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This paper aims to study the possibility of providing a low-cost alternative for the
adsorbents used in the fluoride adsorption from water by using eggshells. Indeed, egg-
shells were used as an adsorbent for fluoride adsorption from a drinking groundwater
sample containing (2.14 mg/l) of fluoride. The eggshells were crushed and sieved into
three particle sizes (0.2, 0.5, and 1mm) and then heated at different temperatures rang-
ing from 100 to 250°C. XRD, FT-IR, pHpzc, and TG/DTA analysis were used for the
characterization of the adsorbents. Adsorption batch experiments were carried out to
determine the adsorption capacity of eggshell powder such as, particle size, prepara-
tion temperature, contact time, and adsorbent dose. A spectrophotometer UV-VIS was
used to assess fluoride removal efficiency. The eggshell powder heated at 250°C with
0.2mm of particle size was found to be the most efficient adsorbent, with a maximum
fluoride removal efficiency of 51.4%, a maximum adsorption capacity of 0.052mg/g,
and a residual fluoride concentration of 1.1mg/l within 150 minutes. The data of the
adsorption kinetic on ES250°0.2 were successfully fitted with the pseudo-second-or-
der model with a satisfying coefficient of determination (R*=0.993). The results of
the intra-particle diffusion model showed a multi-linearity, revealing that the diffusion
of fluoride into the adsorbent was by two stages with diffusion rate constants of Ki =
0.007 (mg /g/min"?) and Ki = 0.001(mg /g/min'?) for the first and second stage respec-
tively. An adsorbent dose of 1.5g and 1 hour of contact time were sufficient to decrease
fluoride concentration from 2.14 to 1.1mg/l.
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INTRODUCTION

Groundwater is vital source for the water supply of cities in Algeria. The continental intercalary
CI and the complex terminal CT are two aquifer systems located in the Algerian Septentrional
Sahara. These latter are holding a large volume of groundwater (50 billion m*) which represents
the main water resource of Algeria. However, it is characterized by excessive mineralization,
usually associated with hardness and high fluoride concentrations (Aissa and Boutoutaou,
2017) as a result of leaching minerals from rocks.

Fluoride is a hazardous inorganic pollutant that exists in nature and poses serious health
risks to humans (Chouhan and Flora, 2010). Fluoride in drinking water is widely prevalent, and
its excessive consumption (>1.5mg/l) (World Health Organization, 2022) causes the tooth and
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bone structure to lose calcium, making cavities deteriorate for the rest of one’s life (Whitford,
1996). Thus, we are witnessing silent fluorosis among Algerian citizens due to the excessive
intake of fluoride-laden waters.

In order to provide safe drinking water that meet WHO standards, several researchers
attempted to remove fluoride from drinking water by numerous engineering processes such
as ion exchange (Viswanathan et al.,, 2013), coagulation (He et al., 2016), electrocoagulation,
reverse osmosis (Owusu-Agyeman et al., 2019), nano-filtration (Shen et al, 2016), and
électrodialyses (Aliaskari and Schifer, 2021). Besides this, several novel materials were used for
fluoride removals such as activated alumina (Samrat et al., 2020), hydroxyapatite (Mourabet et
al., 2015), and bentonite (Annan et al., 2021). However, these techniques and materials have
application limitations especially in underdeveloped countries due to their high cost, complexity,
high installation and maintenance costs, and sludge generation. Furthermore, Several fluoride
adsorbents are subjected to chemical activation and doping during their preparation. It is worth
noting that the chemically modified adsorbents can alter the final parameters of the treated water,
such as changing the concentration of co-ions, modification of the final pH, as well as leaving
traces of the activating agents in the water after treatment. Therefore, additional treatment is
necessary to adjust these parameters and remove the trace elements. Hence, it is imperative to
use processes and materials that have an acceptable cost and a high fluoride removal capacity.

