lower pH because protonation facil-
itates the electrostatic attraction of the F~ ions.

Nevertheless, AIOPA is able to perform at neutral and
alkaline pH levels, a property which is attributed to:

e  Existence of stable AI-O complexes that are not
prone to dissolution by changes in pH

e  The strong pull of the immobilized AI** sites to-
wards F-even in the absence of protons

e The chemically opened pores allowing for surface-
controlled adsorption instead of purely electrolyte inter-
action

Consequently, AIOPA has no need for any pH adjust-
ment before or after the treatment, which greatly simpli-
fies the application in the field.

Fig. 7 shows nearly flat performance across wide pH range which is highlighting novelty.

100

D
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s 70

o=

S 60

=

z 50

E 40

X 30
20
10
0

0 1 2 3 4

. \__.f‘-\/
80

6 7 8 9 10 11 12
pH

Fig. 7. Effect of pH on F-Removal
(Conditions: Dose od AIOPA = 1.5g/L, Initial Fconcentration = 9.0 mg/L, Temperature = 30°C, Time of contact = 6hrs,

Agitation speed = 150 rpm)
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3.4 Effect of Initial F- Concentration

The application of AIOPA at an optimized dosage of 1.5
g/L was used together with the use of four different F-
concentrations from 2.0 mg/L to 15 mg/L to perform the
experiments. The removal efficiency of F~ was just
slightly affected by the higher concentrations as a result

of limited active sites. However, the adsorption capacity
(mg/g) dereased correspondingly.

F-at low concentrations easily takes up the existing ac-
tive sites, which leads to more than 85% removal. In the
case of high concentrations, the competition for active
sites becomes stronger, thus the relative removal is
nearly marginally reduces (Table 2).

Table 2. Influence of Initial F- Concentration on Adsorption.

Initial Concentration (Final concentration |Removal concentration |% Removal
(mg/L) (mg/L) (mg/L)

2.0 0.11 1.89 94.50

5.0 0.56 4.44 88.80

9.0 1.29 7.71 85.67

15 4.46 10.54 70.27

The pattern demonstrates the usual monolayer adsorption. Fig. 8 shows to increase with concentration, whereas the re-

moval percentage has a minor decrease.

100
90 -— .

80
70
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20
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0

% of Removal

0 2 4 6

\.

8 10 12 14 16

Initial Concentration (mg/l)

Fig. 8 Effect of Initial F-Concentration
(Conditions: pH = 7.0, Initial F- concentration =9.0 mg/L, Dose of AIOPA = 1.5g/L, Temperature = 30°C, Time of contact

= 6hrs, Agitation speed = 150 rpm )

3.5 Effect of Temperature

The studies of temperature variation have proved that the F-adsorption process is also affected by temperature and, there-
fore, described as an endothermic process. The F~removal efficiency, during which the concentration of F~in the water
decreases, has increased from approximately 85% at the temperature of 20 °C to more than 92% at the temperature of 40

°C.

* Author for Correspondence: vaishali.kesalkar@gmail.com
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Fig. 9. Effect of Temperature on F-Adsorption

(Conditions: pH = 7.0, Dose of AIOPA = 1.5g/L, Initial
F-concentration = 9.0 mg/L, Temperature=27°C, Agita-
tion speed = 150 rpm)

This kind of behavior can mostly be explained by chem-
isorption and the following arguments are in favor of it:
e  Thermal activation gives rise to more active sites
e F ions get more energetic and that makes them
move faster

e Much stronger bonding occurs between F~ and im-
mobilized Al** sites than ordinary physisorption

The conclusion derived from the thermodynamics is that
the process is endothermic and indicates chemical ad-
sorption.

At high temperatures (20—40°C), there is an increase in
the efficiency of its expiration, shown in Fig. 9.

0.400
0.350
0.300
0.250

2

Z0.200
0.150
0.100
0.050
0.000

0.000 0.500 1.000

3.6 Adsorption Isotherm Modeling
Isotherm models were employed for the interpretation
of the adsorption mechanism and nature. The Langmuir
and Freundlich models were simultaneously checked
with batch data.
Langmuir Isotherm. Langmuir assumes that the mon-
olayer adsorption on a uniform surface, given by
[35,31].

