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Abstract

The objective of this study was to synthesize activated carbon from cow bones (ACB).
The investigation focused on identifying the optimal synthesis conditions for ACB and
subsequently evaluating its efficacy in adsorbing fluoride in synthetic and natural groundwater
samples. The findings revealed that pyrolyzing cow bones at 600 °C for 1 h exhibited superior
fluoride adsorption capabilities (6 mg/L) in synthetic water compared to pyrolysis at 400 and
500 °C, attributed to the largest surface area (144.20 m?/g). The highest observed fluoride
adsorption efficiency reached 85.87 + 2.78% within 15 min. The optimal dosage and particle
size of the ACB were determined to be 0.5 g and within the range of 30 - 50 mesh, respectively.
Additionally, the study demonstrated that fluoride adsorption efficiency was notably enhanced
at pH 5 compared to pH 7 and 9, exhibiting an upward trend with increasing fluoride
concentration. The maximum adsorption capacity of the ACB was 0.52 mg/g. The adsorption
isotherms of fluoride matched well with the Langmuir isotherm model (R? = 1.000) and the
pseudo-second-order kinetic (R?=0.9969). In evaluations conducted with natural groundwater,
the ACB achieved a successful adsorption rate of approximately 74.95 + 7.38% for an initial
fluoride concentration of approximately 6 mg/L within 15 min. Consequently, the utilization
of activated carbon derived from cow bones presents a viable approach for fluoride removal
in natural water sources.
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1. Introduction

Fluoride (F") is a naturally occurring  Guissouma et al., 2017; Whelton et al.,
compound found in soil, water, and common  2019). Skeletal fluorosis, which can cause
mineral deposits. Fluoride-containing minerals ~ catastrophic damage to bones and joints,
are soluble, which dramatically increases the  can occur when people use groundwater
amount of fluoride in groundwater. The human  that contains fluoride higher than 4 mg/L
body obtains fluoride primarily through water ~ (Kabir ez al., 2019). Additional health effects
intake. Fluoride is an ingredient that helps  occurred from an excess of fluoride, such as
strengthen bones and teeth (Whelton ef al.,  acute gastroenteritis, rigidity in the muscles,
2019). If the body receives an adequate dosage  anorexia, restlessness, sweating, dyspnea, and
of fluoride, it has the potential to mitigate the  cardiac irregularities (Sahu et al., 2017). Due
incidence of dental caries among children  to concerns about fluoride toxicity, the World
and the prevalence of osteoporosis in the  Health Organization (WHO) has established
elderly. However, long-term consumption a maximum fluoride concentration in public
of water with elevated fluoride levels can  water supplies of 1.50 mg/L. Thailand has
lead to the development of dental fluorosis  established a regulatory threshold for fluoride
and skeletal abnormalities (Wei ef al., 2016;  concentration in groundwater suitable for
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consumption, mandating that it should not
exceed 0.70 mg/L.

Previous studies have found high levels
of fluoride contamination in groundwater
and drinking water in many countries around
the world (Ayoob, et al., 2008; Yadav et
al., 2019; Solanki ef al., 2022). The United
Nations Children’s Fund (UNICEP) reports
that over 10 million people are affected
by fluoride contamination in water. In 25
countries worldwide, dental fluorosis is at risk
from fluoridated water consumption (Petrone
et al., 2013). Notably, Thailand, specifically
the northern region encompassing Chiang
Mai, Lamphun, and Lampang provinces,
has identified fluoride contamination in its
groundwater sources. The majority of rural
areas located in northern Thailand rely on
groundwater as the primary source of raw water
for the production of tap water. Groundwater is
commonly treated by aeration, sedimentation,
filtration, and disinfection before being
distributed to households through the water
pipeline system. Previously conducted research
revealed that residents of the Buakhang sub-
district, San Kamphaeng district, Chiang
Mai province, continue to utilize tap water
contaminated with fluoride for their drinking
and culinary purposes. The exposure to fluoride
through the consumption of drinking water
averaged approximately 0.18 + 0.10 mg/kg
of body weight per day, while exposure via
cooking water amounted to approximately 5.55
+3.52 mg/capita/day (Sawangjang et al., 2019).

