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Abstract  -  Sources of fluoride contaminated water are found around the world and their treatment is required 
before human consumption. This paper contributes to advances in the use of bone-char as an adsorbent for 
fluoride, associating steps of chemical regeneration and fluoride adsorption in continuous systems, thereby 
making feasible the multiple use of the adsorbent. Following the development of low cost treatment of water 
defluoridation in a fixed bed column, using bone-char, regeneration was carried out with NaOH (0.5 mol/L) 
solution in subsequent adsorption/desorption cycles. The continuous system was modeled applying Thomas, 
Yoon-Nelson, Adams-Bohart, Wolborska and Yan models, and the Yan model showed the best adjustment. The 
adsorption capacity of 6.28 mg/g was obtained from the breakthrough curve. Chemical regeneration of bone-char 
was feasible, and a reduction in adsorption capacity of 30% was observed only after five adsorption/desorption 
cycles.
Keywords: Bone-char; Chemical regeneration; Fluoride removal; Column modeling; Adsorption/desorption’s 
cycles.

INTRODUCTION

Fluoride is an essential element for human 
health that in lower concentrations, between 0.4 and 
1.0 mg/L, prevents dental diseases (Ghorai and Pant, 
2004; WHO, 1996). The World Health Organization 
(WHO) recommends the value of 1.5 mg/L as the 
safe concentration of fluoride in water for human 
consumption (WHO, 1996). Prolonged intake of water 
containing fluoride above 2 mg/L may cause dental 
fluorosis and in extreme cases, serious diseases such as 
skeletal fluorosis, osteoporosis, arthritis, male infertility, 
Alzheimer’s disease, and liver, kidney or parathyroid 
lesions may occur (Harrison, 2005; Tripathy et al., 
2006; Nur et al., 2014; Xiong et al., 2007). 

Water contaminated by fluoride has been found 
naturally and causes serious environmental and 

health problems in several parts of the world (Nur 
et al., 2014). At least 25 countries around the world 
have been reported to be affected due to high fluoride 
concentrations in groundwaters, above the World 
Health Organization limit (Davila-Rodriguez et al., 
2012; Gupta et al., 2007). Diseases due to fluoride 
contaminated water ingestion in many cities of the 
world are widely described in the literature. The 
occurrence of fluorosis is reported in the Brazilian 
states of São Paulo, Paraná, Santa Catarina, Rio de 
Janeiro and Minas Gerais (Santiago and Silva, 2009). 
Meneasse et al. (2002) pointed out high fluoride 
concentrations in São Francisco city in the northern 
part of Minas Gerais State, in the range of 1.17 to 
5.2 mg/L.

Several methods have been used to reduce the 
fluoride content in water, to make it suitable for human 
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consumption (Agarwal et al., 2003). Among them, 
adsorption (Medellin-Castillo et al., 2007), chemical 
precipitation (Benefield et al., 1982), ion exchange 
(Kunin, 1990), reverse osmosis (Colla et al., 2016), 
electrodialysis (Gwala et al., 2011) and nanofiltration 
(Simons, 1993) are the most common methods.

Compared to other techniques, adsorption stands 
out if its simple operating system is coupled with 
low cost adsorbents, which makes the application 
feasible for communities of limited financial resources 
(Bhatnagar et al., 2011; Tripathy et al., 2006; Vocciante 
et al., 2014). Several adsorbents have been studied and 
applied for fluoride uptake from contaminated waters 
(Bhatnagar et al., 2011; Loganathan et al., 2013). One 
of them is the bone char, which presents high fluoride 
removal capacity (Abe et al., 2004; Leyva-Ramos et 
al., 2010; Medellin-Castillo et al., 2007). 

Bone char is an association of carbonaceous 
and inorganic materials containing from 70 to 76% 
of calcium phosphate, as hydroxyapatite (HAP, 
Ca10(PO4)6(OH)2) that has been effectively used to 
reduce the content of fluoride in water and wastewater 
(Wilson et al., 2003). In addition, characteristics such as 
specific surface area and its positively charged surface 
below pH 8.4 promote better adsorption capacity for 
bone char than that observed for conventional coals 
(Brunson and Sabatini, 2009; Medellin-Castillo et al., 
2007).