1 1 1 1

—= w1 4)
de b qmax Ce Gmax

Where, gq,,.x= maximum adsorption capacity, and b=
Langmuir constant.

As per the Langmuir plot, a better linear fit was given,
indicating monolayer adsorption and homogenously-
linked sites.

® At20 Degree C

At30D
y = 0.1696x +0.0238 .« egree C

At 40 Degree C

.............. Linear (At 20 Degree

)
------- Linear (At 30 Degree

)
------- Linear (At 40 Degree
©

1.500 2.000 2.500

1/Ce

Fig. 10. Langmuir Plots for F-Adsorption.

Fig. 10 illustrates the isotherms of Langmuir (I/qe vs. Ce) and Fig. 10 Freundlich (log ge vs. log Ce) in linearized form.
The Langmuir graph is very linear, which means that the adsorption happens in one layer on uniform sites, while the
Freundlich graph shows the opposite situation as it reflects surface heterogeneity and multilayer adsorption tendencies.
Freundlich Isotherm. Freundlich Isotherm equation is given [35,36]

Log ge =log KF + % logCe

............ )

Where, K= adsorption capacity factor in mg/g, and 1/n= intensity factor (heterogeneity index)
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The Freundlich plot illustrated in Fig. 11 demonstrated a good linearity as well, however, the Langmuir model showed
better correlation, thereby verifying that AIOPA binds Fvia the energetic sites with uniformity (Al** complexes).
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Fig. 11. Freundlich Isotherm for F-Adsorption.

Table 3. Langmuir and Freundlich Isotherm Adsorption capacity of AIOPA .

Adsorbent Langmuir isotherm model Freundlich isotherm model
Qmax K R? Kf n R?
(mg/g)

AIOPA 28.9 0.0164 0.976 1.82 1.185 0.965

The Langmuir and Freundlich adsorption capacity of AIOPA was found to be 28.9 mg/g and 1.82 mg/g respectively at
30°C (Table 3).The Langmuir adsorption capacity was very good than the other reported adsorption capacity in literature

3.7 Surface and Chemical Characterization

SEM Analysis. The SEM images revealed significant changes in the morphology of the material:

Before adsorption: a structure that is very porous and fibrous that has a rough surface which can be considered as having
a lot of active sites.

(a) Before adsorption

(b) After adsorption
Fig. 12. SEM Images of AIOPA (a) Before and (b) After F-Adsorption.

After adsorption: The edges of the pores were less pointed, and the surface looked like one side of it was covered because
the F~ had been deposited inside small holes, which is consistent with the results of the batch studies with regard to
adsorption capacity. Fig. 12 shows the comparison of microstructures before and after adsorption.

XRD Analysis. XRD plots shown in Fig. 13 depicts:
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e  Wide peaks that are very unclear, suggesting the amorphous nature of the adsorbent which is beneficial for adsorp-
tion.

e  Minor changes in peak intensity were observed in the post-adsorption patterns indicating that the F-ion had inter-
acted successfully with the structural matrix.

>
'g —— After adsorption|
£
Before adsorption\
10 20 30 40 50 60 70 80
20 (Degree)
Fig. 13. XRD Patterns of AIOPA Before and After F-Adsorption.
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Fig. 14. FTIR Spectra Before and After F-Adsorption.

FTIR Analysis. Substantial alterations, in the stretching regions of O-H, C-H, C=0, C=C, and C-O, were noted after
adsorption. The shifting of peaks points to the interactions like:

e  Hydrogen bonding

e  Dipole interactions

e  Surface complexation

e  Possible formation of AI-F complexes

This is in line with the chemical nature of adsorption depicted in Fig. 14.
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Fig. 15. EDX Elemental Mapping Before F-Adsorption.

EDX Analysis. The EDX spectra of the adsorbent before and after F- uptake validated its elemental composition. The
material showed characteristic peaks of carbon, oxygen, sulfur, and a strong aluminum signal before adsorption shown in
Fig. 15. After adsorption, a new peak for fluorine was clearly seen in the spectrum, making it directly evident that F-ions
were successfully attached to the adsorbent surface and confirming the proposed binding mechanism (Fig. 16).
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Fig. 16. EDX Elemental Mapping After F-Adsorption.

