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Abstract 

High fluoride concentrations in groundwater have attracted great concern worldwide because many people are 
afflicted by fluorosis due to water consumption. In this work, the fluoride adsorption from water onto bone char 
(BC) modified with iron sulfate (BCM) was studied as an option for eliminating fluoride from drinking water. The 
experimental data for the adsorption equilibrium of fluoride on BCMs were procured in a batch adsorber. The syn‑
thesis conditions of BCMs were optimized for improving the adsorption capacity of BCMs, and the optimal BCM was 
designated as BCM2. The BCMs were characterized by different analytical techniques, the BCMs surface exhibited an 
irregular morphology and the chemical nature was basic, and the BCMs were mesoporous materials. The Langmuir 
isotherm satisfactorily interpreted the experimental data of the fluoride adsorption isotherms on BCMs. The basic sites 
of BC and BCMs were quantified and identified in this work. The main adsorption mechanism of fluoride on the BCMs 
was the electrostatic attraction between the fluoride and the basic sites of BCMs, and the adsorption capacities of BC 
and BCMs towards fluoride increased almost linearly with the concentration of basic sites so that the enhancement 
of the adsorption capacity of BCMs was attributed to the increase of basic sites during the modification. Furthermore, 
the BCM2 adsorption capacity was lessened by incrementing the pH from 5 to 9, and this behavior was ascribed to 
the reduction of the electrostatic attraction interactions between the BCM2 surface basic sites and fluoride in the 
solution. The adsorption process was endothermic because the adsorption capacities of BC and BCM2 toward fluoride 
were raised by incrementing the solution temperature from 15 to 35 °C. The BCM2 presented a high capacity for 
adsorbing fluoride of 14.4 mg g−1 at 25 °C and a pH of 5.
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1  Introduction
Population growth has brought diverse environmental 
impacts, and water is one of the most affected sources 
concerning the loss of accessibility and contamination of 
surface and groundwater [1]. Water shortage has already 
shown damaging effects worldwide. Recently, the World 
Health Organization (WHO) and the United Nations 
Children’s Fund reported that more than 2,000 million 
have access to a limited water supply, and 771 million 
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people do not have sufficient and secure water resources 
[2].

WHO has classified fluoride, arsenic and nitrate as 
major water contaminants for human consumption 
because these pollutants can cause large-scale health 
problems [3]. More than 70 million people in 25 coun-
tries are afflicted with fluorosis [4]. Fluoride contami-
nation occurs mainly from geological sources or from 
industries that use raw materials that contain fluoride. 
An ample diversity of minerals present in the soil contain 
fluorine in their structure, for example, fluorite, apatite, 
cryolite, mica, sellaite, phlogopite, topaz and others [5, 6]. 
The most important sources of anthropogenic contami-
nation are industrial, mining and agricultural activities 
[7].

There are different processes for separating fluoride 
from aqueous solutions [8]; however, adsorption is the 
most cost-effective method for water defluorination [9]. 
Diverse adsorbents have been tested for eliminating fluo-
ride present in drinking water; among them are activated 
alumina [10], ion exchange resins [11], layered double 
hydroxide [12] and cellulosic materials [13]. Additionally, 
traditional adsorbents have been modified to increase 
their capacity for adsorbing fluoride; for example, acti-
vated alumina coated with manganese dioxide [14], rice 
husk coated with aluminum hydroxide [15], aluminum-
impregnated activated carbon [16] and polymeric resins 
impregnated with trivalent metals like Ce(III), La(III) and 
Y(III) [17, 18].

Bone char (BC) is manufactured by charring animal 
bones, primarily cattle, and using an oven operated from 
500 to 700 °C for 4–6 h in an inert atmosphere [19, 20]. 
For some time, BC has been considered an appropriate 
adsorbent for eliminating fluoride from water [19, 21], 
mainly due to its low cost [22]. Leyva-Ramos et  al. [20] 
reported that the adsorption capacity of BC towards fluo-
ride could be ascribed essentially to the hydroxyapatite 
present in BC; hence, the chemical alteration of the BC 
surface can promote the BC adsorption capacity [22].