Lampang is one of the northern provinces
of Thailand and is rich in fluoride minerals.
Based on the 2019 survey conducted by the
Lampang Provincial Groundwater Resources
Office, which examined the fluoride levels in
artesian wells within Lampang province, it
was ascertained that fluoride concentrations
exceeded the established standards in
districts including Hang Chat, Ko Kha, Jae
Hom, Thoen, Sop Prap, and Wang Nuea
districts. The groundwater exhibits fluoride
concentrations reaching as high as 5.9 mg/L.
In the investigation examining the impact of
fluoride in Ban Luam Klang, located within
the Mae San Sub-district of Hang Chat district,
Lampang province, the research revealed that
62.8% of children between the ages of 10 and 14
exhibited dental fluorosis (Kurupaporn, 2008).
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The severity of dental fluorosis increases with
higher fluoride concentrations. In instances of
mild symptoms, affected teeth may exhibit
discernible white streaks that contrast with
the natural dentin color. Conversely, in
cases of severe fluorosis, the dentin may
manifest a pronounced dark brown hue.
When chewing or biting solids, the dentin is
susceptible to fracturing, potentially leading
to the development of bone abnormalities.
Moreover, chronic exposure to water with
fluoride concentrations of approximately
3 mg/L can lead to skeletal fluorosis
and a higher likelihood of experiencing
fractures (Peckham et al., 2014; Helte
et al., 2021). Previous research has studied
water fluoridation by reverse osmosis and
nanofiltration (Shen and Schéfer, 2014), ion
exchange (Yu et al., 2021), and adsorption
(He et al., 2020). While techniques such as
reverse osmosis, membrane separation, and
ion exchange have demonstrated the capacity
to diminish fluoride concentrations in water,
there are limitations on the cost of membrane
and ion exchange resin, the cost of operation,
and the complexity of system operation. The
process of adsorption exhibits suitability and
feasibility when implemented in rural areas,
given its efficacy in diminishing fluoride
levels within water sources. Furthermore,
the operation of this system does not entail
significant complexity, and the adsorbents can
be synthesized from readily available natural
materials or waste products (Alkurdi ef al.,
2019; He et al., 2020, Pillai et al., 2020).
Therefore, the objectives of this research
was to synthesize adsorbent material derived
from cow bones and assess their effectiveness
in adsorbing fluoride in both synthetic water
samples and naturally occurring groundwater
samples. Furthermore, the equilibrium and
kinetics of fluoride adsorption were also
studied. The adsorbent materials derived
from cow bone in this study demonstrate their
efficacy in removing fluoride concentrations
in both synthetic and naturally occurring
groundwater samples. The introduction of an
economically viable and efficient approach
to synthesizing adsorbent materials sourced
from cow bones, is supported by experimental
evidence, highlighting their application for
defluoridation, particularly in Thailand.
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2. Methodology

2.1 Activated cow bone preparation

Cow leg bones (CLB) were obtained
from a local butcher shop located in Hang
Chat district, Lampang province, Thailand.
The CLB were washed and boiled in tap
water to remove fat, bone marrow, and meat
residues. Subsequently, the CLB were dried
for 24 hours (h) and crushed to a size of 1-2
cm. They were soaked with acetone (Carlo
Erba, France) for 30 minutes (min) to remove
fat and protein residue and then washed with
deionized (DI) water (Sutthi ef al., 2019).
Afterward, they were dried in a hot air oven
at 100 °C for 24 h. These cow bone samples
were used for the preparation of activated
cow bones (ACB) using a pyrolysis process
at 400, 500, and 600 °C for 1, 2, and 3 h. The
pyrolysis process employed a temperature
ramp-up rate of 5 °C/min. ACB samples were
washed with DI water repeatedly until a stable
pH and low electrical conductivity (EC) were
achieved in the washing solution, indicating
the removal of all mineralized ash (Alkurdi
et al., 2020). Finally, they were dried for 24
h at 60 °C before being crushed. The crushed
ACB were sieved using numbers 8 - 30 mesh
(2.4-0.6 mm) and 30 - 50 mesh (0.6 - 0.3 mm),
and stored in a desiccator for further studies.

2.2 Activated cow bone characterization

The ACB were characterized by
morphology by field emission scanning
electron microscopy, or FESEM (Apero S,
ThermoFisher), surface area and pore size
distribution by a Brunauer-Emmett-Teller
or BET (Tristar 113020, Micromeritics)

Table 1. Volatile matter content of ACB.

analyzer, point of zero charge analysis with a
pH meter (SP-2100, Suntex), and functional
group analysis by fourier transform infrared
spectroscopy, or FT-IR (Invenio-S, Bruker).
Furthermore, the volatile matter of the ACB
was analyzed according to the standard
method ASTM D5832-98 (Langama et al.,
2023), as illustrated in Table 1. Elevated
levels of volatile matter in the ACB indicate
an abundance of organic compounds, which is
undesirable. The high volatile matter content
tends to fill the pores of the ACB, resulting in
areduction of surface area and, consequently,
adversely affecting the adsorption properties
of the ACB (Lua & Yang, 2005).

