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INTRODUCTION

ABSTRACT

The present work intended to produce new cost-effective alkali-activated adsorbents from
chestnut shells with the purpose of removing fluoride from water, and to explore the effect of
pyrolysis temperature on fluoride decontamination at different operational and environmen-
tal parameters. The microstructure and morphological characteristics of the resulting activat-
ed carbons were thoroughly investigated using BET, FTIR, XRD and SEM. The effectiveness
of the prepared adsorbent materials in treating and remediating fluorinated water was eval-
uated. The impacts of several factors, including the dose of the adsorbent, the initial con-
tamination level of fluoride, and pH on the fluoride removal efficiency were investigated. In
accordance with the data, the highest adsorption was found to be at a 6 pH during 5 hours of
processing duration and 0.5 g/L of dosage of adsorbent. The experimental results were well-fit
by the Freundlich isotherm model and the pseudo-second-order kinetic model. The highest
fluoride removal efficiency was found to be 78% at adsorption medium pH 6 and initial flu-
oride concentration of 10 mg/L by the adsorbent prepared at 800°C. Additional research on
adsorption along with rejuvenation revealed that the reduction in adsorption potential to
10% following four repetitions of operation involving regeneration, thereby showcasing the
adsorbent's versatile applicability for repeated use.

Cite this article as: Dar FA, Swamy K. Study on defluoridation of water by using activated
carbon derived from chestnut shell as adsorbent. Environ Res Tec 2024;7(4)547-563.

too much consumption of it can have serious negative effects
on the well-being of people [1, 2]. Particularly, ample pro-

The occurrence of fluoride within water supplies is current-
ly identified as one among the most serious worldwide wa-
ter-related concerns, making the development of efficient
technology for eliminating it a crucial concern for enhancing
the well-being of humans in afflicted regions. Adsorption has
risen to prominence as a popular method for removing fluo-
ride from water, and it has garnered a lot of interest in recent
years due to the fact that it is an effective, economical re-
mediation method along with its easiness to apply. Although
fluoride can help people to strengthen the ortho skeletal and
dental structures when consumed in appropriate amounts,
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portions of fluoride have associated with a variety of medical
challenges, including tooth and bone fluorosis, malignancy,
osteoporosis, arthropathy, cerebral and mental disorders and
other neurological ailments [1, 3-6]. The poisoning of wa-
terways with fluoride influences a great number of nations
all over the world; nevertheless, the most serious issues have
been identified in Tanzania, Bangladesh, Pakistan, India and
Ghana [7-9]. In all, around 200 million individuals in 28 na-
tions have been adversely impacted, this issue being espe-
cially severe in some of those nations [10, 11]. In Tanzania,
30% of the drinkable water had fluoride concentration more
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than 1.5 mg/L [12, 13]. There should be no more than 1.5
mg of fluoride per litre in water used for drinking, according
to guidelines established by the World Health Organization
including the European Commission (EC Directive 98/83/
EC) [14]. In India, the concentration of fluoride in water is
contingent upon geological factors and ranges from 0.5 to
48 mg/L as the naturally existing fluoride content in water,
varying due to different geological parameters. In India, 19
states exhibit high fluoride levels in groundwater, surpassing
40 mg/L. In Churu (R]) the fluoride level in ground water is
determined to be 30 mg/L, while in Nagaur (R]) it is round
44 mg/L. The states with F levels surpasses the WHO guide-
lines include Uttar Pradesh, Gujarat, Rajasthan, Madhya
Pradesh, Haryana, West Bengal, Andhra Pradesh, Telanga-
na, Maharashtra, Punjab, Karnataka, Tamil Nadu, and others
[4]. It is believed that the efficient elimination of fluoridated
water is a challenging and inspiring topic, particularly in the
above locations.

Many fluoride removing strategies, including membrane
separation [15, 16], ion-exchange [17], coagulation [18],
precipitation [19, 20] and adsorption [21] are currently
implemented and used. Despite their usefulness, several
of these techniques have limitations. In particular, ion ex-
change isn't the most successful or cost-efficient approach
because of the expense of the resin and relatively limited
selectivity, along with the fact that it has to be constantly
regenerated [22]. The usage of membranes comes with its
own set of problems such as the expensive nature of the
membranes themselves, high expense of cleaning and con-
trolling fouling [4, 23]. This makes the procedure rather
costly to operate [24, 25]. Alternately, coagulation has its
drawbacks despite being a cheap method since it requires
large dosages, which leaves behind significant leftover
quantities of aluminium [22]. On the contrary, it has been
claimed that the precipitation technique may be used to-
wards the fluoride removal. This approach is particularly ef-
fective when calcium, aluminium, or ferrous salts are used;
however, the poor solubility of these produced compounds
restricts the potential for fluoride removal [22, 26]. Because
of the above reasons, adsorption has been proved to be the
best way to get elimination of fluoride because it has sever-
al benefits compared to alternatives [26-28]. In particular
adsorption is the best approach as it is inexpensive, easy to
use, more selective, and readiness of adsorbent.

There are many different types of adsorbents that have been
utilized [15, 23, 26, 29]. These include expensive mate-
rials like ion exchange resins [30], activated carbon (AC)
[31-33], more affordable ones like carbon nanotube fibers
[34, 35], bone charcoal [36], fly ash [37] and clay [38] etc.
Among such options, activated carbon appears to be prov-
en most useful due to its most of the beneficial properties.
These include a wide specific area for adsorption, great po-
rosity and elevated catalytic efficiency [39, 40]. Activated
carbon does have certain benefits, but it is not very effective
at removing inorganic contaminants like fluoride due to its
limited sorption capability and lack of selective ability. In
recent times, a significant number of authors have included

in their work about the transformation of activated carbon
materials using a variety of chemicals with an effort to cir-
cumvent this constraint.

