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Abstract
Novel defluoridating adsorbent was synthesized by chemical treatment of carbonized bone meal using aluminum sulfate and
calcium oxide. Precursor for chemical treatment was prepared by partial carbonization of raw bone meal at 550 °C for 4 h.
Maximum fluoride removal capacity was 150 mg/g when carbonized bone meal (100 g/L) was treated with aluminum sulfate
(500 g/L) and calcium oxide (15 g/L). Morphological analysis revealed formation of a coating layer consisting of aluminum
compounds on the precursor surface. This was verified by stretching frequency of aluminum hydroxide (602 cm−1) in the infrared
spectra. Presence of hydroxylapatite (2θ = 30° and 2θ = 24°) and aluminum mineral phases (2θ = 44°) in the adsorbent were
identified from the X-ray diffractograms. Adsorption capacity decreased from 150 mg/g (30 °C) to 120 mg/g (50 °C) indicating
exothermic adsorption. Adsorption experiments under batch kinetic mode were simulated using shrinking core model. Effective
fluoride diffusivity in the adsorbent and the mass transfer coefficient were estimated as 5.8 × 10−12 m2/s and 9 × 10−4 m/s,
respectively. Desorption was maximum at basic pH and desorption efficiency was decreased by 31% after third cycle.
Dynamic filtration with artificially fluoride-spiked solution showed that the empty bed contact time for a packed column with
equal weight of carbonized and chemically treated adsorbent was 4.7 min and number of bed volumes treated (till WHO limit of
1.5 mg/L) was 340 for a column of 3-cm diameter and 18-cm length. The system was successfully tested using contaminated
groundwater from an affected area. Fixed-bed column experiments were simulated from the first principles using convective pore
diffusion-adsorption model for both synthetic solution and contaminated groundwater. Axial dispersion coefficient was found to
be one order of magnitude less than the pore diffusivity indicating dominance of fluoride diffusion within porous network of
adsorbent. The developed adsorbent exhibited antibacterial property as well.
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Introduction

Contamination of groundwater by organic and inorganic pol-
lutants poses serious threat to human health. Organic pollut-
ants, such as pesticides, phenyls, and dioxins, are biodegrad-
able and are consumed by specific bacteria, in their metabolic
cycle. For example, a common insecticide, dichloro-diphenyl-

trichloroethane (DDT), is biologically degraded by
Aspergillus flavus and Aspergillus parasiticus species
(Katole et al. 2013). However, inorganic pollutants, being
non-biodegradable, are persistent in groundwater. Some of
the hazardous inorganic pollutants, like arsenic, fluoride, and
nitrate, are detrimental for human health (Moore 2012).
Among these, fluoride is the 13th abundant element and is
an important micronutrient to the human body. But its over-
dose can cause serious health problems, like nerve paralysis,
deformation of skin tissues, and skeletal and dental cavities
(fluorosis) (Ozsvath 2009). Fluoride contamination in ground-
water occurs due to geochemical weathering of rocks, such as
fluorapatite, industrial discharges from aluminum smelters,
and copper and zinc ore processing sectors (Ozsvath 2009).
World health Organization (WHO) strictly recommends the
maximum allowable limit of fluoride concentration in drink-
ing water as 1.5 mg/L (World Health Organization 2004).
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Fluoride is generally present in areas having semi-arid cli-
mate, abundant with crystal and volcanic bed rocks (Brindha
and Elango 2011). Such conditions prevail in countries, like
Brazil, Chile, Argentina, and northeastern parts of Africa,
Pakistan, China, and India (Brindha and Elango 2011). In
India, fluoride is excessive in calcium-deficit groundwater,
mainly in states of Rajasthan, Madhya Pradesh, Andhra
Pradesh, and West Bengal (Brindha and Elango 2011).
Fluoride forms coordinate complexes, such as HF2− and HF0

with water (Mohapatra et al. 2009), and concentration of these
complexes is pH dependent. These complexes are bound eas-
ily to electropositive elements, like aluminum, calcium, iron,
and magnesium (Mohapatra et al. 2009). This principle has
been the basis of several treatment methodologies, like ad-
sorption, precipitation, coagulation, and even pressure-
driven membrane processes (Tor et al. 2009; Guo and Tian
2013; Gong et al. 2012; Ndiaye et al. 2005). However, adsorp-
tion is a comparatively useful process than others, owing to its
simplicity in design, ease of operation, and reusability of ad-
sorbent (Faust and Aly 2013). Therefore, adsorbents with high
aluminum and calcium content are ideal for fluoride uptake
from drinking water. Activated alumina and calcite are the
most common ones (Ghorai and Pant 2005; Turner et al.
2010). Possibility of using iron ores, like hematite and mag-
netite, has also been explored (Sujana et al. 2009). However,
most of these adsorbents have low fluoride uptake capacity
and require frequent regeneration. To overcome these limita-
tions, researchers have carried extensive works regarding the
usage of carbon-based calcium adsorbents (Sivasankar et al.
2012). For example, mammalian bones are rich in calcium and
they can be charred either in presence or in absence of air to
realign the apatite structure to enhance fluoride uptake capac-
ity (Tchomgui-Kamga et al. 2010a, b). Process of charring
(pyrolysis or partial carbonization), calcium-to-phosphate ra-
tio of raw material, charring time, and temperature are some
influencing factors in fluoride adsorption (Tchomgui-Kamga
et al. 2010a, b). Pyrolysis is conducted at high temperature in
presence of inert gas (like argon and nitrogen). Compared to
this, partial carbonization requires lower operating tempera-
ture in absence of any external gas. Therefore, partial carbon-
ization is less energy intensive and economic compared to
pyrolysis. However, adsorbents synthesized by partial carbon-
ization have comparable defluoridation capacity with the ones
made from pyrolysis (Rojas-Mayorga et al. 2013; Czernik
2008). After charring of these adsorbents, their defluoridation
capacity can be improved further by impregnation of function-
al chemical groups. For example, defluoridation capacity was
increased from 4 to 19 mg/g by impregnation of calcium
group in charcoal prepared at 650 °C (Tchomgui-Kamga et al.
2010a, b). When this charcoal was treated with aluminum and
iron, fluoride sorption capacity increased to 13 mg/g
(Tchomgui-Kamga et al., 2010a, b). Fluoride uptake capacity
was doubled due to chemical impregnation of aluminum and

iron on corrosion products (García-Sánchez et al. 2013).
However, precursor of these sorbents, i.e., Scandinavian
spruce wood or corrosion products, is scarcely distributed
and hence it is difficult to produce them in bulk scale for
subsequent use in large-scale filters. Additionally, these adsor-
bents result high-pressure drop in the bed due to low particle
size, thereby creating operational difficulties (Dikinya et al.
2008). Therefore, it is essential to synthesize an adsorbent
from a naturally available and cost-effective raw material
which has high fluoride uptake capacity and breakthrough life
in a packed bed with adequate particle size. Raw bone meal
(RBM), a mixture of bones like chicken and cattle, is an abun-
dant waste product and is utilized by fertilizer-producing com-
panies (Gao et al. 2009).

