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Abstract This study presents the synthesis of magnesium-incorporated hydroxyapatite (M-i-
HAPa) pellets and evaluation of its defluoridation potential via column studies. Characteriza-
tion of M-i-HAPa was conducted to analyze the phase composition, bonding patterns,
elemental details and microstructural characteristics. An adsorption-regeneration experimental
setup was used to study the breakthrough performances and the effect of varying process
parameters such as flow rate, bed height, feed fluoride concentration, particle size and particle
shape. The experimental studies of varying flow rate and size of particles were evaluated with
simulated runs from an adsorption simulator BADSORB^ developed in MATLAB software.
The column adsorption capacity was observed to be 1.46 mg/g at feed fluoride concentration
of 10 mg/L, flow rate of 1 L/h and bed height of 30 cm. Studies on the column breakthrough
performances under different process conditions indicated that bed height of 30 cm with 1–
1.5 mm pellets of spherical particle sizes and flow rate of 1 L/h for an initial feed fluoride
concentration of 10 mg/L was optimum for efficient column performance. Regeneration of M-
i-HAPa pellets was achieved using 0.1 M NaOH solution; however, its capacity was reduced
to 40% of its initial capacity after the third cycle. The treated water quality parameters tested
after the defluoridation process were found to be under permissible limits as per WHO and BIS
guidelines, ensuring the promising nature of M-i-HAPa pellets as a viable adsorbent for
defluoridation. A domestic defluoridation unit was also designed which can treat
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approximately 348 L of fluoride water at a concentration of 10 mg/L using 3 kg of M-i-HAPa
pellets with a fluoride uptake capacity of 1.16 mg/g.

Keywords Fluoride . Drinkingwater . Adsorbent . Column studies . Hydroxyapatite .

Magnesium

1 Introduction

Safe drinking water can be said to be the elixir for human life, but in the current scenario millions
of people around the globe are not fortunate enough to access it due to presence of various
contaminants. One of the chief groundwater contaminant is fluoride, and excess fluoride
(>1.0 mg/L) (BIS 2012) in groundwater has been recounted in a number of tropical countries
such as India, China, Pakistan, Turkey, Iraq, Afghanistan, Mexico, and Africa (Meenakshi 2006).
Fluoride intake in excess may lead to dental and skeletal fluorosis. At the molecular level, many
toxicological effects are triggered by fluoride (Mondal and George 2015a).

Defluoridation of water for drinking purposes has been carried out using various techniques
such as reverse osmosis, nanofiltration, electrocoagulation and adsorption (Mehta et al. 2017;
Mehta et al. 2018; Bhaumik and Mondal 2015). Considerable research has been done on
mitigation of fluoride by adsorption mechanism. Conventionally, aluminum-based adsorbents
are used for defluoridation due to their high capacity owing to their affinity towards fluoride
ions. However, recent studies by George et al. (2009) and George et al. (2010) indicate
leaching of aluminum ions into treated water using activated alumina and alum through the
Nalgonda process causing adverse health issues since the permissible limit of aluminum ions is
very low (0.2 mg/L). Therefore, the focus of this study was to use non-toxic compounds for
fluoride removal, such as calcium and magnesium, which have higher permissible limit in
drinking water (75 and 30 mg/L, respectively). Most of the adsorbents studied for
defluoridation are by using batch process (Mondal and George 2015a; Mehta et al. 2016;
Chen et al. 2014; Fan et al. 2003). Moreover, the adsorbents used for batch defluoridation
studies are generally in powder form which makes it impractical to use in a continuous system
due to operational difficulties, such as high pressure drop and high pumping costs (Mondal and
George 2015a). The practical aspects of defluoridation can be visualized only via continuous
column studies since the adsorbent capacity can be utilized efficiently, leading to better quality
of treated water. Some researchers have studied the defluoridation ability of different
adsorbents in continuous column mode. Tor et al. (2009) prepared granular red mud (GRM)
and evaluated its potential use to remove fluoride ions from water. The potential of alumina
cement granules (ALC) in defluoridating drinking water was studied by Ayoob et al. (2008) by
analyzing the effect of various factors affecting its sorption profile.

Fluorosis is a disease characterized by the discoloration and mottling of teeth and
weakening of the bones especially caused in people due to continuous intake of high fluoride
through drinking water over a prolonged period of time. This condition gets aggravated with
calcium deficiency and this disease attacks the calcium containing tissues, especially bones
and teeth, in the body due to their high affinity for fluoride ions. This characteristic property
of affinity of calcium ions towards fluoride ions was considered in our previous study for
selection of synthetic bone material hydroxyapatite (Ca10(PO4)6(OH)2) for defluoridation of
groundwater (Mondal et al. 2016). Presence of magnesium also plays important role in
calcium metabolism through its involvement in normal activity of the hormones controlling
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calcium utilization. Adequate serum magnesium levels are necessary for proper calcium
metabolism since hypomagnesemia can result in hypocalcemia and adequate calcium intake
may not ensure proper bone health if magnesium status is abnormal. Magnesium influences
both matrix and mineral metabolism in human body, and depletion in magnesium levels
adversely affect all stages of skeletal metabolism (Percival 1999). Incorporation of magnesium
ions into hydroxyapatite will enhance its defluoridation capacity since magnesium also has
very good affinity for fluoride ions. Many researchers have also used magnesium to enhance
the fluoride adsorption rate, such as magnesium incorporated bentonite clay and magnesia-
amended activated alumina (Thakre et al. 2010; Kamble et al. 2009; Maliyekkal et al. 2008).
Therefore, magnesium was incorporated into hydroxyapatite and M-i-HAPa (magnesium
incorporated hydroxyapatite) was synthesized for effective fluoride adsorption (Mondal and
George 2015b; Mondal et al. 2016) and studies were only focused on batch defluoridation
experiments with synthesized powder of M-i-HAPa, a novel adsorbent. Therefore, for facil-
itating engineering applications, emphasis was given in the present study to convert the
powdered M-i-HAPa adsorbent into pellets of suitable size using extrusion and spheronization
techniques. Wet-mass extrusion and spheronization is an established technique for producing
spherical shaped pellets (Wilson and Rough 2007; Young et al. 2002). Polyvinyl alcohol was
selected as a binder due to its chemical stability and nontoxic properties. It can be amended
to reduce swelling in water and has ability to form net like arrangement for enclosing active
constituents through –OH bond cross-linking via esterification with dicarboxylic acids (Isiklan
and Sanli 2005; Chabert et al. 2008).

