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Abstract Fluoride pollution in groundwater is a major
concern in rural areas. The flower petal of Shorea robusta,
commonly known as sal tree, is used in the present study
both in its native form and Ca-impregnated activated form
to eradicate excess fluoride from simulated wastewater.
Response surface methodology (RSM) was used for
experimental designing and analyzing optimum condition
for carbonization vis-a-vis calcium impregnation for
preparation of adsorbent. During carbonization, tempera-
ture, time and weight ratio of calcium chloride to sal flower
petal (SFP) have been considered as input factors and
percentage removal of fluoride as response. Optimum
condition for carbonization has been obtained as tempera-
ture, 500 °C; time, 1 h and weight ratio, 2.5 and the sample
prepared has been termed as calcium-impregnated car-
bonized sal flower petal (CCSFP). Optimum condition as
analyzed by one-factor-at-a-time (OFAT) method is initial
fluoride concentration, 2.91 mg/L; pH 3 and adsorbent
dose, 4 g/L. CCSFP shows maximum removal of 98.5% at
this condition. RSM has also been used for finding out
optimum condition for defluoridation considering initial
concentration, pH and adsorbent dose as input parameters.
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The optimum condition as analyzed by RSM is: initial
concentration, 5 mg/L; pH 3.5 and adsorbent dose, 2 g/L.
Kinetic and equilibrium data follow Ho pseudo-second-
order kinetic model and Freundlich isotherm model,
respectively. Adsorption capacity of CCSFP has been
found to be 5.465 mg/g. At optimized condition, CCSFP
has been found to remove fluoride (80.4%) efficiently from
groundwater collected from Bankura district in West
Bengal, a fluoride-contaminated province in India.
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List of symbols

Ce Concentration of fluoride at equilibrium (mg/L)

AG Gibbs free energy (kJ/mol)

AH Change of enthalpy (kJ/mol)

ki Adsorption rate constant of Lagergren first-order
adsorption rate equation (min~")

) Adsorption rate constant of pseudo-second-order
adsorption rate equation (g mg~' min~")

k,  Intra-particle diffusion coefficient (g mg ™' min~")

Kr  Freundlich isotherm constant [(mg/g) (L/mg)””]

Ki  Langmuir isotherm constant (L/g)

K Linear isotherm constant

gm  Maximum adsorption capacity of the adsorbent (mg/

g)

ge  Solid phase concentration of fluoride at equilibrium
(mg/g)

q: Solid phase concentration of fluoride at any time
1 (mglg)

AS  Change in entropy (kJ/mol K)
t Contact time (h)
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Introduction

Fluoride has dual effect on living system. While fluoride
concentration greater than 1.5 mg/L leads to skeletal and
dental fluorosis, concentration lower than 0.5 mg/L is
responsible for tooth-decay since low level of fluoride
helps to strengthen the enamel (Razbe et al. 2013). The
permissible limit of fluoride in drinking water is 1.5 mg/L
as set by World Health Organization (WHO 2006) and
according to the report; about 260 million people consume
fluoride-contaminated drinking water (2 L/adult/day)
(Brindha and Elango 2011). Fluoride is usually present in
the rock minerals as fluorspar, fluorapatite, mica, etc.,
(Mondal et al. 2013). In groundwater, high fluoride con-
centration generally occurs due to physical and geological
structure of aquifers (Ganvir and Das 2011). The geo-
chemistry of high fluoride in groundwater depends on low
calcium concentration and alkaline condition (pH 7.6-8.6),
which are favorable for dissolution of fluorite mineral from
the host rocks (Weinstein and Davison 2004). In urban and
rural areas of India, groundwater is a major source of
drinking water. In West Bengal, a part of Bankura, Birb-
hum and Burdwan districts, are highly affected by fluoride
contamination in groundwater (Bhaumik and Mondal,
2016). At present, the techniques used for removal of flu-
oride may be broadly divided into four categories, i.e.,
membrane-separation (Meenakshi and Maheshwari 2006),
ion-exchange (Mohapatra et al. 2009), precipitation-coag-
ulation (Habuda-Stani¢ et al. 2014) and adsorption
(Chakrabarty and Sarma 2012; Karthikeyan and Llango
2007; Zhang et al. 2011). Membrane-based technologies
are based on the use of membranes for separation of flu-
oride from its contaminated water. Electro-dialysis drives
away the solutes by using anion-exchange membranes
under the driving force of an electric field (Meenakshi and
Maheshwari 2006). ITon-exchange can remove fluoride up
to 95% but this technique is very costly due to high cost of
resin and post-treatment at low pH (Mohapatra et al. 2009).
Nalgonda technique of fluoride removal is based on pre-
cipitation-coagulation. The following technique can
remove only 18-33% fluoride and the greater part of the
fluoride is converted to aluminium fluoride complexes,
which is a toxic compound (Habuda-Stani¢ et al. 2014). In
contrast to these, adsorption process is economically
effective and ultimate fate of many contaminants in aquatic
environment (Bhatnagar et al. 2011). Adsorption is basi-
cally a mass transfer-driven process and the adsorbate is
adsorbed on the surface of adsorbent due to affinity of the
adsorbent surface for a particular substance. A number of
adsorbents can be used to defluoridate water (Karthikeyan
and Llango 2007; Zhang et al. 2011); however, due to good
reactivity of calcium (Ca®") and fluoride (F), researches
are now trending towards the impregnation of calcium on
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the adsorbent for enhancement of removal of fluoride from
its contaminated water (Bhaumik et al. 2012; Hernandez-
Montoya et al. 2012; Zhang et al. 2011).