In some works, the BC surface was altered to upgrade 
its adsorption capacity toward fluoride, and the modifica-
tion of BC has been carried out by metal doping or acid 

treatment. BC was modified by washing with 0.1 M HCl 
and then doping with Al(III), Ca(II), Mg(II), or Fe(III) in 
HCl 1.5% w/w solutions and the adsorption capacities of 
the BCMs ranged from 1.6 to 6.8  mg  g−1 [23]. Alkurdi 
et al. [6] reviewed the modification of BC and noted that 
the capacity of BC had been successfully increased by 
impregnating the BC with Ce(III), Ce(IV) and Al(III), and 
Ce(IV)-doped BC presented a high capacity for adsorb-
ing fluoride [24]. Medellin-Castillo et  al. [22] modified 
BC by thermal treatment and acid treatment using 1.0 M 
HNO3 solutions and found that the chemical modifi-
cation improved the BC adsorption capacity towards 
fluoride but not the thermal treatment. However, the 
dependence of the adsorption capacity of BMCs on the 
basic sites concentration has not been analyzed in previ-
ous works.

This work aimed to upgrade the BC adsorption capac-
ity for fluoride by chemical modification of the BC sur-
face using iron sulfate solutions at different conditions 
to attain the maximum adsorption capacity of BC doped 
with iron. Besides, the adsorption mechanism of fluo-
ride on BCM and the role of basic sites on the adsorption 
capacity were elucidated in this work.

2 � Experimental methods
2.1 � Bone char
A commercial BC was utilized in this study and was 
fixed by calcining cattle bones by the APELSA company, 
Mexico. The reagent grade chemicals used were NaF, 
FeSO4·7H2O and NH4Fe(SO4)2·12H2O and were pur-
chased from Sigma–Aldrich, Mexico.

2.2 � Procedure for modifying BC
Predetermined amounts (millimoles) of FeSO4·7H2O and 
NH4Fe(SO4)2·12H2O were added to a volumetric flask 
(150  mL) and were dissolved using a specific volume 
(6–24  mL) of concentrated H2SO4 solution, VAcid (See 
Table  1). Subsequently, the volumetric flask was filled 
with distilled water up to the mark, and the suspension 
was poured into an Erlenmeyer flask containing a certain 
mass of BC (MBC). As listed in Table  1, the modifying 
conditions were varied by increasing the millimoles of 

Table 1  Experimental conditions for modifying the BC with iron sulfate

Designation of BCM MBC (g) FeSO4·7H2O (mmol) NH4Fe(SO4)2·12H2O (mmol) VAcid (mL) Ratio VAcid/
MBC (mL 
g−1)

BCM1 20 0.018 0.021 6 3/10

BCM2 20 0.036 0.042 12 6/10

BCM3 10 0.036 0.042 12 12/10

BCM4 10 0.072 0.084 24 24/10
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iron salts and decreasing the MBC because the adsorption 
sites of BCM depend on the iron loading. Then, 140 mL 
of 1.5  M NaOH solution was poured dropwise into the 
Erlenmeyer mixture (the dropping lasted for more than 
60  min) and mixed continuously at room temperature. 
Moreover, the suspension was vigorously stirred for 17 h, 
then 100 mL of 3 M NaOH solution was added dropwise 
(the addition took more than 30  min), followed by vig-
orous stirring for 4 h. The BCMs were rinsed employing 
distilled water three times, filtrated and dried at 50  °C 
during 15 h, as described by Asfaram et al. [25]. The final 
pH of the rinsing solution ranged between 7 and 8. As 
shown in Table 1, the BCM was designated based on the 
modification conditions, such as the ratio of VAcid/MBC 
and that of the millimoles of iron salts to MBC.

2.3 � Physicochemical and textural properties of BC 
and BCMs

The volumetric titration technique recommended by 
Boehm [26] was utilized to appraise the concentrations 
of basic and acidic sites, and the acid–base titrating tech-
nique outlined by Flores-Cano et  al. [27] was employed 
to assess the point of zero charge (pHPZC) and surface 
charge distribution. Both acid–base titration methods 
were thoroughly described by Medellin-Castillo et  al. 
[21]. The average pore diameter (DP), pore volume (VP), 
and surface area (SBET) were assessed employing the 
Nitrogen adsorption–desorption isotherm appraised 
in an N2 physisorption analyzer (Micromeritics, ASAP 
2020) at 77  K. Prior to the measurement the samples 
were outgassed overnight at 110  °C under high vacuum 
(10–4  Pa). The Brunauer–Emmett–Teller (BET) proce-
dure [28] was implemented to compute the SBET.

2.4 � Characterization of BC and BCMs
The BC and BCMs surface morphology was observed 
by scanning electron microscope (SEM) (Philips, model 
XL-30) at an accelerating voltage of 10 kV. Furthermore, 
the morphology of BCM2 was investigated by employ-
ing a scanning transmission electron microscope (STEM) 
(JEOL, JEM 1400) operated at an accelerating voltage of 
120 kV. The crystalline phases in the materials were iden-
tified by performing the X-ray diffraction (XRD) analysis 
utilizing a diffractometer (Bruker, D8 Advance). XRD 
patterns were recorded from 4 to 90° (2θ) at a scanning 
rate of 1.8° min−1 and obtained under operating condi-
tions of Cu-Kα radiation (λ = 0.15406  nm), 35  mA and 
40 kV.