In order to improve activated carbon's efficiency towards the
defluoridation, it has lately been processed using silicates
[41, 42], magnesium oxide [43], lanthanum oxide [44, 45]
and aluminium oxide [46]. In aforementioned substances,
lanthanum shows the greatest promise; however, lanthanum
oxide is quite pricey, consequently it might be more practi-
cal to combine lanthanum oxide using less pricey metallic
substances (such as magnesium, silicon, calcium, etc.) on
activated carbon for generating mixed metal based modified
activated adsorbents having a significant ability for adsorp-
tion [47]. However, magnesium modified adsorbents are
recommended since they are cheap and show excellent ad-
sorption ability towards defluoridation throughout a broad
range of pH (i.e. 2-10) [18, 48]. For the elimination of arse-
nate and fluoride, magnesium (Mg) has been shown to com-
bine using lanthanum on hydrotalcite in earlier researches
[49]. However, such compounds are no longer used because
of the high price of unadulterated magnesium salts used
primary reagents [50]. Despite magnesium oxide has lower
cost and impressive fluoride adsorption capabilities [51], its
fine particle size enhance the surface area and could boost
the fluoride removal ability [52]. Due to this, adding mag-
nesium to modify the activated carbon could boost overall
stability besides maximizing overall advantages of it.

Based on the aforementioned information, chestnut shell
adsorbent (CSAC) was developed. The materials efficacy
towards defluoridation was tested in batch studies. Within
the context of this research, it has been investigated the de-
fluoridation capacities of activated carbon produced from
chestnut shells. This study involved an exploration of the
influence of many factors, including water pH, initial con-
tent of fluoride and adsorbent dosage. Whereas scanning
electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD) were
used to examine the morphological and structural charac-
teristics of the activated carbon. The adsorption mechanism
was also described using kinetic and isotherm models.

MATERIALS AND METHODS

Materials

Analytical-grade reagents were utilized throughout the
experimentation. The fluoridated water mixture was pre-
pared by using anhydrous sodium fluoride (NaF) supplied
by Merck. A standard sample solution calibrated to a pro-
portion of 1000 mg/L had been obtained by mixing 2.210
grams of sodium fluoride with 1000 ml of distilled water.
Then the original solution was diluted in order to produce
the solutions having appropriate level of fluoride content.

Preparation of Activated Carbon

The research found that activated carbon synthesized from
chestnut shells required impregnations to be effective and it
was done following by the procedures reported in the litera-
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ture [18]. The chestnut shells were cleaned by distilled water
for the elimination of adhering debris and other unwanted
materials attached to them before being dried overnight
approximately at 100°C to minimize moistness percentage
[53]. The dehydrated product was crushed and screened
until its particulate diameter was uniformly about 0.45-
0.15 mm. The chestnut shell material that was prepared was
designated as CS. Then it was kept at ambient temperature
for 24 hours, 20 g of dried chestnut shells was soaked us-
ing 250 ml of the potassium hydroxide (2 M), which was
used as the activating agent. After filtering, the material had
been placed into furnace. The activation of the precursor
was done by using pyrolyzer; carbonization was undertak-
en at 600°C, 700°C and 800°C and was maintained for 2
hours during entire process, with a consistent heating flow
of 99% purity of nitrogen gas supply. Following, cooled car-
bonized residues have been cleaned using milli-Q distilled
water until neutral pH, while the pH 7 was maintained con-
sistent (using HP pH meter, model CRISON 602) [53, 54].
The resulting activated material, after carbonization, was
subsequently heated in an oven for drying at a temperature
of 100°C for 24 hours so as to get the final activated carbon
products (CSAC600, CSAC700 and CSAC800).

Analytical Determinations/ Quantitative Findings

The SPADNS spectroscopic approach [50] was used to de-
termine the fluoride residual content. This technique in-
volves the interaction among F- ions with Zirconium, which
separates a portion of F ion form a colorless (ZrF *) an-
ionic compound as well as colored agent. When comparing
with conventional fluoridated sample, the color generated
gets gradually lighter on increasing the quantity of fluoride.
The Zirconium-SPADNS complex combined compound
was employed because of its high stability when exposed
to the dark and its ease of preparation by combining two
distinct chemicals/reagents [50]:

+ Reagent 1 was prepared by combining 958 mg of SPADNS
(2-(4-Sulfophenylazo)-1, 8-dihydroxy-3, 6-naphthalene
disulfonic acid trisodium salt) with 500 ml of distilled
water. The SPANDS was supplied by Sigma Aldrich.

« Reagent 2 was prepared by mixing 133 mg of Zirconyl
chloride hydrate with 25 ml of distilled water. Then the
350 ml of hydrochloric acid (HCI) was added to the
above and additional distilled water was also added to
make a total volume of 500 ml solution. The Zirconyl
chloride hydrate was supplied by Sigma Aldrich and
HCI was supplied by CDH.

o Reagent 3 (Zr-SPADNY), a complex mixture, was pre-
pared by combining equal volumes of reagent 1 and re-
agent 2. The mixture was stored in a dark environment
as it can remain stable for approximately 2 years in the
dark environment.

After that, 2 ml of Zr-SPADNS solution was poured into
ten milliliters of deionized water, which serves as blank,
and subsequently into ten milliliters of specimens that have
been diluted with water. The mixture has been thoroughly
combined after each addition.

Characterization Approaches

Activated carbon material had been examined regarding
their surfaces morphological structures utilizing Scanning
Electron Microscope (Jeol JSM-6390 LV) alongside energy
dispersive X-ray system (EDS). Following standard exper-
imental conditions, the crystallographic structure was de-
termined by X-ray diffraction (XRD) (Bruker D8 FOCUS).
For the study of the chemistry of bonds on chestnut shell
was analyzed by Fourier Transform Infrared Spectrosco-
py (FT-IR) (Perkin Elmer). At a temperature of 77 K, the
Brunauer, Emmett, and Teller (BET) analytical program
was utilized to figure out the specific surface area. The ad-
sorbent was analyzed both proximally and ultimately. The
proximate analysis comprised the percentage of moisture,
volatile matter, carbon content matter and leftover non
combustible residue in the form of ash. The ultimate Anal-
ysis of elements in biochar samples was performed using
CHNSO Elemental Analyzer.