Although the mechanisms and studies of bone 
char application for fluoride and other elements 
removal have been developed, efforts on spent 
adsorbent regeneration or its destination have not been 
adequately studied. There are only a few studies that 
have looked into these aspects and this may hinder 
industrial applications. Regeneration methods are 
necessary to evaluate the application of bone char, its 
lifetime, which can reduce the cost of the process and 
decrease the amount of undesired wastes (Sheintuch 
and Matatov-Metal, 1999).

Thermal and chemical regeneration of fluoride 
saturated bone char have been studied recently (Feng 
et al., 2012; Kaseva, 2006; Nasr et al., 2011). In the 
study of Medellin-Castilho et al. (2007), the elevation 
of pH above 12 provides desorption of fluoride present 
in bone char. This is because, with increasing pH, the 
fluoride ion inserted in the hydroxyapatite structure 
contained in bone char is released into solution, 
exchanged by the hydroxide ion, an ionic substitution 
mechanism already described in other studies (Kaseva, 
2006; Medellin-Castilho et al., 2014; Sternitzke et al., 
2012; Sundaram et al., 2008). Kanyora et al. (2014) 
verified that the use of NaOH solutions presented better 
results in the regeneration of bone char when compared 
to other compounds. An actual application performed 
by the Catholic Diocese of Nakuru Water Quality 
(Jacobsen and Müller, 2007) using NaOH presented 
satisfactory results in bone char regeneration.

However, these processes still require knowledge 
about the reduction in the adsorption capacity through 
a regenerative process and the extent of regeneration 
in successive cycles of adsorption-regeneration.

In order to recover the bone char adsorption 
capacity, the mechanisms of fluoride uptake by the 
bone char must be well known. The hydroxyapatite 
contained in the bone char exchanges OH- groups for 
F-, being one of the advantages of bone char compared 
to conventional activated coals applied to water 
treatment (Kaseva, 2006). The exchange of groups 
may be represented by equation 1.

( ) ( ) ( ) ( ) ( ) ( ) ( )10 4 10 4aq 2 s aq6 2 s 6Ca PO OH  2F   Ca PO F  2OH− −+ → +

Fluoride removal can also occur in carbonous 
structures and through calcium fluoride (CaF2) 
precipitation (Sternitzke et al., 2012). However, 
Medellin-Castilho et al. (2014) highlight that the 
fluoride removal by bone char is mainly associated 
with hydroxyapatite. They suggested that fluoride 
uptake occurs through complex formation on 
phosphate (≡P-OH) and hydroxyl (≡Ca-OH) sites and 
that CaF2 precipitation is possible, since calcium ions 
are partially dissolved from bone char (hydroxyapatite 
and calcite) and may supersaturate the water if the 
calcium fluoride solubility is overpassed. Furthermore, 
they concluded that the removal of fluoride in the bone 
char mainly occurs due to electrostatic interactions 
between the adsorbent surface charges and adsorbate 
ions and not through ionic interchange, as proposed by 
Kaseva (2016). Below a pH of point of zero charge, 
the protonation of sites is favored, forming positively 
charged complexes on the bone char surface (equations 
2 and 3) that interact with fluoride ions. Through 
all these removal mechanisms, the term sorption is 
better applied instead of adsorption since adsorption, 
precipitation and also complexation mechanisms are 
involved.

2P OH   H     P OH+ +≡ − + → ≡ −

2Ca OH   H     Ca OH+ +≡ − + → ≡ −

This paper aims to present the advances in 
knowledge of defluoridation by bone char integrating 
steps of sorbent regeneration and fluoride removal 
in continuous systems. The life time or regenerative 
cycles supported by bone char are determined.

MATERIALS AND METHODS

Bone char supply
Bone char was supplied by Bonechar Carvão 

Ativado do Brasil, a Brazilian company that produces 

(1)

(2)

(3)
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bone char from bovine’s bones pyrolyzed at 750°C. 
Bone char with particle sizes between 1.0 to 1.6 mm 
was washed with 0.1 mol/L of HCl solution in a ratio 
of 40 g/L for 1 h at constant stirring. Further, the solid 
was washed with distilled water three times and dried 
at 50°C for 24 h based on previous methodology 
adopted by Nigri et al. (2017a).