2.3 Adsorption experiments

All experiments were conducted in batch
mode. A synthetic water containing fluoride
at 6 - 18 mg/L was prepared by dissolving
sodium fluoride (NaF, Carlo Erba, France)
in DI water. The experimental conditions
were specified as follows: a 50 mL synthetic
water sample; initial pH of water samples at
5, 7 and 9; shaken at 200 rpm at 30 £ 0.1 °C
using a stackable shaker (MAXQ6000,
Thermo Scientific); and reaction time of
5 - 180 min. The water sample was adjusted
to the desired pH using 1 N hydrochloric
acid (HCI, RCI Labscan, Thailand) and 1 N
sodium hydroxide (NaOH, Carlo Erba,
France), monitored by a pH meter (SP-2100,
Suntex). The amounts of adsorbent were
0.25, 0.5, and 1 g. Before analysis, the water
sample were filtered through a 0.45 pm
pore-size nylon membrane filter (Filtrex, India).
The filtered supernatant was then determined
using a UV-Vis spectrophotometer
(Genesys 10S UV-Vis, Thermo Scientific)

Pyrolysis temperature

Pyrolysis time

Volatile matter

<) (b) (%)

400 1 15.43
400 2 15.59
400 3 15.46
500 1 12.55
500 2 8.39
500 3 8.40
600 1 5.52
600 2 6.27
600 3 9.40
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at 570 nm with a reference solution as a blank
according to the standard analytical method
(APHA Method 4500-F-D). All experiments
were conducted in duplicate. The average
and standard deviation were determined.
The statistical analysis of ACB pyrolysis
temperatures and durations, ACB dosage,
solution pH and initial fluoride concentration
was conducted using one-way analysis of
variance (ANOVA) with a significance level
set at < 0.05. The analysis was performed
using the SPSS program version 18 (SPSS
Inc., Chicago, IL).

The percentage of fluoride removal was
calculated following Eq.1, and the adsorption
capacity at equilibrium (q.) was determined
using Eq.2 (Dewage et al., 2018).

Fluoride removal (%) = % x 100 (Eq.1)
1

where C; and C; represent the initial and
final concentration of fluoride in aqueous
solution (mg/L).

g = "Le (Eq.2)

where q, is the amount of fluoride taken
up by the adsorbent per unit mass of the
ACB (mg/g), C, is the initial concentration
of fluoride in the solution (mg/L), C. is the

final fluoride concentration in the solution

(mg/L), V is the volume of the solution (L),
and M is the weight of the ACB (g).

The efficacy of ACB in removing fluoride
from naturally contaminated groundwater in
the Hang Chat district, Lampang province,
was investigated under optimal experimental
conditions. The percentage of fluoride
removal was determined using Eq.1. Two
groundwater samples were collected in May
2022 from a village waterworks that relies
on groundwater sources. The selection of
this particular village for water sampling
was based on the observation of the highest
fluoride concentrations in its groundwater,
approximately 6.36 + 0.13 mg/L (Table 2).

Preliminary analyses of the physical
and chemical properties of groundwater
samples were conducted, encompassing
color, turbidity, pH, iron, manganese, sulfate,
chloride, fluoride, nitrate, total hardness,
non-carbonate hardness, and total dissolved
solids. All parameters were determined by the
standard methods for the examination of water
and wastewater (23" edition). The physical
and chemical properties of the groundwater
are presented in Table 2. The results indicated
that the groundwater generally exhibited good
physical and chemical qualities. Nevertheless,
the fluoride concentrations exceeded the
standards, attributed to prevailing geographical
conditions

Table 2. Physical and chemical properties of groundwater samples

Properties Unit Samples Standard
(Mean + SD) value*
Color Pt-Co 3.60 £ 0.00 5
Turbidity NTU 0.26 £ 0.00 5
pH mg/L 7.39 £ 0.00 7.00 - 8.50
Iron mg/L 0.02 +£0.01 <05
Manganese mg/L 0.25+0.00 <0.3
Sulfate mg/L 0.02 = 0.00 <200
Chloride mg/L 1.56 + 0.01 <250
Fluoride mg/L 6.36 £0.13 <0.7
Nitrate mg/L 0.54 £0.02 <45
Total hardness mg/L as CaCO3 29.00 £2.83 <300
Non-carbonate hardness  mg/L as CaCO3 24.39 £2.55 <200
Total dissolved solids mg/L 219.00 +1.41 <600

Note: *The announcement by the Ministry of Natural Resources and Environment
regarding the establishment of academic criteria and measures for public health
prevention and environmental toxicity prevention, B.E. 2008.
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2.4 Adsorption isotherm studies

An adsorption isotherm was employed
to elucidate the interaction of the adsorbate.
This step was crucial for optimizing the
utilization of adsorbents and establishing an
appropriate correlation for the equilibrium
curve (Pragathiswaran et al., 2013). There
were numerous isotherm models that could
be used to examine the mechanism of
interaction between fluoride and adsorbents
at equilibrium, including the Langmuir and
Freundlich mathematical computations.
Using common straight-line equations, the
two fluoride parameters C. and qe were
connected to the plots of the Langmuir (Eq.3)
and Freundlich (Eq.4) isotherms as follows:

