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High concentrations of fluoride (F”) in drinking water represent a public health threat, and consequently, effective and sustainable
methods are required to improve the water quality, mainly in developing and low-income countries. This study focused on the
thermodynamics of fluoride adsorption on bone char regenerated with NaOH for water defluoridation. A detailed analysis of the
number of fluoride adsorption/desorption cycles, their impact on the performance and surface chemistry of bone char using
different NaOH concentrations, and modeling of the adsorption mechanism using statistical physics theory was carried out. The
results showed that 0.075 mol/L NaOH was effective in recuperating the defluoridation properties of bone char with a regeneration
efficiency higher than 90% during five adsorption/desorption cycles. Bone char regeneration efficiency decreased up to 64% after
ten adsorption/desorption cycles with a maximum fluoride adsorption capacity of 0.18 mmol/g. NaOH restored the bone char
surface properties for ligand exchange of the fluoride anions via the hydroxyapatite functionalities contained in this adsorbent. It
was calculated that around 0.25-0.46 mmol/g hydroxyapatite ligand exchange sites of regenerated bone char samples could be
involved in the fluoride adsorption, which was also expected to be a mono-ligand mechanism. The reduction in defluoridation
properties of bone char during the regeneration cycles was attributed to the decrease in the ligand exchange capacity as well as the
deactivation and blocking of some functional groups of hydroxyapatite, which limited their participation in consecutive ad-
sorption processes. This study contributes to the optimization of the recycling and reuse of bone char for fluoride removal from
water to reduce the operating defluoridation costs, thus enhancing the application of this technology in low-income areas where
fluorinated water represents a threat to public health.

1. Introduction

In the earth, fluoride (F) is a halogen widely distributed and
commonly present in trace amounts in soil, groundwater,
and air [1]. The presence of fluoride in the environment is
related to the dissolution of minerals from rocks, aerosols
from seawater, volcanic emissions, and anthropogenic ac-
tivities [2, 3]. Currently, humans are exposed to fluoride

directly or indirectly via their diet, personal care and hygiene
products, pharmaceuticals, tobacco consumption, fluoride-
containing drugs, and environmental pollution of water,
soil, and air [4, 5]. However, chronic exposure to high
fluoride concentrations, mainly via drinking water con-
sumption, has been reported to cause side effects such as
fluorosis in calcified tissues (bones and teeth) and the in-
cidence of chronic degenerative diseases in soft tissues such
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as liver, kidneys, heart, and central nervous system [5]. The
incidence of fluoride-related diseases in populations from
different countries has increased in recent decades owing to
the difficulty in accessing clean and purified drinking water
in developing countries [6]. Therefore, the World Health
Organization (WHO) has established a guideline value of
fluoride in drinking water at a maximum of 1.5mg/L to
minimize fluoride exposure toxicity [7].

There are different techniques to remove fluoride from
aqueous solutions and reduce the exposure of the population
to this toxic water pollutant; however, not all alternatives are
optimal due to their cost-effectiveness and environmental
impact. The selection of the best technology for the removal
of specific target pollutants relies on selectivity, cost-
effectiveness, energy consumption, and environmental im-
pact. Adsorption is a viable and reliable technology for
wastewater and groundwater treatment and purification.
This process is flexible, versatile, requires low energy, and
can be applied in real life for water sanitation [8]. Activated
carbon is a universal adsorbent that is used for the removal
of organic and inorganic water pollutants [9]. Novel ad-
sorbents have been introduced to remove different water
pollutants, and special attention has been paid to tailoring
their surface functionalities and textural parameters [10-12].
However, there is a growing interest in the use of alternative
adsorbents for water treatment that can be prepared from
agricultural by-products and nontraditional biomass
[13-18]. These alternative adsorbents are characterized by
their low cost, competitive adsorption capacity, and reduced
environmental pollution.