This study deals with optimization of scalable synthesis
route of chemically treated carbonized adsorbent, made from
bone meal including its detailed characterization, followed by
application in fluoride removal from groundwater. Effect of
different operating conditions in fluoride uptake capacity of
the material under batch and fixed-bed study has been per-
formed. Mechanism of adsorption including maximum ad-
sorption capacity was evaluated by fitting the equilibrium data
of fluoride uptake with different empirical and statistical iso-
therm models. Adsorption kinetics was simulated using
shrinking core model to obtain more insight of time-varying
behavior of adsorption. Fixed-bed column runs were also con-
ducted including variation of operating conditions (bed
height, flow rate, and inlet fluoride concentration) to observe
the fluoride removal capacity. These experiments were simu-
lated from the first principles using pore diffusion-adsorption
model. Different physical parameters characterizing transport
properties of fixed bed were also evaluated and used for scal-
ing up calculations. Performance curves of scaled-up filter for
different operating and geometrical conditions were also
established. Efficacy of the proposed adsorbent in treatment
of real-life contaminated groundwater was also investigated in
fixed-bed columns.

Experimental methods

Materials

RBM, industrial grade hydrochloric acid, and sodium hydrox-
ide (industrial grade reagents) were supplied by M/s, Anupam
Enterprise, Kharagpur, West Bengal, India (GPS location:
22.32° N, 87.32° E). Sodium fluoride (molecular weight,
42 g/mol), obtained from M/s, Merck Ltd., Mumbai, India,
was dissolved in distilled water to prepare stock solution of
fluoride (1000 mg/L). Chemicals, like aluminum sulfate, cal-
cium oxide, sodium chloride, sodium nitrate, sodium carbon-
ate, and ammonium phosphate, were all of analytical grades
and obtained from the same company.
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Preparation of chemically treated carbonized bone
meal

Initially, RBM was washed properly in hot water (60 °C) for
2 h to remove any impurities and dried thereafter. Samples
within size range of 1–2 mm were sieved and placed in silica
crucibles, covered with lids. They were then partially carbon-
ized by placing the crucibles in muffle furnace (manufactured
by Asian Test Equipments, Uttar Pradesh, India) of internal
volume 42.5 l, requiring power source of 220-V and 50-Hz
single phase. The samples were prepared at various tempera-
ture and duration at constant heating rate 60 °C/min, without
gas supply. Optimum carbonization conditions were identified
resulting in adsorbent having the highest defluoridation capac-
ity. Carbonized bone meal (CBM) samples prepared at these
conditions were subjected to further chemical treatment. One
hundred grams of CBM was stirred in 1 l of water, containing
calcium oxide for 2 h, followed by addition of aluminum
sulfate, and the mixture was stirred for 4 h. After chemical
treatment, the final product was filtered, dried, and grinded.
Effect of the carbonization and chemical treatment conditions
on fluoride adsorption capacity is presented in Table S1 (a)
and (b). Preparation method of chemically treated carbonized
bone meal (CTBM) and its application in contaminated water
treatment is shown in Fig. 1.

Adsorbent characterization

Morphology analysis of CBM and CTBM was conducted
by using FESEM (field emission scanning electron micro-
scope, model: JSM–7610, JEOL, Japan). Mineralogical
phases of the prepared adsorbents were identified using
X- ray d i f f r ac tomete r (mode l : Xper t P ro , M/s ,
PANalytical, The Netherlands). Weight loss of adsorbent
with temperature was observed using thermogravimetric
analyzer (TGA) (model: Pyris Diamond, Perkin Elmer,
Connecticut, USA). Functional groups of the prepared ad-
sorbents were recognized by Fourier transform infrared
spectrophotometer (FTIR, model: Spectrum 100, Perkin
Elmer, Connecticut, USA). Surface area was measured
using Brunner-Emmett-Teller (BET) surface area analyzer
(model AUTOSORB-1, Quantachrome Instruments,
Florida, USA). Fluoride concentration in different sam-
ples was measured by ion selective electrode (model:
Orion 720A+, Thermo Electron Corporation, Beverly,
USA). Interference effect in fluoride determination by
electrode was prevented by dissolving TISAB III in the
filtrate (0.1 times the sample volume). Concentration of
other coexisting anions, like sulfate, nitrate, carbonate,
phosphate, and chloride, was measured by ion chromato-
graph (model: 883 Basic IC Plus, Metrohm, Switzerland).
Concentration of cations, i.e., calcium and aluminum, was
measured using atomic absorption spectrophotometer

(model: Aanalyst 700 coupled with MHS-15, Perkin
Elmer, Connecticut, USA). Average of five measured con-
centrations was reported.

Batch adsorption experiments

Batch study (Chatterjee and De 2016) was conducted in two
parts, i.e., equilibrium and kinetics. They are described in the
following sections.

Equilibrium studies

Effect of dose, size, and pH

Equilibrium studies were carried out to observe the effect of
adsorbent size, concentration, and pH on removal efficiency.
Effect of adsorbent size and concentration was carried at
10 mg/L fluoride concentration in feed at 30 °C, 150-rpm
shaker speed, and neutral pH (Chatterjee and De 2016).
Solution pH was adjusted with base or acid to study the effect
of pH.

Effect of temperature

In order to obtain maximum uptake capacity and analyze the
effect of temperature on adsorption, different solutions having
feed concentration in the range of 20 to 1000 mg/L were
equilibrated in a shaker at 30, 40, and 50 °C (adsorbent con-
centration 7 g/L; stirrer speed of 150 rpm). Amount of fluoride
adsorbed by CTBM was evaluated using the mass balance
(Chatterjee and De 2016),

qe ¼
Co−Ceð Þv

m
ð1Þ

where, qe (mg/g) is the amount of fluoride adsorbed by
CTBM, Co and Ce are the initial and equilibrium concentra-
tion (mg/L), v is the volume of the solution (L), and m is the
amount of adsorbent used (g). The data sets obtained at dif-
ferent temperatures were fitted to three empirical isotherm
models, i.e., Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) (Foo and Hameed 2010). However, in
order to describe the interaction between CTBM and fluoride
ions precisely, Hill’s model, directly derived from statistical
physics, was used as well (Sellaoui et al. 2017a, b; Sellaoui
et al. 2016). Discussion related to the utility of the isotherm
models and their characteristic equations is presented in
Supplementary Section S1. Theory behind thermodynamic
calculations for adsorption of fluoride by CTBM is given in
Supplementary Section S2.
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Effect of coexisting ions

Effect of different coexisting anions, like sulfate, phosphate,
carbonate, nitrate, and chloride along with cations, like calci-
um and aluminum on defluoridation capacity of CTBM, was
observed. These ions having concentration in the range 50 to
500 mg/L were mixed with 10 mg/L fluoride in synthetic
aqueous solution. Temperature in the shaker was maintained
at 30 °Cwith speed 150 rpm at the optimum pH and adsorbent
concentration.

Desorption study

One gram per liter of CTBMwas exposed to a solution having
10mg/L fluoride concentration for 24 h at 30 °Cwith 150-rpm
shaking speed. Fluoride concentration in the residual filtrate
was measured after equilibration after separating fluoride-
adsorbed CTBM by a filter cloth. Fluoride-adsorbed CTBM
was transferred to 100 mLwater and the pHwas varied from 2
to 12. Again, equilibration was performed for 10 h under
above operating conditions. After this, fluoride concentration
in desorption medium was measured. Amount of fluoride

adsorbed and desorbed during each cycle was calculated by
Eq. (1). The experiments were repeated for three cycles.

Adsorption kinetics

Solution having 10 mg/L fluoride concentration was prepared
and 1 g/L of CTBM was loaded at 150-rpm shaker speed.
Fluoride concentration in the residual filtrate was measured
after different time intervals. Concentration profiles were gen-
erated at three different temperatures, 30, 40, and 50 °C.
Kinetic data was modeled using shrinking core model (Jena
et al. 2003). Detailed discussions are given in Supplementary
Section S3.