Eggshell is an eco-friendly material, which had been a subject of interest for many studies due
to its constituent and its availability in abundant quantities. Eggshell is a bio-ceramic composite
that is high in mineral salts. It is mostly composed of calcium carbonate (CaCO,) (94%), calcium
phosphate (1%), magnesium carbonate (1%), and organic components (4%) (Murakami et al.,
2007). Thus, Eggshell can be a raw material to replace not only CaCO, extracted from non-
renewable sources such as limestone (Spelta and Galdino, 2018; Tizo et al., 2018), but it can also
be a precursor for calcium oxide (CaO) when it is subjected to heat treatment (Khatibi et al., 2021)
(Fan et al., 2016) (Tangboriboon et al., 2012) . The obtained CaO was used as a bio-sorbent for F-
removal in many studies (Saini et al., 2021) (Lee et al., 2021). Using fluoride synthetic solutions,
Bhaumik et al. investigated the fluoride adsorption on eggshell powder. Fluoride adsorption on
eggshell powder was shown to be pH-dependent, with an optimal removal efficiency at pH 6.0.
The data from the adsorption equilibrium were successfully fitted to the Langmuir isotherm
model (Bhaumik et al., 2012). For the adsorption of fluoride, Lunge et al. used an aluminum/
eggshell composite. The results showed that aluminum/eggshell composite, with an adsorption
capacity of 37 mg/g, was an effective fluoride adsorbent. Additionally, the experimental results
showed that the Langmuir isotherm model more accurately predicted fluoride adsorption in a
monolayer(Lunge et al., 2012). Lee et al. conducted a similar investigation. Eggshells that had
undergone thermal treatment were utilized to absorb fluoride. The ideal treatment temperature
was determined to be 800°C, and fluoride adsorption on ES-800°C reached 70% of adsorption
equilibrium in 15 minutes (Lee et al., 2021).

Despite the significance of the fluorosis issue in the area and the study well’s contribution
to the region’s drinking water supply, neither the studied well nor fluoride adsorption using
eggshell powder as an adsorbent have been the subject of any scientific research to date at
the same study area level. Thus, In this work, we opted for eggshell powder as a possible low-
cost alternative for the adsorption of fluoride from the groundwater of Ain Ben Noui, with
an undemanding preparation at low temperature and without chemical activation, as well as
a straightforward application of the adsorbent on a domestic scale and this to make a small
contribution to reducing the risks of fluorosis in the study region. Eggshells were sieved in three
different particle sizes and heated at four different heating temperatures. XRD, FTIR, pHpzc
characterization studies were carried out for the eggshell powder before and after it was heated
at 250°C. A comparative essay of the fluoride adsorption on eggshell powder was conducted to
evaluate the impact of the particles’ size and heating temperature on the fluoride adsorption
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capacity of the adsorbent. The essay also aimed to determine the most efficient adsorbent.
Furthermore, the effect of contact time and adsorbent dosage studies were performed with the
most efficient adsorbent. Three adsorption kinetic models (pseudo-first-order, pseudo-second-
order, and intra-particle diffusion) were of use in the analysis of the adsorption kinetic and
characteristics.

MATERIALS AND METHODS

The region of Biskra is located in the South-east of Algeria, and it extends from the Chott
Melghir area in the South-East to the Eastern Erg in the South-West (latitude 34° 52’ N, longitude
5° 38’ E), its altitude is 125 meters above sea level. The region of biskra is a semi-arid region that
is characterized by a low amount of precipitation.

Geological and hydrogeological studies have made it possible to highlight the existence of
several aquifer reservoirs. These aquifers belong to the Quaternary, Mio-Pliocene, Lower Eocene,
Upper Senonian (Maastrichtian), and Albian. The Albian aquifer also called the intercalary
continental aquifer (IC), is by far the most important reservoir in the region since it covers most
of the northern Saharan territory ( 600,000 Km?), with a water capacity of about 50,000 billion
cubic meters (Bouziane and Labadi, 2009).