On the other hand, the reduction, recycling, and correct
disposal of municipal solid wastes also represent an im-
portant improvement in environmental quality that clearly
contributes to human health protection. It has been esti-
mated that solid waste generation in 2025 will be approx-
imately 2.2 billion tons, which could be linked to serious
health problems around the world [19]. A significant
amount of solid waste in industrialized countries is gener-
ated by food, with ~222 million tons globally [20]. Only in
the U.S., the total food waste disposed per year was estimated
at 35.5 million tons in 2015 [21]. The amount of food waste,
including meat and bone residues, continues to increase
annually. It is estimated that they will increase globally in the
next decade by 16% for beef and veal meat, 21% for sheep
meat, 18% for poultry, and 11% for pig meat [22]. The
disposal of bone residues also represents a human health
problem due to the presence of pathogens. Alternatives to
reduce and recycle these bone wastes are required to min-
imize environmental impact and population health risks.
The application of pyrolysis of bone waste offers the pos-
sibility of generating value-added products such as bone
char [23].

Bone char (BC) is considered an eco-friendly material
because of its low-cost, biocompatibility, and contribution to
the sustainable recycling of bone wastes [24]. The major
component of BC is hydroxyapatite, which accounts for
approximately 70-80% of its total content. The composition
of calcium hydroxyapatite makes it an interesting material
for biological and chemical processes due to its ion exchange
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properties [25, 26]. BC has also been recognized as the best
commercial adsorbent already available in different coun-
tries for facing water defluoridation. After the use of BC for
fluoride adsorption, it is important to recycle and dispose of
it properly. Despite the benefits of BC production, its life
cycle and regeneration chemistry as an adsorbent for
fluoride removal have not been analyzed in detail. To date,
thermal and chemical-based methods for BC regeneration
have been tested and reported [27-29]. Chemical re-
generation is a common approach for the desorption of
pollutants from adsorbent surfaces and is characterized by
its low energy requirement and high regeneration efficiency
[30]. The results of some studies have shown that the
chemical regeneration with sodium hydroxide (NaOH)
offers additional advantages in terms of energy consumption
and process efficacy to recover the defluoridation properties
of this adsorbent. Consequently, the analysis and optimi-
zation of BC regeneration with NaOH are fundamental for
reducing the operating costs of fluoride removal and de-
veloping effective methods for water treatment.

The aim of this study was to analyze the thermodynamics
and surface chemistry of the regeneration of BC used in
water defluoridation. This information is relevant to im-
prove the application of this adsorbent as an effective sep-
aration medium to reduce the fluoride concentrations in
polluted drinking water, thus generating its corresponding
benefits in terms of human health and environmental
protection. A detailed analysis of the number of cycles in that
BC can be regenerated and reused for fluoride removal is
reported. BC regeneration was carried out with NaOH, and
a detailed physicochemical characterization of the reused
adsorbent was also performed. Theoretical calculations from
statistical physics were employed to understand the impact
of NaOH regeneration on the adsorbent surface chemistry.

2. Methodology

2.1. Materials and Reagents. Commercial BC was obtained
from Bonechar Carvdo Ativado®, Parand, Brazil. Sodium
hydroxide (NaOH) was purchased from Karal®, Mexico.
Sodium fluoride (NaF) was purchased from J. T. Baker®,
Mexico, while the fluoride adjustment buffer powder pillows
were obtained from Hach®, USA. Deionized water was used
in all experiments.

2.2. Fluoride Adsorption and Desorption Studies Using BC.
The adsorption and desorption of fluoride on BC were
analyzed under batch operating conditions. Fluoride de-
sorption kinetics and adsorption isotherms of regenerated
BC were quantified. First, BC samples were saturated with
fluoride solutions of different initial concentrations ([F7];),
ranging from 1 to 13mmol/L, at pH 7 and 30°C using
a water bath under continuous stirring (120 rpm) for 48 h
with a ratio of 2g of adsorbent (m) per 1L of fluoride
solution (V). Preliminary studies confirmed that this op-
erating time was sufficient to reach the adsorption equi-
librium and to achieve the adsorbent saturation. The
maximum adsorption capacities of BC after different
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regeneration cycles were obtained from these isotherms.
Fluoride adsorption capacities (g, mmol/g) of raw and
regenerated BC samples were determined with the corre-
sponding material balance.

q=<[F‘],-—[F‘]e>,V, "

m

where [F], is the equilibrium fluoride concentration in the
aqueous solution (mmol/L).