Fixed-bed adsorption study

CTBM was powdered and sieved to 0.1-mm diameter and
it was packed in a perspex column having a diameter of
3 cm. Due to its small particle size, CTBM offered high
resistance for fluid flow through the packed column.
Therefore, it was mixed with CBM having a particle diam-
eter of 0.5 mm. Net weight of the adsorbent, i.e., CTBM
and CBM, was kept fixed at 100 g. Effects of CBM-to-

Washing, sieving and placing in 
crucibles for carbonization in muffle 
furnace for 5500C, 4 hours and 
600C/min 

Raw bone meal 
(Source: Phosphate 
fertilizer) 

100 g/L of CBM in 
water; add 20 g/L 
calcium oxide and 
stir for two hours; 
add 500 g/L 
aluminium sulfate 
and stir  for four 
hours  Carbonized bone 

meal 

Chemically treated 
carbonized bone 
meal 

Compact adsorbent 
mixed in the ratio of 
1:1  

Packed in column Defluoridation and 
bacteria removal 

Grounded 
and sieved  

Dried, 
grounded and 
sieved 

Fig. 1 Scheme for production of chemically treated carbonized bone meal and its application
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CTBM weight ratio (30:70, 50:50, 70:30), flow rate (30,
40, and 50 mL/min), and feed concentration (5, 10, and
15 mg/L) on the effluent fluoride concentration were not-
ed. Calculations of various fixed-bed parameters are given
in Supplementary Section S4. Modeling of the column run
data was performed using pore diffusion-adsorption model.
Model constants were evaluated by minimizing the error
between predicted and experimental concentration profiles.
Relevant model equations and their solution strategy are
discussed in Supplementary Section S5.

Fluoride-contaminated groundwater solution

Contaminated groundwater sample was obtained from
Kamaladanga Raipara colony, Bankura city (GPS location:
23.25° N, 87.07° E), West Bengal, India. Defluoridation ca-
pacity of the column packed with CTBM and CBM was ob-
tained. Column conditions were 50:50 (CTBM: CBM) and
60-mL/min flow rate. Concentration of different ions present
both in feed and in filtrate was also measured.

Antibacterial property of CBM and CTBM

Antibacterial efficiency of CBM and CTBM was investi-
gated using the coliform bacteria, i.e., Escherichia coli
(ATCC 10536). Bacteria cells were cultured overnight in
a flask containing 10 mL of E. coli broth at 37 °C. The
cells were harvested and re-suspended in phosphate buffer
solution (0.01 M, pH 7). The post-treatment cellular alter-
ation of bacteria was observed by direct microscopic ob-
servation by FESEM and fluorescent microscope (Zeiss
Axioscope A1, Carl Zeiss, Goettingen, Germany). For
FESEM, 10 mL of bacteria solution was treated with ei-
ther 0.2 g CBM or CTBM. Afterwards, the bacteria sam-
ple was incubated on a shaker at 150 rpm for 24 h at
37 °C. The cells were then harvested and dehydrated in
25, 50, 75, and 100% ethanol (Mukherjee and De 2015).
The morphology of bacteria prior and post-treatment was
studied and compared. For fluorescence image, bacteria
cells were harvested and washed three times with phos-
phate buffer solution (PBS). Thereafter, cells were stained
with 10 μL fluorescein isothiocyanate (FITC, Sigma,
USA) and incubated in dark at 37 °C for 2 h. The excess
dye was removed by washing the cells with PBS
(Mukherjee and De 2017).

Results and discussions

Optimum conditions for preparation of adsorbent

Effect of carbonization conditions on the defluoridation ca-
pacities was observed and reported in Table S1(a). Yield

percentage of each sample after partial carbonization was cal-
culated as,

yield ¼ A−B
A

� �
� 100% ð2Þ

where A and B are the weight of RBM and CBM, respectively.
It was observed from this table that the yield percentage de-
creased with carbonization temperature due to conversion of
carbon of RBM to carbon dioxide gas. For example, the yield
percentage of sample A (carbonized at 300 °C) is 74% while
that of sample E (carbonized at 800 °C) is 40%. However,
with increase in carbonization temperature, surface area of
the sample increases along with its defluoridation capacity.
For example, the surface area of sample A is 75 m2/g and it
increases to 97.2 m2/g for sample C (carbonized at 550 °C).
Defluoridation capacities of sample A and C are 1.2 and
8.3 mg/g, respectively. However, with further increase in tem-
perature, surface area and fluoride uptake capacity decrease.
This is observed in the case of sample D (carbonized at
700 °C) and E (carbonized at 800 °C) having reduced surface
area of 80 and 72 m2/g, respectively. Samples D and E have a
defluoridation capacity of 3.2 and 3 mg/g. These observations
confirm that the surface area of the prepared carbonized ad-
sorbents affects fluoride removal capacity. Time of carboniza-
tion also has effect on extent of defluoridation. For example,
samples prepared at 550 °C for 2 h (sample F) have 96-m2/g
surface area and 5-mg/g defluoridation capacity, while sam-
ples carbonized for longer duration, i.e., 4 h (sample G), has
104-m2/g surface area and 12.5-mg/g capacity. Decrease in
surface area (95 m2/g) with defluoridation capacity (8.3 mg/
g) is observed in the case of sample H. Structural modification
of apatite in CBM occurs with time and temperature playing a
key role in variation of surface area and defluoridation capac-
ity (Rojas-Mayorga et al. 2013). Sample G (partially carbon-
ized at 550 °C for 4 h), having the highest surface area and
defluoridation capacity, is selected for further chemical treat-
ment to enhance its performance. Chemical treatment by dif-
ferent aluminum and calcium compounds was performed.
Suitable combination of chemicals was selected on the basis
of maximum fluoride removal capacity of the final product.
For example, when calcium chloride and aluminum chloride
(Tchomgui-Kamga et al. 2010a, b) were used as impregnating
chemicals, the uptake capacity was 19 mg/g (refer to
Table S1b). The capacity decreased to 15 mg/g in the case of
alum treatment. It was further decreased to 13mg/g in the case
of aluminum sulfate and sodium hydroxide treatment (precip-
itate of aluminum hydroxide occurs on the surface of precur-
sor by this method) (Ganvir and Das 2011). The first pair of
chemicals has an inefficient coating of aluminum compounds
on the surface of the precursor, CBM. Alum treatment of bone
char does not render aluminum coating. Stability of aluminum
hydroxide deposits on the surface of CBM is not strong
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(Nigussie et al. 2007). However, after treatment by aluminum
sulfate and calcium oxide, the uptake capacity was observed
to be 26 mg/g (see Table S1b). When aluminum sulfate is
dissolved in water, the solution becomes acidic and hence there
is high probability of calcium leaching from the CBM (Zhang
et al. 2008). Therefore, calcium oxide is added to the solution
at the first instance, to offer a reverse concentration gradient to
prevent calcium leaching. It also makes the treatment pH basic,
resulting in precipitation of aluminum hydroxide on the CBM
surface. The routes of chemical treatment have significance in
determining the uptake capacity. For example, it was observed
from Table S1(b) that impregnation of chemicals to raw bone
meal followed by carbonization yields a comparatively lower
adsorption capacity (10 mg/g) than impregnation of chemicals
to CBM. Aluminum may increase heat conduction on the raw
bone meal surface, which in turn degrades the apatite structure
and hence reduces the uptake capacity (Yu et al. 2013).
However, in the case of CBM, this is not observed. Hence,
the final material had calcium in the apatite structure and alu-
minum coating on the surface providing a synergistic effect on
fluoride removal (Nie et al. 2012). It was observed from
Table 1 that the uptake capacity was increased from 26 to
102 mg/g as the concentration of aluminum is increased in
the treatment step. This is due to an increase in aluminum
hydroxide coating on CBM surface at higher concentration.
However, on further increase of concentration, change in up-
take capacity is insignificant due to saturation of coating on the
surface. When concentration of calcium oxide is increased in
the treatment medium, the uptake capacity increases to

150mg/g. Increase in the reverse concentration gradient arrests
leaching of calcium from the CBM thereby increasing fluoride
uptake capacity. However, the uptake capacity was reduced to
66 mg/g when the calcium oxide concentration was decreased
to 5 g/L, keeping aluminum sulfate fixed at 500 g/L.
Precipitation of calcium hydroxide occurs at higher calcium
oxide loading in water, lowering the concentration gradient
and initiating leaching, thereby decreasing the fluoride uptake
capacity. For example, the uptake capacity decreases to
114 mg/g when the calcium oxide concentration reaches
50 g/L. Therefore, the material used for further studies was
prepared with 500 g/L aluminum sulfate and 15 g/L of calcium
oxide, as it has the highest fluoride uptake capacity.