1 1 1 1
= Eq.3
de 9dm Kram Ce ( q )

where C,. is the concentration of fluoride
at equilibrium (mg/L) and q. is the amount of
fluoride adsorbed at equilibrium (mg/g). The
Langmuir isotherm parameters include q,
(mg/g), b (L/mg) and K; (L/mg) (Pasukphun
& Suma, 2017).

logq. = [logK; + (%) logC.] (Eq4)

where C. is the concentration at
equilibrium (mg/L), q. is the amount of
fluoride adsorbed at equilibrium (mg/g), K¢
are Freundlich isotherm parameters, and n
is the heterogeneity factor. Ky and n can be
examined from a linear plot of log q. against
log C. (Yasim et al., 2016).

2.5 Adsorption kinetic studies

The pseudo-first-order and pseudo-
second-order were frequently employed
in kinetic studies to verify the fit of the
experimental data for ACB to identify the
adsorption rate and mechanism of fluoride
onto ACB. The pseudo-first-order and pseudo-
second-order equations can be computed
using Eq.5 and 6, respectively. (Akbar ef al.,
2016).

the,
log (4. — q;) = logq, — 7= (Eq.5)

2.303
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t 1 t

= — Eq.6
qt h%+m; (Eq.6)

where the quantities of fluoride adsorbed
(mg/g) at equilibrium are represented by q. and
q: at any given time t (min). The slope of the
log (ge-q,) vs. t graph can be used to determine
the value of the adsorption rate constant, or
k;. k, is the adsorption rate constant in the
pseudo-second order. Since the adsorption
rate constant, k,, can be calculated from the
intercept of the curve, linear regression was
achieved for this model from the plot of t/q; vs. t.

3. Results and Discussion
3.1 Characteristic of activated cow bone
3.1.1 Morphology

The texture and dimensions of raw cow
bone and ACB calcined at temperatures ranging
from 400 - 600 °C for 1-3 h were imaged
with FESEM at a magnification of 5,000x, as
shown in Figures 1 (a)-(j). The comparative
analysis revealed distinct textural and particle
morphology differences between raw cow bone
and ACB. The ACB exhibited a well-defined,
interconnected, porous structure. The formation
of hydroxyapatite crystals on cow bones occurred
due to changes in the chemical composition
of the bones, facilitated by the removal of
organic constituents achieved through high-
temperature processing (Shahid et al., 2020).

3.1.2 Surface area and pore size distribution

Table 3 presents the surface area
measurements for raw cow bone and ACB at
various pyrolysis temperatures and durations.
Notably, ACB subjected to a 1-h pyrolysis at
600 °C exhibited the most substantial surface
area, measuring approximately 144.20 m%/g. A
prior investigation revealed that cow bone char
exhibited the greatest surface area at 103.11
m?/g, surpassing pig bone char at 83.79 m%g,
and chicken bone char at 62.80 m?/g
(Sawangjang et al., 2021). Elevating the
pyrolysis temperature leads to an expansion
in surface area, primarily attributable to the
devolatilization process that removes select
biological components from the biomass
(Brunson & Sabatini, 2014).
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Figure 1. FESEM morphology of (a) raw cow bone; (b) ACB 400 °C,
1 h; (¢) ACB 400 °C, 2 h; (d) ACB 400 °C, 3 h; () ACB 500 °C, 1 h;
() ACB 500 °C, 2 h; (g) ACB 500 °C, 3 h; (h) ACB 600 °C, 1 h;
(1) ACB 600 °C, 2 h; (j) ACB 600 °C, 3 h at 5,000x magnification.
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3.1.3 Points of zero charge

Results of the ACB’s point of zero charge
(PZC) investigation are displayed in Figure
2. The results indicated that ACB exhibited
a PZC of approximately 7.4, aligning closely
with the previously reported PZC value of
7.90 for cow bone char (Sawangjang et al.,
2021). Generally, protonation occurs when the
adsorbent surface becomes positively charged,
typically when the pH of the solution falls
below the PZC. Conversely, deprotonation
takes places as the adsorbent material surface
acquires a negative charge, which happens
when the pH of the solution surpasses the
PZC (Medellin-Castillo et al., 2014). The
pKa of fluoride is 3.17; when the solution’s
pH surpasses this threshold, fluoride ions
become negatively charged. Consequently,
fluoride ions exhibit a pronounced affinity for
adsorption onto the ACB surface within the
pH range defined by the pKa (3.17) and the
PZC (7.4) of the ACB.