The drinking groundwater sample was collected from a borehole located in the municipality
of Ain Ben Noui, and from which the drinking water is distributed to the eastern neighborhoods
of the city of Biskra.

The fluoride concentration of the groundwater sample before and after treatment was
determined by SPADNS Spectrophotometric method using a spectrophotometer UV-VIS (Hach,
model DR 6000) and SPADNS reagent for fluoride. Measurements were taken at a wavelength
of 580 nm.

The Dosage of bicarbonate (HCO™), calcium (Ca*?), carbonate (CO,?), magnesium(Mg"?),
and chloride (Cl') in the groundwater sample was by the standard method of Rodier (Rodier et
al., 2009). The pH, temperature, and electrical conductivity (EC) were monitored on a multi-
parameter (WTW, model Multi 3501i).

The agitation and the vacuum filtration of the adsorption experiments samples was
conducted by magnetic stirrers (Ika, model RCT basic) and a diaphragm vacuum pump (GM-
0.50) equipped with a filtration flask and a cellulose membrane filter (0.45 um).

Eggshells were collected from local butcher shops, and in order to remove contaminants,
they were rinsed numerous times with boiling and distilled water. The raw materials were
separately dried for 24h at 50°C. After that, they were crushed and grounded by a mortar grinder
(RETSCH., Model RM200), then sieved into three different particles sizes (0.2mm, 0.5mm,
Imm). The sieved material was separated into three samples with a defined particles size. Each
sample was then divided into five other samples, one sample was kept as raw material, and the
four other samples were placed in a muffle furnace and subjected separately to a different heating
temperature (100° C, 150° C, 200°C, 250°C) with a heating rate of 10°C/minute. Heating at the
preset temperature was kept up for an hour. The resulted adsorbents were rinsed again with
distilled water until pH=7, none of the chemical agents were added. The resulted materials were
named according to their precursor (ES for Eggshell), the heating temperature that they were
subjected to (ES100°), and their particles size (ES100°0.2). Concerning the raw sample, it was
simply named as follows: RE for Raw Eggshell.

X-ray diffraction (XRD) analysis was performed to examine the crystalline species contained
in the biosorbents, by using Bruker model D8 Advance X-ray diffractometer. Diffractgrams
were obtained with a step of 0.1° per minute in the range of 10° <20 < 70°.

By using an Infrared Spectrometer (Shimadzu., model IRSpirit), the functional groups on the
surface of the adsorbent were identified. The crushed particles were scanned in transmittance
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mode at room temperature over a wavenumber range of 4000 to 400 cm™.

The thermal stability (TG/DTA) of the material was investigated using a thermal analysis
system (Setaram. model LABSYS evo) under N, gas flow (100 cm’min™") at a heating rate of 10°C
per minute.

The point of zero charge (pHPZC) was identified using the salt addition method. The
experiment was carried out as follows: A solution of 0.01 N of NaCl was prepared. Eleven 100
mL capped Erlenmeyer flasks were used for this study, and each flask contained 50 ml of NaCl
solution. A variation of the initial pH (from 2 to 10) was made respectively for each flask with
NaOH (0.1 N) and HCI (0.1 N) solutions. Further, A dose of 1 g of the adsorbent was introduced
to each flask then subjected to agitation for 1 hour under a constant orbit (120 rpm at 25 °C),
after that a vacuum filtration was made to each flask.

Adsorption batch experiments were carried out as a preliminary essay to assess the fluoride
adsorption capacity of the adsorbents and their potential of usability in fluoride-affected regions,
as well as the effect of the particles size and thermal treatment temperature of the adsorbents on
the fluoride removal ability. The efficiency of the prepared sorbents was investigated by using
100 mL capped Erlenmeyer flasks. A dose of 1g of each adsorbent was separately mixed with
50ml of Ain Ben Noui’s groundwater containing 2.14 mg/L of fluoride. The initial pH solution
was pH=7.35.The Erlenmeyer flasks were agitated for 1hour under a constant orbit 120 rpm at
25 °C after that they were collected then subjected to a vacuum filtration.