Characterization

Various characterization techniques (mentioned in BAdsorbent
characterization^) are shown in Fig. 2. Morphological analy-
sis, as performed by scanning electron microscopy, suggests
that the surface of CBM (see Fig. 2(a)) is smoother than that of
CTBM at the same magnification (refer to Fig. 2(b)). Also, it
is quite evident from this figure that deposit of aluminum
hydroxide occurs on the surface of the CTBM as a result of
chemical treatment (Ganvir and Das 2011). The elemental
analysis, shown in Table 2, clearly suggests the presence of
aluminum in CTBM. Conductivity of the treated stream in-
creases from 1520 to 2500 μs/cm (see Table 2), indicating
presence of ionic elements, like aluminum. Presence of calci-
um is common in the apatite structure of both CBM and
CTBM and it is also confirmed by the elemental analysis
(Rojas-Mayorga et al. 2013). Sharp differences in adsorption
capacities are observed between the CBM and CTBM due to
the coated aluminum on the latter, though the surface area of
the two adsorbents remains almost same (see Table 2).

Crystal structure of the prepared adsorbent is evident from
the TEM images, as shown in Fig. 2(c). Sharp rod-like struc-
tures of deposits is observed on the surface of the adsorbents.
Also, presence of worm-like pores is confirmed on the surface
of the adsorbent by TEM images. Similar observations were
recorded in the case of synthesized boehmite AlOOH nano-
tubes (Kuang et al. 2003). The interlayer distance between the
lattice fringes of the rod-like structure is 0.4 nm, correspond-
ing to aluminum hydroxides (Kuang et al. 2003).

XRD images, from Fig. 2(d), show the transformation of
broad and low intense peaks of CBM to narrow and strongly
intense peaks of CTBM. For example, broad hydroxylapatite
peak at diffraction angle of θ = 30° of CBM (JCPDS, card no.
9-432) is narrowed in CTBM. This peak may represent calci-
um oxide along with a weak diffraction peak at θ = 24°
(Tchomgui-Kamga et al. 2010a, b). Narrowness of the peaks
increases the crystallinity, improving the fluoride uptake ca-
pacity (Rojas-Mayorga et al. 2013). It may also be observed
that peaks corresponding to boehmite are present at θ = 22°

Table 1 Variation of fluoride uptake capacity with aluminum sulfate
and calcium oxide dosages in preparation medium

Aluminium
sulfate dosage
(g/L)

Calcium oxide
dosage (g/L)

Maximum adsorption
capacity (mg/g)

Heat of
sorption
(L/g)

Aluminium sulfate dosage variation

50 10 26 0.1

100 10 57 0.1

200 10 59 0.1

300 10 72 0.1

500 10 102 0.1

700 10 100 0.1

1000 10 105 0.01

Optimization of calcium oxide dosage

500 5 66 0.04

500 15 150 0.04

500 20 124 0.02

500 30 113 0.02

500 50 114 0.03

Italics represent the dosages at which maximum defluoridation capacity
has been obtained
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and θ = 32° (Tchomgui-Kamga et al. 2010a, b). Weak diffrac-
tion peaks at θ = 44° and 52° suggest presence of aluminum
hydroxide (Wang et al. 2009).

Thermal analysis of the CTBM is shown in Fig. 2(e). Three
regions of weight loss are observed from this figure. The first
region, i.e., weight loss from 25 to 110 °C, represents moisture
loss (approximately 10% weight loss) from the material. The
second region from 110 to 200 °C represents the loss of hy-
droxyl groups from aluminum and calcium components of the
adsorbents (Kim et al. 2008). The loss in mass is 20%. Finally,
a steady decrease of 6% mass is noted from 200 to 700 °C.
This happens due to slow dehydroxylation (Kim et al. 2008).

Chemical treatment of CBM imparts aluminum and calcium
oxide groups within the adsorbent. As shown in Fig. 2(f), trans-
mittance corresponding to 3544 and 3401 cm−1 wave number
represents hydroxyl group stretching of calcium hydroxide
(Granados et al. 2007). Frequencies between 2239 and
2115 cm−1 confirm the presence of methoxy and medial alkyne
(Siesler et al. 2008). Transmittance recorded at 1404 cm−1 can
be assigned to asymmetric stretching of O–C–O bonds of car-
bonate groups at the surface of calcium oxide. Presence of phos-
phate group is confirmed by the transmittance at 1015 cm−1

(Granados et al. 2007; Siesler et al. 2008). Frequency between
1685 and 1404 cm−1 suggests the presence of purines. Shift in
stretching frequencies of α-calcium pyrophosphate is observed
from 559 to 669 cm−1 due to chemical treatment. Impregnated
aluminum groups can be foundwithin the synthesized adsorbent
in the form of AlO6 and Al–OH indicated by the stretching
frequencies at 602, 1107, and 1621 cm−1 (Du et al. 2009).

Antibacterial property

Fresh cells of E. coli before treatment are presented in Fig. 3a.
The untreated cells of bacteria have the normal structure (length
1.5 ± 0.5 μm; thickness 0.5 ± 0.1 μm), as expected.
Morphological alteration of bacteria is evident after treatment
with CBM and CTBM. While exposed to CBM, bacteria cells
were found twisted and several pits appeared in their cell wall.
Such disruption was more pronounced after treating with
CTBM. It is evident from Fig. 3b, c that bacteria cells were
shrunk with appearance of several pores within the wall, indi-
cating rupture of cell wall, leading to death of cultured bacteria.

The fluorescence microscopy images of untreated bacteria
are presented in Fig. 3d. It should be noted that FITC dye
could pass through the intact membrane and bind to DNA,
emitting green fluorescence. The viability of fresh bacteria
cells was clear by bright-green fluorescence. After the treat-
ment with CBM, the viable count of bacteria was reduced, as
evident by less number of green dots (see Fig. 3e). However,
significant loss of viability was noticed after treatment with
CTBM, indicating its antibacterial property (see Fig. 3f).
Nevertheless, it is interesting to note that the chemical treat-
ment results in enhancing surface area of the particles up to

110 m2/g. In addition, the positive surface potential of CTBM
also increases after the subsequent treatment. The zero point
charge (pHZPC) of CTBM was 6.7, indicating they have neg-
ative surface potential beyond this pH. Thus, strong electro-
static interaction between the CTBM particles and bacteria
promotes the cellular damage, exhibiting efficient antibacteri-
al property (Delgadillo-Velasco et al. 2017).

Fluoride uptake capacity in batch study

Batch studies were conducted to obtain the optimum process
conditions, effect of temperature, time, and coexisting ions on
the fluoride uptake capacity. Variation of adsorption capacity
in regeneration cycles is also conducted in batch mode.