In the second stage, BC samples saturated with the
highest fluoride concentration were used in desorption
studies. Fluoride desorption kinetics were carried out with
NaOH concentrations of 0.01, 0.05, and 0.075 mol/L. These
desorption studies were performed in a water bath at 30°C
under continuous stirring (120 rpm) with 2 g of fluoride-
saturated BC per 1L of NaOH solution. The fluoride con-
centration profile in the NaOH solution due to the de-
sorption was monitored for 48h. BC regenerated with
NaOH was washed with deionized water, dried, and used in
the next adsorption cycle to determine the corresponding
adsorption isotherm and quantify its maximum adsorption
capacity after regeneration. Ten fluoride adsorption-
desorption cycles were performed to analyze the defluor-
idation properties and surface chemistry of the regenerated
adsorbent.

The desorption efficiency (DE, %) and regeneration
efficiency (RE, %) were calculated to study and compare the
fluoride adsorption properties of regenerated BC samples
after different adsorption/desorption cycles under the same
operating conditions. DE and RE were calculated with the
equations [30]

DE = (LF’NaOH)-loo,
Mg,Bc

RE = (q*eg>-1oo,
qmw
where mg pc (mmol) is the amount of fluoride adsorbed on
BC before the NaOH regeneration, mg N,on (mmol) is the
amount of fluoride desorbed with NaOH during the re-
generation step, gr.g is the fluoride adsorption capacity
(mmol/g) of the regenerated BC at different adsorption-
desorption cycles, and g,y is the fluoride adsorption ca-
pacity of raw BC (mmol/g), respectively.

The fluoride concentrations in the aqueous solutions
obtained from the adsorption and regeneration experi-
ments were quantified using a selective electrode. Fluoride
quantification was performed at 30°C with a buffered
solution via powder pillows following the method re-
ported by Rojas-Mayorga et al. [31]. Standard curves were
obtained with fluoride solutions where a logarithmic
curve (log;o) was employed to obtain a linear regression of
millivolts (mV) versus fluoride concentration with
R*>0.9. One-way ANOVA with a multiple comparison
post-test (Tukey) and a confidence level of 95% was
performed for the data analysis using the software
GraphPad Prism 8.

2.3. Surface Chemistry Characterization of Regenerated BC.
Fourier transform infrared (FTIR) spectroscopy was used to
characterize the surface functional groups of raw and
regenerated adsorbent samples. KBr powder and BC were
mixed and pressed to form the KBr pellets, which were
analyzed in the wavenumber range of 400-4000cm™' at
room temperature with a resolution of 4cm™" using
a Nicolet iS10 FTIR Thermo Scientific spectrometer. X-ray
diffraction (XRD) patterns were recorded to assess the
crystallographic changes on the surface of regenerated BC.
An Empyrean X-ray diffractometer was employed in the
sample analysis, which was carried out at room temperature
with a PIXcellD-Medipix3 detector and CuKa radiation
(A=1.5406 4, 45kV, 40 mA) in the angle range from 20 to
70° 20. The amounts of calcium and phosphate oxides in BC
samples were quantified via X-ray fluorescence, and these
compositions were correlated with possible structural
changes in the regenerated adsorbent. This determination
was carried out by preparing glass disks by lithium borate
fusion and using a 3-kW sequential XRF spectrometer
Zetium Panalytical in a vacuum system with Ar/CH, flow.
N, adsorption-desorption at —196.15°C was utilized to de-
termine the textural properties (BET surface area, pore
volume, and size) of the regenerated BC samples where an
ASAP 2020 Micrometrics instrument was used. Morpho-
logical characteristics and elemental composition of raw and
regenerated BC were studied by SEM/EDX analysis per-
formed with a Hitachi (TM3000) scanning electron mi-
croscope and an energy dispersion system (Nano XFlash)
coupled with SEM, respectively.