3.8 Comparison of AIOPA with some other reported adsorbents .

When compared with other reported adsorbents, the Aluminium Impregnated Orange Peel Adsorbent (AIOPA)
demonstrated superior performance in terms of adsorption capacity. While reported adsorbents have adsorption capacities
were significantly lower than that of AIOPA (Table 4). Furthermore, most conventional adsorbents required strongly
acidic conditions for optimal performance, whereas AIOPA operated effectively at all pH (2 to 12), making more suitable
for practical water and wastewater treatment applications. Additionally, the use of orange peel an abundant agro-waste
material enhances the sustainability and cost-effectiveness of AIOPA relative to other adsorbent systems.”
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Table 4: Comparison of AIOPA with some other reported adsorbents

Sr. Initial Dose  of ?:lsg(;gtmn capacity % Enecf::-
No Adsorbent pH concentration | adsorbent RRemoval
: (mg/L) (g/L) Lang- Freundlich
muir

1 Azadirachta indica leaves 2.0 -- 10 0.611 -- 78 [37]

2 Thermally activated adan- | 6.90 50 2-10 0.5143 96.50 [38]
sonia digitata fruit pericarp
(TAADEP-500)

3 PSAC-Ch(Chitosan) 7.0 -- 5.0 0.44 0.12 55 [39]

4 Palm shell activated car- | 2.0 -- 5.0 0.99 0.04 46 G [39]
bon (PSAC)

5 Aluminium metal embed- | 3.5 10 20 4.24 0.4434 92 [40]
ded thujaoccidentalis
leaves carbon (AMETLC)

6 Rice husk—derived Biochar | 6.0 2-14 5.0 1.856 -—- -~ [41]

7 Avacado based Adsorbents | 7.0 15-200 2.0 19.99 84 [42]
CB5 ( Persea Americana
fruit)

8 Tamarind (Tamarindus in- | 7.05 2.0 22.33 0.645 88 [43]
dica) fruit shell carbon am-
monium
carbonate activated ACA-
TIFSC

9 Aluminium  impregnated | 7.0 9.0 1.5 29.8 1.82 87.11 Present
orange peel adsor- Study
bent(AIOPA)

3.9 Water Quality Characteristics of Field Samples

The analysis of the physico-chemical characteristics of the collected groundwater was done before the treatment. The
parameter values are instrumental in the comprehension of the effect that the co-existing ions have on the F-removal
process. The results are shown in Table 5.

Table 5. Physico-chemical Characteristics of Raw Groundwater used for Field Evaluation.

Parameter Unit Before treatment |After treatment (Permissible limit ( BIS 10500-2012)
pH -- 6.58 8.13 6.5-8.5
Color Hazen Colorless Colorless 5.0

Odor -- Odorless Odorless Agreeable
Turbidity NTU 2.0 4.0 <5.0
Alkalinity mg/L 128 157 200

Total hardness CaCO; 168 152 200
Conductivity 306 361 --
Chloride mg/L 86 89 250
Sulphate mg/L 38 152 200
Nitrate mg/L 1.514 1.213 45

TDS mg/L 402 463 500

Ca* mg/L 53 59 75

Mg?t mg/L 19.2 21.4 <30

Fe?' mg/L 0.12 0.264 0.3

F mg/L 9.0 1.47 0.6-1.5

Most physicochemical parameters meet drinking water
standards after treatment ; however, F~ concentration be-
fore the treatment is significantly higher than the recom-
mended limit, indicating the need for defluoridation
treatment before consumption. It is observed that after

treatment all drinking water parameters were within the
permissible limit (BIS 10500-2012). Moderate hardness
of groundwater is represented by these values together
with significant amount of the competing anions like bi-
carbonate and chloride, which frequently lower the F-
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uptake in the traditional alumina-based adsorbents. period of 6 hrs, while the respective efficiencies of re-
Hence, the field test is a strict examination of AIOPA's moval were very similar to those observed in the lab. A
capability. comparison of the laboratory and field conditions for F-

removal is given in Table 6.
3.10 - Removal Performance Under Field
Conditions
The F concentrations showed a marked decrease after
exposure to a concentration of 1.5 g/ AIOPA for a

Table 6. Comparison of Laboratory and Field Defluorination Performance using AIOPA.