Effect of operating conditions, i.e., pH, size, and adsorbent
concentration on the fluoride uptake capacity, is shown in
Fig. 4(a). It is observed from this figure that pH of the feed
solution controls the uptake capacity by the adsorbent. For
example, the residual filtrate concentration after uptake is
0.04 mg/L at highly acidic pH, i.e., pH 2. At pH 6.1, fluoride
concentration in the residual filtrate increases to 0.3 mg/L,
which is below the permissible level (1.5 mg/L). The isoelec-
tric pH or pHZPC of CTBM (6.7) has an important role in
tuning the surface charge of the material. As the pH of the
feed solution is lower than the isoelectric pH, surface of
CTBM becomes positive, attracting negatively charged fluo-
ride ions, thereby facilitating adsorption. The reverse is being
observed at higher pH (Chatterjee et al. 2017). Due to the
sustained efficiency until pH 6.1, it is selected as the operating
pH. Uptake capacity also depends on the size of the adsorbent,
which is clearly observed from this figure. The residual filtrate
concentration decreases from 0.3 to 0.1 mg/L, when the size
of the particle is decreased from 0.5 to 0.15 mm. For smaller
adsorbents, specific surface area increases intensifying the
adsorbent-adsorbate interaction (Tchomgui-Kamga et al.
2010a, b; Chatterjee and De 2016). Another significant factor
that controls the fluoride uptake capacity is the adsorbent con-
centration during batch treatment. It can be observed from this
figure that the residual filtrate concentration is 8.65 mg/L
(fluoride feed concentration of 10 mg/L) when the adsorbent
concentration is 0.1 g/L. However, the filtrate concentration
decreases to 0.2 mg/L at an adsorbent concentration of 5 g/L.
This is due to the higher number of active sites at enhanced
adsorbent loading in the feed solution (Tchomgui-Kamga
et al. 2010a, b). However, further increase in active sites leads
to saturation of uptake capacity at higher adsorbent dose. This
is quite evident from the figure, as the residual filtrate concen-
tration does not decrease below 0.2 mg/L even at 20 g/L of
adsorbent concentration.

Effect of temperature on fluoride uptake capacity is shown
in Fig. 4(b). It is observed from this figure that the uptake
capacity of fluoride by CTBM increases with the equilibrium
concentration, due to enhanced driving force. For example,

Environ Sci Pollut Res (2018) 25:18161–18178 18167



(b)(a)

(c)

0 10 20 30 40 50 60 70 80 90
0

200
400
600
800

1000
1200
1400

Diffraction angle ( )

CTBM produced at optimum conditions

In
te

ns
ity

0 10 20 30 40 50 60 70 80 90
0

100
200
300
400
500
600
700
800 CBM produced at optimum conditions

In
te

ns
ity

Diffraction angle ( )

(d)

Rod like structure 

Rod like structure 

18168 Environ Sci Pollut Res (2018) 25:18161–18178



the uptake capacity is 25 mg/g at an equilibrium concentration
of 10 mg/L; this increases to 142 mg/g when the equilibrium
concentration is increased 100 times, i.e., 1000 mg/L. Also,
uptake capacity decreases with temperature. For example, the
uptake capacity substantially decreases from 25 mg/g at 30 °C
to 12 mg/g at 40 °C when the equilibrium concentration is
10 mg/L. At even higher temperature, i.e., 50 °C, uptake ca-
pacity is 10 mg/g at the same equilibrium concentration.
Decrease in uptake capacity with temperature occurs due to
lowering of surface tension of the adsorbent at higher temper-
ature, thereby attracting less fluoride laden water molecules
(Wu et al. 2015). Weakening of adsorptive forces, like Van der
Waals interaction at higher temperature, is another reason (Wu
et al. 2015). Similar behavior of exothermic adsorption was
observed in the case of fluoride adsorption onto synthetic sid-
erite and cerium-impregnated fibrous protein (Liu et al. 2010;
Deng and Yu 2012). The data sets have been fitted to various

isothermmodels (discussed in Supplementary Section S1) and
the results are shown in Table S2. Monolayer adsorption ca-
pacity of 150 mg/g is predicted from the Langmuir isotherm.
The same uptake capacity predicted by Freundlich and D-R
isotherm is 32.9 and 191 mg/g, respectively. The correlation
coefficient is the highest for Langmuir isotherm, indicating
uptake of fluoride by CTBM is monolayer adsorption process.
The separation factor from this isotherm lies well below 1
(0.05–0.8) for all the concerned temperatures, suggesting fa-
vorable adsorption of fluoride onto CTBM. This is also cor-
roborated by the Freundlich isotherm constant (n) that lies
below 10 (4.3–2.9) at all temperatures. The factor 1

n is a mea-
surement of the heterogeneity of the adsorbent and it increases
with temperature (0.23 at 30 °C, 0.26 at 40 °C, and 0.34 at
50 °C), making the system more heterogeneous at lower tem-
perature. The mean free energy value (from DR isotherm) for
the system at different temperatures lies between 8 and 16 kJ/
mol, indicating the uptake as chemisorption in nature. Value of
nn, i.e., number of fluoride ion bound per active sites of
CTBM from the statistical three-parameter isotherm model
(Hill isotherm), provides mechanistic insight to adsorption.
For example, if the value of this parameter is greater than
unity, then adsorption is multi-ion process. Contrary to this,
adsorption is a multi-anchorage process (fluoride ions
adsorbed in parallel positions on CTBM surface), when its
value is less than unity. However, the mechanism becomes
mono-anchorage, i.e., the fluoride ions are adsorbed at per-
pendicular position to the active sites of CTBM, when its
value is one (Sellaoui et al. 2017a, b; Sellaoui et al. 2016). It
can be observed from Table S2 that number of fluoride ions
per adsorption sites of CTBM is one at 30 °C, which margin-
ally increases with temperature (1.1 and 1.2 at 40 and 50 °C,
respectively). Hence, it can be inferred that the uptake mech-
anism is mono-anchorage at lower temperature, which gradu-
ally changes to multi-ion process at higher temperature. This
happens due to thermal agitation at higher temperature when
the mobility of fluoride ions increases and more fluoride ions
are attached to the active sites. However, this is not the same
for the density of receptor sites (Nm) and density of receptor
sites decreases with temperature. For example, the value ofNm

is 148 mg/g at 30 °C and decreases to 92.3 mg/g at 50 °C. As
discussed earlier, increase in temperature results in weakening
of Van der Waals adsorptive forces as well as surface tension
of adsorbent thereby reducing Nm and uptake capacity, Qsat.
Results of adsorption thermodynamics (calculation of various
thermodynamic parameters has been discussed in
Supplementary Section S2) are also reported (see Table S3).
Negative value of Gibbs free energy (− 16 kJ/mol) confirms
the spontaneity of fluoride adsorption on the CTBM surface.
Enthalpy change is negative (− 44.8 kJ/mol) and its absolute
value is higher than 40 kJ/mol. This proves the exothermic
nature of adsorption and chemisorption as uptake mechanism.

Fig. 2 SEM images of (a) CBM and (b) CTBM. (c) TEM image of
CTBM at different resolution. (d) X-ray diffractograms of CBM and
chemically treated CBM. (e) TGA of chemically treated CBM. (f) FTIR
spectra of chemically treated CBM before and after fluoride adsorption
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The entropy change is 94 J/mol K indicating increased rapid-
ity of fluoride ions at the interface favoring adsorption
(Chatterjee and De 2016; Foo and Hameed 2010).