2.5 � Analysis of fluoride in water solution
The fluoride quantification in a water sample was 
performed by an electrometric technique utilizing a 
potentiometer (Orion, model 420 A +) and a fluoride 

selective electrode (Orion, model 249,030-A01). The 
fluoride concentration was appraised utilizing a calibra-
tion curve, fluoride concentration (mg L−1) vs. poten-
tial (mV), fixed using eight standard fluoride solutions 
with concentrations varying between 0.3 and 50  mg 
L−1. These standard solutions were prepared by diluting 
a stock fluoride solution of 100 mg L−1. More details of 
the analytical method were outlined earlier by Leyva-
Ramos et al. [16] and Medellin-Castillo et al. [21].

2.6 � Methodology for procuring the adsorption capacity 
data

A standard fluoride solution of 100  mg L−1 was made 
by supplementing NaF (0.221 g) into a volumetric flask 
(1000  mL) and filling it with deionized water up to 
the line marked. Besides, a solution of constant ionic 
strength and particular pH was made by combining 
suitable portions of 0.01 N HNO3 and NaOH solutions. 
At a specific pH, fluoride solutions having initial con-
centrations between 1 and 40  mg L−1 were made by 
pouring an aliquot of the standard fluoride solution 
into a volumetric flask (50 mL) and filling up to the line 
marked with the solution of constant ionic strength and 
specific pH. A sample of 10 mL was taken to verify the 
initial concentration afterward. The remaining fluoride 
solution (40  mL) was poured into a plastic vial (batch 
adsorber) containing 0.1 g of the adsorbent.

The adsorber was set inside a thermostatic water 
bath to maintain the adsorber solution temperature 
constant. The solution in the adsorber was mechani-
cally mixed by setting the adsorber on top of an orbital 
shaker, TS-100, for 25  min four times daily. The solu-
tion pH in the adsorber was regularly appraised 
employing a pH meter and was held constant by sup-
plementing a few drops of 0.01 N NaOH or HNO3 solu-
tions, as necessary. In prior studies, it was found that 7 
d were sufficient to approach equilibrium; therefore, the 
fluoride solution and the adsorbent were contacted for 
8 d to ensure that equilibrium was ultimately attained. 
Afterward, a solution sample was analyzed to quantify 
the equilibrium fluoride concentration, and the uptake 
of fluoride adsorbed was calculated through a fluoride 
mass balance, described by the succeeding mathemati-
cal relationship:

where C0 is the fluoride concentration at the begin-
ning, mg L−1; C is the equilibrium fluoride concentration, 
mg L−1; m is the adsorbent mass, g; q is the amount of 
fluoride adsorbed on the material, mg g−1; and V is the 
adsorber solution volume, L.

(1)q =
V(C0-C)

m
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2.7 � Fitting isotherm models to the adsorption data 
of fluoride

The Langmuir, Freundlich and Radke-Prausnitz iso-
therms have been extensively employed to interpret 
the adsorption equilibrium in aqueous-solid adsorbent 
systems. The subsequent equations can mathematically 
express these isotherm models:

where a (L g−1), b (L1−βRP mg βRP−1) and βRP are the 
constants for the Radke-Prausnitz isotherm; K (L mg−1) 
and qm (mg g−1) are the constants for the Langmuir iso-
therm; n and k (L1/n mg1−1/n g−1) are the constants for 
the Freundlich isotherm.

The estimation of the constants was carried out by 
fitting the isotherm equations to the experimental data 
utilizing a least-squares nonlinear regression proce-
dure based upon the optimization methods of Rosen-
brock and quasi-Newton. Besides, the average absolute 
percentage deviation was assessed by the succeeding 
mathematical expression:

where N is the number of experimental data; qpred is 
the fluoride uptake appraised with the adsorption iso-
therm equation, mg g−1; qexp is the experimental fluo-
ride uptake, mg g−1. The adsorption isotherm having 
the smallest %D was assumed to be the isotherm equa-
tion yielding the best fit.