3.1.4 FT-IR analysis

Figure 3 exhibits the FT-IR spectrum of
raw cow bone and the ACB at 400, 500, and
600 °C. The results found that six functional
groups were identified by the study of raw
cow bones. The hydroxyl (O - H) functional
group’s peak is estimated to be 3302 1/cm.
The C - H functional group is represented
by peaks at roughly 2920 and 2850 1/cm.
The carbonyl functional group (C = O) peaks
at approximately 1449; 1410 and 873 1/cm
indicate the carbonate functional group
(COs%), which peaks at approximately 1018
I/cm; and the C-H function, which peaks

at approximately 1741 1/cm. The phosphate
functional group (PO+*) is shown by the
peaks at 961 and 602 1/cm, while the
calcium (Ca) function is represented by the
peak at around 560 1/cm (Rojas-Mayorga
et al., 2015; Akindoyo et al., 2019). The
C — H functional groups were found in raw
cow bone due to the presence of various
organic constituents. In contrast, the ACB
showed no C — H functional group, indicating
the complete removal of various organic
substances in cow bones after incineration and
resulting in a pure hydroxyapatite structure
(Akindoyo et al., 2019). The hydroxyapatite
structure of the ACB remained unchanged
even with increased temperature and duration
of pyrolysis.

3.2 Effect of pyrolysis temperatures and
durations

The result of fluoride removal conducted
at an initial concentration of approximately 6
mg/L and pH 5 using 0.5 g of ACB subjected
to various pyrolysis temperatures (400, 500,
and 600 °C) and durations (1, 2, and 3 h),
utilizing mesh sizes ranging from 30 to 50,
is illustrated in Figure 4 (a — c¢). The findings
indicate rapid fluoride adsorption during the
initial phase (time < 15 min), followed by a
subsequent period of slower adsorption rate.
In the initial 15 min, larger amounts of fluoride
were removed due to the rapid binding of
fluoride ions to the readily accessible active
sites on the outer surface of the ACB. ACB
subjected to pyrolysis temperatures of 500
and 600 °C exhibited a significantly enhanced
fluoride absorption rate compared to ACB
calcined at 400 °C, in line with the surface

Table 3. Surface area of raw cow bone and ACB.

Adsorbents Pyrolysis Pyrolysis Surface area
temperature (°C) time (h) (m*/g)
Raw cow bone - - 1.19
ACB 400 1 108.76
ACB 400 2 118.13
ACB 400 3 133.24
ACB 500 1 134.28
ACB 500 2 125.61
ACB 500 3 138.28
ACB 600 1 144.20
ACB 600 2 138.59
ACB 600 3 135.85
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area data presented in Table 3. This result
indicates that the calcination temperature
of ACB influenced both the surface area
and the efficiency of fluoride absorption.
Specifically, ACB calcined at 600 °C for 1 h,
which exhibited the highest surface area,
demonstrated the most effective fluoride
absorption capability (83.91 + 6.25% in 180
min), as depicted in Figure 4. Raising the
pyrolysis temperature was observed to have a
direct correlation with an increase in both the
surface area and pore volume of the charred
material. This phenomenon is attributed to
the devolatilization process affecting specific
constituents within the biomass (Brunson &
Sabatini, 2014). When comparing the ACB
subjected to pyrolysis temperatures of 400,
500, and 600 °C, the results indicated that
the removal percentages of fluoride were not
significantly different (p > 0.05, with p-values
of 0.65, 0.96, and 0.90 for durations of 1, 2,
and 3 h, respectively).

Athighertemperatures, particularly 600 °C,
more of the organic components in the bone
are effectively decomposed and burnt off. This
includes collagen, proteins, and any other
organic materials present in the bone. These
organic materials can take up a significant
amount of space within the bone’s structure.
When they are removed during calcination, it
leaves behind pores and voids, resulting in a
greater surface area.

The higher surface area observed in
activated cow bone calcined at 600 °C for 1
h compared to samples calcined for 2 and 3 h

can be attributed to the intricate dynamics of
the calcination process influencing the bone
structure. The initial 1-h calcination period
facilitates the efficient removal of organic
matter and water, initiating the formation of
a porous structure within the bone matrix,
ultimately contributing to an augmented
surface area. This observed phenomenon
suggests an optimal balance achieved during
the 1-h calcination, allowing for porosity
development without succumbing to over-
burning or excessive sintering. Prolonged
calcination times (2 or 3 h) lead to potential
over-burning or sintering, causing a reduction
in surface area due to the collapse of pores.
Additionally, extended exposure to high
temperatures induces structural changes
compromising the bone’s ability to maintain
a high surface area.