Adsorption Studies

Fluoridated samples in beakers have been subjected to ad-
sorption studies with varying proportions of adsorbent
added under steady temperature. The substance was stirred
using magnetic stirrer at a steady rate of 80 revolutions per
minute (rpm). Throughout the course of the examinations,
a variety of experimentation process parameters, including
pH (ranging from 3 to 9), commencing concentration of flu-
oride (ranging from 2 to 10 mg/L), adsorbent dosage (rang-
ing from 0.1 to 1.0 g/L) and contact duration (24 hours for
kinetics and equilibrium), were individually and separately
altered as the ranges of parameters were chosen based on the
literature [27, 55]. Adsorbate was removed from examined
specimens of water by passing them through filter papers
with a pore diameter of 45 um, whereas the fluoride leftover
level was one of many characteristics measured within the
resulting filtrate. The average of 3 replicated and separate in-
vestigations are resulted in these findings. Eq. (1) was used to
figure out the proportion of fluoride that was removed (%R).
Removal (%) = (COC—_OCf) X 100 (1)
Where C; represents the fluoride level of pre treated water
sample (mg/L), and C, represents the fluoride content after
adsorption (mg/L).

Below Eq. (2), was used to figure out the adsorption capa-
bility Q, (mg/g) of the sorbent.

Qe = (=) x v @)
Where C_ (mg/L) represents the level of fluoride after treat-
ment, V (L) corresponds to the volume of the untreated

sample, while m (g) depicts the adsorbent dosage mass that
is being utilized.

Equilibrium Experiments

All isothermal tests were conducted by adding a constant
dosage of adsorbent (g) to 200 mL contaminated sample with
fluoride level (2-10 mg/L) in 250 ml beakers. The findings of
the experiments were analyzed by using the Langmuir, Freun-
dlich and Temkin isotherm models respectively to account for
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the data on adsorption. The equation for the Langmuir model
is represented by Eq. (3). The Langmuir model establishes a
correlation between the fluoride level of the liquid after the
equilibrium and the uptakes of the solid phase adsorbate (Qe).
QmKLCe

Qe = 1+KCe G)
Where Q (mg/g) is the theoretically calculated monolayer/
maximal adsorption rate, while K, (L/mg) corresponds to
the energy of fluoride sorption.

According to the model developed by Langmuir, the adsor-
bent is assumed to have a finite adsorption potential (Q_)
and the adsorbate develops a monolayer over the exterior of
the adsorbent, while no or little interactions exists among
the deposited contaminants.

The Freundlich model relates equilibrium amounts of flu-
oride (mg/L) to adsorption capabilities of Q, (mg/g) of ad-
sorbent which may be stated as Eq. (4):

1

Qe = K(C;" @)
Where K, is a constant associated with adsorption efficien-
cy and 1/n represents another constant parameter associated
with the amount of adsorption intensity that takes place or the
heterogeneousness of surface, values of 1/n >1 suggest coop-
erative adsorption, whereas 1/n=0 denotes a heterogeneous
phase and 1/n <1 then the Freundlich isotherm is normal.

The Temkin isotherm equation corresponds to a three fac-
tor model represented as Eq. (5) that has been employed to
match the observational data.

Qe =5 In (aCo) (%)

Where Q, (mg/g) represents the equilibrium adsorbed quan-
tity, C_ (mg/L) is the adsorbate equilibrium quantity, and a,
denotes the variability coefficient, which ranges from 0 to 1.
This formula is applicable across a wide range of concentra-
tions in a solution; while it fails to comply with Henry's rule
for low levels because it adequately changes to a Freundlich
isotherm, it does anticipate a monolayer adsorbance of the
Langmuir isotherm for elevated concentrations.

Kinetics Studies

The pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetics for adsorption of ions of fluoride have been explored,
and appropriate resulting adsorption kinetic parameters were
then subsequently evaluated to quantify the sorption rates and
further found the appropriate expression rates indicative of
potential interaction mechanisms. The pseudo-first-order and
pseudo-second-order approaches utilized during the data as-
sessment have been depicted in Eq. (6) and Eq. (7):

Q: = Qe(1-e71) (6)
_ kpQdt
Q= THout (7)

Where, the adsorbed quantity of fluoride after equilibri-
um time t (minutes) is denoted by Q, and Q, (mg/g). The
pseudo-first-order rate constant, k, is denoted in units as L/
min; the pseudo-second-order rate constant, k, is written in
units as g/mg/min; while t, in minutes represents the over-
all interaction duration.

60

—&— Adsorption
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Volume @ STP (cc/g)
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Figure 1. Nitrogen adsorption-desorption isotherms of
CSAC800.

RESULTS AND DISCUSSION
Analysis of Activated Carbon

BET Analysis

The experimental outcomes revealed that the CS surface
exhibited mesoporous surface appearance, featuring multi-
ple pores and an irregular, block-shaped configuration. In
comparison, CSC800 exhibited a surface that was noticeably
rough and contained a large number of pores. The presence
of these pores was a direct result of the volatiles emission
during pyrolysis. The CSAC800 surface displayed a broken
and irregular texture, characterized by the presence of mul-
tiple well-defined pore structures. The interaction between
KOH and the biomass led to a significant reduction in the
pore size of CSAC800. This interaction stimulated the pro-
duction of small molecular gaseous substances (H,, CO and
CO,). Cations of alkali metals produced have the ability to
insert themselves into the partially formed char material,
which enhances the breakdown and fragmentation of the
biochar [56]. The findings clearly elucidate that the transfor-
mative impact of pyrolysis pretreatment with KOH wielded
a profound influence on the captivating morphology of bio-
char, resulted in notable alterations in its morphology.