Fluoride solutions and chemical analysis 
A stock solution of 100 mg/L of fluoride was 

prepared through dissolving a weighed quantity of NaF 
(A.G. Merck) in distilled water. Buffering solutions at 
a predetermined concentration and fluoride solution 
for continuous experiments were prepared from the 
dilution of stock solution. Fluoride concentration in 
solution was measured with a specific ion electrode 
Thermo Scientific Orion 9609BNWP in TISABII 
solution prepared by dissolving DCYTA monohydrate 
(A.G. MACRON) and NaCl (A.G. Fisher Scientific) 
in a mixture of distilled water and acetic acid (A.G. 
Fisher Scientific). The pH of TISABII solution was 
raised to 5.5 with NaOH solution (APHA, 2012).

Column set up and modeling
Experiments in fixed bed column were performed 

using a polycarbonate column of 2.3 cm of internal 
diameter and 13 cm length with an empty bed volume of 
54.01 cm3. At the base and the top of the column, glass 
beads, followed by glass wool, were placed to enhance 
the solution distribution and keep the media intact. The 
column was packed with 30.36 g of bone char and the 
experiments were carried out using 10 mg/L fluoride 
solution previously prepared with NaF. The solution 
was pumped through the column from the bottom to 
the top at 5 mL/min using a variable-flow peristaltic 
pump (Spetec Perimax 121). Columns were packed 
with wet bone char to ensure consistent packing.

Samples were collected periodically at each 
180 min for pH and fluoride residual concentration 
when the relative concentration reached the condition 
Ceffluent = 0.9 Cinfluent. The breakthrough curve obtained 
in this experiment was evaluated through the models 
of Thomas, Yoon-Nelson, Adams-Bohart, Wolborska 
and Yan, and the design of the column was carried out 
in accordance with the best model. The OriginPro8 
software was used to obtain the parameters of the 
breakthrough curve and the fit of the breakthrough 
curve models, which were inserted in the software.

Regeneration experiments
The same set up employed for column modeling 

was applied for regeneration experiments. Bone char 
was loaded with fluoride until its concentration at the 
end of the column presented a residual concentration 
of 1.5 mg/L, a maximum value permitted by the 
WHO for human consumption. The time to get to this 

condition was estimated from previous tests and this 
value was considered in the subsequent adsorption 
experiment associated with the regeneration step.

Regeneration of bone char was carried out in a 
packed column by pumping 2 L of NaOH 0.5 mol/L 
from the top to the bottom at a flow rate of 5 mL/min. 
This sodium hydroxide concentration was the same as 
applied by Nigri et al. (2017a) and it is in agreement with 
recent studies by Kanyora et al. (2015) and Kanyora 
et al. (2014). Fluoride concentration was monitored 
during the regeneration cycle until the concentration 
of residual fluoride stabilized (390 min). After that, 
distilled water was pumped throughout the column to 
wash the remaining NaOH until the pH was stabilized. 
Then, another adsorption cycle began by pumping the 
fluoride solution at 10 mg/L. Details of the bone char 
characterization and adsorption-regeneration process 
in batch and continuous operation can be found in 
Nigri et al. (2017a) and Nigri et al. (2017b). 

Sorbent characterization techniques
The functional groups present on the surface of bone 

char were identified by Fourier-Transform Infrared 
Spectroscopy (FTIR) (Bruker Alpha, attenuated total 
reflectance - ATR, with a diffuse reflectance accessory 
- DRIFT) in the solid form. The particles were 
previously crushed for analysis. For measurement 
of specific surface area and porosity, the data were 
obtained using a QUANTACHROME device model 
NOVA-1000, adsorption surface area analyzer and 
pore size distribution from adsorption condensation 
of nitrogen gas (N2). Zeta potential measurements 
were performed using a ZM3-D-G meter, Zeta Meter 
system 3.0+, with direct video imaging. 

The morphology and the chemical composition 
of the bone char were assessed by scanning electron 
microscopy (SEM) and energy-dispersive x-ray 
spectroscopy (EDS) microanalysis (Scanning Electron 
Microscope Model 6360LV Dispersive Spectrometer 
coupled to an in-EDS wavelength). 

RESULTS AND DISCUSSION

Bone char characterization
Table 1 shows the specific surface area and porosity 

from fresh bone char and saturated bone char. The 
value of the surface area and pore volume for bone 
char are similar to values highlighted by other studies 
with bone char (Cheung et al., 2002; Medellin-Castillo 
et al., 2007; Rojas-Mayorga et al., 2013; Walker and 
Weatherley, 2001). 