3.3 Effect of ACB dosage and particle size

Figures 5 and 6 illustrate the effects of
ACB dosage and particle size, respectively.
ACB calcined at 600 °C for 1 h, chosen
for its highest efficiency, was employed to
investigate these effects. The experiments were
conducted with a fixed fluoride concentration
of approximately 6 mg/L and a solution pH
of 5. The results showed that 0.25, 0.5, and 1
g of ACB could absorb fluoride up to 77.77
+4.95,83.91 £6.25, and 71.35 £ 10.54 %,
respectively, at a 180 - min adsorption times
(Figure 5). The removal percentages of fluoride
at varying ACB dosages were not statistically

Final pH

O—=INWRAWUVONIO
1

5

N_
W -
_h_

6 7 8 9 1011 12 13 14

initial pH
Figure 2. ACB’s point of zero charge (PZC).
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Figure 3. FT-IR spectrum of raw cow bone and ACB subjected to pyrolysis temperatures of
(a) 400 °C, (b) 500 °C, and (c) 600 °C for durations ranging from 1-3 h.
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significant (p > 0.05, with a p-value of 0.85).
Notably, the efficiency in fluoride removal was
higher when using 0.5 g of ACB compared to
both 0.25 g and 1 g. The utilization of a lesser
quantity of ACB (0.25 g) proved inadequate,
either impeding the adsorption process or
resulting in an insufficient ACB supply for
absorption. Conversely, excessive application

of ACB (1 g) may lead to undesirable particle
aggregation or overlapping, diminishing the
overall surface area available for adsorption.
In the case of ACB sizes, specifically 8 - 30
mesh (2.4 - 0.6 mm) and 30-50 mesh (0.6 - 0.3
mm), the most effective fluoride absorption
rates were achieved at 73.72+1.92 and 83.91 +
6.25%, respectively, as illustrated in Figure 6.

100 -

90
% —@—400°C, 1h
—A—400°C, 2 h
@70 —8—400°C,3h
=60 --@--500°C, 1 h
£ 50 —-&--500°C, 2 h
£ 40 --B--500°C, 3 h
30 @ 600°C, 1 h
20 ceder 600 °C, 2 h
0 <@+ 600 °C, 3 h

0 : : .

0 30 60 90

120 150 180

Reaction time (min)

Figure 4. Fluoride removal efficiency of ACB subjected to pyrolysis temperatures of 400,
500, and 600 °C for durations ranging from 1-3 h.

100 ~
90 -
80 -
70 ~
60 -
50 A

Removal (%)
N
o

30 A
20 A
10 -

—0-025g—=—05g10g

O LI T T
0 30 60

90 120
Reaction time (min)

150 180

Figure 5. Fluoride removal efficiency using 0.25, 0.5, and 1 g of 30 - 50 mesh ACB
subjected to pyrolysis temperatures of 600 °C for 1 h.
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100 ~

—@—8-30 mesh =&—30-50 mesh

Removal (%)

O T T

0 30 60

90 120
Reaction time (min)

150 180

Figure 6. Fluoride removal efficiency using 8 - 30 mesh and 30-50 mesh of 0.5 g ACB
subjected to pyrolysis temperatures of 600 °C for 1 h.

3.4 Effect of solution pH

Figure 7 presents the effect of varying
solution pH levels, ranging from 5 to 9, on the
efficiency of fluoride removal. This experiment
was conducted with approximately 6 mg/L of
fluoride concentration and 0.5 g of 30 - 50
mesh ACB subjected to pyrolysis temperatures
of 600 °C for 1 h. The findings indicate that,
after 180 min adsorption time, initial pH
values of 5, 7, and 9 resulted in fluoride
absorption rates of 83.91 £6.25, 76.63 + 0.00,
and 75.80 + 1.37%, respectively. The removal
percentages of fluoride at different solution
pH levels were not significantly different
(p > 0.05, with a p-value of 0.90). The pH
value of 5 exhibited the highest and most rapid
fluoride removal. The diminishing efficiency
of fluoride removal with increasing pH levels
can likely be attributed to a competitive
interaction between hydroxyl groups and
fluoride ions within the alkaline environment,
as noted by Fung ef al. (2021). At pH levels
below the PZC (7.4), the surface charge of
the ACB becomes positively charged, thereby
enhancing the attraction of negatively charged
fluoride ions for adsorption onto the ACB, as
described in Section 3.1.3.

3.5 Effect of initial fluoride concentration

The results regarding the effect of initial
fluoride concentration on fluoride removal

efficiency are depicted in Figure 8. For this
experiment, the conditions were set at pH 5
with 0.5 g of 30 - 50 mesh ACB subjected
to pyrolysis temperatures of 600 °C
for 1 h. After 180 min of adsorption time,
fluoride removal rates reached 83.91 £ 6.25,
77.79 £ 0.34, and 72.78 + 1.71 % for initial
fluoride concentrations of approximately 6,
12, and 18 mg/L, respectively. The removal
percentages of fluoride at different initial
fluoride concentration were not significantly
different (p > 0.05, with a p-value of 0.73).
Notably, the aqueous solution with the
lowest initial fluoride concentration
exhibited the highest degree of fluoride
removal, a trend that can be rationalized by
considering the availability of adsorption
sites. At lower initial fluoride concentrations,
more adsorption sites are accessible.
Conversely, at higher initial fluoride
concentrations, the solution becomes
enriched with fluoride ions, saturating
adsorption sites and leaving a significant
portion of fluoride ions unabsorbed (Tan
et al., 2020). During the initial 15 min,
the adsorption process exhibited a notably
rapid rate, emphasizing its association with
external surface adsorption, irrespective
of the concentration. Subsequently, as
equilibrium was approached, the rate
gradually declined, indicating a transition
towards internal surface adsorption (Djilani
etal., 2016).
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3.6 Adsorption capacity