It is noteworthy that the main objective of this essay was to determine the most efficient
adsorbent to be used in further adsorption experiments.

Kinetic sorption experiments were performed on 100 mL capped Erlenmeyer flasks. Each
flask contained a dose of 1g of the adsorbent and 50 mL of groundwater with an initial fluoride
concentration and a pH solution of 2.14 mg/L and 7.35, respectively. The samples were mixed
using Magnetic stirrers (Ika., model RCT basic ) 120 rpm at 25 °C, and the steering time was
different from a sample to another, varying from 5 to 180 min. The samples were collected and
subjected to vacuum filtration.

Many kinetic models are available to describe the adsorption kinetic’s parameters, such as the
rate constant of kinetic and the characteristic of the adsorption mechanism (physisorption or
chemisorption). The data of the adsorption kinetic were fitted to the following kinetic models:
pseudo-first-order (Eq.1) (Lagergren, S, 1898), pseudo-second-order (Eq.3) (Ho and McKay,
1998), and intra-particle diffusion model (Eq.4) (Weber and Morris, 1963).

q. = q.(1-¢*") (1)

Where ge and gt are the mass of sorbet fluoride per unit mass of the adsorbent (mg/g) at
equilibrium and at any time ¢, respectively and k is the pseudo-first-order rate constant(1/h).

q, = (C‘%)V (2)

Where Ce is the fluoride concentration at equilibrium (mg/l), Co is the initial fluoride
concentration (mg/l), v is the solution volume (1), and m is the masse of the adsorbent (g).
Pseudo-second-order kinetic equation is given by (Ho and McKay, 1998) as follow:

k,.q:.t
=—2de 3
i 1+k,.t G)
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Where k, is the pseudo-second-order rate constant(1/h).

Intraparticle diffusion is applied to determine the nature of the rate-controlling step. The
intraparticle diffusion model is represented by the following Weber and Morris equation (Weber
and Morris, 1963).

q, =k, t*° +c (4)

Where, C is the intercept, related to the thickness of the boundary layer and K is the
intraparticle diffusion rate constant. According to this model, to this model, if the adsorption
of the adsorbate is controlled by the intraparticle diffusion process, a plot of qt= f(t"?) show a
straight line (Weber and Morris, 1963). However, if the data show a multi-linearity, it implies
that intraparticle diffusion is not only the rate-controlling step (Weber and Morris, 1963).

The effect of the adsorbent dose was studied on 100 mL capped Erlenmeyer flasks in which
the adsorbent’s dose was varied from a flask to another (from 1 to 5 g). 50 mL of Ain Ben Noui’s
groundwater containing 2.14 mg/L of fluoride (initial pH 7. 35) was added to each flask and
then placed on a magnetic stirrer for 1h under a constant agitation (120 rpm at 25 °C). The
samples were collected then subjected to a vacuum filtration.

RESULTS AND DISCUSSION

Table 1 shows the results of fluoride dosage of the Ain Ben Noui groundwater sample;
according to these results, the groundwater sample is characterized by a fluoride tenor above
(1.5mg/l) WHO standard for fluoride.

Figure 1 shows XRD patterns of raw eggshell powder and ES250°0.2, respectively. The XRD
patterns and diffraction peaks were analyzed and identified using High Score plus software.

X-ray diffraction patterns of both samples show peaks that are characteristics of calcite
(CaCO,) and correspond to JCPD card for calcite (5-0586). The results confirm that calcium
carbonate is the major component of eggshell powder (Choudhary et al., 2015).