After the adsorption process it is possible to 
observe a reduction in the specific surface area and 
porosity, which can be caused by fluoride presence on 
the surface of bone char. The average pore diameter 
obtained is compatible with a mesoporous structure 
according to IUPAC (20 to 500 Å) (Burwell, 1976).
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The surface charge is an important characteristic 
to explain the ion sorption onto bone char and comes 
from the interactions between the ions present in 
the solution and the surface functionalities. It also 
depends on ion type, surface properties and solution 
pH (Medellin-Castillo et al., 2007; Nigri et al., 2017a). 
Fig.1 shows the zeta potential for the fresh bone char.

The surface is positively charged when the pH of the 
solution is below the isoelectric point and negatively 
charged above the isoelectric point. As shown in Fig. 
1, the pHPZC was, approximately, 8.1 which is similar 
to the value of 8.4 found by Medellin-Castillo et al. 
(2014).

Hence, the solution pH directly affects the fluoride 
sorption, whereas in pH solutions below the pHPZC, 
the F- anions are attracted by the positively charged 
surface of the bone char, caused by the protonation of 
the hydroxyapatite hydroxyl groups, thus favoring the 
F- accumulation onto the surface (Nigri et al, 2016a).

The FTIR spectra in Figure 2 show the absorption 
bands corresponding to the structural composition of 
the fresh and fluoride saturated bone char samples. 
According to Rojas-Mayorga et al. (2015), the groups 
corresponding to the bands in Fig. 2A are: CC (1455 
cm-1), PO4

3- (1409 and 600 cm-1), CO3
2- (870 and 1409 

cm-1) and Ca (566 cm-1) and, according to Thompson 
et al. (2009), CO3

2- (870, 1409 cm-1), PO4
3- (566, 600 

and 1035 cm-1). According to Dimović et al. (2009), 
the bands at 1090, 960, 600, 566 cm-1 are assigned to 
the PO4

3- group and Tianyuan et al. (2011) also states 

bands of 1030 and 469 cm-1 as due to the PO4
3- group, 

present in their bone char sample. Nigri et al. (2017b) 
also identified bands at 566, 600 cm-1 as typical of 
hydroxyapatite - HAP. 

These FTIR spectra (Fig. 2B) of the fresh bone char 
and saturated bone char, even after the fifth adsorption 
cycle did not exhibit many differences. However, after 
the saturation and regeneration process, it is possible to 
observe that the bands 3539, 3560, 3615, 3625 and 3640 
cm-1 are present only in the fresh bone char sample. The 
bands from 3000 to 3600 cm-1, correspond to OH groups, 
and the bands between 3640 and 3610 correspond to 
free OH group, which suggested the occurrence of the 
ion exchange process between F- and OH- groups from 
doped bone char (Nigri et al. 2017b). A similar result 
was obtained by Rojas Mayorga et al. (2015).

SEM/EDS analysis was performed to assess 
the particle morphology. Various irregularities and 
porosity variations and discrepancies between grains 
may be observed (Fig. 3). The EDS (Table 2) analysis 
showed elevated levels of phosphorus and calcium, 
owing to the composition of the hydroxyapatite present 
in the bone char as was already observed by Wilson et 
al. (2003) and Medellin-Castillo et al. (2007).

Through Table 2 it is also possible to observe 
that the molar ratio Ca/P of the raw bone char was 

Table 1. Textural characteristics of the fresh bone char 
and saturated bone char.

Figure 1. Zeta Potential for fresh bone char.

Figure 2. FTIR analysis for fresh and saturated bone 
char with fluoride samples after the fifth cycle of 
adsorption.

A.

B.
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Figure 3. Back scattered electron images of SEM analysis of raw bone with magnification of 100X (A), 800X (B) 
and 1500X (C).

A A

A B

C C
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1.63, approximately the value obtained for pure 
hydroxyapatite ([Ca/P] = 1.67) (Krzesińska and 
Majewska 2015), which confirms the predominance of 
HAP in the adsorbent composition.