The present work is focused on pelletizing the adsorbent into suitable size for performing
continuous defluoridation studies, and this technique was never being used for the preparation of
pellets of M-i-HAPa adsorbent. Verification of experimental data with column simulation studies
was also done using MATLAB software. Modeling and simulation process is substantial for its
theoretical approach because it entails the system parameters, process characteristics and working
conditions in order to deliver almost precise solutions predicting the overall performance of the
adsorption process that can be utilized to predict parameters useful in design of adsorber. Field
studies were also conducted in this study and a domestic defluoridation unit has been designed to
obtain treated water quality which was tested for conforming to WHO and BIS standards.

2 Materials and Methods

2.1 Synthesis of M-I-HAPa and Pellet Preparation

Magnesium incorporated hydroxyapatite (Ca(10-p)Mgp(PO4)6) was synthesized via chemical
precipitation process. All chemicals used were of analytical reagent (AR) grade supplied by
Merck Pvt. Limited, India. The process of adsorbent synthesis and batch studies to estimate the
defluoridation capacity of M-i-HAPa, including its adsorption equilibria and kinetic parame-
ters, have been reported in our previous work (Mondal et al. 2016). The synthesis route is
diagrammatically represented in Fig. 1a.

The synthesized magnesium incorporated hydroxyapatite powder was further used for prep-
aration of pellets in order to be used for column studies. Polyvinyl alcohol (PVA) was dissolved in
double distilled water at 10 wt% concentration possessing a viscosity of 25–32 cP at 90 °C in a
water bath, and thereafter, cross-linked with malonic acid (5 wt% of PVA) at 95 ± 2 °C for 5 h.
TheM-i-HAPa adsorbent in powder form and cross-linked PVA acquired as a binder were mixed
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thoroughly and granulated to cylinder-shaped granules of various diameters (2 mm to 3 mm)
using an extruder (PRISM make). The extruder speed was kept at 60 rpm. These granules thus
obtained were manually cut into small bars of 3 to 5 mm in length. The powderedM-i-HAPa was
granulated with a sieve of 1 mm using an oscillating granulator (PRISM make).

The extruded material was fed into a spheronizer for making spherical shaped pellets by the
action of a horizontal rotating friction plate. The spheronizer was fitted with a chequered plate,
operated at a speed of 750 to 850 rpm and compressed air was provided at a pressure of 2 kg/
cm2 for 2–3 min. The spherical pellets thus obtained were dried at 70 ± 2 °C for 4 h before
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being used in column studies. Zhao et al. (2012) reported that exposure to temperature as high
as 130 °C can destroy PVA structure, therefore, 70 °C was chosen as drying temperature for
pellets. A schematic diagram of the whole process is illustrated in Fig. 1b.

2.2 Characterization of M-I-HAPa Pellets

The bonding patterns and functional groups in M-i-HAPa pellets were examined using a Perkin
Elmer Fourier transform infrared spectrophotometer (FTIR) (UTR TWO) in the range of 450–
4000 cm−1 with a resolution of 4 cm−1. X-ray diffraction patterns were recorded on PANanalytical
X’pert powder X-ray diffractometer (Cu Kα = 1.5406 Å radiation source) operating at 40 kVand
30 mA. The samples were scanned for 2θ range from 10° to 80° with step size of 0.15° and scan
step time of 3 s. Identification of phases in the samples were carried out by comparing the
diffraction data with standards of JCPDS database using PANalytical X’PertHighScore software.
The surface morphology and microstructure of M-i-HAPa pellets were visualized by means of
scanning electron microscopy (Nova Nano SEM 450). The adsorbent sample was coated with a
thin film of platinum using JEOL/JFC1600 Auto fine coater (30 to 90 s as needed at current of
50 mA at vacuum) to reduce the charging of the sample so that conductivity of sample can be
increased. Concurrently, for analyzing the elemental compositions of the sample, energy dispersive
spectroscopy (EDS) was employed (Xflash 6TI30 Bruker).

M-i-HAPa pellets were also analyzed before fluoride adsorption, after fluoride adsorption and
after regeneration using X-ray photoelectron spectroscopy (XPS; Omicron nanotechnology) with
Mg KαX-ray source (1253.6 eVof photons) to determine the Ca, O, Mg, F and P contents on the
adsorbent surface. The surface area and pore size distribution of the pellet were calculated from
the corresponding nitrogen adsorption-desorption isotherm at 77.57 K using a Micrometrics
ASAP analyzer 2010. The specific surface area was calculated using the BET isotherms, and the
pore size distribution was determined by using the density functional theory (DFT).
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2.3 Continuous Fluoride Adsorption and Regeneration Experiments

The schematic diagram of adsorption-regeneration column setup used for this study is
presented in Fig. 2. The entire setup was made of stainless steel (SS304). The column length
was 50 cm and internal diameter was 5 cm. Feed solution was pumped from a stainless-steel
tank of 20 L through a packed column with a magnetic drive pump (Promivac, Daryaganj,
New Delhi) and the flow rate was controlled through a flowmeter (Eureka, Maharashtra,
India). For regeneration experiments, the eluent was pumped from another tank (Alkali tank)
in upflow mode. Tank 1, shown in Fig. 2, was used for storing the overflow solution and Tank
2 was used for collecting the treated water.

Before starting column experiments, double distilled water (stored in a 20 L tank) was run
through the column for 2 h, so that equilibrium was established between fluid flow distribu-
tion, M-i-HAPa pellets and water. Fluoride solution with known initial concentration was fed
from the top of the column with different bed heights at predetermined flow rates continuously.
Treated water samples were collected from the bottom of the column at definite time intervals
and analyzed for obtaining breakthrough curves.

For column regeneration, when the residual fluoride concentration in outlet became almost
constant and equal to the inlet concentration, it was assumed that the M-i-HAPa adsorbent
pores were saturated with fluoride ions. The desorption experiments in column studies were
carried out using the upflow mode, because a better and faster regeneration rate was observed
via this mode due to good contact between the exhausted bed and regenerant solution. The
exhausted column was regenerated using the eluent solution of 0.1 M NaOH which had a high
regeneration capacity (Mondal et al. 2016) at a flow rate of 1 L/h in upflow mode until
maximum amount of the adsorbed fluoride was recovered. The adsorbent bed was restored by
washing with double distilled water for approximately 4 h in the aforesaid upflow mode with
the same flowrate until the pH of the water collected from the outlet was neutral (7.0 ± 0.1).
The bed was then reused and its performance was assessed.