The diffraction peaks of the raw eggshell powder observed at 26 = 23.1, 29.6, 31.5, 36.1, 39.6,
43.3,47.3,47.70, 48.7, 56.6, 57.6, 60.8, 63.22, 64.8, 65.7, 69.4, 70.4, 73.0 and 77.3 correspond to
the calcite Rhombohedral crystal planes of (012),(104),(006),(110),(113),(202),(024),
(018),(116),(211), (122),(208),(119),(125),(300),(0012),(217),(0210), and
(11 12), respectively. A small modification in the structure of XRD patterns had occurred while
increasing temperature to 250°C. It was observed that the intensity of XRD peaks of eggshell
powder had decreased, and two X-ray reflections peaks appeared at 20 = 61.7, and 76.4 which
they correspond respectively to (1 1 9) and (2 2 0) Rhombohedral crystal planes of calcite. On
the other hand, an increase in the intensity of the new reflection peaks was observed while the
reflection peaks of raw eggshell powder were decreasing. The same observations were seen in a
previous work of Engin et al. (Engin et al., 2006).

FTIR spectra of both raw eggshells (RE) and ES 250°0.2 are presented in Figure 2. It is worth
noting that the FTIR spectrum of both samples have the characteristic bands as natural calcites
(CaCO,), and they do not show many dissimilarities as the heating temperature increases.. The
observation of the FTIR spectrum of both samples shows a strong peak at 1418cm™and a peak

Table 1. Fluoride concentration of the drinking groundwater sample.

Wat Ca? Mg HCO; CI F
Region ater Drill T pH CE TH(F) a & ’
table mg/l mg/l mg/l mgl mgl
. . Ain Ben
Biskra Phreatic 183 735 7.2 182.54 416 187 234 953 2.14

Noui AEP
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v

ES 250°0.2
® RE 1793 a
T 1087} |66
[&]
&
= 712
=
n
C
g
|_

875
1418

> I 5 I 2 I 5 I 3 I e I % I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 2. FTIR spectrum of RE 0.2 and ES250°0.2.

at 712 cmattributed to the vibration of CO, molecules (Berzina-Cimdina and Borodajenko,
2012; Goli and Sahu, 2018; Tsai et al., 2006). There are also two other peaks at1087 cm™, and 875
cm'whichreferred to the presence of CO,? molecules probably associated with calcium (calcite,
CaCO,) (Goli and Sahu, 2018; Pereira et al., 2017). On the other hand, the presence of amides
and amines in both samples were represented by peaks at 1793 cm’', and 668 cm™ respectively
(Torres-Mansilla and Delgado-Me, 2017). The peak observed at 2360 cm™ was attributed to the
carbon dioxide stretching vibration group ( O=C=0) (Hamidji et al., 2017).
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Figure 3 shows the TG and DTA curves of the thermal degradation of eggshell in a range
of temperatures from 21°C to 500°C. The obtained thermogram has been divided into two
stages. The first stage shows a progressive weight loss, which occurred from room temperature
up to 250°C. The masse loss observed at this stage was around (1.05mg), which was due to the
removal of moisture and the evaporation of the adsorbed water molecules on the surface of
the eggshell particles (Ait Taleb et al., 2017; Lee et al., 2021; Ooi et al., 2007). The second stage
shows a significant increase in weight loss around (4mg), which occurred from 250°C to 500°C
due to the degradation of organic matters (collagen, proteins, and carbohydrates) present in
membranes (Castro et al., 2019; Ooi et al., 2007).

The DTA curve shows four endothermic peaks at 120°C, 233°C, 400°C, and 490°C, as well as
two exothermic peaks at 345°C and 420°C. The endothermic peaks at 125°C and 240°C are due
to the removal of moisture and adsorbed water, respectively. The endothermic peaks at 400°C
and 490°C correspond to the degradation of organic matter. The exothermic peak at 420°C was
probably due to the beginning of the decomposition of carbonate.