2.4. Calculation of Physicochemical Parameters of Fluoride
Adsorption on Regenerated BC. A monolayer adsorption
model based on statistical physics [32] was used to calculate
the steric physicochemical parameters of fluoride adsorption
on regenerated BC. This model is defined as follows:

_ npDpc
L+ ([F 1/ [F1)™

q (3)

where np is the steric parameter associated with the number of
fluoride ions adsorbed per binding site of BC, Dgc (mmol/g)
is the concentration of functional groups on BC surface
involved in the fluoride adsorption, and [F];,, (mmol/L) is
the fluoride concentration at the half saturation. The pa-
rameters of this adsorption model were calculated from the
correlation of adsorption isotherms of the raw and regen-
erated bone char samples. A simultaneous nonlinear re-
gression of all experimental adsorption isotherms was
performed using an artificial neural network to calculate the
best model parameters following the procedure reported by
Rodriguez-Romero et al. [33]. A feed-forward artificial
neural network with one hidden layer and one hidden
neuron was employed in data modeling, where the input
variables were the fluoride equilibrium concentrations and
the number of regeneration cycles, while the output variables
were the parameters of this statistical physics model, as
shown in Figure 1(a). This data modeling was applied to the
results for each NaOH concentration. Fluoride desorption
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FiGure 1: Hllustration of ANNs-based approach to model (a) fluoride isotherms of regenerated bone char and (b) fluoride desorption

kinetics in NaOH solution.

kinetics were also modeled with an artificial neural network
where the input variables were the regeneration time, NaOH
concentration, and the number of regeneration cycles, see
Figure 1(b).

3. Results and Discussion

3.1. Defluoridation Adsorption Properties of Regenerated BC.
Fluoride desorption kinetics of BC for tested NaOH con-
centrations are reported in Figure 2. Overall, the amount of
fluoride desorbed from the BC surface increased with NaOH
concentration during the regeneration. For example, the
desorbed fluoride increased by 22% when the NaOH con-
centration changed from 0.01 to 0.05mol/L and 9% from
0.05 to 0.075mol/L. This trend was observed for all
regenerated BC samples independent of the number of
regeneration cycles. However, the NaOH eftectiveness for
the desorption of fluoride anions from the BC surface was
reduced as more adsorption-desorption cycles were per-
formed. DE of NaOH ranged from 53 to 76% and increased
with respect to NaOH concentration. In particular, the
fluoride desorption efficiencies (DE) were 53 - 59, 65 - 70,
and 69 - 76% with 0.01, 0.05, and 0.075 mol/L NaOH so-
lutions, respectively. This parameter also decreased as the
number of regeneration cycles increased, indicating that the
NaOH was less effective for the desorption of fluoride ions
from the BC surface. These findings confirmed the role of
NaOH concentration in the recovery of the fluoride ions
from spent BC. Kinetic results also showed that 48 h was
sufficient to reach the desorption equilibrium where the
amount of fluoride anions desorbed from the BC surface was
the maximum. Desorption studies for a wide variety of
adsorbates and adsorbents have concluded that there is
a minimum concentration of the desorbing chemical re-
quired to obtain an acceptable adsorbent regeneration [30].

NaOH concentration of 0.075 mol/L appears to be effective
for the regeneration of BC employed in water defluoridation
at tested experimental conditions. This NaOH concentration
was significantly lower than that used in other regeneration
studies of BC for water defluoridation, where NaOH con-
centrations up to 0.5mol/L have been reported [28, 34].
Therefore, the application of this low NaOH concentration
can contribute to the minimization of the regeneration costs
of this adsorbent.

The modeling of fluoride desorption kinetics with the
artificial neural network (R*>0.95) is reported in Figure 2.
This surrogate model was effective in correlating the fluoride
desorption profiles of BC regenerated with NaOH solution.
Fluoride desorption rate constants of BC were also calcu-
lated from these concentration profiles using the next
expression.

[F~ ]t,NaOH =[F" ]e,NaOH(l - exp’ tkdes)) (4)

where [F];na0m and [F ],naom are the fluoride concentra-
tions (mmol/L) at time ¢ (k) and the equilibrium of the NaOH
solution during the BC regeneration, and kg, is the fluoride
desorption rate constant (h™"). Calculated fluoride desorption
rate constants ranged from 0.27 to 0.87 h™". It was identified
that kges values for fluoride desorption with 0.075 mol/L
NaOH were higher than those obtained for 0.05 and 0.01 mol/
L NaOH in all regeneration cycles. Moreover, the fluoride
desorption rate decreased as the number of adsorption-
desorption cycles increased. These results confirmed that
the NaOH desorption efficiency diminished as BC was
regenerated several times. After each regeneration cycle, the
BC surface functionalities lost their ability to interact with and
bind to fluoride ions during the adsorption.