Interaction of fluoride with the chemical species in CTBM
(Tchomgui-Kamga et al. 2010a, b; Rojas-Mayorga et al.
2013), i.e., calcium and aluminum, results in its removal.
Uptake mechanism can be represented by ion exchange as
follows:

Ca10 PO4ð Þ6 OHð Þ2 þ 2F−→Ca10 PO4ð Þ6 F2 þ 2OH‐ ð3Þ

2AL OHð Þ3 þ 2F−→2AL−Fþ 6OH− ð4Þ
Ca OHð Þ2 þ 2F−→CaF2 þ 2OH− ð5Þ

Effect of time on the residual fluoride concentration is
shown in Fig. 4(c). It is observed that the residual filtrate
concentration decreases with time. For example, the residual
filtrate concentration decreases to 0.13 mg/L from 10 mg/L
within the first hour. With increase in interaction time, i.e.,
24 h, the residual filtrate concentration reaches equilibrium
to 0.04 mg/L. It is also observed that the residual fluoride
concentration in the filtrate increases with temperature. This
is exactly in line with the exothermic adsorption effect, as
discussed earlier. Data of kinetic experiments were compared
with the predicted values from shrinking core model
(discussed in Supplementary Section S3) (Chatterjee and De
2016; Chatterjee et al. 2017). The model constants are report-
ed in Table S4. Effective diffusivity of fluoride within the

pores of CTBM remains invariant with temperature. For ex-
ample, the effective diffusivity is 5.8 × 10−12 m2/s at 30 °C; at
50 °C, it is 6.2 × 10−12 m2/s. However, the mass transfer co-
efficient of fluoride decreases with temperature. For example,
the mass transfer coefficient decreases from 9 × 10−4 m/s at
30 °C to 8.5 × 10−4 m/s at 50 °C, leading to reduction in
uptake capacity. Biot number of the CTBM-fluoride system
is quite high (in the range of 103) signifying pore diffusion as
dominant mechanism. Tortuosity factor, which is the ratio of
bulk to effective diffusivity, lies in the range of 1–10, indicat-
ing CTBM is a porous adsorbent. Radius of concentration
front is a measure of the extent of adsorption. Reduction of
radius is more at lower temperature and it is in line with exo-
thermic adsorption in this case.

Effect of different contaminating ions, coexistingwith fluo-
ride in groundwater, has been observed and is shown in
Fig. 4(e). Cations, like calcium and aluminum, do not have
adverse effect on the uptake capacity of fluoride, as observed
from this figure. Removal percentage remains 100% at lower
concentration, i.e., 50 mg/L and even at higher concentration,
i.e., 500 mg/L. Anions, like chloride, nitrate, sulfate, carbon-
ate, and phosphate, essentially compete with fluoride for the
active sites in CTBM. For example, the adsorption percentage
decreases to 95 and 88%when the concentration of chloride in
the synthetic solution is 50 and 500 mg/L, respectively.
Similarly, adsorption capacity decreases to 80, 75, and 62%
in the case of carbonate, nitrate, and sulfate, respectively, at a
concentration of 500 mg/L. Maximum hindrance is offered by

Table 2 Comparison of properties between CBM and CTBM (produced at optimum conditions)

Parameters CBM CTBM

Particle size (mm) 0.4-0.6 0.1-0.3

Surface area (m2/g) 58 110

Pore volume (mL/g) 0.1 0.3

Bulk density (kg/m3) 900 980

Particle density ( kg/m3) 2000 1428

Material density ( kg/m3) 2700 2300

Particle porosity 0.3 0.4

Bed porosity 0.5 0.6

pHZPC 7.6 6.7

Conductivity (1:5 ratio of adsorbent and distilled water) (μs/cm) 1520 2500

pH (1:5 ratio of adsorbent and distilled water) 6.8 5.3

Maximum adsorption capacity of fluoride (mg/g) at 303 K 14 (0.1 mm particle size) and 12 (0.5 mm particle size) 150

Elemental analysis Carbon: 10.2 Carbon: 27.8

Nitrogen: 3.4 Nitrogen: 6.2

Oxygen: 45.4 Oxygen: 38.2

Phosphorus: 15 Aluminium: 2.4

Calcium: 25.5 Phosphorus: 1

Sulphur: 13.2

Calcium: 11.2
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phosphate as the adsorption of fluoride drops to 90 and 58% at
concentrations of 50 and 500 mg/L. Competitive adsorption
significantly depends on the number of negative charge car-
ried by that ion and its ionic mass (Njoku 2014).

Variation of adsorbed and desorbed amount of fluoride
with regeneration cycles is shown in Fig. 4(f). It is observed
from this figure that the uptake capacity of fluoride is 2.2mg/
g, when fluoride feed concentration is 10 mg/L. As the
fluoride-loaded sorbent is added to 0.1 (N) sodium hydrox-
ide solutions, 1.5 mg/g of fluoride is desorbed. Hydroxyl
radicals are generated at alkaline pH decreasing the bond
energy of fluoride-encapsulated active sites, thereby releas-
ing fluoride (Tang et al. 2009). The amount of fluoride
adsorbed and desorbed during each cycle is not equal. This
is due to chemical adsorption of fluoride species by alumi-
num and calcium components of CTBM. It is also observed
from this figure that the adsorptionpercentagedecreases suc-
cessively after each cycle. For example, the adsorption per-
centage decreases by 18% (1.8 mg/g) and 31% (1.5 mg/g) in
the second and third regeneration cycles, respectively. This

happens due to unavailability of some active sites during
uptake, binding strongly the fluoride ions.

Dynamic column study

Batch study under stirring provides an ideal mixing between
adsorbate and adsorbent. However, for real-life applications,
dynamic equilibrium in column mode needs to be studied.
Therefore, experiments were performed and pore diffusion-
adsorption model (developed from fundamental convective-
diffusive equation) was used for simulation (Singha et al.
2012). Detailed description of model equations has been
discussed in Supplementary Section S5. Numerical solution
strategy of the equations describing the model is shown in Fig.
S1. The major advantages of this model includes intrinsic
model constants, flexibility in engineering design of adsorbent
bed, and capability of incorporating fluctuations in the break-
through behavior during abnormality of input conditions. In
this case, effect of adsorbent quantity, flow rate, and inlet feed
concentration on the dynamic equilibrium capacity has been

(a) (b)

(c) (d)

(e) (f)

pore

Fig. 3 Antibacterial property of
CTBM highlighting the SEM
images of a bacterial cell, b
bacterial cell treated byCBM, and
c bacterial cell treated by CTBM.
Fluorescence images of d
bacterial cell, e bacterial cell
treated by CBM, and f bacterial
cell treated by CTBM
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observed and is shown in Fig. 5(a, b, c). It was observed that
the breakthrough time (time required for the filtrate concen-
tration to reach the allowable limit of fluoride in water, 1.5 mg/
L) and exhaustion time (time required for the filtrate concen-
tration to reach 90% of the inlet feed concentration) increased

with higher CTBM loading in the mixed adsorbent. As ob-
served from Fig. 5(a), the breakthrough curve shifts towards
the right, when the amount of CTBM is increased in the mixed
adsorbent. The breakthrough and exhaustion time for a 30:70
(CTBM:CBM) column were 24 h (number of bed volumes,
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340) and 65 h (number of bed volumes, 920), respectively (see
Table S5). These increase to 49 h (number of bed volumes,
462) and 95 h (number of bed volumes, 896), when the
amount of CTBM is increased (70:30). Model predictions
show that the breakthrough time in the case of 30:70 column
is 35 and 65 h, respectively. While for the 70:30 column, the
predicted breakthrough and exhaustion were 51 h (number of
bed volumes, 480) and 88 h (number of bed volumes, 829). It
has been observed previously that the shorter beds have lower
adsorption capacity due to less quantity of adsorbents.
Column with higher loading of CTBM has higher break-
through than the one with lesser loading. It may also be point-
ed out that mass transfer zone increases from 11.4 to 13.1 cm
(see Table S5) due to higher weight percentage of CTBM and
hence delayed saturation is observed (Sulaymon et al. 2009).