3 � Results and discussion
3.1 � X‑Ray diffraction assay
Figure 1 depicts XRD patterns of BC, BCM2 and BCM2 
saturated with fluoride (F/BCM2). The hydroxyapatite 
[Ca10(PO4)6(OH)2] crystalline phase (JCPDS 86–1201) 
was identified in BC and BCM2. It is very well known 
that hydroxyapatite was the main constituent of BC 
[29]. After adsorbing fluoride, the hydroxyapatite crys-
tal structure was confirmed in F/BCM2. No additional 
diffraction peaks were observed in the XRD pattern of 
F/BCM2, revealing that the fluoride adsorption did not 
modify the hydroxyapatite crystal structure.

(2)q =
qmKC

1+KC

(3)q = kC1/n

(4)q =
aC

1+ bC1−βRP

(5)%D =
1

N

N

i=1

qexp − qpred

qexp
× 100 %

3.2 � Textural characteristics of BC and BCMs
The textural characteristics of the BC and BCMs are reg-
istered in Table  2. The VP and SBET of BC were slightly 
less than those reported in an earlier study [22], whereas 
the DP was slightly higher. The values of DP ranged from 
12 to 40  nm, substantiating that the BC and BCMs are 
mesoporous materials. As noticed in Table  2, the SBET 
of BC and BCMs decreased in the following order 
BC > BCM2 > BCM3 > BCM1 > BCM4 and were depend-
ent on the ratio of VAcid/MBC. The SBET and VP of BCM2 
were less affected than those of the other BCMs. In gen-
eral, SBET and VP of BC diminished around 11 times when 
the ratio of VAcid/MBC was raised eightfold. However, as 
described later, the adsorption capacity of BCMs did not 
decrease in the same order as the surface area. Similar 

Fig. 1  XRD patterns of BC, BCM2, and F/BCM2. The standard of 
hydroxyapatite is at the bottom

Table 2  Textural and physicochemical properties of BC and 
modified BCs

1  Total pore volume determined at P/P0 ≈ 0.99
2  Average pore diameter calculated by the following equation DP = 4VP/SBET
3  N.D. No Detected

Adsorbent SBET (m2 g−1) VP
1 (cm3 g−1) DP

2 (nm) Concentration 
of sites (meq 
g−1)

Acidic Basic

BC 75 0.23 12.3 0.25 2.11

BCM1 11 0.12 39.7 N.D. 3 2.69

BCM2 48 0.16 13.3 1.58 5.40

BCM3 23 0.10 16.6 0.37 3.75

BCM4 7 0.02 12.7 N.D.3 1.99
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results were reported when BC was modified by hydro-
thermal treatment in an HNO3 solution [22]. In the mod-
ification, the original porous structure of BC was altered 
due to the BC dissolution by H2SO4 and the blocking out 
of the pores caused by impregnating BC using iron salts.

The N2 adsorption–desorption isotherms of all the 
materials at 77  K are displayed in Fig.  2. Except for 
BCM4, the isotherm shapes were Type IV(a) [30], corre-
sponding to mainly mesoporous materials and exhibited 
hysteresis loops, confirming the presence of mesoporos-
ity in these materials. The hysteresis loop is classified as 
Type H3 and is typical of aggregations of platy particles 
[30, 31] associated with the hydroxyapatite sheets pre-
sent in BC. The mesopores originated from the spaces 
between the hydroxyapatite sheets. The shape of the 
BCM4 isotherm is Type III and does not present a hyster-
esis loop. Therefore, this material has a very low mesopo-
rosity and surface area.

3.3 � Characterization by SEM and TEM analysis
The characterization of all the BCMs particles showed 
that the morphology of all the BCMs particles was very 
similar. The characterization of BCM2 was only argued 
in this section because the BCM2 presented the high-
est adsorption capacity towards F. The SEM images of 
BCM2 depicted in Fig.  3a display irregular flake-like 
particles with heterogeneous sizes, and the particles are 
staked and agglomerated due to small dimensions. Fig-
ure  3b shows that the BCM2 surface is unsmoothed at 
higher magnifications. The TEM micrographs of BCM2 
(Fig. 3c and d) exhibit rice and needle crystal shapes [32] 
which are observed in the areas selected by circle and 
square dashed lines, respectively. Rice shape particles 
have a small diameter and length, whereas needle shape 

particles appear with small diameters, longer lengths, 
and uniform morphology. It is important to point out 
that Mansour et al. [32] reported that the hydroxyapatite 
particle shape is quite sensible to the solution pH. Typi-
cally, rice morphology is associated with isotropic crystal 
growth at basic pH, while needle particles are obtained 
at pH = 7. Hence, the BCM2 is constituted of rice and 
needle-like hydroxyapatite crystals because the final pH 
of the rinsing solution was between 7 and 8.