The adsorption isotherms of three specific variants
CSAC600, CSAC700, and CSAC800 displayed Type IV iso-
therm as represented in Figure 1 providing confirmation of
the presence of macropores [57] and in conjunction exhib-
iting an h4 hysteresis indicating mesoporous arrangements
or configurations that were created upon the outermost
layer of biochar derived from chestnut shells that were ac-
tivated using KOH [58]. The range of pore diameters found
in CSAC600, CSAC700, and CSAC800 spanned ranging
between 2 to 50 nm, thereby ensuring the adsorbent's mes-
oporous characteristics. The measured values for CSAC800
included a specific surface area (SSA) of 912.38 m?/g, pore
volume of 0.188 cm?/g and pore diameter of 11.131 nm as
detailed in Table 1. Compared to CS, notable enhancements
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Table 1. The specific surface area (SSA), pore volume, and di-
ameter of various adsorbents were determined, utilizing paral-
lel experimental investigations to ensure accuracy and reliabil-
ity and the data are presented as the average of two specimens
along with the corresponding standard deviation

Adsorbent SSA Pore volume Pore size
(m?/g) (cm®/g) (nm)
CS 3.76 0.0318 0.0293
CSC800 15.12 0.056 3.637
CSAC600 472.58 0.096 8.342
CSAC700 785.80 0.149 9.021
CSAC800 912.38 0.188 11.131
CSAC800-F 680.16 0.112 8.751

in specific surface areas (SSA) were observed in CSC800,
CSAC600, CSAC700, and CSAC800. CSC800 exhibit-
ed a 4.02 times increase, while CSAC600, CSAC700, and
CSACB800 displayed remarkable improvements of 125.68,
208.99, and 242.65 times in their respective specific surface
areas. Similarly, the pore volumes of CSC800, CSAC600,
CSAC700, and CSAC800 exhibited significant increments
of 1.76, 3.09, 4.80, and 6.06 times respectively. The BET
analysis yielded compelling evidence that the alkali-activat-
ed biochar derived from chestnut shells showcased remark-
able enhancements in specific surface area and the presence
of mesoporous structures. Consequently, the material ex-
hibited a plethora of highly effective interfacial adsorption
sites, offering ample opportunities for the efficient adsorp-
tion of target compound (fluoride).

FT-IR/ Functional Group Study

The FTIR spectra of CS revealed distinctive spectral fea-
tures as depicted in Figure 2. The peak observed at 1460
cm’! was associated with the deformation vibration of -CH,
groups. Moreover, distinctive spectral peaks were discerned
at 1083 cm™, 1244 cm™, 1640 cm™, 2927 cm’!, and 3423 cm-
!, aligning with the stretching vibrations of C-O-C, C-O,
C = O, C-H, and -OH groups, respectively. These obser-
vations furnish valuable knowledge about the molecular
composition and structural characteristics of CS [58-60].
Nonetheless, the FTIR peak intensities observed in CSC800
and CSAC800 were markedly diminished as a consequence
of the utilization of a high pyrolytic temperature. This find-
ing aligns consistently with the outcomes of a prior inves-
tigation, reinforcing the correlation between elevated pyro-
Iytic temperatures and reduced FTIR peak intensities [61].
As the temperature at which calcination occurs increased,
the patterns observed in the spectrum parameters of the
adsorbents showed stronger magnitudes for the peaks lo-
cated at 1083 cm™ and 1630 cm™. This phenomenon can be
attributed to the activation of alkali compounds.

Importantly, the distinct spectra in the Fourier-transform
infrared (FTIR) spectroscopy at 1421 cm”, which cor-
responds to the stretching vibration of C = C bonds, was
solely detected in CSAC800. Importantly, the distinct peak
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Figure 2. (a) FTIR spectra of activated carbons CSAC700 de-
rived from chestnut shells. (b) FTIR spectra of activated car-
bons CSACB800 derived from chestnut shells.

in the Fourier-transform infrared (FTIR) spectroscopy at
1421 cm’!, which corresponds to the stretching vibration of
C = C, was solely noticeable in CSAC800. After adsorption
the peak at 993 cm™ shifted to 710 cm™.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was employed to an-
alyze and track the surface characteristics, texture and the
micro-structural features and changes occurring in the ma-
terials. The surface-morphology of AC, which were obtained
from chestnut shells are shown in Figure 3 since the afore-
mentioned substances were shown to comprise the most ef-
fective material for adsorption throughout the studies that
followed. The chestnut shell carbons exhibited a uniform
and well-defined structure characterized by a prevalence
of macropores, showcasing an average pore diameter of 12
um [62]. In accordance to an investigation examining the
morphology of activated carbon, it appears that the C-KOH
bonding generates an extensive density of microscopic
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Figure 3. (a) SEM images of chestnut shell activated carbon CSAC700 before adsorption. (b) SEM images of chestnut shell acti-
vated carbon CSAC700 after adsorption. (c) SEM images of chestnut shell activated carbon CSAC800 before adsorption. (d) SEM
images of chestnut shell activated carbon CSAC800 after adsorption.

pores, which substantially boosts the overall surface vicin-
ity and capacity among those pores [63]. Additionally, the
pore spaces within activated carbon exhibit irregular con-
figurations that might serve as adhering surfaces for adsorp-
tion agents of varying dimensions. The adsorbent produced
during the present investigation might come in a range of
forms, including those with varying porosity, wall dimen-
sions and patterns as shown in Figure 3. The activation pro-
cedure resulted in considerable removal of organic matter
and subsequent porosity formation. Figure 3 also displays
the SEM images comprising the CSAC700, and CSAC800.

The visualizations reveal cavernous cavities running across
every specimen, which is suggestive regarding spontaneous
activation-induced gasification for volatile materials. These
AC specimens had been entirely composed by accumulated
high-quality particulates, implying that it might be crucial
for adsorption towards fluoride ions within various con-
taminated solutions. As was already mentioned, the disinte-
gration of carbonates formed while the calcining operation
is what is responsible for those morphological alterations.
From Figure 3b, one can easily observe a uniform disper-
sion of fluoride adsorption throughout its entire area fol-
lowing fluoride adsorption. Additionally, respective SEM

representations appeared after fluoride adsorption across
the exteriors of competing adsorbent elements, in addition
to the above it is clear that the CSAC's interface has ad-
sorbed a higher proportion of fluoride from solution.