The residual fluoride concentration was analyzed using an ion selective electrode (Orion Versa
Star, Thermoscientific, USA). Calibrations were done using fluoride standards and the electrode
slope was −59.16 ± 3 mV/decade at 25 ± 0.5 °C. Standard fluoride solutions with fluoride
concentrations ranging from 0.5 to 10 mg/L were prepared from standard stock solution of
1000 mg/L. For de-complexation of complexes and avoiding interference with the electrode
performance, TISAB-II solution was added at 1:1 proportion to 10 mL sample solution. The
column experiments were performed at room temperature (about 30 °C) and no adjustments
regarding pHwas required. The quantity of fluoride adsorbedwas determined by the area under the
breakthrough curve for a known fluoride feed concentration using the following equation:

qb ¼ ∫Vb

0

C0−Ct

M
dv ð1Þ

where qb is the adsorption capacity up to breakthrough (mg/g), C0 is the initial concentration of
fluoride (mg/L), Ct is the concentration of fluoride at time t (mg/L), M is the mass of adsorbent (g),
and Vb is the volume treated up to breakthrough point (L). The total dissolved solids (TDS) and
electrical conductivity of treated water was determined using conductivity electrode of ion meter,
while turbidity present in the aqueous solution was measured with a turbidity meter (NT4000,
Spectra Lab). The calcium concentration, magnesium concentration, total hardness, total alkalinity,
and phosphorus concentration of solution were estimated using APHA standard procedures
(APHA 2012).
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2.4 Column Simulation Studies for Breakthrough Performance

The theoretical model used for predicting fixed bed column adsorption dynamics consisted of
mass and energy balance equations, considering external film diffusion followed by internal
pore diffusion of fluoride ions on to the adsorbent surface from the bulk medium. An
adsorption simulator BADSORB^ was developed in MATLAB® R2014 software incorporat-
ing the model equations and predicted the column breakthrough curves with varying process
parameters such as flow rate, initial fluoride concentration, bed height etc. The model
equations representing the adsorption phenomena within the 3D grid column, basic assump-
tions, method of numerical solution, input parameters and working algorithm of the simulator
are detailed in Annexure which is provided as supplementary material. The various input
values of the parameters to the simulator BADSORB^ are given in Table 1. The dimensionless
system parameters were described within the simulator and estimated from the input values.
The adsorption simulator BADSORB^ predicted the breakthrough performance of the adsorp-
tion bed with varying process parameters such as flow rate, particle size, bed height etc.

3 Results and Discussion

3.1 Characterization of M-I-HAPa Pellets

Various techniques, such as FTIR, XRD, SEM and XPS studies, were used to characterize the
M-i-HAPa pellets. BET surface area, pore-volume and pore diameter was also determined for
M-i-HAPa pellets.

3.1.1 FTIR Studies

The FTIR spectra of theM-i-HAPa pellets before fluoride adsorption, after fluoride adsorption and
after regeneration are presented in Fig. 3. The bands present at 3420 cm−1 and 633 cm−1

represented the characteristic stretching vibration modes of the -OH group. The peaks observed

Table 1 Input parameters for simulator BADSORB^

Parameters Range of values

Radius of adsorbent, m Varied (0.0005, 0.00075, 0.001)
Bed porosity 0.63
Particle porosity 0.37
Flow rate, m/s Varied (0.141 x 10−3,0.212 x 10−3,0.283 x 10−3)
Length of bed, m 0.3
Diameter of bed, m 0.05
Initial concentration, mg/L 10
Solid phase adsorbate concentration, mg/g 1.1
Mass transfer coefficient, m/s 9.5 x 10−11

Heat of adsorption, J/mol 38.13 x 103

Density of adsorbent, kg/m3 280
Specific heat of liquid, J/kg.K 4200
Inlet temperature, K 298
Axial mass dispersion coefficient, m2/s 10−5

Axial heat dispersion coefficient, J/m s K 0.688
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around 1465 cm−1 indicated the incorporation of CO3
2− ions in the OH− sites, because when the

reaction conditions were alkaline some OH− ions from the solution reacted with the atmospheric
CO2 present. The bands for PO4

3− appeared around 1045 cm−1 and 565 cm−1 corresponding to the
characteristic phosphate peaks in apatite. The adsorption capacity of an adsorbent depends on
chemical reactivity of functional groups at the adsorbent surface (Senthil Kumar et al. 2010). The
FTIR spectra obtained after adsorption of fluoride displayed a significant decrease in intensity of
OH− peaks due to formation of OH–F bonds, which indicated that hydroxyl ions in the adsorbent
were replaced by fluoride ions in the adsorption process.

3.1.2 XRD Studies

The XRD patterns of M-i-HAPa pellets before fluoride adsorption (M-i-HAPa pellets), after
fluoride adsorption (M-i-HAPa-F pellets) and after regeneration (M-i-HAPa-R pellets) are shown
in Fig. 4. The peaks obtained before fluoride adsorption can be indexed to hydroxyapatite and
magnesium oxide with JCPDS card numbers 09–0432 and 89–4248, respectively. The pattern
obtained after fluoride adsorption revealed the formation of hydroxyfluoroapatite, fluoroapatite and
magnesium fluoride corresponding to JCPDS card numbers 034–0010, 034–0011 and 01–1196.
This showed that the hydroxyapatite peaks were replaced by hydroxyfluoroapatite and
fluoroapatite while the magnesium oxide peak was replaced by magnesium fluoride. After
regeneration of M-i-HAPa pellets, the XRD pattern obtained was similar to the one before
adsorption of fluoride. The crystallite size calculated as per Scherer equation is 48.7 nm.