It may be observed from Fig. 5(b) that the increase in flow
rate results in shorter breakthrough. For example, in a 50:50
column, with 5-mg/L inlet fluoride concentration, the break-
through and exhaustion time were 34 h (number of bed vol-
umes, 433) and 90 h (number of bed volumes, 1146), respec-
tively, when the flow rate is maintained at 30 mL/min. As the
flow rate is increased to 50 mL/min, the exhaustion and break-
through time decrease to 14 h (number of bed volumes, 297)
and 38 h (number of bed volumes, 806) (see Table S5). The
predicted breakthrough and exhaustion time in the case of
50:50 column were 48 h (number of bed volumes, 611) and
90 h (number of bed volumes, 1146), for 30-mL/min flow
rate, while for 50 mL/min, the predicted times were 17 h
(number of bed volumes, 360) and 42 h (number of bed vol-
umes, 890). Due to shorter adsorbate-adsorbent interaction,
the breakthrough curve shifts towards the left (Sulaymon
et al. 2009). It may also be observed that the dynamic uptake
capacity is decreased from 4.2 to 3 mg/g with flow rates (see
Table S5) due to ineffective mass transfer, resulting in shorter
saturation time.

Increase in inlet concentration decreases the saturation time
(refer to Fig. 5(c)). For example, the breakthrough and exhaus-
tion time for 50:50 column at 30-mL/min flow rate were 34 h
(number of bed volumes, 433) and 90 h (number of bed vol-
umes, 1146) as the inlet concentration of fluoride in synthetic
solution is 5 mg/L. But the breakthrough and exhaustion time
decrease to 10 h (number of bed volumes, 127) and 41 h
(number of bed volumes, 523) as concentration increases to
15 mg/L, keeping all other process conditions the same. The
predicted breakthrough and exhaustion time in the case of
5 mg/L were 48 h (number of bed volumes, 611) and 90 h
(number of bed volumes, 1146), while theywere 11 h (number
of bed volumes, 140) and 39 h (number of bed volumes, 497),
when the concentration is increased to 15 mg/L. At lower
concentration, delayed breakthrough is observed due to lower
driving force (Sulaymon et al. 2009). However, increased inlet
concentration leads to higher driving forces resulting in rapid
saturation. For example, the separation percentage in the case

of 5-mg/L inlet fluoride concentration is 49%, which de-
creases to 38%, as the concentration increases to 15 mg/L.

Axial dispersion and pore diffusion coefficient (evaluated
by minimizing differences between experimental and simulat-
ed profiles) were 9 × 10−11 and 1.1 × 10−10 m2/s, respectively
(see Table S6). It is clearly observed that the pore diffusion
constant is higher than the axial dispersion constant, thereby
suggesting removal occurs by diffusion of fluoride ions
through the pores of CTBM and CBM rather than external
mass transfer on the outer surface. Mass transfer coefficient
is seen to vary inversely with bed height, thereby leading to
delayed breakthrough at increasing bed depth. For example,
the mass transfer coefficient is 2.2 × 10−6 m/s in the case of
30:70 (column with bed depth 18 cm), CTBM:CBM loaded
column, while the mass transfer coefficient decreases to 1.9 ×
10−6 m/s when the CTBM:CBM loaded column is 70:30,
having a bed depth of 27 cm.

Real-life groundwater sample was subjected for a dynamic
column run, at a flow rate of 60 mL/min, with a column of
50:50 loaded adsorbent of CTBM and CBM (Fig. 5(d)). The
fluoride concentration in the feed was measured as 3.6 mg/L.
The breakthrough and exhaustion time were 20 h (number of
bed volumes, 510) and 25 h (number of bed volumes, 637),
respectively. The predicted breakthrough and exhaustion
times were 16 h (number of bed volumes, 408) and 28 h
(number of bed volumes, 713). Values of other parameters,
such as pH, conductivity, total dissolved solids (TDS), differ-
ent ions, and microbes, are presented in Table 3. The dynamic
column run was able to remove fluoride and pathogen simul-
taneously from the feed until breakthrough is attained. For
example, the microbial contamination in the feed was 5.8 ×
104 CFU/mL, which was absent in filtrate. pH of the drinking
water remained within the regulatory limits (6.5–7.5, accord-
ing to Indian standards). Reduction in electrical conductivity,
total dissolved solids, chlorine, bromine, and nitrate was ob-
served. However, there was an increase in aluminum, calcium,
and phosphate in the drinking water, though it remained well
within limits. In order to investigate leaching of various com-
pounds from the adsorbent to the filtrate stream during dy-
namic run, concentration of various elements, like aluminum,
calcium, sulfate, and phosphate, was measured in the filtrate
for a specific experimental condition (50:50 CTBM- and
CBM-loaded column, 30 mL/min and 5 mg/L artificially
spiked fluoride feed). It was observed that the concentration
of aluminum, calcium, and phosphate remained well within
safety limits (see Fig. 5(e)). However, leaching of sulfate was
observed for the first 6 h, i.e., 17% of breakthrough time
(34 h). For the rest of the period, the concentration lies well
within the safe limits.

Among different mathematical entities calculated for char-
acterizing column run, there is a factor known as number of
bed volume (NBV) which can highly be used to scale up a
process. The factor, which is the ratio of volume of water
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treated until breakthrough to the bed volume, can be evaluated
for a column condition and the bed volume can be altered to
find out breakthrough volumes at higher adsorbent loading.
This method is employed to calculate the amount of adsorbent
and the filter life for a different flow rate and influent concen-
tration. Corresponding findings are reported in Fig. 5(f). It can
be observed that the variation in column diameter and height

leads to variation in filter life at different flow rates. For ex-
ample, in the case of designed filter having 100-cm height and
20-cm diameter (L/D ratio of 5), 150 kg of net adsorbent
weight, i.e., 75 kg of CTBM and 75 kg of CBM, is required
to have a filter life of 1124 days (3 years) at 44 L/day of
drinking water with fluoride concentration of 5 mg/L during
continuous operation (point G in Fig. 5(f)). However, the filter
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Fig. 5 (a) Effect of bed height, (b) flow rate, (c) inlet concentration on the
uptake of fluoride by chemically treated CBM, and (d) behavior of
column in presence of real-life feed. (e) Leaching of various ions from

50:50 (CBM:CTBM) loaded column with 30 mL/min and 5 mg/L
concentration. (f) Scale-up study of real-life feed
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life decreases to 733 days (2 years) and 668 days (1.8 years),
when the flow rate is increased to 58 and 72 L/day, respec-
tively. For a real-life feed (concentration of 3.6 mg/L), the
expected filter life is 465 days (1.3 years) with the flow rate
being maintained at 86 L/day.