Fluoride adsorption isotherms for raw and regenerated
BC samples with different NaOH concentrations are re-
ported in Figure 3. Raw BC showed a maximum adsorption
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FIGURE 2: Fluoride desorption kinetics of bone char using NaOH solution at pH 7 and 30°C. (a) 1°' regeneration. (b) 5 regeneration. (c) 10"

regeneration.

capacity of 0.28 mmol/g at pH 7 and 30°C, while the max-
imum experimental adsorption capacities of regenerated
adsorbents (for a maximum of 10 adsorption/desorption
cycles) ranged from 0.11 to 0.21 mmol/g for 0.01 mol/L
NaOH, 0.13 to 0.25 mmol/g for 0.05 mol/L NaOH, and 0.18
to 0.26 mmol/g for 0.075 mol/L NaOH, respectively. These
results indicated a significant decrease (p <0.05) of the
defluoridation properties of BC regenerated with 0.01 mol/L
NaOH at the 1st, 5th, and 10th adsorption/desorption cycles
(i.e., 23, 58, and 62%) in comparison to the raw BC. In the
case of adsorbent samples regenerated with 0.05mol/L
NaOH, their fluoride adsorption capacity decreased from 9
to 53% (p <0.05) during the adsorption-desorption cycle.
BC samples regenerated with 0.075 mol/L NaOH showed the
lowest decrease in their adsorption capacities during the first
5 adsorption/desorption cycles (ie., 4-16%), but their
defluoridation performance decreased significantly at the
10th regeneration cycle (36%) with respect to raw BC.
ANOVA confirmed that these differences were statistically
significant (p < 0.05).

Overall, RE values were 38-77, 47-91, and 64-96% for
the adsorbent regeneration with NaOH concentrations of
0.01, 0.05, and 0.075 mol/L, respectively, as shown in Fig-
ure 4. The fluoride adsorption capacity of BC regenerated
with a concentration of 0.01 mol/L of NaOH was consid-
erably reduced after the first adsorption/desorption cycle
(RE=77%). After 10 regeneration cycles using 0.01 mol/L
NaOH, this adsorbent showed the lowest fluoride adsorption
capacity, which was reduced by more than 62% with respect
to the raw BC. NaOH concentrations of 0.05 and 0.075 mol/
L were more effective for recovering the defluoridation
properties of BC during several adsorption-desorption

cycles. However, 0.075 mol/L NaOH was the best concen-
tration to desorb fluoride anions and regenerate spent BC
with RE of 64-96%. In fact, this NaOH concentration was
very effective for the BC regeneration during early
adsorption-desorption cycles where the fluoride adsorption
properties were successfully recovered with RE >90%. These
findings were consistent with the results of previous studies
(e.g., [28, 34]. For instance, Nigri et al. [28] regenerated BC
used for fluoride removal on a fixed-bed column using
0.5mol/L NaOH. These authors concluded that the BC
adsorption capacity decreased by 70% with RE = 30% for 5th
regeneration cycle. But it is convenient to recall that these
authors used a higher NaOH concentration in the BC re-
generation studies. This comparison clearly highlights the
importance of identifying the best concentration of the
desorbing agent to improve the adsorbent properties and to
reduce the regeneration costs. NaOH concentration is
a paramount parameter that must be taken into consider-
ation to obtain the highest values of regeneration effec-
tiveness. The results point out that very low NaOH
concentrations might not be enough for the desorption of
fluoride anions loaded on the BC surface, thus affecting the
recovery of its adsorption properties. In contrast, a high
NaOH concentration could reduce the regeneration effec-
tiveness, affecting the adsorbent performance by the in-
activation or damage of the adsorbent functional groups.
NaOH-based regeneration was also more effective than the
BC thermal regeneration for fluoride removal. The results
reported by Nigri et al. [29] indicated that 55% RE of BC can
be achieved in the Ist adsorption-desorption cycle with
thermal regeneration at 400°C thus proving that this ap-
proach was less reliable and implied a major cost due to the
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FiGure 3: Fluoride adsorption isotherms using raw and regenerated bone char samples at pH 7 and 30°C. (a) Regeneration with 0.01 M
NaOH. (b) Regeneration with 0.05M NaOH. (c) Regeneration with 0.075M NaOH.

energy consumption in the adsorbent thermal treatment.
Moreover, it is convenient to indicate that the fluoride
adsorption properties of regenerated bone char can be
competitive with respect to other adsorbents reported in the
literature; see Table 1.