3.1.3 SEM Studies

Scanning electron micrographs (SEM) for M-i-HAPa pellets before fluoride adsorption, after
fluoride adsorption and after regeneration taken at 2000X magnification are given in Fig. 5. The

Fig. 3 FTIR spectra of M-i-HAPa pellets
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fresh pellets showed extremely rough surface with number of pores on the surface which may be
used for capturing fluoride ions from the solution (Fig. 5a). For a better glimpse on the surface

Fig. 4 XRD pattern of M-i-HAPa pellets (a) Fresh pellets (b) After fluoride adsorption (c) After regeneration

Fig. 5 SEM of M-i-HAPa pellets (a) Before adsorption (2000Xmagnification) (b) Before adsorption (100,000X
magnification) (c) After adsorption (2000X magnification) (d) After regeneration (2000X magnification)
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morphology of the unused adsorbent SEM image at 100000X magnification is presented in Fig.
5b, which exhibited the porous nature of the adsorbent. Micrographs of the fluoride loaded M-i-
HAPa pellets showed a distinct change in the morphology as compared to micrograph obtained
before adsorption indicating complete adherence of the fluoride ions onto the surface and pores, as
observed in Fig. 5c. Post regeneration, the surface of the pellets again displayed a porous texture
signifying the removal of fluoride frompores, as given in Fig. 5d, whichmeans that the regenerated
adsorbent may again be used for defluoridation experiments. However, the pellet surface showed
reduced number of pores as compared to the unused adsorbent which pointed to the fact that after
each cycle of regeneration, the adsorbent would lose some of its adsorption capacity. The specific
surface area of M-i-HAPa pellets was found to be 21.22 m2/g, while the pore volume and pore
diameter was observed to be 0.096 cm3/g and 181.59 Å, respectively.

3.2 Experimental Breakthrough Curves

Breakthrough curves were obtained from continuous adsorption experiments and the perfor-
mances were evaluated by varying parameters such as shape and size of particles, flow rate,
feed fluoride concentration and bed height. The column breakthrough curves were obtained by
plotting the fluoride concentration (Ce/C0) against time (t), where Ce is the concentration of
fluoride at equilibrium (mg/L), C0 is the initial concentration (mg/L). The breakthrough
concentration (Cb) in this study was taken as 1 mg/L, i.e., the permissible limit for fluoride
in water as determined by Indian drinking water specification (2012) and the breakthrough
point or time (tb) is the time at which the effluent concentration (Ce) from the column is equal
to Cb. The adsorbent mass for 5, 10 and 30 cm bed heights were 14, 27 and 80 g, respectively,
and the density of the adsorbent was 280 kg/m3. The effects of parameters such as shape, size,
flow rate, bed height and initial fluoride concentration on the breakthrough performance are
discussed below:

3.2.1 Effect of Shape of Pellets

Cylindrical shaped pellets of 0.5–1 mm in length, 0.5–1 mm in diameter (mean equivalent
diameter = 1.12 mm) and spherical shaped pellets of 1 to 1.5 mm in diameter were tested for
fluoride removal in the continuous column adsorption system. The flow rate, bed height and
feed fluoride concentration were kept constant at 1 L/h, 30 cm and 10 mg/L, respectively. The
breakthrough curves obtained showed that spherical pellets were more efficient of removing
fluoride ions from the solution as compared to cylindrical shaped pellets. The breakthrough
time (tb) and exhaustion time (tEX) of cylindrical shaped pellets were 3 h and 6.5 h, respec-
tively, while that for spherical pellets were 13 h and 16 h, respectively, as seen in Fig. 6a.
Faster breakpoint was achieved with cylindrical pellets and the adsorption capacities were also
less than those of spherical pellets. The equivalent diameter of cylindrical particles (1.12 mm)
being lower than those of the spherical particles (1.25 mm) offered lower adsorption capacity.
This might be due to discrepancies in flow patterns like channeling within the cylindrical pellet
bed responsible for decrease in adsorption capacity. The adsorption capacity up to break-
through (qb) and exhaustion (qEX) for spherical pellets were 1.46 mg/g and 1.8 mg/g,
respectively, while the respective values corresponding to cylindrical pellets were 0.34 mg/g
and 0.73 mg/g. The delayed breakthrough observed for spherical pellets is because of the
higher surface area offered due to their structure which led to higher adsorption capacity.
Therefore, spherical particles were used for further experimentations.
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3.2.2 Effect of Size of Spherical Pellets

Adsorbent pellets of three different sizes, i.e., <1 mm, 1–1.5 mm (average size 1.25 mm) and
1.5–2 mm (average size: 1.75 mm) were used in column studies for obtaining the breakthrough
curves and estimating the adsorption capacity, while other operational parameters such as bed
height, flow rate and feed fluoride concentration were kept constant at 30 cm, 1 L/h and 10 mg/
L respectively. As seen from Fig. 6b, the breakthrough time (tb) and throughput volume up to
exhaustion (VEX) increased with decreasing particle size, as listed in Table 2. The fluoride
uptake capacity up to breakpoint (qb) for particle sizes of <1 mm, 1–1.5 mm and 1.5–2 mm
particle sizes were observed as 1.57, 1.46 and 0.9 mg/g, respectively. Clearly, smaller particle
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size of pellets delayed the breakpoint and caused increase in adsorption. Better adsorption with
smaller particle sizes may be attributed to their large surface areas per unit volume of column
which reduced the equilibrium time. With large particle sizes, some of the interior pores were
not accessible whereas in small size particles more pores were accessible and diffusion was
faster. The particles having size <1 mm showed best fluoride removal capacity but extremely
small sizes led to clogging of the mesh present at the bottom of the column, and moreover,
some of the adsorbent leached into treated water. On analyzing these results, 1–1.5 mm particle
size having highest adsorption capacity was chosen for further experiments.

3.2.3 Effect of Flow Rate

Column adsorption experiments with varied flow rate were conducted at 1, 1.5 and 2 L/h, with
the initial fluoride concentrations of 10 mg/L and bed height of 30 cm. Fig. 6c depicts the
effect of flow rate on the breakthrough curve at these operating conditions, which indicated
that the uptake of fluoride ions onto M-i-HAPa pellets decreased when the flow rate across the
bed increased. This is due to the low residence time provided in the column for the adsorption
equilibrium to occur at that particular flow rate which caused the solute to elute early from the
column, i.e., before equilibrium was achieved. The adsorption capacity for flow rates of 1, 1.5
and 2 L/h was found to be 1.46, 1.01 and 0.56 mg/g, respectively, as determined from the area
under the curve, as shown in Fig. 6c. The M-i-HAPa pellets were found to be exhausted at 16,
10 and 4.5 h when the flow rates were 1, 1.5 and 2 L/h, respectively. At these flow rates, the
respective empty bed contact times (EBCT) were observed to be 0.588 h, 0.392 h and 0.294 h,
i.e., 35.28, 23.62 and 17.64 min, respectively. The EBCT is used to represent the length of time
a stream of water is in contact with the adsorbent media. It was noted that the throughput
volume also increased with a higher EBCT which means with increase in EBCT, the fluoride
ions had more time to contact with the adsorbent resulting in higher removal of fluoride ions in
the adsorption column.