The pH,, . is a pH point at which the charges on the adsorbent surface are equal. The surface
charge is a significant factor; it helps to understand the mechanism of adsorption. Adsorption
of anions and cations depends on the pH of the solution. It is well known that at a lower pH,
the presence of H* ions on the adsorbent’s surface favors the adsorption of anions. Whereas, at
a higher pH, the presence of OH" ions favors the adsorption of cations (Bhaumik et al., 2012).
Therefore, when pH < pH,, ., the adsorbents surface will be positively charged due to the
protonation of the functional groups of calcite. Otherwise, when pH > pH,, , the surface of
the adsorbent will be negatively charged due to the deprotonation of the functional groups of
calcite(Nigri et al., 2017),(Medellin-Castillo et al., 2007).

The pH of point zero charge of ES 250°C is illustrated in Figure 4. The pH,, . of the ES 250°0.2
was 6.5. According to the pH of the groundwater sample (pH=7.35), the surface charges of ES
250°0.2 is negatively charged, improving the electrostatic attraction of cations.

The results of the preliminary essay are summarized in Table 2 as well as in Figure 5. According
to the results, we noticed that the residual fluoride concentration of the samples treated with
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Fig. 3. TGA/DTA analysis of eggshell powder.
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Table 2. Summary of the fluoride adsorption onto eggshell adsorbents.
Adsorbent Final pH qt(mg/1)
0 7.35 0
RE 0.2 8.16 0.68
ES100°0.2 8.18 0.73
ES150°0.2 8.2 0.74
ES200°0.2 8.28 0.78
ES250°0.2 8.3 0.85
RE 0.5 7.66 0.49
ES100°0.5 7.74 0.61
ES150°0.5 7.83 0.66
ES200°0.5 7.85 0.7
ES250°0.5 7.97 0.71
RE1 7.62 0.35
ES100°1 7.7 0.41
ES150°1 7.73 0.42
ES200°1 7.78 0.47
ES250°1 7.83 0.56

ES250° meets WHO standards for fluoride concentration in drinking water. However, particles
size impacted slightly, the adsorption of fluoride, which reflects the different nature of results.
Thus, the smallest the particles are, the higher the adsorption capacity is. Therefore, depending
on the adsorbent’s particle size, the fluoride adsorption capacities were classified as follows,
Qoo™ D o5 Dy 1DESE results agree with the results of several previous studies (Chatterjee
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et al., 2018; Kaseva, 2006; Mutchimadilok et al., 2014; Srimurali et al., 1998), that concluded that
fine adsorbent particles lead to a rapid adsorption rate at an earlier time, as well as a raise in the
adsorption capacity.

Concerning the impact of heating temperatures, organic matters can also be responsible for
the different nature of results. As it was observed in the essay’s results, the adsorbent prepared at
250°C had a better fluoride adsorption capacity than the others, due to its low tenor of organic
matter compared to the raw material. These results also agree with a previous study of Shahid et
al. (Shahid et al., 2020), who reported that the presence of organic matter on the adsorbents or
an inadequate elimination of organic matter can be a major reason for low adsorption efficiency.

The low sorption capacity of eggshell powder was due to its main component CaCO, that is
known for its low affinity toward fluoride. It is well known that Hydroxides generally display a
high affinity toward fluoride and that Ca(OH), improves the elimination of fluoride through
ions exchange and precipitation of calcium fluoride (Sternitzke et al., 2012).

Several studies (Bhaumik et al., 2012; Pérez et al., 2021) concluded that to increase fluoride
removal by Eggshell powder, a thermal treatment over 800°C is needed, and that is due to the
low fluoride adsorption capacity of eggshell powder specifically, samples prepared without
any treatment conditions and carbonized at temperatures lower than 500°C (Bhaumik et al,,
2012). We also note that fluoride adsorption capacity of eggshells increases as the calcinations
temperature increases, and that is due to the transformation of CaCO, contained in eggshells
into Ca(OH), by calcinations process at high temperatures (over 800°C) (Pérez et al., 2021).
Aside from that, the surface charges of the adsorbent and the fluoride adsorption capacity were
controlled by the solution pH and the pH at the point of zero charge (pH,,.) of the adsorbent.
As it was shown in Figure 4, the pH_, . of the raw eggshell powder and ES250°C was about
6.5. Thus, the pH solution (pH=7.35) was higher than the pH_, . Therefore, the surface of the
adsorbents has a greater number of deprotonated negative charges decreasing the fluoride
adsorption capacity of the adsorbents and calcium fluoride formation and precipitation due to
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competition between OH and fluoride ions F;, as well as repulsive forces between fluoride ions
and negatively charged surfaces (Nigri et al., 2017).