The maximum adsorption capacity of
ACB is detailed in Table 4. It was observed
that ACB calcined at 600°C for 1 h had
a maximum capacity of 0.52 mg/g. This
suggests that the fluoride adsorption capacity
is influenced by the surface area, as supported
by the fact that ACB calcined at 600 °C
for 1 h exhibited the highest surface area,
as presented in Table 3. A previous study
also confirmed that the capacity for fluoride
adsorption was predominantly influenced
by the surface area of the bone char rather
than the hydroxyapatite content (Sawangjang
etal., 2021).

3.7 Adsorption isotherm studies

Figure 9 depicts the application of the
Langmuir and Freundlich models to identify
the adsorption isotherms. The isotherms
were calculated using the data collected for
fluoride concentrations ranging from 6 to
18 mg/L. The slopes, intercepts, and associated
correlation coefficients of these data were used
to calculate the adsorption constants for both
models, as presented in Table 5. The findings
of this study align with previous research
indicating consistent fluoride adsorption
behavior with the Langmuir model (Tan
etal, 2020; Yang et al., 2022). The Langmuir
adsorption isotherm assumes a certain
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Figure 7. Effect of initial pH on the adsorption of fluoride by 0.5 g of 30 - 50 mesh ACB
subjected to pyrolysis temperatures of 600 °C for 1 h.
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Figure 8. Effect of initial fluoride concentration on the adsorption of fluoride by 0.5 g
of 30 - 50 mesh ACB subjected to pyrolysis temperatures of 600 °C for 1 h.
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number of adsorbed molecules with specific
adsorption positions, representing single-layer
adsorption. It implies that only one molecule
of the sorbate is adsorbed for each molecule
of the sorbent material. The heat of adsorption
is equal and constant at each position, with
no forces acting between molecules in
close proximity, and the adsorption energy
is uniform across the adsorbent material
(Sawangjang et al., 2021; Leyva-Ramos
et al., 2010). The Langmuir adsorption
constant and the initial concentration of
fluoride on the adsorbent are used to calculate
the separation factor (RL), expressed as Eq.7
(Moussavi & Khosravi, 2011).

_ 1
1+K1.Cp

L (Eq.7)

The interpretation of the separation factor
can be categorized into four scenarios: R > 1
indicates inconsistency with the adsorption
isotherm (unfavorable), R, = 1 denotes a linear
adsorption isotherm, 0 < R < 1 signifies a
favorable adsorption isotherm (favorable),
and R, = 0 signifies an irreversible adsorption
isotherm (irreversible). From Table 5, it was
determined that the R fell within the range
0f 0.02 - 0.58, indicating effective adsorption
behavior consistent with the Langmuir
adsorption isotherm.

Table 4. Maximum adsorption capacity of ACB

Adsorbents Pyrolysis Pyrolysis Maximum adsorption
temperature (°C) durations (h) capacity (mg/g)
ACB 400 1 0.43
ACB 400 2 0.15
ACB 400 3 0.09
ACB 500 1 0.50
ACB 500 2 0.17
ACB 500 3 0.10
ACB 600 1 0.52
ACB 600 2 0.16
ACB 600 3 0.09
Langmuir
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Figure 9. Adsorption isotherm curves of fluoride onto ACB; (a) Langmuir isotherm
and (b) Freundlich isotherm
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Table 5. Langmuir and Freundlich model constants and correlation coefficients of ACB with

calcined at 600 °C, 1 h for fluoride adsorption

Langmuir isotherm

Freundlich isotherm

qm K R R2 Kr 1/n R?
(mg/g)  (L/mg) (mg/g)(L/mg)"®
3.757 0.116 0.02-0.58 1.000 0.406 0.771 0.9984
Pseudo-first order (a)
0.0 T T T T T 1
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~-1.0 -
o
éz-l.S . ° °
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T 5 y =0.0002x - 2.0215e
30 e R2 = 0.0004
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e R2=10.9969
O T T T T T 1
0 30 60 90 120 150 180
Reaction time (min)

Figure 10. Adsorption kinetic curves of fluoride onto ACB calcined at 600 °C for 1 h: (a)
pseudo-first-order model, (b) pseudo-second-order model