3.2.4 Effect of Bed Height

Feed fluoride solution with 10 mg/L concentration was introduced into the adsorption
column with 1 L/h flow rate in order to observe the effect of bed height on
breakthrough curves. The breakthrough curves for fluoride adsorption on M-i-HAPa
pellets at different bed heights of 5, 10 and 30 cm are shown in Fig. 6d. It is evident
from Table 2 that the exhaustion time and volume of treated fluoride solution

Table 2 Experimental F- adsorption data on M-i-HAPa pellets in column system for different process conditions

Z (cm) F (L/h) Particle size (mm) C0 (mg/L)

Parameters 5 10 30 1 1.5 2 <1 1–1.5 1.5–2 5 10

tb(h) 1.5 3.5 13 13 6 2.5 14 13 8 16 13
tEX(h) 4 6 16 16 8.5 4.5 17 16 12 20 16
Vb(L) 1.5 3.5 13 13 9 5 14 13 8 20 13
VEX(L) 4 6 16 16 12.75 9 17 16 12 20 16
qb (mg/g) 0.96 1.16 1.46 1.46 1.01 0.56 1.57 1.46 0.9 0.8 1.46
qEX(mg/g) 2.5 2 1.8 1.8 1.43 1.01 1.91 1.8 1.35 1.0 1.8
EBCT (h) 0.098 0.196 0.588 0.588 0.392 0.294 0.588 0.588 0.588 0.588 0.588
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increased with increasing bed height due to more contact time available for adsorp-
tion. On the contrary, the breakthrough curve appeared steeper when the bed height
was less indicating faster exhaustion of the adsorbent bed or mass transfer zone
available for adsorption. When the bed height was increased from 5 to 30 cm, the
throughput volume of water up to breakthrough point (Vb) and exhaustion point (VEX)
varied between 1.5 to 13 L and 4 to 16 L, respectively. The fluoride uptake capacities
(qb) at 5, 10 and 30 cm bed height were observed to be 0.96, 1.16 and 1.46 mg/g.
The higher fluoride uptake capacity with increase in bed depth was because of larger
mass transfer zone available for adsorption with higher surface area of the adsorbent
providing more number of binding sites to fluoride ions in solution. From Table 2, the
increase in breakthrough time (tb) is evident with increase in bed height, which shows
delayed ‘tb’ points towards higher bed adsorption capacity.

3.2.5 Effect of Initial Fluoride Concentration

Experiments were conducted in column mode with two feed fluoride concentration viz., 5 and
10 mg/L to determine the effect of solute concentration on breakthrough performances while
parameters such as bed height and flow rate were kept at 30 cm and 1 L/h (16 mL/min),
respectively. It can be seen from Fig. 6e that with increase in fluoride concentration the
breakthrough time decreased as the binding sites got quickly exhausted. The breakthrough
time was 13 h at 10 mg/L feed fluoride concentration while it was 16 h at 5 mg/L. The fluoride
adsorption capacity (qb) and the total fluoride adsorbed up to exhaustion point (qEX) were also
found to increase with increase in feed fluoride concentration. The adsorption capacities of M-
i-HAPa pellets at breakpoint and at exhaustion point were observed to increase from 0.8 to
1.46 mg/g and 1 to 1.8 mg/g, respectively, with increase in fluoride concentration from 5 to
10 mg/L. The increase in inlet fluoride concentration increased the driving force for mass
transfer, which in turn decreased the length of the adsorption zone (δ). It was also noticed that a
rise in the feed fluoride concentration decreased the volume treated before the bed got
exhausted as determined in Table 2. This also indicates that as the inlet feed concentration is
decreased, the rate of exhaustion of the pellets is decreased. The exhaustion time for the M-i-
HAPa pellets was reduced from 20 to 16 h when the fluoride ion concentration was increased
from 5 to 10 mg/L (Fig. 6e, Table 2). On analyzing the breakthrough curves (Fig. 6) and the
experimental F− adsorption data for different process conditions (Table 2), it was observed that
bed height of 30 cm with 1–1.5 mm pellets of spherical particle sizes and flow rate of 1 L/h
and feed fluoride concentration of 10 mg/L were optimum for efficient column performance.

Table 3 Fluoride removal capacity of few adsorbents in comparison with M-i-HAPa pellets

Adsorbent Fluoride removal
capacity (mg/g)

Reference

Manganese dioxide-coated activated alumina 1.22 Tripathy and Raichur 2008
Nano sized synthetic HAP 0.489 Jimenez-Reyes and Solache-Rios 2010
Modified immobilized activated alumina 0.76 Rafique et al. 2012
Laterite 0.85 Sarkar et al. 2006
Calcite 0.39 Fan et al. 2003
M-i-HAPa pellets 1.46 Present study
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Table 3 shows a comparison between the fluoride removal capacity of M-i-HAPa pellets
and adsorbents such as manganese dioxide coated activated alumina, nano-sized HAP, mod-
ified alumina, laterite, calcite etc., which had been previously reported by various researchers.
It is observed that fluoride removal capacity of M-i-HAPa pellets is higher as compared to
many adsorbents reported in the literature.