Figure  4a shows a dark-field TEM image of BCM2. 
Chemical mapping micrographs of BCM2 were acquired 
using STEM-EDS techniques and are depicted in Fig. 4b 
to d. As seen in these figures, Ca, P and O spatial distri-
bution are associated with the hydroxyapatite phase.

The spectrum of the energy dispersive spectroscopy 
(EDS) microanalysis of BCM2 is depicted in Fig. 5, cor-
roborating the presence of C, Ca, Fe, Na, O, P and S. 
The intensity of the C peak is high because the carbon 
in BCM2 comes from the calcite carbonates and carbon 
present in BC and carbon used for coating the BCM2 
before the TEM analysis. The intensity of the O peak is 
high because it is associated with the presence of car-
bonates, phosphates and sulfates in BCM2. The pres-
ence of Fe in the BMC2 is confirmed and is due to the BC 
modification.

3.4 � Chemical characteristics of BCM surface
The surface of BC comprises both acidic and basic sites, 
which are responsible for the surface charge of BC in 
an aqueous solution [33]. Table  2 presents the acidic 
and basic sites concentrations in BC and BCMs. Usu-
ally, the concentration of acidic sites in BC is lower than 
that of basic sites [21]. The BCMs and BC surface char-
acter is basic because the concentrations of basic sites in 
all materials were consistently larger than those of the 
acidic sites. For example, the basic sites concentration 
of BCM2 is 3.4-fold higher than that of the acidic sites. 
As expected, the modification conditions affect the basic 
and acidic sites.

The surface charge distribution for BCM2 and BC is 
displayed in Fig.  6, and the surface charge relies upon 
the amount and character of the functional groups on 
the surface and the solution pH. As shown in this figure, 
the pHPZC of BCM2 and BC are 10.3 and 8.9, respec-
tively, substantiating the basic character of BCM2 and 
BC and that the acidic sites concentration is less than 
that of the basic ones. The basic nature of the surface of 
BCM2 favors the adsorption of anions because the sur-
face is positively charged, attracting the anions from the 
solution. The adsorbent surface charge distribution can 
explain the influence of the electrostatic interactions on 
the adsorption capacity.Fig. 2  Adsorption–desorption isotherms of N2 on BC and BCMs at 

T = 77 K
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The functional groups of BC and BCM2 are the hydrox-
yls, ≡Ca-OH, and the phosphates, ≡P-OH, which belong 
to hydroxyapatite [34]. Likewise, the Fe hydroxyls, ≡Fe-
OH, are additionally present in BCM2 and formed dur-
ing the modification [35]. The positively charged surface 
of the BC and BCM2 can be attributed to the subsequent 
protonation reactions [34, 35]:

where ≡ represents the BC or BCM2 surface. The 
above functional groups are the basic sites of BC and 
BCM2. Nevertheless, the subsequent deprotonation 

(6)≡ Fe−OH+H
+
→≡ Fe−OH

+

2

(7)≡ P−OH+H+
→≡ P−OH+

2

(8)≡ Ca −OH+H+
→≡ Ca −OH+

2

reactions yield the negatively charged surface of the BC 
and BCM2 [34, 35]:

These three functional groups are the acidic sites 
of BC and BCM2. Moreover, the deprotonation and 
protonation reactions happened at pH > pHPZC and 
pH < pHPZC, respectively.

Comparing the charge distribution of BCM2 with 
that of BC (See Fig. 6), it can be noticed that the modi-
fication of BC heightened the maximum surface charge 
considerably from 800 to 3000 C g−1, and the pHPZC 
of BCM2 is more basic than the pHPZC of BC. These 

(9)≡ Fe−OH →≡ Fe−O
−
+H

+

(10)≡ P−OH →≡ P−O
−
+H

+

(11)≡ Ca −OH →≡ Ca −O
−
+H

+

Fig. 3  SEM (a and b) and TEM (c and d) micrographs of BCM2
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results can be explicated by remembering that the con-
centration of basic sites of BCM2 was raised 3.4 times 
after the modification.

3.5 � Adsorption isotherms of fluoride on BC and BCMs
The experimental data for fluoride adsorption onto BC and 
BCMs were interpreted employing the Radke-Prausnitz, 

Fig. 4  Dark-Field TEM image (a) and STEM-EDS analysis (b-d) of BCM2

Fig. 5  EDS microanalysis of BCM2 Fig. 6  Surface charge distribution of BC and BCM2
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Langmuir and Freundlich isotherms, described in 
Sect.  2.7. Table  3 lists the parameters of these three iso-
therms. The outcomes show that the Langmuir model is 
the isotherm that best fitted the experimental data because 
it presented the lowest percentage of deviation in 5 out of 
9 different experimental conditions tested in this work. 
This result was expected because the experimental data 
exhibited the Langmuir typical behavior of increasing the 
mass of fluoride adsorbed as the fluoride concentration is 
raised and then leveling off at higher concentrations.