Comparison with other adsorbents

Adsorption capacities of different aluminum- and calcium-
coated charcoals and natural products are shown in Table 4.
Two novel features of CTBM compared to other adsorbents
are clearly observed from this table. First, simultaneous chem-
ical treatment of charcoal precursor with calcium and alumi-
num has been attempted for the first time in this work. Second,
the fluoride adsorption capacity is the highest in the case of
CTBM. Aluminum-coated bone charcoal has been used for
fixed-bed study and the uptake capacity in dynamic mode is

3.3 mg/g (Rojas-Mayorga et al. 2015). However, in the case of
a 50:50 (CTBM:CBM) packed column, the dynamic uptake
capacity is 4.8 mg/g (see Table S5, in the Supplementary
Section), which is comparatively higher. It is obvious that
during treatment of charcoal precursor with only aluminum
compounds, the treatment solution turns acidic, initiating cal-
cium leaching from the charcoal, thereby lowering the effec-
tive fluoride uptake capacity. This is observed in the case of
aluminum with iron-treated wood charcoal (13.6 mg/g)
(Tchomgui-Kamga et al. 2010a, b) and aluminum-treated ac-
tivated bamboo charcoal (21 mg/g) (Wendimu et al. 2017).
Similar observations are also reported in the case of activation
of cow bone char by hydrochloric acid and subsequent treat-
ment with aluminum chloride. Fluoride uptake capacity is
reported to be 6.2 mg/g during acid activation that remains
invariant after treatment with aluminum, due to leaching of
calcium from apatite content (Nigri et al. 2017). Also, the

Table 3 Filtrate concentration
after column run for real-life feed Parameter Feed Filtrate (after

1 h)
Filtrate (at breakthrough, i.e.,
20 h)

Allowable
limits

pH 8.4 7.8 7.9 6.5–8.5

Total dissolved solids
(mg/L)

283 250 234 500

Cl− (mg/L) 34.8 25.1 23.1 250

Br− (mg/L) 0.6 0.5 0.4 –

NO2
− (mg/L) 3.8 0.3 0.1 45

PO4
2− (mg/L) 0.3 0.2 2 –

SO4
2− (mg/L) 5.6 1323 9.3 400

Ca2+ (mg/L) 16 170 18 200

Al3+ (μg/L) 20 85 25 100

F− (mg/L) 3.1 0.0048 1.5 1.5

Microorganism
(CFU/mL) 5.8 ×

104

0 0 0

Table 4 Comparison of uptake
capacity of CBM and CTBMwith
other adsorbents

Adsorbent Adsorption capacity (mg/
g)

Reference

Peroxide-treated bone meal 2.2 Gao et al. 2009

Aluminum- and iron-treated corrosion
products

0.48 García-Sánchez et al. 2013

Aluminum-doped cow bone char 6.4 Nigri et al. 2017

Acid-washed cow bone char 6.2 Nigri et al. 2017

Aluminum-doped bone charcoal 3.3 (dynamic mode) Rojas-Mayorga et al. 2015

Calcium-treated wood charcoal 19.6 Tchomgui-Kamga et al. 2010a,
b

Aluminum-treated wood charcoal 13.6 Tchomgui-Kamga et al. 2010a,
b

Aluminum-treated activated bamboo charcoal 21 Wendimu et al. 2017

CBM 14 This study

CTBM 150 This study
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corrosion products are rich in passive iron. Further treatment
with aluminum and iron does not help in increasing its fluo-
ride uptake capacity (0.48 mg/g) (García-Sánchez et al. 2013).
Moreover, there is high probability of iron leaching to the
treated stream during dynamic treatment. When wood char-
coal is treated with calcium only, the material has an uptake
capacity of 19.6 mg/g (Tchomgui-Kamga et al. 2010a, b).
Calcium coated on the charcoal surface is not active in the
uptake of fluoride. Peroxide treatment of raw bone meal
may result in leaching of maximum calcium content, thereby
lowering its effective fluoride uptake capacity (2.2mg/g) (Gao
et al. 2009). Apart from this, all these materials have issue
regarding scalability, complexity in manufacturing, clogging
of filter beds, and most importantly cost. This makes the syn-
thesized adsorbent, i.e., CBM (12 mg/g) and CTBM (150 mg/
g), unique and highly beneficial in fluoride treatment and mi-
crobial decontamination of groundwater.

Industrial application and economic analysis
of the adsorbent

The adsorbent has calcium and aluminum in its composition
as observed from the elemental analysis. Apart from fluoride
removal, it can be used for varieties of other hazardous con-
taminant removal, such as heavy metals (Piccirillo et al. 2017)
and oily and solid suspensions for processing industrial dis-
charges (Amiri et al. 2013). Once the adsorbent’s activity is
completed, it can be used for other applications such as pro-
duction of carbon disulfide gas, sodium cyanide, and carbides
(Emrich 2013). The used adsorbent can also be used as fuel in
cement industry, in household, and also for smelting and
sintering iron ores (Bhatnagar 2012).

The yield of the carbonized product is 61% (refer to
Table S1a), which is comparatively higher than most of the
adsorbent. For example, the yield of activated carbon from
pine cone is 52% (Khalili et al. 2015); tamarind seed, 40%
(Gupta and Babu 2009); and olive stones, 36% (Yakout and
El-Deen 2016). Cost of conventional defluoridating agents,
like activated alumina is Rs. 205/kg (size, 0.5–2 mm; source:
Global Adsorbents, Kolkata, India) and Rs. 400/kg (size, 0.5–
2 mm; source: Akshar Chem Activated Alumina, Kolkata,
India). Cost of activated charcoal is Rs. 250/kg (source:
Unitech Water Technologies, Kolkata, India) and Rs. 210/kg
(source: Acuro Organics Limited, Kolkata, India). However,
the present defluoridating material/medium, i.e., CTBM, is
economic having a net cost of 133 INR/kg (equivalent to 2
USD/ kg) (refer to Table S7).

Conclusions

Preparation, characterization, and defluoridation application
of chemically treated carbonized bone meal were presented

in this work. Partially carbonized bone meal was chemically
treated by aluminum sulfate and calcium oxide solution to
enhance the fluoride adsorption capacity. Optimum operating
conditions for carbonization as well as chemical treatment
were established. Maximum adsorption capacity of CTBM
was found to be 150 mg/g and the adsorbent had significant
antibacterial property. Hydroxylapatite and aluminum phases
in CTBM were responsible for enhanced uptake fluoride.
Maximum fluoride removal capacity was observed at pH
6.1, 0.15-mm particle size, and 5-g/L dosage. Among com-
peting ions, presence of phosphate interfered fluoride uptake
significantly. Uptake capacity was reduced by 31% after three
regeneration cycles. Uptake of fluoride by CTBM was exo-
thermic and chemisorption in nature. Adsorption kinetics was
adequately explained by shrinking core model. Continuous
fixed-bed experiments showed that the breakthrough time
was 20 h (number of bed volumes, 510) for 72-L/day flow
rate, 3.6-mg/L feed fluoride concentration, and 100-g (50-g
CBM and 50-g CTBM) adsorbent loading during treatment of
real-life contaminated groundwater. A convection-diffusion-
pore adsorption model was used to simulate the fixed-bed
column data, and an appropriate scale-up study was per-
formed. This study revealed that 150 kg of adsorbent is re-
quired to fabricate a filter having an expected life of 465 days
at 86 L/day. An economic analysis indicated that the material
is cost-effective compared to most of the defluoridating agents
in the market.
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Nomenclature A, amount of bone meal before carbonization (g); B,
amount of bone meal after carbonization (g); C0, initial fluoride concen-
tration (mg/L); Ce, equilibrium fluoride concentration (mg/L); Cads,
adsorbed fluoride concentration (mg/L); Cdes, desorbed fluoride concen-
tration (mg/L); D, desorption percentage (%); m, mass of adsorbent used
(g); qe, equilibrium uptake capacity (mg/g); v, volume of adsorbate solu-
tion used (L); yield, yield percentage of carbonized bone meal (%)
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