3.3 Column Simulation Studies

The experimental breakthrough curves obtained by varying flow rate and size of particles were
compared for convergence with simulated curves obtained from the adsorption simulator
BADSORB^ (see supplementary material for details) developed in MATLAB software, and
are depicted in Figs. 7 and 8. It is observed that the initial part of breakthrough curve fitted
extremely well with the simulated data and little deviation is seen in the latter part of the curves
(Figs. 7 and 8). Experimentally, Ce/C0 was obtained up to 0.9, but through the simulated data
this ratio was 0.8. The breakthrough time as per simulated curves for 1, 1.5 and 2 L/h was 13.5,
6 and 3 h, respectively, while the same values corresponding to experimental curves was 13, 6
and 2.5 h, respectively. A comparison of the simulated breakthrough curves for all flow rates
of 1, 1.5, 2, 4 and 6 L/h is presented in Fig. 8d. In case of the higher flow rates 4 L/h and 6 L/h,
as observed in Fig. 8d, the breakthrough time reached faster, which indicates that the
adsorption bed will not be sufficiently utilized. Lower flow rate of 1 L/h is found to be more
suitable with a longer breakthrough time and higher adsorption capacity than higher flow rates.
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3.3.1 Column Design Parameters

The part of the adsorbent bed between CEX (exhaustion concentration in mg/L) and Cb (break-
through concentration inmg/L) in the breakthrough curve is termed as the primary adsorption zone
(PAZ). The breakthrough curves were used to calculate the values of column design parameters
such as tx which is the time to establish primary adsorption zone (h), tf is the time for formation of
primary adsorption zone (h), tz is the time for movement of primary adsorption zone (h) down the
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column, δ is the length of primary adsorption zone, f is the fractional capacity ofM-i-HAPa pellets
in the adsorption zone,%S is the percentage saturation in column andHUNB is the height of unused
bed. The time required for the PAZ to establish and move out of the column was calculated from
Eq. (2) (Ghosh et al. 2015; Kundu and Gupta 2005):

tx ¼ VEX

F
ð2Þ

where tx is the time for the primary adsorption zone to establish and move out of the column (h),
VEX is the volume of liquid treated up to the exhaustion point (L) and F is the flow rate (L/h). The
time tz, defined as the time needed for themovement of adsorption zone down its own length in the
column (h), was computed by Eq. (3):

tz ¼ VEX−Vb

F
ð3Þ

where Vb is the volume treated up to breakthrough point (L). For a bed depth ‘Z’ of M-i-HAPa
pellets, the depth and time ratios is given by Eq. (4):

δ
Z
¼ tz

tx−t f
ð4Þ

where δ is the length of primary adsorption zone (cm), and Z is the bed height (cm). The fractional
capacity of the pellets defined as ‘f’ in the adsorption zone was computed using Eq. (5):

f ¼ ∫VEX

Vb
C0−Ctð Þdv

C0 VEX−Vbð Þ ð5Þ

where C0 is the initial concentration (mg/L), Ct is the concentration of fluoride at any time t (mg/L).
The term tf defined as the time for the formation of primary adsorption zone PAZ (h) was estimated
using Eq. (6):

t f ¼ 1− fð Þδ ð6Þ
The percent saturation (%S) of the column was determined using Eq. (7):

%S ¼ 1þ δ f −1ð Þ
Z

� �
x 100 ð7Þ

Table 4 Column design parameters

Z (cm) F (L/h) C0 (mg/L)

Parameters 5 10 30 1 1.5 2 5 10

tx (h) 4 6 16 16 8.5 4.5 20 16
tz (h) 2.5 2.5 3 3 2.5 2 4 3
tf (h) 1.37 1.4 1.6 1.6 1.52 1.25 1.8 1.6
δ (cm) 4.77 5.43 6.24 6.24 10.71 18.46 6.59 6.24
f 0.45 0.44 0.467 0.467 0.391 0.375 0.5 0.467
%S 48.3 69.59 88.91 88.91 78.25 61.54 90.1 88.91
HUNB (cm) 3.12 4.16 5.62 5.62 8.82 13.32 6 5.62
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The length of unused bed in a column system was calculated using Eq. (8):

HUNB ¼ Z
tEX

tEX−tbð Þ ð8Þ

where HUNB is the height of unused bed (cm), tb is the breakthrough time (h) and tEX is the
exhaustion time (h). The estimated values of column design parameters are presented in
Table 4. The time required for the formation of the primary adsorption zone was noticed to
decrease with decrease in bed height, increase in flow rate and feed fluoride concentrations
expected. The higher the bed length, the more time it takes to form the primary adsorption
zone. Similarly, with decrease in flow rate, the contact time necessary for formation of the zone
also reduces. It was observed that the length of the adsorption zone of column increased as the
flow rate and bed height increased. However, the percent saturation for column increased with
increasing bed height and decreased with increasing flow rate. On the other hand, the value of
fractional capacity of column at breakthrough point decreased in general with rise in flow rate,
feed fluoride concentration and decrease in bed height. As the flow rate was elevated, the value
of depth of adsorption zone δ increased and the %S decreased since the adsorption zone
travelled faster. However, for bed height of 5 cm, 10 cm and fluoride concentration of 5 mg/L,
10 mg/L, the ‘f’ value was approximately the same in this study. Furthermore, owing to the
greater degree of freedom of the fluoride ions over the adsorbent pellet surface, the adsorption
zone was found to decrease slightly with increase in fluoride concentration in the feed water. It
can be seen from Table 4 that increased amount of adsorbent bed remained unused when the
flow rate was high since at higher flow rates the fluoride solution left the column early.

3.3.2 Column Performance Indicators

The performances of continuous column systems are predicted by the number of bed volumes
(BV) treated before the breakthrough point and the adsorbent exhaustion rate (AER) (Malkoc et al.
2006; Senthil Kumar et al. 2010). The number of bed volumes BV is calculated by Eq. (9):

BV ¼ V
Vbed

ð9Þ

where V is the volume of water treated and Vbed is the volume of the bed. Higher number of bed
volumes prior to the breakpoint depicts a better adsorption in the column system. The AER is an
indicator of the column performance efficiency and the value of the adsorbent exhaustion rate
reflects the goodness of the adsorbent bed performance and is estimated using Eq. (10):

AER ¼ M
V

ð10Þ

where M is the mass of the M-i-HAPa adsorbent pellets (g) and V is the volume treated (L). The

Table 5 Column performance indicators at different operating conditions

Z (cm) F (L/h) C0 (mg/L) Particle size (mm)

Parameters 5 10 30 1 1.5 2 5 10 <1 1–1.5 1.5–2

Processed BVs 15.30 17.85 22.1 22.1 15.30 8.5 27.21 22.1 23.8 22.1 13.6
AER (g/L) 9.33 7.71 6.15 6.15 8.88 16 5 6.15 5.71 6.15 10
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calculated values of BVand AER are given in Table 5. It is noted that the number of bed volumes
processed before the breakpoint increased from 15.3 to 22.1 as the bed height increased from 5 cm
to 30 cm. The number of bed volumes decreased from 22.1 to 8.5 as the flow rate increased from 1
to 2 L/h. The bed volumes decreased from 27.21 to 22.1 as the initial fluoride concentration varied
from 5 to 10 mg/L. Similarly, they decreased from 23.8 to 13.6 as the particle size increased from
1 mm size to 1.5–2 mm sized particles. The adsorbent exhaustion rate was faster at higher flow
rates, low bed heights, larger particle sizes and higher fluoride concentrations as expected.