XRD Analysis

The X-ray diffraction (XRD) peaks detected at 20 = 14°, 20°
and 39° can be correlated to the presence of the non-crystal-
line carbon (002) structure and graphitic carbon lattice planes
(100) respectively according to Figure 4. Distinctive prominent
XRD peaks corresponding to the crystallographic appearance
of cellulose in CSAC were identified at angles of 16.06°, 21.82°,
and 34.56°, which revealed that cellulose, had completely de-
composed [64]. The disappearance of a distinct dispersion
pattern at 30.16° indicates that there are no metallic inclusions
embedded over the activated carbon’s surface. Additionally, the
relatively low intensity of the peak in activated carbon pointed
to the fact that majority of the chestnut shell underwent de-
composition to a state of carbon lacking crystalline structure
throughout the process of alkali-activated pyrolysis. The ex-
istence of a carbon structure characterized by amorphous or
disordered properties promoted the availability of additional
adsorption sites to enhanced adsorption capacity.
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Figure 4. XRD profiles of activated carbons derived from
chestnut shell.

Batch Adsorption Experiment

Effect of the Dosage/ Impact of Adsorbent Dosage Along
with Adsorbent Comparison

Following the qualitative detection of fluoride adsorption
on chestnut activated carbon, various quantitative exam-
inations were conducted. In a series of batch experiments,
the impact of varying dosage of activated carbon adsorbent
was investigated and studied to understand how the adsor-
bent's quantity influences its capability to mitigate the fluo-
ride contamination in the solution and to assess its poten-
tial for removing fluoride ions (F) effectively. The optimal
adsorbent quantity was obtained by altering the adsorbent
dosage falling between 0.1 to 1.0 g/L, while maintaining the
constancy of all other factors. The efficacy of the removal, in
relation to both the remaining fluoride concentration and
associated percentages, is graphically represented in Figure
5. To evaluate the influence of varying adsorbent levels, 25
ml of adsorbate mixture containing 10 mg/L had been tak-
en around 7 pH. The resulting mixture was then equilibrat-
ed using 0.1 to 1.0 g of CSAC over 24 hours.

From Figure 5, it is evident that as the quantity of sorbent
employed went up from 0.1 to 1.0 g/L; there was a corre-
sponding increase in the adsorption capacity. Because there
were more active spots available, it became apparent that
fluoride adsorption enhanced when CSAC dosage rose. Al-
terations within elimination process could possibly be at-
tributed to the initial contaminant level, during which each
adsorbent spot remained unoccupied. As illustrated, upon
elevating the adsorbent quantity, the elimination percent-
age of fluoride surged to 78% at a 6 pH for the CSAC800
adsorbent. This led to a left-behind level of fluoride falling
to 2.2 mg/L, accomplished by employing under 0.5 g/L of
the specified adsorbent. For the correlation, an adsorbent
named CSC800 was meticulously formulated and the ad-
sorption efliciency by CSC800 was around 20%. This
showed that the activation agent had a greater impact on

Figure 5. Effect of adsorbent dose on F~ adsorption (Ci 10
mg/L, pH 7.0£0.1, time= 24 h, T= 25+1 °C).
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Figure 6. Effect of pH on F adsorption (Ci 10 mg/L, dosage 0.5
g/L, time 24 h, T=25+1 °C).

the adsorption process. Yet, when the quantity of sorbent
used exceeds beyond 0.5 g/L, the active sites of adsorbent
reached their limit, resulting in a substantial decrease in the
fluoride concentration left in the solution, which in turn
weakened the effectiveness of the adsorption process. To
account for both the amount used and the remaining con-
centration, a dosage of 0.5 g/L for CSAC800 was chosen for
subsequent experiments.

Effect of the Initial pH

The pH level of solution had a notable influence on the
characteristics of the adsorbent's surface. The impact of
pH on the adsorption of fluoride onto chestnut activated
carbons was examined by altering the solution's pH with-
in the range of 3 to 9. These tests were conducted with
exposure time of 24 hours, at 25°C, and a dosage of 0.5
g/L. The findings from these experiments are presented
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Table 2. Evaluating the adsorptive capabilities of CSAC800 comparative to several adsorbents documented in published works

for defluoridation

Adsorbent Initial Adsorbent pH Temp. Equilibrium  Surface  Applicable Adsorption Ref.
concentration dose °C  time (min.) area isotherm  capacity/
mg/L m*/g models efficiency

y-ALO, 100 50 mg/L 3 30 1440 min.  306.14 m*/g Freundlich 84.25mg/g [69]

hollow tubular alumina 75%

Sawdust impregnated 5-50 0.1 g/10ml 6.5 30 240 min. 22.5m?%g Freundlich 2.42mg/g [70]

ferric hydroxide and 74%

activated alumina

Activated alumina 5mg/L 0.4 g/L 6-8 25 1440 min. 198 m*/g _ 35mg/g (71]
69%

Hydroxyl aluminum 10mg/L 1g/L 6.5 24 239 min. 68.34 m?’g Langmuir  400mg/g  [72]

oxalate (HAO) 75.9%

Zirconium phosphate 1-10 2¢g/L 2-12 30 60 min. 129m?*/g  Langmuir 4.268 mg/g [73]
76%

Lanthanum-modified 10 mg/L 1.0g/L 5.2 25 1440 min.  506.30 m*/g Freundlich 7.62mg/g  [74]

pomelo peel biochar 82%

Crushed oyster shells 10 mg/L 20g/L. 7#0.1 30 1440 min. _ Freundlich  1.5mg/g  [75]

modified AC 76%

Mpytilus coruscus shells 50 mg/L 3.33g/L 5 25 360 min.  4.363m?g Langmuir 82.93mg/g [76]