Continuous column adsorption studies 
Breakthrough curve and adsorption capacities

According to García-Sánchez et al. (2013), the 
breakthrough curve shows the loading behavior of 
fluoride ions onto bone char in a fixed bed, which 
is usually expressed in terms of adsorbed fluoride 
concentration or relative concentration (C/C0) as a 
function of time or volume of effluent for a given bed 
height, where C0 is the initial concentration of fluoride 
and C is the concentration of fluoride at time t. Fig. 
4 shows the breakthrough curve for fluoride sorption 
by bone char. The breakthrough point corresponding 
to C/C0 = 0.15 was adopted concerning the limit 
recommended by the WHO (1.5 mg/L). 

The fluoride breakthrough curve presents an 
asymmetrical S-shape, slowly approaching to C/C0 
≈ 0.9, which is a common characteristic of sorption 
processes in a liquid phase where the pore diffusion 
phenomena is controlled by the mass transport process 

(Aksu and Gonen, 2006; Tovar-Gómez et al. 2013, 
Nigri et al. 2017a). This behavior has been observed in 
other studies using several sorbents (García-Sánchez 
et al. 2013, 2014; Rojas-Mayorga et al. 2015; Tovar-
Gómez et al. 2013; Nigri et al. 2017a).

The area under the breakthrough curve represents 
the total amount of fluoride removed from the feed 
solution (Kundu and Gupta, 2007; Lodeiro et al., 
2006; Nur et al., 2014; Rojas-Mayorga et al., 2015). It 
is represented through equation (4).

Table 2. Energy Dispersive Spectrometry (EDS) made on raw bone char.

Z: Atomic Number Effect; A: X-Ray Absorption Effect; F: X-Ray Fluorescence Effect.

Figure 4. Breakthrough curve of fluoride removal 
by bone char in a continuous system. Column 
configuration: Bone char mass: 30.36 g; Bed volume: 
54.01 cm3; Bed height 13 cm; Flow rate 5 mL/min; 
Temperature: 25ºC; Fluoride initial concentration: 
(10±0.15) mg/L.

t tot

tot ad
t 0

Qq C dt
1000

=

=

= ∫

where qtot is the total amount of fluoride sorbed (mg/g), 
Cad is the difference between initial and equilibrium 
concentration of fluoride (mg/L), t is time and Q is the 
feed flow rate (L/min). The fluoride sorption capacity 
q (mg/g) of bone char can also be determined by 
equation (5) where M is the sorbent mass (g).

totq
q

M
=

The length of the mass transfer zone - LMTZ, a 
parameter frequently used to determine the effective 
height of the sorption column, is defined as the length 
of the ion exchange zone in the column and can be 
calculated by equation (6):

e bt
MTZ

e

t t
L L

t
 −

=  
 

where L is the bed length (cm), tbt is the breakthrough 
time (min or h) and te is the column exhaustion time. 
Typically, the breakthrough point is determined 
when the effluent concentration reaches 5% of the 
feed concentration, while the exhaustion point is 
reached when the effluent concentration is equal to 
95% of the feed concentration (Nigri et al. 2017a). 
Table 3 shows the adsorption capacities at the 
breakthrough time for the relative concentrations C/
C0 = 0.15 and C/C0 = 0.90 and the length of the mass 
transfer zone (LMTZ).

(4)

(5)

(6)
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An operation time of 944 min (15.7 h) was obtained 
at C/C0 = 0.15 and 14640 min (244 h) at C/C0 = 0.90. 
The adsorption capacity estimated by the area under the 
breakthrough curve, using OriginPro8, indicates loads 
of 1.47 mg/g and 6.28 mg/g at C/C0 = 0.15 and C/C0 = 
0.90, respectively. The adsorption capacity for C/C0 = 
0.90 is very similar to the value obtained by Nigri et 
al. (2017a), who obtained a value of 5.96 mg/g. The 
length of the mass transfer zone was 10.6 cm using a 
bed depth of 13 cm. This non-used bed fraction may 
indicate the existence of preferential paths inside the 
column and/or high intraparticle resistance.

Adsorption models 
A successful adsorption column project requires the 

prediction of the profile evolution curve for the treated 
solution (Yan et al., 2001). Several mathematical 
models have been developed to describe and predict 
the dynamics of the continuous adsorption process 
(Aksu and Gonen, 2004). The main applied models are 
described in the followings sections. 