3.6 � Dependence of the adsorption capacity 
on the modification conditions

The capacities of BC and BCMs for adsorb-
ing fluoride are compared in Fig.  7, and the 

decreasing order of adsorption capacities is as follows: 
BCM2 > BCM3 > BCM1 > BC > BCM4. For an equilib-
rium concentration of 15 mg L−1, the mass adsorbed of 
fluoride on BC and BCMs was computed from the Lang-
muir isotherm and was named Q15. This fluoride con-
centration at equilibrium was selected because this is 
the maximum fluoride concentration where there were 
experimental values for the mass adsorbed on BC and all 
BCMs. The values of Q15 were estimated from the Lang-
muir isotherm to be 9.5, 7.2, 6.7, 3.6 and 2.6 mg g−1 for 
BCM2, BCM3, BCM1, BC, and BCM4, respectively. The 
above outcome demonstrates that the adsorption capac-
ity of BCM depends on the modification conditions, 
and BCM2 had the maximum adsorption capacity. The 
BCM4 adsorption capacity was even less than that of BC, 
implying that the modification decreased the adsorption 
capacity. The synthesis conditions of BCM2 are optimal 
since the maximum adsorption capacity was achieved, 
finding that the adsorption capacity of BCM2 is around 
3.6 times higher than that of BC.

The enhancement and decrease of the capacities for 
adsorbing fluoride are associated with the concentra-
tion of basic sites because the fluoride anions were 
adsorbed on the basic sites. The dependence of Q15 upon 
the concentration of basic sites is illustrated in Fig. 8. As 
expected, the adsorption capacity increased almost lin-
early by raising the concentration of basic sites, corrobo-
rating its importance on the adsorption capacity.

3.7 � Dependence of the BCM2 adsorption capacity 
towards fluoride on solution pH

At T = 25  °C, the isotherms for fluoride adsorption on 
BCM2 were assessed at pH 5, 7 and 9 to study the effect 
of pH, and are shown in Fig.  9. No adsorption equilib-
rium experiment was conducted at pH = 3 because the 

Table 3  Parameters of the Freundlich, Langmuir and Radke-Prausnitz isotherms for the fluoride adsorption on BC and BCMs from 
aqueous solution at different pH and temperature

Material pH T (°C) Freundlich Langmuir Radke-Prausnitz

k (L1/n 
mg1−1/n g−1)

n %D K (L mg−1) qm (mg g−1) %D a (L g−1) b (L1−βRP mg βRP−1) βRP %D

BC 7 25 1.27 2.42 11 0.46 4.07 2.6 1.52 0.24 -0.17 3.0

BCM1 3.28 3.56 16 1.37 7.07 9.2 9.58 1.35 0.00 9.2

BCM3 2.58 2.59 17 0.40 8.36 12 7.81 1.91 0.76 12

BCM4 0.75 2.27 12 0.10 4.36 28 2.88 3.12 0.39 12

BCM2 5 25 4.39 2.18 13 0.49 14.4 7.6 9.45 0.97 0.16 4.4

7 15 2.98 3.00 10 0.63 7.94 23 13.8 3.17 0.20 13

25 4.17 2.90 27 0.95 10.2 17 8.91 0.75 -0.06 21

35 4.81 2.99 16 1.14 11.2 9.7 16.7 1.87 0.09 4.8

9 25 0.73 2.21 14 0.13 4.05 7.8 0.61 0.21 0.09 9.5

Fig. 7  Adsorption isotherms of fluoride from aqueous solution onto 
BC, BCM1, BCM2, BCM3 and BCM4, at T = 25 °C and pH = 7. The lines 
represent the Langmuir isotherm prediction
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hydroxyapatite in BC could be dissolved in this acidic 
condition, as reported by Medellin-Castillo et al. [34]).

Figure  9 illustrates that the BCM2 adsorption capac-
ity diminished significantly by incrementing the pH from 
5 to 9, an alike tendency was also noted in the fluoride 
adsorption on BC and arsenic (V) on BC modified by 
supporting iron nanoparticles on BC [21, 36].