56.9%

Magnesium modified 10 mg/L 0.2 g/L 8 25 240 680.16 m*’/g Langmuir- 36.56 mg/g  [50]

coconut shell Freundlich 16%

Activated carbon derived 10 0.5 6 25 300 912.38 m?/g Freundlich 60.058 mg/g This

from chestnut shell 78% study

in Figure 6. Within the pH range under examination, the
adsorbent's ability to adsorb fluoride decreased with rais-
ing the solution’s pH. Specifically, the increased adsorp-
tion capacity in acidic conditions can likely be associated
with the existence of protonated hydroxyl groups. These
groups have the potential to capture fluoride through a
robust electrostatic attraction, leading to the formation
of HF (hydrofluoric acid). At lower pH levels, the oxygen
atoms present on the CSAC800 surface became protonat-
ed, leading to the formation of hydroxyl groups. Elevat-
ed amounts of hydronium ions under reduced pH likely
undergo protonation in the CSAC's fundamental opera-
tion, allowing them to effectively adhere F ions. The in-
teraction between hydroxyl groups and fluoride through
ion exchange results in a significant uptake of fluoride
[45, 65-67]. Such protonated functions are capable of at-
tracting moisturized fluoride ions. Additional H,O* F ion
pairings may permeate the adsorbent pore surface, and
F may also get swapped for protonated functions across
the gaps. Conversely, because of fluorine's robust electro-
negativity, it can potentially be held in place through hy-
drogen bonding on the CSAC800 surface. However, this
impact weakened when the pH level rose. As the pH level
kept going up, CSAC800's capability to grab onto fluoride
decreased quickly. As a result, a substantial percentage

of the hydroxyl radicals within the solution engaged in a
competitive interaction with fluoride during adsorption
process. The results indicated that as the pH increased,
the adsorption efliciency declined from 78% to 64% at pH
range of 6 to 9. Less protonated surface spots might be ac-
cessible therefore fluoride wouldn't have been effectively
eliminated when pH rose. So, it has been proposed that
less adsorbate is removed throughout elevated pH envi-
ronments because the anionic surface character of CSAC
attracts F ions by electrostatically.

The literature-reported effectiveness of several adsorbents
for fluoride decontamination is compared and presented
in Table 2. Furthermore, CSAC800 adsorption capability
was superior to other adsorbents mentioned in existing
research. Yet, reaching a conclusive judgment on the ef-
fectiveness of the adsorbents proves challenging since the
uptake efliciencies have been reported at various param-
eters. Comparing the economic viability of the materi-
al with biochars reported in the literature is additionally
challenging due to variations in removal capabilities, char-
acteristics, uses, and processing environments. Regarding
softer materials, the most effective combinations were
lower temperatures along with lengthy contact durations.
Biochar is effectively recovered under lower temperatures
as well as reduced heating cycles [27].
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Figure 7. Effect of sorption time on F~ adsorption (Ci 10 mg/L,
dosage 0.5 g/L, pH 6.0+0.1, T=25%1 °C).

Effect of Sorption Time

Another significant aspect of adsorption is how quickly
the adsorbents work, so the kinetic behavior of the adsor-
bents represents additional important aspect for the re-
moval mechanism; therefore, the influence of contact time
has been studied and ranging from 60 to 1440 minutes (24
hours). The prolongation of the duration of the study re-
sulted in an upward trend in the amount of fluoride that
could be removed before reaching a state of equilibrium.
CSAC was able to reach the steady state of sorption after
5 hours (300 minutes), and the highest fluoride adsorp-
tion effectiveness of 78% was achieved for CSAC800. The
findings shown in Figure 7 revealed that once 5 hours (300
minutes) of contact time passed, there was hardly any addi-
tional improvement in fluoride removal. The fact that there
exist few spots for sorption over optimum period might
explain underlying cause for such phenomenon. Hence, 5
hours was chosen as the best optimal exposure period for
subsequent batch experiments with chestnut shell activated
carbon adsorbent materials. Importantly, this 5 hours dura-
tion proved optimal across all tested pH values.

Effect of Fluoride Concentration

Studies were conducted to determine how the adsorption
was influenced by the commencing level of fluoride (2 to 10
mg/L). In this study of adsorption, overall findings that are
depicted in Figure 8 pertain towards the changes that oc-
curred in the amount of sodium fluoride that was being used.
Results revealed that the degree of adsorption of fluoride var-
ied with the level of fluoride first introduced. The study exam-
ined the impact of commencing level of fluoride (2-10 mg/L)
on CSAC adsorbent (0.5 g/L) under pH 6, room temperature,
along with contact period of 5 hours (Fig. 8). It was noticed
that the efficiency of F adsorption is notably affected by the
commencing level (C) of ', as shown in Figure 8. The impact
of Ci was evaluated using different F- concentrations ranging
from 2 to 10 mg/L, while maintaining the other parameters
like adsorbent dosage of 0.5 g/L, the exposure duration of 5

80

70

60 +

50

40 4

30

Adsorption efficiency %

20 1

—=— CSAC600
—e— CSAC700
—A— CSAC800
0 T T T T T
0 2 4 6 8 10

Concentration

10 1

Figure 8. Effect of Ci on F adsorption; (Time=5 h, dosage 0.5
g/L, pH 6.0+0.1, T=25+1 °C).
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Figure 9. Effect of temperature on F adsorption (Ci 10 mg/L,
dosage 0.5 g/L, pH 6.0+0.1, time=24 h).

hours (300 minutes) and the pH of the solution was 6. The
percentage of elimination increases as the initial F concentra-
tion rises. The maximal defluoridation efficacy was achieved
for the adsorbent prepared at 800°C that is CSAC800. The
maximal contamination elimination efficiency resulted by
this adsorbent was 78%.

Effect of Temperature

The sensitivity of the adsorption process is undeniably in-
fluenced by temperature, making it a crucial aspect in the
context of energy-driven mechanisms. The impact of tem-
perature on the adsorption of fluoride ions was examined
at four distinct temperatures: 298, 303, 308, and 313 K. It
became apparent that as the temperature increased, the ef-
ficiency of adsorption decreased which is shown in Figure
9. This indicates the exothermic characteristic of the bind-
ing action of adsorption process. The observation had been
made that adsorption progressively reduced when tempera-
ture increased, indicating an exothermic sorption mecha-
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Table 3. Adsorption isotherm parameters for adsorption of fluoride on CSAC800