Although the results consolidate the feasibility of applicability of ES250°C as an adsorbent for
fluoride removal from groundwater and it is worth noting that the addition of the adsorbent did
not affect the smell and taste of water, meaning that the adsorption of fluoride onto ES250°C can
provide safe and reliable drinking water.

Finally, since that the ES250°0.2 appeared to be the most effective adsorbent, displaying the
greatest fluoride adsorption capacity. Therefore, additional adsorption studies were performed
with ES250°0.2.

From the results presented in Figure 6, a rapid decrease in the fluoride concentration from
2.14 mg/1to 1.29 mg/l was observed within 60 min. After that, the elimination of fluoride became
slower, attaining equilibrium at 150 min with a minimum fluoride concentration of 1.1mg/1. The
optimum results of the essay are presented in Table 3.

Pseudo-first-order and pseudo-second-order kinetic models, as well as intra-particle
diffusion model, were used to analyze the experimental data and describe the fluoride adsorption
mechanism on ES250°0.2. The graphical representation and the calculated parameters of the
pseudo-first-order, pseudo-second-order, and the intra-particle diffusion model are presented
in Figure 7, Figure 8, and Figure 9, respectively. The calculated parameters of the three models
are represented in Table 4 and Table 5.

ual fluoride concentration (mg/l)
o o - —_ - N _ N N
» oo o N g (o] [o0] o N
1 1 1 1 1 1 1 1 1
I
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/
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Fig. 6. Effect of contact time on the fluoride concentration ([F]0 = 2.14 mg/l, M
~7,35)

=1g, Vol = 50 ml, pH

ES 250°0.2

Table 3. Effect of contact time on the fluoride adsorption by ES250°0.2

Contact time

. 5 10 20 30 60 90 120 150 180
(minute)
Qt (mg/g) 0.002 0.014 0.021 0.034 0.042 0.048 0.049 0.052 0.052
[Flequilibrium 1.1
Qe (mg/g) 0.052

TequiLiBrium 150
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Fig. 7. Pseudo-first-order model of the fluoride adsorption kinetics on ES 250°0.2 mm ([F]0 = 2.14 mg/l, M
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Fig. 9. Graphical representation of the intra-particle diffusion model of the fluoride adsorption kinetics on ES
250°0.2.

Table 4. Summary of the calculated parameters of the Pseudo-first-order and Pseudo-second-order models

Pseudo-first-order model Pseudo-second-order model
Qe exp Kl' Qe cal 5 Qe exp K, (Umin) Qe cal ,
(mg/g) (/min) (mg/g) (mg/g) (mg/g)
0.052 0.025 0.064 0.973 0.052 0.516 0.052 0.993

Table 5. The calculated parameters of the intra-particle diffusion model.

I<INT

St Ci / R?
ages (mg /g/min'?) i (mg/g)

First stage 0.007 0.010 0.95

Second stage 0.001 0.039 0.90

The graphical results of both models showed that the coefficient of determination of both
models was satisfying, (R>=0.977), for the pseudo-first-order model and (R?=0.993) for the
pseudo-second-order model. However, there is a difference between the experimental adsorption
capacity and the calculated adsorption capacity of the pseudo-first-order model compared to
the pseudo-second-order, which showed that there is a concordance between the calculated
adsorption capacity and the experimental adsorption capacity (qcalzqexpzo.OSZ), . that indicates
that the pseudo-second-order model is the best fitting model for the adsorption of fluoride
onto ES250°0.2. These findings are consistent with previous studies (Bhaumik et al., 2012; Lee
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Fig. 10. Effect of the adsorbent dose on the adsorption capacity and residual fluoride concentration ([F]0=2.14
mg/l, Contact time = 1h, Vol = 50 ml, pH =7,35)