Shorea robusta, commonly known as sal tree, is a sub-
deciduous tree and high up to 30 m. Sal tree has large
leathery leaves and yellowish flowers. Sal trees are mainly
found in Nepal and eastern part of India. The flowers
bloom in the end of summers. The sal flower is whitish in
color, and borne in raceme-like panicles in leaf axils.
Except for indoor decoration with dry sal flower, it does not
have any other usage. These flowers can be considered as
bio-waste as they create trouble to the local people by
blocking the open drainage system and damaging the aes-
thetic condition of the locality. Therefore, in the present
study, initially raw sal flower petal (SFP) has been chosen
to remove fluoride from simulated solution. Due to low
capacity in removal of fluoride, it was impregnated with
calcium at high temperature to enhance its adsorptive
capability. As far the knowledge of present research group
concerned, no study on adsorptive removal of pollutant
using sal flower petal has been reported.

The conventional technique to optimize multivariable
systems requires a lot of experiments to determine the
optimum level which is a time-consuming process (Chat-
terjee et al. 2012). Such problems can be diminished by
changing a number of variables at a time. This is possible
by designing experiments statistically using statistical
techniques such as response surface methodology (RSM)
(Bhaumik et al. 2013). Besides getting optimum condi-
tions, RSM has the advantage of studying the interaction
between various input parameters at a time compared to
one-factor-at-a-time (OFAT) analysis (Alkhatib et al.
2015). Such method involves (1) designing experiments in
which the process parameters are varied statistically
according to a set of experimental trials and determination
of the output parameters; (2) analyzing the data and pre-
dicting empirical model using analysis of variance
(ANOVA) and (3) numerical optimization (Yadav et al.
2013). Basic assumptions for ANOVA are normal distri-
bution of responses, homogeneity of variance and indi-
vidual samples (Sadhu et al. 2013). Hence, the statistical
techniques have the advantages to develop, improve and
optimize the relationship between a number of input vari-
ables and measured responses in short period of time
(Sadhu et al. 2013). The main objective of RSM is to
establish an empirical model statistically to obtain a valid
result at a minimum resource, effort and time (Sadhu et al.
2013). In a number of research works on fluoride removal,
RSM has been employed for optimization of electrocoag-
ulation process (Behbahani et al. 2011), membrane tech-
niques (Richards et al. 2009), adsorption process
(Alugumuthu and Rajan 2010a, b; Rehman et al. 2015), etc.
A number of plant derived biomaterials were used as
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precursor for preparation of adsorbents to be used for flu-
oride removal. RSM was used for optimization of prepa-
ration of adsorbents from such biomaterials, viz. tamarind
seed, neem and kikar leaves (Kumar et al. 2008), neem
charcoal (Chakrabarty and Sarma 2012), raw and treated
lemon leaf (Bhaumik et al. 2013), thermally and chemi-
cally activated coconut fiber (Bhaumik and Mondal 2015),
aluminium-impregnated coconut fiber (Mondal et al.
2015), banana peel dust (Bhaumik and Mondal 2016),
aluminium-impregnated potato plant ash (Ghosh et al.
2016), etc. However, application of RSM both for prepa-
ration of adsorbent and removal of fluoride using prepared
adsorbent is quite terse.

Therefore, in the present work, a comprehensive study
starting from impregnation of calcium to raw sal flower
petal, characterization, optimization of removal, kinetic
and equilibrium studies with simulated solution has thus
been carried out. Finally, defluoridation has been done
using prepared adsorbent (CCSFP) from fluoride-contam-
inated groundwater, collected from fluoride-contaminated
region in India and results are reported.