3.2. Surface Chemistry and Characterization of Regenerated
Bone Char with NaOH. In general, the defluoridation
properties of BC are related to the content of hydroxyapatite
in the adsorbent structure [25, 26, 35, 36]. Previous studies
have shown that the preparation conditions of BC signifi-
cantly affect its fluoride adsorption capacity, where the
pyrolysis or carbonization temperature plays a relevant role
[24, 31, 35]. Figueiredo et al. [37] reported that the presence
of hydroxyapatite in BC samples is dependent on the cal-
cination temperature. Mammalian bones are composed of
nanocrystalline apatite and fibrous protein. The organic
matter (mainly collagen) of this biomass can undergo
combustion at 200-600°C, which is completed at approxi-
mately 650°C, thus leading to the formation of porous hy-
droxyapatite at 700°C [38, 39]. Note that the combustion of
collagen at >400°C affects the crystallite size and the degree
of crystallinity of the final solid [38]. The growth of crystallite
size is significant at 400-700°C and remains stable at >800°C,
unlike crystallinity, which increases with temperature [38],
where the hydroxyapatite structure can be preserved even at
1000°C [39, 40]. On the other hand, Rojas-Mayorga et al.
[35] showed that bone pyrolysis at 700°C was the best
condition to prepare BC for fluoride removal from water,
thus avoiding the hydroxyapatite dehydroxylation, which
has a significant impact on BC defluoridation properties.
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FIGURE 4: Regeneration efficiency of bone char using NaOH
solutions.

Based on these results, the changes in the fluoride adsorption
properties of regenerated BC samples are mainly associated
with the impact of NaOH on the hydroxyapatite phase
contained in this adsorbent, as discussed below.

The results of FTIR analysis for raw and regenerated (1st,
5% and 10th cycles, 0.075mol/L NaOH) BC samples are
reported in Figure 5. The characteristic absorption bands of
BC samples resulting from the stretching and symmetric
bending modes of vibration of O-H, stretching vibration of
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TaBLE 1: Comparison of the fluoride adsorption capacities reported for commercial bone chars and other adsorbents. Adapted from

Elvir-Padilla et al. [25].

Adsorbent pH T (°C) q (mmol/g)
Regenerated commercial bone char — — 0.03
Commercial bone char 7 20-30 0.12-0.39
Cerium modified bone char 7 30 0.72
Aluminum hydroxide-coated zeolite from coal fly ash 6.0 25 0.95
Pinus roxburghii wood biochar 4.5 30 0.88