Isotherm model Isotherm parameters Temperature(K) Temperature(K) Temperature(K)
298K 303K 308K
Langmuir Q,, (mg/g) 78.69 65.69 57.69
K, 3.29 3.29 3.29
R? 0.96 0.937 0.975
Freundlich Q,,. (mg/g) 60.058 52.23 43.94
R? 0.92 0.972 0.99
Temkin model K 71.52 64.16 54.50
R? 0.96 0.93 0.97
= 308K m 308K
804 | ® 303K n 804 | ¢ 303K @
A 298K A A 298K A/,/
Langmuir Isotherom A -_— Freundlich isotherm A
A @ A - °
A L A °
60 A ~ L . 60 == 4 —°
e ~ n e e =
~ A L] A : o
&D // L - ,,.,/ == = [ o ,l"/.
%ﬂ A/ e " » N
SNl 4 » e
2
/
// / :‘:::rlian Model
= ST £ 247128 91142 431113 78691144 366275 Pt 5 »
204 // b 3.29707+0.69126 3.29707 = 105905 3.29707 £ 0.75113 20 -/ i 4394995 0.13158 5223314052095 60.05872 £ 10168
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Figure 10. Langmuir isotherms describing the F- adsorption;
Solution pH 6.0£0.1, dose 0.5 g/L, contact time 24 h.

nism. The reduced adsorption could have been the conse-
quence of the adsorbate's greater propensity to move from
the adsorbent exterior into contaminated sample, which
would reduce the outer layer's thickness. Subsequently,
there was a notable decline in fluoride decontamination ef-
ficiency by CSAC, because of substantial reductions in both
the adsorption spots along with the fluoride level.

Adsorption Isotherms

For the purpose of examining the adsorption mechanism
and delineating the relationship between the amount of
F- and the adsorbent's ability to hold on to CSAC, Several
mathematical models are employed. The respective param-
eters are displayed in Table 3. The Langmuir model pos-
its that a constant quantity of adsorption sites is accessible
on the adsorbent's surface; every spot has the capacity to
accommodate only a single molecule, in other words, this
refers to monolayer adsorption, where the adsorption en-
ergy does not change throughout. The dual processes of
monolayer and multilayer adsorption were explained by
the Freundlich model. Additionally, it clarifies that the ad-
sorbent possesses regions with different binding strengths
signifying the existence of heterogeneous regions. Study
using Temkin isotherms explains how adsorption energy

Figure 11. Freundlich isotherms describing the F- adsorption;
pH 6.0+0.1, dose 0.5 g/L, contact time 24 h.

gets distributed throughout the adsorbent's heterogeneous
regions. At low adsorbate concentrations, the model exhib-
its behavior similar to the Langmuir isotherm and shifts to
the Freundlich isotherm characteristics when the concen-
trations of adsorbate are high. Figure 10, 11 and 12 displays
the non-linearized representations created from the data.

According to the relative characteristics, the Langmuir iso-
therm model adequately explains adsorption of F, which
also makes clear that how the adsorption potential is dis-
tributed across the adsorbent's diverse regions. CSAC800
exhibited a maximal adsorption capacity of 78.69 mg/g,
while at pH 6, the maximum capacity of 60.058 mg/g was
observed in Freundlich isotherm. With a relatively excel-
lent correlation value (R?=0.975). In accordance with the
R? value, the Langmuir isotherm offers the most suitable fit
when compared to other isotherm models.

Moreover, K =3.29 L/mg was the mean figures correspond-
ing to adsorption constant (saturation coeflicient) in accor-
dance with Langmuir equation. Alternatively, the Langmuir
parameter (K ) serves as an indicator of the level of bonding
between the adsorbing material and the surface. A stron-
ger contact within the adsorbent-adsorbate is indicated by
a significantly increased value of K, while a lower figure
suggests a weaker relationship.
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Figure 12. Temkin isotherms describing the F- adsorption; pH
6.0£0.1, dose 0.5 g/L, contact time 24 h.

In summary, the outcomes derived from employing the
three-parameter equations indicated that the Langmuir
represented the most appropriate fitted adsorption iso-
therm model and superior fit for standard equilibrium val-
ues compared with the two-parameter models.

Adsorption Kinetics and the Adsorption Mechanism for
Fluoride Elimination

The adsorption kinetics of fluoride on CSAC800 were in-
vestigated under identical parameters at room temperature,
specifically with a 0.5 g/L dosage of adsorbent, commencing
concentration of F 10 mg/L, and pH 6.0+0.1. In the kinetic
study, both the pseudo-first-order (PFO) and pseudo-sec-
ond-order (PSO) models were employed to analyze the ad-
sorption kinetics. The regression coefficients, rate constants
(k), and equilibrium adsorption capacities (cal) for both the
pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models were determined by analyzing their corre-
sponding linear graphs of log (q, - q,) against time (t) in
Figure 13 and t/qt against time (t) in Figure 14.

By examining the resulting R?* values of 0.902 for the PFO
model and 0.997 for the PSO model, for CSAC800, at pH
6.0£0.1 as a reference point, it becomes evident that the
PSO model fits well and is more appropriate. The coeffi-
cient of regression in the PSO context exceeds that of PFO,
and the determined equilibrium adsorption capacity (q,)
derived from the linear depiction of PSO kinetics closely
aligns with the empirical qe information. However, On the
other hand, there seems to be a bit of a discrepancy in the
q, Figure 13 for PFO kinetics when comparing the observed
value with the one deduced through computational means.
The way F adsorbs on CSAC800 is better suited to PSO
kinetics rather than PFO kinetics. This suggests that the
process of adsorption is more efficient and effective when
following the PSO model. However, a comparable outcome
emerges when examining the non-linear representations of
PFO and PSO kinetic models. In this case as well, the re-
gression coefficient for PSO kinetics proves to be superior

Figure 13. Kinetic PFO model for F- adsorption; pH 6.0+0.1,
dose 0.5 g/L, contact time 24 h.
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Figure 14. Kinetic PSO model for F adsorption; pH 6.0+0.1,
dose 0.5 g/L, contact time 24 h.

to that of PFO kinetics. The computed parameters for the
aforementioned models are detailed in Table 4. These find-
ings demonstrated and validated that the chemical fluoride
adsorption on CSACB800 was regulated because of electro-
static interactions followed by ion transfer [45].