Thomas’ model is one of the most applied models 
for a continuous system. The adsorption capacity is 
determined considering that the diffusion resistance 
in the liquid film around the adsorbent particles 
controls the adsorption and the axial dispersion 
may be neglected (Aksu and Gonen, 2004; García-
Sánchez et al., 2013; García-Sánchez et al., 2014; 
Ghosh et al., 2015; Thomas, 1944). This model can 
be seen below in both non-linear (eq.7) and linear 
forms (eq.8).

qt) are determined from a plot of ln[(Co/C) – 1] versus 
time at a known feed flow rate.

The Yoon-Nelson model (eq. 9) is one of the simplest 
models for column applications. It does not require 
any information about the system characteristics 
such as type of adsorbent and physical properties of 
the adsorption bed (Samoraj et al., 2016; Yoon and 
James, 1984). Additionally, the Yoon-Nelson model is 
extremely concise in form, supposing that the decrease 
in the probability of each adsorbate to be adsorbed is 
proportional to the probability of its adsorption and 
breakthrough on the adsorbent (Xu et al., 2013; Yoon 
and James, 1984). 

Table 3. Adsorption capacities at the breakthrough 
time at C/C0 = 0.15 and C/C0 = 0.90 for column feed 
flow rate of 5 mL/min and length of mass transfer zone.

Column configuration: Bone char mass: 30.36 g; Bed volume: 54.01 cm3; Bed height: 
13 cm; Flow rate: 5 mL/min; Temperature: 25ºC; Fluoride initial concentration: 
(10±0.15) mg/L.

t t
t 0

k .q .M
 k .C .t o Q

C 1
C

1  e   
 

− 
 

=

+

o t t
t o

C k q M
ln 1 k C t

C Q
 − = −  

In this model kt is the Thomas constant (L/min.mg), 
qt is the adsorption capacity (mg/g), Q is the feed flow 
rate to the column (mL/min), M is the adsorbent mass 
(g), C0 is the feed concentration of adsorbate and C is 
the concentration of the column effluent at the time t 
(min), both expressed in mg/L. Those constants (kt and 

( )

( )

YN YN

YN YN

k .t .k

k .t .k
o

C e
C 1  e   

−τ

−τ
=

+

The linear form of the Yoon-Nelson model is 
expressed by equation 10. In addition, Yoon-Nelson 
and Thomas’ models also share some similarities that 
could result in comparable correlation coefficient, R2, 
values (Lau et al., 2016).

YN YN
0

Cln k .t .k
C C
 

= − τ − 

where C0 is the initial solution concentration (mg/L), 
C is the concentration of the solution at time t (mg/L), 
τ is the time required for 50% adsorbate breakthrough 
(min), kYN is the rate constant (1/min) and t (min). 

Adams-Bohart’s model (eq. 11 and eq.12) has its 
significance recognized due to its simplicity. This 
model assumes that the chemical reaction of adsorbate 
on the adsorbent surface controls the kinetic process, 
both solute diffusion into the porous layer and volume 
diffusion being negligible (Lodeiro et al., 2006). 
However, this model is better applied to describe an 
initial breakthrough curve limited to C < 0.5C0 since 
the adsorption rate is proportional to the adsorbed 
fraction (Bohart and Adams, 1920; Ghosh et al., 2015; 
Han et al., 2009).

AB o AB o
Zk C t  k N
V

o

C  e  
C

 − 
 =

AB o AB o
0

C Zln  k C t  k N
C V
 

= − 
 

In these equations, kAB is the kinetic constant (L/
min.mg), V is the linear flow rate (cm/min), Z is the 
bed height (cm) and N0 is the saturation concentration 
(mg/L). Model constants (kAB and N0) are found from 
a plot of ln[C/Co] versus time.

(7)

(8)

(9)

(10)

(11)

(12)
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Based on the results, Wolborska (1989) developed 
a model to describe the breakthrough in the low 
concentration region. They observed that the initial 
segment of the breakthrough curve is controlled by 
film diffusion with constant kinetic coefficient, the 
concentration profile of the initial stage moves axially 
in the column at a constant velocity, and the width of 
the concentration profile in the column and the final 
breakthrough curve were nearly constant (Xu et al., 
2013). The expression of the Wolborska model (eq. 13 
and eq.14) solution is equivalent to the Adams-Bohart 
relation if the coefficient kAB is equal to βa/No. This 
equation can also be linearized to give a relationship 
between ln[C/Co] and time from which the model 
parameters can be calculated (Ushakumary and 
Madhu, 2014).

adsorption capacity at the equilibrium can be obtained 
from eq. 17 (Yan et al., 2001; Zou et al., 2013).

a 0 a

0

.C .H
.t

N v

o

C e  
C

  β β −         =

a 0 a

0 0

.C .HCln  .t
C N v
   β β = −    

    

where C0 is initial solution concentration (mg/L), C is 
the concentration of the column effluent at the time t 
(min), N0 is the saturation concentration (mg/L), βa is 
a kinetic coefficient of the external mass transfer (1/
min), H is the bed depth (cm), ν is the migration rate of 
the solute through the fixed bed (cm/min).