C-H, asymmetric stretching and bending vibrations of C-O
from the carbonate group, and symmetric stretching and
bending vibrations of P-O from the phosphate group were
identified at ~3440, 2950-2850, 1620, 1450-1400, 1100-960,
and 605-560 cm ™" [31, 41-43]. An increase in the absorption
band was observed at 2013 cm ™! (which was associated with
the presence of PO, ") for the BC samples obtained from the
5th and 10th regeneration cycles in comparison with the raw
BC, and a gradual decrease in the absorption band at
3444 cm™' (associated with the presence of hydroxyl groups)
of the BC samples from the 1st, 5th, and 10th regeneration
cycles. After fluoride adsorption, a slight widening, and
small displacement to lower frequencies were detected in the
absorption band located at ~3440 cm ™', which was indicative
of BC surface fluoridation. Similar findings were reported by
Eslami et al. [44]; Nigri et al. [29]; Shaltout et al. [45]; and
Sundaram et al. [46]. These results were consistent with the
expected mechanism for fluoride adsorption, where the
reduction of hydroxyl groups affected the ligand exchange
capability of regenerated BC samples, thus reducing their
fluoride adsorption capacity in the regeneration cycle.
XRD results of raw and regenerated BC samples were
similar, where the characteristic peaks were located at ~21.8,
22.9, 25.9, 2811, 28.9, 31.8, 32.2, 32.9, 34.1, 39.8, 42.0, 46.7,
48.1, 49.5, 50.5, 51.3, 52.1, 53.1, 55.9, 61.7, 63.0, and 64.1° 26;
see Figure 6. These diffractograms show the crystalline
pattern of hydroxyapatite (ICDD: 00-009-0432) in agree-
ment with other studies reported in the literature
[26, 31, 41, 43, 47]. Notably, NaOH regeneration did not
modify the crystalline structure of BC samples [48]. On the
other hand, the crystalline structure of fluorapatite (ICDD:
00-015-0876) was identified after adsorption, confirming
that the BC surface was loaded with fluoride ions. XRF
analysis of raw and regenerated BC samples confirmed
a decrease in the amount of calcium oxide. For example, this
oxide content ranged from 62.1% for raw BC to 58.2% for the
regenerated adsorbent at the 10th adsorption/desorption
cycle, while the content of phosphorus pentoxide increased
from 19.8% to 27.9% for the same samples. Consequently,
the change observed in the Ca/P ratio was attributed to the
NaOH treatment. The textural parameters of BC were
slightly affected by NaOH regeneration; see Table 2. In
particular, the BET surface areas were 58 m*/g for raw BC,
and 53-40 m°/g for BC regenerated in the 1st-10th cycles.
The surface areas of the regenerated BC samples were re-
duced because NaOH may have affected the internal porous
structure. In addition, the desorption efficiency decreased
along the regeneration cycles causing fluoride ions not
desorbed from the adsorbent surface can block some pores.

Note that the reduction in the surface area could also affect
the fluoride adsorption capacity of regenerated adsorbents
but to a minor extent. The pore size of regenerated BC
samples did not show a significant difference during the
fluoride adsorption/desorption cycles, which was ~5.7 nm.
Finally, the microstructure of raw and regenerated BC is
reported in Figure 7. Raw adsorbent presented a rough,
irregular, compact, and nonporous surface. However, NaOH
regeneration gradually affected the morphology of the BC
surface due to the corrosion caused by this chemical along
the regeneration cycles. EDX analysis confirmed that the
main constituents of BC were oxygen, calcium, and phos-
phate, which were associated with its hydroxyapatite
content.

3.3. Analysis of Fluoride Adsorption Mechanism Using
Regenerated Bone Char. Ligand exchange process and
electrostatic interactions are expected to be involved in the
fluoride adsorption on BC and they have been associated
with the hydroxyapatite phase [26, 35, 43, 49, 50]. Elec-
trostatic interactions were caused by the positively charge of
BC at pH 7 <pH at the point of zero charge (i.e., ~8). The
ligand exchange for fluoride adsorption on BC can be
performed via the hydroxyapatite phase:

Cayo (PO, )s(OH), + 2F = Ca,, (PO,)F, + 20H , (5)

where two fluoride anions can be exchanged at each hy-
droxyapatite ligand exchange site. Therefore, NaOH per-
forms the dual function in BC regeneration. First, NaOH
desorbed the fluoride anions bonded to the hydroxyapatite
functionalities of BC, thus allowing their participation in
another adsorption cycle. This desorption process can be
represented as follows:

Ca,y (PO,)F, + 20H™ = Ca,, (PO,),(OH), + 2F". (6)

NaOH can also contribute to the activation of other
functionalities available on the BC surface that can be in-
volved in the next adsorption cycle.

Calculations with the monolayer adsorption model in-
dicated that the number of fluoride anions adsorbed per
hydroxyapatite ligand exchange site (1) of raw BC was ~1.1,
which was consistent with the fluoride anions that could be
exchanged according to (5). After BC regeneration, the
calculated np values were 0.74-0.79 for 0.01 mol/L NaOH,
0.52-1.03 for 0.05 mol/L NaOH, and ~1.1 for 0.075 mol/L
NaOH. These results suggested that the ligand exchange
capacity of the hydroxyapatite phase of regenerated BC was
affected as the number of regeneration cycles increased. This
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FIGURE 6: X-ray diffractograms of raw and regenerated bone chars (a) before and (b) after fluoride adsorption. Samples were regenerated

with 0.075 mol/L NaOH.