Condition Initial F~ (mg/L) Final F~ (mg/L) Removal (%)
Laboratory  (synthetic water) |9.0 1.16 87.11
Field (groundwater) 9.0 1.47 83.66

The slight decline in the removal efficiency under the field conditions (approximately 3-4% lower) can be ascribed to the
competitive adsorption of the coexisting ions and the natural organic matter. However, the final F- concentration was
always less than 1.5 mg/L, which is the maximum value allowed by BIS 10500 - 2012 for water to be considered drink-
able. This confirms that AIOPA is still very efficient in groundwater settings that are more or less similar to the usual
conditions of the field.

Fig. 17 displays the removal (%) in laboratory and field conditions showing minimal performance loss in real sample
matrices.

87.5

s
g o 87
E S
= 9865
° 5
S5 86
25
5 855
&

85

Laboratory (Synthetic water) Field (Groundwater)
m Laboratory (Synthetic water)  m Field (Groundwater)

Fig. 17. Comparison of Laboratory vs. Field F-Removal by AIOPA.

3.11 Practical Usability in Rural and Decentralized Systems
One of the primary reasons for the invention of AIOPA was to be a low-cost, eco-friendly, and user-friendly defluoridation
material for fluoride-polluted areas. Field tests pointed out a number of benefits:

a) Ease of Preparation and Deployment.

AIOPA is manufactured from the huge amount of orange peel waste, so it is very cheap and easy to get in the local market.
Also, it is a granular material which can easily be packed in small household filters and community-scale fixed-bed
columns. Fig. 18 shows the [llustration of photographic representation of AIOPA which is used in a batch treatment vessel
at a rural groundwater site.
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b) Compatibility with Rural Water Conditions.
Since AIOPA does not involve strict pH control, and ob-
served a good performer in the presence of competing
ions, it is the perfect candidate for rural water treatment
systems, where resources, and monitoring equipment
are limited.

¢) Low Chemical Footprint.

Unlike the chemical precipitation methods such as the
Nalgonda technique, which produces large volumes of
sludge, AIOPA doesn't have any significant chemical
waste. It adsorbs, which means it will produce almost
no secondary waste.

d) Regeneration and Reusability Potential.

The regeneration is very good method for reusing the
AIOPA which reduces the disposal cost and treatment
of water cost also. Here regeneration was done by using
1 % to 5% of 0.1 N NaOH and observed that the de-
sorption of F- concentration was within 50-61 % when
increases the concentration of NaOH from 1 — 10 %.
Hence 1 % of 1 N NaOH was finalized a which is eco-
nomical.

3.12 Field Validation Discussion

The field evaluation clearly demonstrates that AIOPA
maintains strong F-removal capability even under real-
istic groundwater conditions. Throughout the trials, the
final F- concentrations were consistently reduced to be-
low 1.5 mg/L, meeting the BIS standard for safe drink-
ing water. The removal efficiency in field water is de-
creased only slightly, approximately by 3 - 4 %, which
is relative to the laboratory conditions, which is indicat-
ing that the presence of competing ions, and natural or-
ganic matter had minimal effect on the performance.
AIOPA has shown great resilience in such complex ma-
trices which along with its peculiar pH-independent ad-
sorption behavior has high suitability for practical ap-
plications in different field environments. In addition,
its low cost, simple preparation, and requirement for lo-
cally sourced agricultural waste make it ideal for

" Fig. 18. AIOPA Application in a Small-Scale Field Setup.
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decentralized and rural water-treatment systems. Over-
all, these properties result AIOPA into an efficient, prac-
tical, and eco-friendly adsorbent for Fremoval in low-
resource areas.

4.0 Mechanism of F-Adsorption

It is crucial to understand the mechanism of F~ adsorp-
tion onto Aluminium Impregnated Orange Peel Adsor-
bent (AIOPA) in order to validate its efficiency and clar-
ify its strong performance in both laboratory and field
conditions. The mechanism is accounted for by three
synergistic processes: (i) ion exchange between Fions
and impregnated aluminium species, (ii) surface com-
plexation with oxygen-rich functional groups formed
during acidification and activation, and (iii) pore diffu-
sion aided by the small ionic radius of F~ (84 pm). These
mechanisms are corroborated by the combined evidence
from FTIR, SEM—EDX, and XRD analyses presented in
the dataset.