3.8 Adsorption kinetic studies

The kinetics and mechanism of fluoride
adsorption in ACB calcined at 600 °C for
1 h were investigated using pseudo-first-
order and pseudo-second-order models.
The pseudo-first-order model signifies an
adsorption reaction preceded by diffusion
through a boundary, while the pseudo-
second-order model is typically associated
with an adsorption process in which
chemisorption governs the rate (He et al,,
2016). Figure 10 and Table 6 display the
fitting plots and corresponding parameters
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of the pseudo-first-order and pseudo-
second-order models, respectively. The
results indicate that the pseudo-second-
order model provides a more suitable fit
for fluoride adsorption, demonstrated by its
higher correlation coefficient (R* = 0.9969)
compared to the pseudo-first-order model
(R? = 0.0004). This suggests that the
primary rate-determining process is likely
chemisorption, which involves the formation
of covalent bonds through the sharing or
exchange of electrons between the anion
and the adsorbent (Tan et al., 2020).
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Table 6. Kinetic model parameters of fluoride adsorption onto ACB calcined at 600 °C for 1 h

Qe Pseudo-first order Pseudo-second order
experiment Je ki R’ Qe ko R?
(mg/g) calculated  (1/min) calculated  (1/min)
(mg/g) (mg/g)
0.52 105.08 0.0005 0.0004 0.51 1.277  0.9969
—@—-Removal (%) —A—Remaining (%)
100 - 100
80 - 80
e\i60 60 0\3
g £
240 a0
& :
20 - 20
0 0
0 15 30 45 60 120
Reaction time (min)

Figure 11. ACB on fluoride adsorption efficiency and the remaining fluoride percentage in
natural groundwater samples

The experimentally determined
equilibrium adsorption capacity (q.) in this
study was 0.52 mg/g, slightly surpassing the
reported q. value for cow bone char in the
preceding study (0.50 mg/g). Furthermore,
the q. values determined through pseudo-first-
order and pseudo-second-order calculations
in this study exceeded those reported in the
preceding study, which were 1.00 and 0.50
mg/g, respectively (Sawangjang et al., 2021).

3.9 Application of ACB on fluoride adsorption
efficiency in natural groundwater samples

Figure 11 displays the efficiency of
ACB in removing fluoride and the remaining
fluoride percentage in natural groundwater
samples. Adsorption experiments were
conducted using 0.5 g of ACB calcined at
600 °C for 1 h, with a size of 30 - 50 mesh
and a solution pH of 5. The results reveal that
fluoride adsorption was effective, reaching
up to 74.95 + 7.38 % in 15 min. It is evident
that the efficacy of ACB in adsorbing fluoride
in natural groundwater sample was lower
compared to that in synthetic water. This
discrepancy can be attributed to the presence

of additional minerals in groundwater, which
may compete for absorption with fluoride.
Previous studies have reported that sulfate,
chloride, and nitrate can compete with fluoride
ions for the active sorption sites present in
the sorbent, consequently diminishing the
sorbent’s ability to remove fluoride ions (Nigri
etal., 2017).

4. Conclusion

The key findings of the study highlight
the superior fluoride adsorption capabilities of
ACB subjected to a 1-h calcination process at
600 °C. This superiority is particularly evident
in synthetic water samples with around 6 mg/L
of fluoride, compared to ACB calcined at 400
and 500 °C. This heightened performance is
attributed to its significantly larger surface
area (144.20 m?/g), enabling a remarkable
fluoride adsorption rate of approximately
85.87 + 2.78 % within just 15 min,
with an optimal ACB amount of 0.5 g and
particle size of 30 - 50 mesh. Notably,
variations in initial pH levels revealed that
pH 5 enhances fluoride adsorption efficiency
compared to pH 7 and 9. The escalation
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of initial fluoride concentrations from 6 to
12 and 18 mg/L resulted in a decrease in
adsorption efficiency. The effect of pyrolysis
temperature and duration, ACB dosage, solution
pH, and initial fluoride concentration were not
significantly different (p > 0.05). The maximum
adsorption capacity of ACB was determined to be
0.52 mg/g. Kinetic studies established that
fluoride adsorption adheres to the Langmuir
isotherm model and aligns well with the pseudo-
second-order model, suggesting a chemisorption-
dominated mechanism. Furthermore, the study
demonstrated ACB’s potential to adsorb
fluoride from naturally occurring groundwater,
achieving an adsorption rate of approximately
74.95 £ 7.38 % within 15 min at an initial
fluoride concentration of approximately 6 mg/L.
This signifies the feasibility of using ACB
for fluoride removal in natural water sources.
However, the study emphasizes the need for
further investigations, particularly in areas such
as cost-effectiveness and public acceptance.
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