For a fluoride concentration of 20 mg L−1, the capacities 
for adsorbing fluoride were 2.1, 9.7 and 13 mg  g−1 at pH 
9, 7 and 5, respectively. In the pH range of 5–9, the fluo-
ride anions are attracted to the positively charged surface 
of BCM2. Hence, the adsorption capacity is favored by the 

electrostatic attraction between the fluoride in the solu-
tion and the BCM2 surface. The reduction in the adsorbing 
capacity by increasing the pH can be caused by a decrease 
in the surface charge of BCM2 (see Fig.  6). The surface 
charge and adsorption capacity of BCM2 were reduced 
around 9.2 and 6.3 times, respectively, by incrementing 
the pH from 5 to 9, confirming that the electrostatic inter-
actions play a significant role in the BCM2 capacity for 
adsorbing fluoride.

3.8 � Dependence of the BCM2 adsorption capacity 
upon temperature

Figure  10 shows the temperature effect on the BCM2 
capacity for adsorbing fluoride adsorption and was ana-
lyzed by assessing the fluoride isotherms in water solution 
at temperatures of 35, 25 and 15 °C and pH = 7. As pictured 
in Fig.  10, the adsorption capacity is enhanced by incre-
menting the temperature from 15 to 35  °C, revealing that 
the fluoride adsorption on BCM2 is endothermic. For a 
fluoride concentration of 20 mg g−1, the adsorbing capac-
ity augmented 1.5-fold while the temperature rose from 15 
to 35 °C. However, the most significant increment occurred 
by rising from 15 to 25  °C, while the adsorption capacity 
difference between 25 and 35 °C is slight.

The subsequent relationship was employed to evaluate 
the isosteric adsorption heat:

where C1 and C2 are the equilibrium concentration 
of fluoride at the same equilibrium mass adsorbed and 

(12)(△Hads)q =
R LnC2

C1

1
T2

−
1
T1

Fig. 8  Effect of the concentrations of basic sites (CBS) upon the 
capacity of BC and BCMs for adsorbing fluoride from aqueous 
solution at T = 25 °C and pH = 7

Fig. 9  Effect of solution pH upon the adsorption capacity of BCM2 
towards fluoride from aqueous solution at T = 25 °C. The lines 
represent the Langmuir isotherm prediction

Fig. 10  Effect of temperature upon the capacity of BCM2 for 
adsorbing fluoride from aqueous solution at pH = 7. The lines 
represent the Langmuir isotherm predictions
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at T1 and T2, respectively, mg L−1; (∆Hads)q is the isos-
teric adsorption heat, J mol−1; R is the gas constant, 
8.314  J  mol−1  K−1; T1 and T2 are the temperatures at 
two different conditions, K. At q = 5 mg g−1, the value of 
(∆Hads)q was about 26 kJ mol−1, confirming that the pro-
cess is endothermic so that the adsorption mechanisms 
are physical since the (∆Hads)q was less than 40 kJ mol−1 
[37].

3.9 � Adsorption mechanism of fluoride on BCM2
As indicated earlier, fluoride adsorption occurred pre-
dominantly on the basic sites. The primary adsorption 
mechanism was the electrostatic attraction between the 
protonated basic sites and F− anions in water solution, 
and the following reactions illustrate these interactions:

Medellin-Castillo et  al. [34] suggested the first two 
reactions for the fluoride adsorption on BC. In the modi-
fication, the adsorption capacity Q15 of BCM2 was pro-
moted 2.6 (9.5/3.6) times compared to that of BC, while 
the concentration of basic sites in BCM2 was enhanced 
2.6 (5.40/2.11) fold due to affixing the Fe hydroxyls. Fur-
thermore, the adsorption capacity of BCM2 diminished 
by increasing the pH because the positive surface charge 
of BCM2 was lowered due to the lessening of basic sites 
concentration. The above results corroborate that the 

(13)≡ P−OH+

2 + F− →≡ POH2F

(14)≡ Ca −OH+

2 + F− →≡ Ca −OH2F

(15)≡ Fe−OH+

2 + F− →≡ Fe−OH2F

adsorption of fluoride was predominantly occurring on 
basic sites.

3.10 � Comparing the capacities of diverse materials 
for adsorbing fluoride

In Table 4, the BCM2 adsorption capacity towards F− is 
compared to those of some plain and modified conven-
tional and novel adsorbents. The adsorption capacities of 
various activated carbons modified by impregnation with 
Al(III) and Ce(III) varied between 0.9 and 4.6 mg g−1 [16, 
38]. Table  4 shows that the adsorption of conventional 
materials such as γ-Al2O3, hydroxyapatite nanoparticles 
and Al2O3 nanoparticles ranged from 3 to 9.2  mg  g−1 
[39–41]. Various novel materials of mixed rare earth 
elements modified chitosan [42], nano-hydroxyapa-
tite-stilbite composite [43], graphene oxide/alumina 
nanocomposite [39] and cellulose impregnated with Lan-
thanum [13] presented adsorption capacities between 4.7 
and 9.7 mg g−1, respectively.