Furthermore, it was evident that, the material's perfor-
mance was at its maximal when the pH is set at 6. This
pattern contradicts with the outcomes reported in earlier
research that utilized modified adsorbents [50]. It was as-
cribed to the process of electrostatic interaction within the
lower pH spectrum, which decreases as pH rises and results
in a poor effectiveness around pH 6.

As previously determined, the process alters and ion ex-
change takes over at pH levels of 7 and higher. The process
of fluoride removal via adsorption is intricate, encompass-
ing diverse physical and chemical interactions between the
fluoride ions and the adsorbent material. Understanding
the mechanisms behind fluoride removal is crucial as it
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Table 4. Kinetic parameters for PFO and PSO for adsorption
of fluoride on CSAC800

Table 5. Thermodynamic parameters for adsorption of fluo-
ride on CSAC800

Pseudo-first order

q, 4.92 (mg/g)

K, 5.1x107? (g/mg min)

R? 0.902
Pseudo-second order

q, 31.6 (mg/g)

K, 4.2x10? (g/mg min)

R? 0.997

aids in researching and enhancing the defluoridation capa-
bilities of adsorbents. The mechanism for the elimination
of fluoride by CSAC800 adsorbent is shown in Figure 15.

Thermodynamic Study

Utilizing thermodynamic analysis, the assessment of the
capability and the spontaneous nature of the adsorption
method was achieved by calculating three essential ther-
modynamic coefficients. These parameters include the free
energy change (AG"), entropy change (AS°), and standard
enthalpy change (AH?). This is determined by utilizing and
employing the following Van't Hoff formula:

0 0

Ko="0— % ®
K =K, x1000xmolecular mass of adsorbing material 9)

The gradient and intercept of the Van’t Hoff graph, which
illustrates InK plotted against 1/T (Fig. 16), were em-

Temperature -AGK]J AHK]J ASKJ/
(K) /mol /mol mol/K
298 2.41 8.7 19.59
303 1.441
308 0.18

ployed for the determination of the thermodynamic pa-
rameters and the corresponding values are in Table 5. The
reported values for AS° and AH in removal of F ions are
19.59 kJ/mol/K and 8.57 kJ/mol respectively. These val-
ues imply a remarkably robust interaction and a decrease
in the unpredictability of F ions after being adsorbed by
CSACS800.

In addition, negative reading of G° (ranging from 2.41
kJ/mol to 0.18 kJ/mol) at temperature fluctuation of
298K-308K indicates that overall adsorption appears both
thermodynamically feasible and spontaneous. However,
the diminishing negative figure of AG® at an increased tem-
perature span indicates its decreasing spontaneity [68].

Regeneration Study/ Reusability

Regeneration studies were carried out to assess the reus-
ability of CSACB800 in the removal of F-. These experiments
were conducted at a 7 pH, with 10 mg/L starting F- level
and 0.5 g/L as adsorbing material quantity. Following the
completion of the first cycle, CSAC800 particulate matter
were processed with a 0.01M NaOH solution and stirred for
a period of 180 minutes, clean using deionized water imple-

OH-/

Lewis Acid-base Interaction

og I OH

Hydrogen Bonding

Electrostatic Attraction

Figure 15. Mechanism of fluoride adsorption onto CSAC800.
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Figure 17. Fluoride adsorption on CSAC800 was investigated
over four cycles after regeneration. Initial [F] was 10 mg/L,
with pH 6.0+0.1, 0.5 g/L dose, 25+1°C temperature, and
5-hour contact time.

mented sequentially to eliminate any surplus base quantity.
Appropriate repetition interval was chosen for each cycle.
As depicted in Figure 17, the adsorbent, following desorp-
tion, was subjected to testing for four consecutive cycles for
F removal. During the initial 1% cycle, the F- removal per-
centage stood at approximately 68%, and by the conclusion
of the 4" cycle, it had reduced to around 51%. Consequent-
ly, this study provided evidence of the CSAC800 adsorbent’s
ability to be employed for F removal across four repeated
cycles, after being effectively restored with NaOH process-
ing. Upon 4 renewal stages, the F- elimination capability has
solely dropped by 10%.

CONCLUSION

Chestnut shell-derived activated carbon was employed
for the elimination of fluoride ions from water-based
solutions. The eflicacy of different composite materials

(CSC800, CSCAC600, CSAC700 and CSAC800) was
evaluated under different conditions, and the result-
ing order of effectiveness was as follows: CSAC800>
SCAC700> SCAC600> CSC800. The prepared materi-
als underwent characterization through the utilization
of scanning electron microscopy (SEM), Fourier-trans-
form infrared spectroscopy (FTIR), and Brunauer-Em-
mett-Teller (BET) techniques. CSAC800 exhibited a
measured BET surface area of 912.38 m?/g and a pore
volume of 0.188 cm?*/g. SEM analysis indicated that the
material possessed a porous and uniform structure, with
the CSAC800 sample exhibiting a higher number of cavi-
ties. Among the carbon samples CSAC800, displayed the
fewest cavities, but it had a larger pore size. Furthermore,
FTIR analysis corroborated the presence of multiple
bonds, among other chemical bonds. The performance
evaluation of the CSAC800 material revealed that a dos-
age of 0.5 g/L was sufficient to reduce the fluoride con-
centration to less than 2.5 mg/L. The maximal adsorp-
tion capability for CSAC800 was determined to be 78.69
mg/g, while for CSAC700, it was found to be 26 mg/g.
In batch experiments, a contact time of 5 hours (300
minutes) was identified as the optimal duration. Addi-
tionally, the pseudo second order model provided a bet-
ter fit for CSAC800 materials in describing the adsorp-
tion kinetics. The adsorbent’s reusability was evaluated
through consecutive adsorption and regeneration stud-
ies, employing 0.01 M NaOH as the eluent. The findings
indicated that even after four (4) regeneration cycles, the
adsorption capacity only experienced a marginal decline
of 10%, demonstrating the adsorbent's favorable poten-
tial for multiple uses. The elimination of fluoride through
adsorption is an intricate procedure, entailing numerous
physical and chemical interactions between the fluoride
ions and the adsorbent material.
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