TaBLE 2: Textural parameters of raw and regenerated bone char samples. Samples were regenerated with 0.075 mol/L NaOH.

Sample BET surface area (mZ/g) Pore volume (cmS/g) Pore size (nm)
Raw 58 0.09 5.6
1** regeneration cycle 53 0.08 5.7
5t regeneration cycle 40 0.07 5.7
0™ regeneration cycle 43 0.07 5.7

phenomenon was more noticeable at 1-5th regeneration
cycles using 0.01 and 0.05 mol/L NaOH concentrations. It is
interesting to highlight that the hydroxyapatite from BC
samples regenerated with 0.075 mol/L NaOH maintained its
ligand exchange properties (i.e., np of raw BC=np of
regenerated BC) and, consequently, they showed the highest
regeneration effectiveness (i.e., RE values) at different ad-
sorption/desorption cycles. It was also calculated that
0.47 mmol/g of hydroxyapatite ligand exchange sites (Dpc)
were involved in the fluoride adsorption on raw BC. The
quantity of these surface functionalities for fluoride ad-
sorption was reduced after each adsorption/desorption cycle
for the tested NaOH concentrations where Dp ranged from
0.46-0.25 mmol/g during the 1-10" regeneration cycles.
FTIR results confirmed the calculations of the monolayer
adsorption model, which indicated that the number of li-
gand exchange sites associated with hydroxyapatite was
reduced as the regeneration cycles were carried out. This
finding can be associated with the deactivation of some
functional groups and the incomplete fluoride desorption by
NaOH, which blocked some surface functionalities for

another adsorption process. Therefore, the BC regenerated
with 0.075 mol/L NaOH outperformed other regenerated BC
samples because their hydroxyapatite-based functional
groups preserved their ligand exchange properties after
several fluoride adsorption/desorption cycles. For NaOH
concentrations <0.075mol/L, the defluoridation properties
of regenerated BC were affected by the functional group
deactivation, the reduction of their ligand exchange prop-
erties and the inefficient fluoride desorption specially after
several regeneration cycles.

Finally, the interaction energies (AE, kJ/mol) between
fluoride anions and BC ligand exchange sites were calculated
with the monolayer adsorption model via [32]

Sol
AE = RTI F
“( [F_]m) @

where R is the universal gas constant, Solg is the solubility of
fluoride in an aqueous solution (mmol/L), and T is the
adsorption temperature (K) used to determine the fluoride
adsorption isotherms. Fluoride-BC interaction energies
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FIGURE 7: SEM micrographs (200x) of raw and regenerated bone chars. Samples were regenerated with 0.075 mol/L NaOH.

ranged from 12.5 to 13.9 kJ/mol and slightly increased with
NaOH concentration in the regeneration cycles. These in-
teraction energies correspond to the classical values of
physical adsorption forces, which allow the adsorbate de-
sorption and the corresponding adsorbent regeneration.

4. Conclusions

There is a need to implement new sustainable and efficient
technologies for drinking water defluoridation due to the
human health issues related to fluoride exposure in de-
veloping countries. The results showed that fluoride ad-
sorption by bone char and its regeneration might represent
an eco-friendly, cost-efficient, and sustainable large-scale
technology to enhance environmental and human health
protection. NaOH regeneration was effective in recovering
the defluoridation properties of bone char. The reduction in
the defluoridation properties of BC during the regeneration
cycles was attributed to the decrease in the ligand exchange
capacity of hydroxyapatite functionalities, in addition to the
deactivation and blocking of some functional groups that
limited their participation in consecutive adsorption pro-
cesses. Fluorinated water is a serious health problem in
developing countries, and the use of sustainable and low-
cost treatment processes is mandatory. Fluoride adsorption
on bone char is a reliable solution for addressing this en-
vironmental problem, and reducing its operating costs is
important for extending its application to low-income
populations. The regeneration of this adsorbent with
NaOH can contribute to achieving this goal. Further studies
are needed to determine bone char efficiency in multi-
component systems as well as its proper final disposal.
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