et al., 2021; Xia et al., 2019), that concluded that the experimental data of fluoride adsorption
on eggshell are satisfactorily fitted with the pseudo-second-order model. This suggests that the
fluoride removal onto ES250°0.2 was by chemical adsorption (Ho and McKay, 1999) (Zhang et
al., 2009),which implies the valence forces leading to the formation of a new compound which
is calcium fluoride (CaF,) (Lalley et al., 2016; Pérez et al., 2021).

The graphical representation of the intra-particle diffusion model (Figure 9) showed double
linearity that reflects the existence of two stages of diffusion (Weber and Morris, 1963). The first
stage is a rapid diffusion of the adsorbate from the solution to the external adsorbent surfaces
causing, a rapid fluoride adsorption. The second stage is a diffusion of fluoride ions into the pores
of theinner adsorbent surfaces inducing a slower adsorption rate(Weber and Morris, 1963).The
values of the coefficient of determination (R?) indicate that this model can satisfactorily describe
the experimental points of kinetics, and according to the obtained diffusion rate constants, K,
(Table 5), we can confirm that external diffusion is faster than internal diffusion.

The effect of the adsorbent dose on the fluoride adsorption is shown in Figure 10. As the
dosing amount increases from 0 to 5g, the residual fluoride concentration decreases from
2.14mg/1 to 0.04 mg/l at a dose of 3g, reaching 0.0 mg/l at 4 g . This result can be explained by
the availability of a large number of exchange sites, which favors the fixation of a large number
of fluoride ions. In contrast, a decrease in the fluoride adsorption capacity by a unit mass of
adsorbent was observed, which was also due to the availability of a larger number of exchange
sites compared to the fluoride tenor present in the mixture, which induced that many of these
sites remained free.

Finally yet importantly, This study has a potential limitation. The removal efficiencies resulting
from a small-scale application may differ from those issued out of a large-scale application.
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Therefore, a fluoride adsorption essay within a water treatment plant using a column bed filter
can be carried out in future studies to assess the applicability of the adsorbent and its real
potential during the treatment of a large volume of water, as well as the rate and time of its
saturation and its regeneration capacity.

CONCLUSION

The results of this work proved that, despite the low removal efficiency of eggshell powder as
a fluoride adsorbent (51.4%), it is still applicable as a low-cost alternative for the adsorption of
fluoride from the groundwater of the study region. The XRD and FT-IR patterns revealed that the
main component of eggshells was calcite (CaCO,). The adsorption batch experiments confirmed
that heating temperature, particle size, and pHpzc were responsible for the different nature of
the results due to their impact on the tenor of organic matters present on the adsorbent surface,
the adsorption rate, and the adsorbent surface charges. The pHpzc of ES250°0.2 was 6.5, which
is inferior to the water pH (7.35). Hence, the surface of the adsorbent was negatively charged
which favors the electrostatic attraction of cations and repulsion of fluoride ions. Furthermore, a
higher heating temperature was needed for the transformation of CaCO, contained in eggshells
into Ca(OH),, which has a higher affinity toward fluoride ions. However, the treated water
showed a residual fluoride concentration of (1.1mg/l) that meets WHO standards for fluoride
(<1.5mg/1), proving the reliability of ES250°0.2 as a fluoride adsorbent to provide reliable and
safe drinking water for the population living in the study area. In addition, it is worth noting
that to generate safe drinking water that meets WHO standards for fluoride, a dose of 1.5g
of ES250°0.2 and a 1 hour of contact time are sufficient. Although, the adsorption of fluoride
onto eggshell powder remains to be further enhanced by subjecting the eggshell to a thermal
treatment at higher carbonization temperatures (800°C).
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