3.4 Adsorbent Regeneration

Regeneration studies provide an insight about themechanism of adsorption as well as the stability of
the adsorbent before further use. The mechanism of sorption of fluoride on adsorbents is either
chemical, physical or ion exchange or a combination. Physical adsorption would mean that the
fluoride ions are loosely bound to the adsorbent surface and can easily be desorbed. But, if the nature
of adsorption is chemical or ion exchange or both, then strong acidic or alkaline solutions need to be
used for regeneration. Thus, desorption behavior helps in confirming the mechanism of adsorption.
M-i-HAPa pellets saturated with fluoride were washed with double distilled water and only 2%
desorption was observed.

After M-i-HAPa pellets were exhausted using 10 mg/L fluoride solution at 1 L/h, they were
regenerated using 0.1 M NaOH solution in an upflow mode at a flow rate of 1 L/h for 5 h.
Regeneration studies have already been reported in our earlier studies on M-i-HAPa (Mondal et al.
2016) in which four different solutions of sodium hydroxide, sulfuric acid, hydrochloric acid, and
potassium hydroxide were tested for regeneration, and it was observed that about 91% regeneration
was achieved with 0.1 M NaOH. The flow rate was maintained at 1 L/h, so as to use minimum
eluent solution to remove the fluoride ions from the adsorbent bed. For verifying the performance
stability of the M-i-HAPa pellets column, four cycles of adsorption and regeneration process were
conducted. The volume of eluent collected versus the amount of fluoride desorbed showed that
major amount of fluoride, i.e., approx. 80%, was desorbed in the first 1 h and the remaining 20% of
fluoride was collected in the next 4 hwith a total of 5 L of NaOH solution used, as shown in Fig. 9a.
The regenerated adsorbent was further utilized again in the column system for defluoridation and the
adsorption capacity was observed to be reduced from 1.01 mg/g to 0.765 mg/g in the second cycle.
The capacity was further reduced to 0.4 mg/g in the third cycle and to a very low capacity of only
0.11 mg/g in the fourth cycle. After the adsorbent pellets were subjected to three elution-retention
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cycles, their capacity to adsorb fluoride diminished significantly and became unfit for reuse, as
shown in Fig. 9b. Tor et al. (2009) found that the adsorbent granular red mud (GRM) could be
regenerated up to four cycles while Ghorai and Pant (2005) observed that activated alumina
adsorbent could be regenerated up to five cycles. This indicates that for complete use of the
synthesized pellets, regeneration is required after every defluoridation cycle. The higher percentage
of desorption signify an ion exchange mechanism for adsorption process. Regeneration of M-i-
HAPa pellets through alkaline solution supported the fact that adsorption mechanism is chemical in
nature.

3.5 Quality Assessment of Treated Water and Studies with Field Water Samples

The physico-chemical properties of treated water were assessed after running the experimental M-
i-HAPa column system with fluoridated water having a concentration of 10 mg/L at a flow rate of
1 L/h and bed height of 30 cm. The treated water was collected for 13 h up to the breakthrough
point and thewater quality parameters were determinedwhich are presented in Fig.10. The fluoride
outlet concentration was 0.9 mg/L and the pH of the treated water was found to be 7.5. The TDS,
total hardness, alkalinity in treated water were 230, 118, 185 mg/L, respectively, while the residual
concentration of calcium and magnesium were 23 and 23 mg/L, respectively. It is apparent from
Fig.10 that all the physico-chemical parameters were under the permissible limit according to
Indian drinking water (BIS 2012) as well as WHO (2011) standards.

The state of Rajasthan, India, is a classic case of falling water tables and increasing
incidence of fluoride in water. The state has extreme climatic and geographical conditions
with low water resources. Therefore, for conducting field studies, regions in the four districts
viz. Sikar, Jodhpur, Jaipur and Dausa of Rajasthan were chosen, where 20 to 40% of villages
have been reported to be affected with excess fluoride (concentration range 1 to 12 mg/L) in
water (Yadav et al. 2009). Water quality parameters such as pH, EC, TDS, salinity, alkalinity,
total hardness, turbidity, Cl−, Ca2+, Mg2+ and F− for different places are enlisted in Table 6. It is
evident that the villages with lower fluoride concentration have higher concentrations of
calcium and vice versa. This is attributed to the fact that the presence of higher concentrations
of calcium ions decreased the solubility of fluoride as calcium ions bind with fluoride ions to
form CaF2. High alkalinity in groundwater favored higher fluoride concentration in water
when the pH varied between 6.8 to 8.5. The turbidity value was observed to be very low for all
the field water samples. Among the samples collected, water collected from Kanteva village

Fig. 10 Water quality parameters examined after column studies with M-i-HAPa pellets (Inlet F conc. 10 mg/L,
flow rate 1 L/h, bed height 30 cm)
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and Bhoomchota village in Sikar district, Basni village in Jodhpur district and Bandikui in
Dausa district had fluoride concentrations higher than the permissible limit of 1.0 mg/L.

Defluoridation experiments were carried out through column studies for the field water
from Basni village, Jodhpur district which had the highest fluoride concentration among the
field samples (i.e., 12.6 mg/L). The fluoride concentration of the treated water using M-i-
HAPa pellets was found to be 0.9 mg/L which is under the permissible limit of 1 mg/L.
Moreover, after treating the Basni village water sample with M-i-HAPa pellets, the TDS, total
hardness and alkalinity were observed to be 255, 160 and 200 mg/L, respectively. The
concentration of calcium and magnesium in the treated sample were 23 and 25 mg/L,
respectively, and the pH of water after treatment was 7.82. The suitability of M-i-HAPa pellets
as a potent adsorbent is clearly depicted from the quality of water obtained.