Yan et al. (2001) proposed modifications in 
the Adams-Bohart model to minimize fitted error, 
especially at the beginning and the end of the curve. 
Eqs. 15 and 16 represents the new model and the 

Column configuration: Bone char mass: 30.36 g; Bed volume: 54.01 cm3; Bed height: 13 cm; Flow rate: 5 mL/min; Temperature: 25ºC Fluoride initial concentration: (10±0.15) mg/L.

Table 4. Thomas, Yoon-Nelson, Adams-Bohart, Wolborska and Yan’s models parameters for the breakthrough 
curves of fluoride ions by bone char.
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C0 being the feed adsorbate concentration, C the 
adsorbate concentration at time t, both expressed in 
mg/L, Qt the throughput volume (L). Parameter b 
denotes the throughput volume (L) that produces a 
half-maximum response, a is the slope of the regression 
function, q0 represents the adsorption capacity at 
equilibrium and M is the adsorbent mass.

Fig. 5 shows Thomas, Yoon-Nelson, Adams-
Bohart, Wolborska and Yan’s models fitted to column 
experimental data for fluoride removal by bone char. 
Table 4 presents the modeling parameters obtained 
through linear and non-linear fitting. The better fit was 
found from Yan’s model with a correlation factor of 0.94 
and 0.98, for linear and non-linear curves, respectively. 
The adsorption capacities determined from this model 
(4.26 mg/g - linear and 3.60 mg/g - non-linear).

Thomas and Yoon-Nelson model fittings 
presented lower correlation coefficients (R2 < 0.9); 

(13)

(14)

(15)

(16)

(17)
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however, the adsorption capacity of non-linear 
fitting (3.94 mg/L) is of the same order of Yan’s 
model fit. On the other hand, the Adams-Bohart 
and Wolborska models do not fit the data since the 
correlation coefficients are 0.44 and 0.59 for linear 
and non-linear fitting.

These observations suggest that there is not just 
one mechanism controlling the adsorption in a fixed 
bed system. Essentially, the mechanism for fluoride 
removal, which is in accordance with the proposal 
of Sternitzke et al. (2012), comprises three main 
possibilities: fluoride adsorption in calcium sites, 
substitution of OH- by F- and also precipitation of 
fluorapatite and calcium fluoride. These associated 
mechanisms govern the fluoride removal and explain 
the fact that only one model is not able to represent the 
process, reflected by the observed results.

Error analysis
Error analysis was used to evaluate the models 

employed in the present study. The error of estimation 
is given by equation 18.

error (0.0441) and, consequently, the worst adjustment 
to the experimental data.

Bone char chemical regeneration 
Chemical regeneration of bone char was conducted 

for five cycles up to the rupture of the breakthrough 
curve in C/C0 = 0.15 in each experiment (Fig. 6). Table 
5 shows the amount of water treated, the adsorption 
capacity and the time needed to reach the relative 
concentration of C/C0 = 0.15 in each adsorption 
cycle. There was an overall reduction of 30% in the 
adsorption capacity from the first to the last adsorption 
experiment. Also, the same behavior was observed for 
treated water volume, which was reduced from 4.515 
L to 1.350 L. 

It is important to note that the adsorption capacity 
was reduced mainly from the fourth to the fifth cycle. 
The chemisorption of fluoride by most sorbents is quite 
strong and not easily reversible. Therefore, stronger 
acids and bases, as well as a high time of interaction 
between sorbent and sorbate, are required for efficient 
F- elution (Dey et al. 2004: Loganathan et al. 2013; 
Nigri et al. 2017a). This fact could explain the low 
regeneration efficiency obtained, highlighting the 

Figure 5. Fit of the Thomas, Yoon-Nelson, Adams-
Bohart, Wolborska and Yan’s models to breakthrough 
curve of fluoride ion removal by bone char. Column 
configuration: Bone char mass: 30.36 g; Bed volume: 
54.01 cm3; Bed height: 13 cm; Flow rate: 5 mL/min; 
Temperature: 25ºC Fluoride initial concentration: 
(10±0.15) mg/L.