4.1 Ion Exchange With Impregnated Aluminium
Species
One of the key reasons, why AIOPA is able to remove F-
efficiently is because of its aluminum impregnation. At
the time of the preparation, when Al(SO4);-18H20 is
added, AI*" ions become attached to the activated carbon
matrix. The ions are very attracted to the F~ because of
their high charge density and the fact that they can create
inner-sphere complexes. In water, aluminum sites are
transformed by the hydrolysis into surface hydroxyl spe-
cies

APP"+3H,0 - Al(OH),+3H" (6)
F-ions are rapidly interacted with these hydroxylated alu-
minum sites through the ligand exchange.

Al(OH),+F" — Al-F+OH’ (7
The reaction is energetically favorable and forms a sta-
ble Al-F complex. The ion-exchange mechanism is ev-
idenced by the increase of F~peaks in the EDX spectrum
after adsorption, coupled with the decrease in Al peak
intensity.
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Fig. 19. Ion-Exchange Mechanism of F'binding to Aluminium Sites in AIOPA.

In Fig. 19, a schematic representation where AI** rich
sites on the adsorbent surface are depicted receiving and
giving up hydroxyl groups to F~ ions, thus leading to
Al-F surface complex formation.

4.2 Pore Diffusion and Physical Entrapment
Thermal activation at 300 °C under nitrogen results in a
formation of a hierarchically porous structure in the bi-
omass, which is verified by SEM images. The resulting
pores not only increase the surface area but also serve as
internal pathways for the diffusion of F-ions into the ma-
trix.

F-has a very small ionic diameter (84 pm) that allows it
to penetrate micropores where larger ions could not
reach. This helps to promote intraparticle diffusion thus

making it possible to utilize both the external and inter-
nal adsorption sites. The process can thus be understood
in terms of the general multi-stage diffusion sequence:
e  Film diffusion across the boundary layer

e  Surface adsorption on outer active sites

e Intraparticle diffusion into deeper pores

e  Attachment to inner aluminum or oxygen-contain-
ing groups

This mechanism is in agreement with the kinetic behav-
ior observed in the batch studies where a fast initial up-
take is followed by a slower diffusion-controlled equi-
librium given section 3 .2 and the Comparative Role of
Mechanisms in Overall F-Adsorption is given in Table
7.

Table 7. Comparative Role of Mechanisms in Overall F-Adsorption.

Mechanism Evidence Type Contribution to Removal
Ion Exchange EDX: appearance of F~ peak; decreased Al Very High

Surface Complexation FTIR: Shifts in O—H, C=0, C-O peaks High

Pore Diffusion SEM: Pore structure; increased . values Moderate

Fig. 20 is illustrating the F-ions diffusing from the surface into internal pores, aided by the small ionic diameter.
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Fig. 20. Pore Diffusion Pathway of FTons Into AIOPA.
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5.0 Conclusion

The work carried out in this study shows that an bioad-
sorbent prepared from orange-peel waste, after alumin-
ium impregnation and thermal activation, can remove F-
from water with remarkable efficiency. When operated
under the best conditions identified by1.5 g/L of AIOPA
, six hours of contact time, and a temperature close to
30°C, the material consistently reduced F-to safe levels.
One of the most notable outcomes is that its perfor-
mance remains almost unchanged across a wide pH win-
dow (2-12), unlike many conventional adsorbents that
require strict pH control. This property alone makes the
material far more convenient for real-world use, espe-
cially where water chemistry fluctuates.

The behavior of the adsorbent aligns well with the find-
ings from isotherm modelling: F'binding is dominated
by chemisorption, supported by ion exchange with alu-
minum sites, interactions with oxygen-based groups on
the surface, and the ability of F-ions to move easily into
the internal pore network. The Langmuir adsorption
model was best fitted than Freundlich .Observations
from SEM, XRD, FTIR, and EDX analyses reinforced
this interpretation by showing clear structural and chem-
ical changes after F-uptake.

Because it is produced from an inexpensive and widely
available agricultural by-product, and it performs relia-
bly even in groundwater, this adsorbent (AIOPA) has
strong potential for practical defluoridation, particularly
in rural or economically limited regions.
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