The adsorption capacity of the commercial BC used 
in this study is 4.2  mg  g−1 at pH 7 and 25  °C, which is 
within the range of values reported in the technical lit-
erature. For example, the adsorption capacity of BCs 
commercially available in Mexico [21], Brazil [44] and 
Ethiopia [43] are 5.4, 4.8 and 2.7  mg  g−1, respectively. 
The adsorption capacities of BCMs doped with metals 
and acid treated were higher than that of BC and var-
ied from 6.8 and 14.4  mg  g−1. Thus, the modification 
enhanced the adsorption capacity of BC. The BCM2 pre-
sented the highest adsorption capacity towards fluoride, 
slightly higher than those of Ce(IV)-doped BC and the 
polymeric resin Amberlite-410. One advantage of BCM2 

Table 4  Comparison of adsorption capacities of various materials towards fluoride in aqueous solution

Adsorbent Maximum adsorption capacity 
(mg g−1)

Experimental conditions Reference

Al impregnated activated carbon 0.90 pH 7, 25 °C [16]

γ-Al2O3 3.04 pH 6, 25 °C [7, 39]

Mixed rare earths modified chitosan 3.72 30 °C [42]

Nano-hydroxyapatite-stilbite composite 4.02 23 °C [43]

Commercial BC 4.07 pH 7, 25 °C This work

Ce(III) impregnated activated carbon 4.1—4.6 pH 6, 25 °C [38]

Graphene Oxide-Alumina Nanocomposite 4.68 pH 6, 25 °C [39]

Hydroxiapatite nanoparticle 7.0 pH 3, 25 °C [40]

Al-doped BC 6.8 pH 7.4, 25 °C [23]

BC treated with 1.0 M HNO3 solution 7.74 pH 5, 25 °C [22]

Al2O3 nanoparticles 9.16 pH 5.4, 25 °C [41]

Cellulose impregnated with Lanthanum 9.7 pH 4—6, 25 °C [13]

Ce(IV)-doped BC 13.6 pH 7, 30 °C [24]

Ion exchange resin Amberlite IRA-410 13.8 pH 7, 25 °C [16]

BC modified with iron sulfate, BCM2 14.4 pH 5, 25 °C This work
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over Amberlite-410 is that BCM2 is prepared by modi-
fying charring animal bones, which is a waste. Besides, 
the BCM2 is cheaper to prepare than the Ce(IV)-doped 
BC because the Ce(IV) chemical reagent is more expen-
sive than the Fe(II)/Fe(III) chemical reagents used in the 
BCM2 synthesis.

4 � Conclusions
The BC and BCMs were mesoporous materials, as con-
firmed by their textural properties, and the modification 
decreased the surface area of the BCMs compared to that 
of BC. The surface charge distribution of BC and BCM2 
demonstrated that the surface nature of both materials 
was basic. The determination of active sites indicated 
that the concentration of basic sites of BCM2 was 3.4-
fold larger than that of acid sites, corroborating that the 
surface of BCM2 has a basic character. Furthermore, the 
basic sites concentration of BCM2 was 2.6 times greater 
than that of BC.

The SEM and TEM analysis showed that BCM2 had 
a similar morphology to BC; however, the modifica-
tion reduced the surface irregularities and made a more 
homogeneous surface. The EDS microanalysis technique 
corroborated the presence of C, Ca, Fe, Na, O, P and S 
in BCM2. The XRD analysis verified the existence of 
hydroxyapatite in BC and BCM2.

The BCMs capacity for adsorbing fluoride was depend-
ent upon the experimental conditions employed for 
modifying the BC, and the BCM2 presented the high-
est adsorption capacity, and its modifying conditions 
was considered optimal. The basic sites of BC and BCMs 
played a vital function in the adsorption capacity because 
the adsorption capacity increased almost linearly with the 
concentration of basic sites. The pH considerably affected 
the adsorption capacity of BCM2, which was enhanced 
approximately sixfold by diminishing the pH from 9 to 
5. This shift was caused by the electrostatic attraction 
between the surface of the BCM2 and the fluoride in the 
water solution. The adsorbing capacity diminished 1.5 
times by reducing the temperature from 35 to 15  °C, so 
the fluoride adsorption on BCM2 was endothermic.
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