2

0 0m e

1 C CE   
N C C

    
= ∑ −    

     

where C0 is the initial solution concentration (mg/L), 
C is the concentration of the solution at time t (mg/L) 
obtained from the applied models and from the 
experiment.

The model of Yan presented the smallest error 
(0.0024) which confirms the best fit obtained. The 
models of Thomas and Yoon-Nelson presented the 
similar errors (0.0128) and, finally, the models of 
Adams-Bohart and Wolborska presented the biggest 

Figure 6. Fluoride breakthrough curves for C/
C0 = 0.15 of each adsorption cycle (C). pH(C1): 7.1-
8.1; pH(C2): 7.1-8.2; pH(C3): 7.4-8.9; pH(C4): 6.8-
7.5; pH(C5): 7.7-8.9. Column configuration: Bone 
char mass: 30.36 g; Bed volume: 54.01 cm3; Flow 
rate 5 mL/min; Temperature: 25ºC; Fluoride initial 
concentration: (10±0.15) mg/L.

Column configuration: Bone char mass: 30.36 g; Bed volume: 54.01 cm3; Flow 
rate 5 mL/min; Temperature: 25ºC; Fluoride initial concentration: (10±0.15) mg/L; 
Regeneration solution: NaOH 0.5 mol/L.

Table 5. Adsorption cycle data of fixed bed 
breakthrough curves up to C/C0 = 0.15.

(18)
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necessity for further studies, possibly using a longer 
contact time with the sorbent (Nigri et al. 2017a). 

Fig. 7 shows the fluoride concentration evolution 
in chemical regeneration with 0.5 mol/L of NaOH. 
All cycles of regeneration (R1 to R4) present a high 
initial fluoride concentration, as observed in the first 
sample that contains 43-52 mg/L. There is also a 
pronounced decrease in fluoride concentration until 
120 min, indicating a significant fluoride removal 
through sodium hydroxide solution elution in the first 
few minutes of desorption. 

CONCLUSIONS

Chemical regeneration of bone char in a fixed bed 
and continuous flow with 0.5 mol/L sodium hydroxide 
solution is technically feasible during 4 cycles. After 
the fourth regeneration cycle bone char sorption 
capacity decreased by 30%, which indicates the need 
to replace the sorbent in the process.

Adsorption behavior of fluoride ions by bone char 
(particle size between 1.0-1.6mm) in fixed bed was 
modeled by Thomas, Adams-Bohart, Yoon-Nelson, 
Wolborska and Yan’s models, the last one being the 
best fit to the curve with an S shape. The experimental 
results demonstrated a better fit by Yan’s model and 
the adsorption capacity of 6.28 mg/g was obtained 
from the breakthrough curve. These results are useful 
for designing a real defluoridation system.

NOMENCLATURE

a  Slope of the regression function
b  Throughput volume (L) 
βa  Kinetic coefficient of the external mass
 transfer (1/min) 
Cad  Difference between initial and equilibrium
 concentration of fluoride (mg/L)

C  Concentration of the column effluent in the
 time t (L/min) 
C0  Feed concentration of adsorbate (L/min)
H  Bed depth (cm)
HAP  Hydroxyapatite 
kAB  Kinetic constant (L/min.mg)
kt  Thomas constant (L/min.mg)
kYN  Rate constant (1/min) 
L  Bed length (cm)
LMTZ  Length of mass transfer zone (cm)
M  Adsorbent mass (g)
N0  Saturation concentration (mg/L)
pHPZC  pH of zero charge point
Q  Feed flow rate to the column (mL/min)
Qt  Throughput volume (L)
qt  Adsorption capacity (mg/g)
q0  Adsorption capacity at equilibrium time 
qtot  Total amount of fluoride sorbed (mg/g) 
t  Time (min)
tbt  Breakthrough time (min) 
te  Column exhaustion time (min)
τ  Time required for 50% adsorbate breakthrough
 (min) 
V Linear flow rate (cm/min)
ν  Migration rate of the solute through the fixed
 bed (cm/min)
Z  Bed height (cm)
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