3.6 Domestic Defluoridation Unit (DDU)

Considering the domestic needs of people, a domestic defluoridation unit was de-
signed assuming that approximately 5 L of water will fulfill the daily requirement for
cooking and drinking per person. In this study, a domestic defluoridation unit based on
M-i-HAPa pellets as the adsorbent was designed as shown in Fig. 11. The performance

Adsorption unit

Treated water

Lid

Fluoride water

M-i-HAP pellets

Collection unit

Outlet Tap

Fig. 11 Domestic defluoridation unit
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of the DDU designed for M-i-HAPa pellets was compared with that of activated
alumina based DDU reported by Chauhan et al. (2007) and by Venkobachar et al.
(1997). The characteristics of activated alumina used in their study and corresponding
characteristics of M-i-HAPa pellets are listed in Table 7. The fluoride uptake capacity
was reported to be 1.788 mg/g by Chauhan et al. (2007) and 1.83 mg/g by
Venkobachar et al. (1997) for activated alumina, when 3 kg of activated alumina was
used in the DDU for treating the fluoride concentration in water from 10 ± 0.5 mg/L to
fluoride concentration below 1 mg/L. The water flow of the slot opening between the
two chambers in the DDU was as reported at 9 to 10 L for the activated alumina DDU
unit. It was reported that using 3 kg of activated alumina, the volume of water treated
(for F− ≤ 1.5 mg/L) was 550 L. The domestic defluoridation unit had activated alumina
bed dimensions: 22 cm diameter and 23 cm height. Further, the exhausted activated
alumina was regenerated using 1% NaOH followed with acid treatment and the
adsorbent was reused for five cycles (Chauhan et al. 2007).

In this study, the capacity of M-i-HAPa adsorbent was found to be 1.16 mg/g for
an initial fluoride concentration of 10 mg/L. Therefore, approximately 348 L of
10 mg/L fluoride water could be treated with 3 kg of the adsorbent in the DDU.
The slot opening between the adsorption and collection chamber was maintained at a
flow rate of 5 to 6 L/h. The dimensions for each chamber of the DDU was 30 cm
height and 25/23 (top/bottom) diameter. The fluoride solution and adsorbent were
given a residence time of 3 h (equilibrium time) before collecting the treated water.
The field water sample from Basni village which had fluoride concentration of
12.6 mg/L (highest among the field data obtained) was treated in the DDU and the
fluoride uptake capacity was observed at 1.086 mg/g of M-i-HAPa adsorbent and
approximately 259 L of water was treated with 3 kg of adsorbent. In this study, M-i-
HAPa adsorbent was regenerated using 0.1 M NaOH for 90 min, and thereafter, the
adsorbent was dried at 95 °C for 60 min. Ninety one percent regeneration was
achieved and after using for five consequent cycles the removal efficiency was
minimal and the adsorbent was unfit for further use.

On comparing the values of fluoride uptake capacity for AA and M-i-HAPa (1788 and
1160 mg/kg adsorbent, respectively), it can be seen that AA had slightly higher fluoride uptake
capacity. However, usage of AA defluoridation units may lead to leaching of aluminum in ionic
and complex form of alumino-fluoro complexes (George et al. 2010). The residual aluminum in
treated water, if consumed, can cause severe health issues. On the other hand, the M-i-HAPa
adsorbent consists of only calcium and magnesium compounds, which are completely safe to use
for defluoridation of drinking water (as leaching of Ca2+ and Mg2+ are within the permissible

Table 7 Characteristics of activated alumina and M-i-HAPa pellets

S.no. Characteristics Activated alumina M-i-HAPa pellets
(Chauhan et al. 2007) (Present study)

1 Particle form Spheres Spheres
2 Particle size (mm) 0.4–1.2 1–1.5
3 Surface area (m2/g) 310 21.22
4 Pore volume (cm3/g) 0.41 0.096
5 Fluoride uptake capacity (mg/g) 1.788 1.16
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limits). The spent adsorbent, which is rich in fluoride, can be a suitable raw material for making
cement, refractory bricks or for direct use in road construction purposes.

4 Conclusions

The following conclusions are drawn from the present study:

& The magnesium incorporated Hydroxyapatite M-i-HAPa, synthesized via the chemical precipi-
tation routeandpelletizedusingPVAbinder to formsphericalpellets,was found tobeaneffective
defluoridation agent in column adsorption system with an adsorption capacity of 1.46 mg/g for
feed fluoride concentration of 10 mg/L, flow rate 1 L/h and bed height 30 cm. Characterization
studies revealed that with fluoride adsorption, formation of hydroxyfluoropatite, fluoropatite and
magnesium fluoride occurred on the adsorbent surface which was regenerated effectively using
0.1MNaOHsolution.The specific surface area ofM-i-HAPapelletswas found to be 21.22m2/g
while the pore volume and pore diameter was observed to be 0.096 cm3/g and 181.59 Å,
respectively.

& Adsorptioncolumndynamicswasalsostudied throughsimulatedandexperimentalbreakthrough
curves with varying flow rates and particles sizes. On analyzing the breakthrough curves under
different process conditions, it was observed that bed height of 30 cm with 1–1.5 mm pellets of
spherical particle sizes and flow rate of 1 L/h and feed fluoride concentration of 10 mg/L were
optimum for efficient column performance. The experimental breakthrough curves obtained by
varying flow rate and size of particles were compared for convergence with simulated curves
obtained by the adsorption simulator BADSORB^ developed inMATLAB software.

& The performance of the column system was evaluated in terms of number of bed volumes and
adsorbent exhaustion rate. It was noticed for 30 cm bed height that 22.1 bed volumes can be
processed and theAER for the samewas 6.15 g/L.

& Regeneration studies showed that the pellets were stable for repeated use up to four times.
Desorption experiments also confirmed the ion exchangemechanism dominating the process of
adsorption. The physicochemical parameters of treated water were found to be as per the
standards set byWHO andBIS for drinking source;moreover, the treatedwater was only rich in
calcium and magnesium which is suitable for alleviating fluorosis in people caused by the
prolonged consumption of fluoride in drinking water. Thus, this study affirms the practical
feasibility of using M-i-HAPa pellets for effective defluoridation via column studies.
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