Materials and methods
Preparation of SFP and CCSFP
Experimentation

The dried sal flowers were collected from the campus of
National Institute of Technology Durgapur, West Bengal,
India. Calcium chloride (Merck, India) was used as an
activating as well as impregnating agent. Petals were
removed from the flowers manually, dried in sun for a
week and later ground in a grinder. It was then sieved to
get uniform size of 90 u. The specific size (90 p) was
chosen based on the experiments performed with different
size of particles ranging from 45 to 180 u. Though
highest removal (99%) was obtained at 45 p, the cost of
grinding is more to get such low particle size. Since
comparable removal was obtained with 90 u sized particle
(98.4%), all the experiments on fluoride removal were
performed with such particle size. Kushwaha and Dutta
(2017) performed their study with 90 p sized particle to
remove copper (Cu) from simulated wastewater. Ground
sal flower petal was mixed thoroughly with definite
amount of calcium chloride. The mixture was divided into
several silica crucibles, suitable for high-temperature
heating, and placed in an electrically operated and auto-
matically controlled muffle furnace (Servotronics, DIC
9681, India). Response surface methodology was applied
to optimize carbonization vis-a-vis calcium impregnation
condition. Design Expert Software (Stat-Ease, Version:

8.0.6) was used for such purpose. Three parameters such
as temperature of impregnation, time of impregnation and
weight ratio of calcium chloride and SFP were considered
as input parameters and percentage removal of fluoride as
response. The minimum (— 1) and maximum (4 1) levels
of these three numeric factors were kept as 450 and
550 °C for temperature, 1 and 2 h for time and 2.5 and
7.5 for weight ratio of calcium chloride and SFP. The
statistical experimental design as done by Design Expert
Software is shown in Table 1. After impregnation, sample
was washed thoroughly with distilled water, until the pH
of the draining water was neutral. The sample was then
dried in an air oven at 60 °C overnight. It was then sieved
to get 90 p sized particle and stored in an air-tight con-
tainer for further use. Synthetic fluoride solution was
prepared following standard protocol (Eugene et al.
2012). The Ca-impregnated carbonized samples, prepared
at each operating condition, were brought into contact
with the synthetic fluoride solution in a batch contactor at
pH 3 and 25 °C. The initial concentration of fluoride
(10 mg/L), volume of solution (50 mL) and weight of Ca-
impregnated adsorbent sample (0.3 g) were kept constant
at each experimental run. The residual concentration of
fluoride was measured using ion-selective electrode (Ion-
meter 4 Star, B 36531, Thermo-scientific) and finally, the
percentage removal was calculated.

Design of experiment

The most popular class of second-order design is the cen-
tral composite design (CCD) which permits to test lack of
fit with less number of experiments (Myers et al. 2005).
This design can easily be constructed by augmenting the
fractional factorial design that was used for estimating the
first-order model (Khuri 1996; Myers et al. 2005). The
advantages of CCD lie in its use in sequential experimen-
tation (Myers et al. 2005; Kumar et al. 2006; Garg et al.
2008; Bhatti et al. 2011; Alkhatib et al. 2015; Rehman et al.
2015). In the present study, the experimental design for
calcium impregnation was done using the response surface
methodology (RSM). Quantitative data obtained from the
adequate experiments was analyzed by RSM to optimize
the operating conditions estimating regression model
equation (Bhaumik et al. 2013; Fakhri 2015; Fakhri and
Behrouz 2015a; Ghosh et al. 2016; Mouelhi et al. 2015;
Gupta et al. 2017).

Total number of experiments can be determined from
the following equation:

N=2"+2n+n,, (1)
where N is the total number of experiments required, n is

the number of factors and #n. is the center point. Since three
parameters, viz. temperature, time and weight ratio of
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Table 1 Experimental design and response to prepare calcium-impregnated carbonized sal flower petal (CCSFP)

Run Time (h) Temperature (°C) Calcium chloride: SFP Fluoride removal (%)
1 1.50 500 5 94.81
2 1.50 584 5 97.91
3 1.50 500 5 94.80
4 1 450 2.5 84.80
5 2 550 2.5 96.73
6 2.34 500 5 89.41
7 1.5 500 5 94.80
8 1.5 500 9.2 24.8
9 1.5 500 0.8 57.94
10 2 450 7.5 23.33
11 1 550 2.5 85.80
12 1.5 500 5 94.80
13 2 550 7.5 89.87
14 2 450 2.5 70.70
15 1.5 41591 5 24.79
16 1.5 500 5 94.80
17 1 450 7.5 3291
18 0.66 500 5 96.46
19 1.5 500 5 94.80
20 1 550 7.5 97.19

calcium chloride and SFP were considered as input vari-
ables, a total of 20 experimental conditions were designed
(Table 1), and hence 20 adsorbents were prepared from
each experimental condition.

The process may be modeled using the following
polynomial equation:

n n 2 n—1 n
y=ay+ Z a;x; + (Z a,‘,‘x,‘> + Z Z ajXxix;, (2)
i=1 i=1

i=1 j=it1

where a, was the constant coefficient, a; was the linear
coefficient, a; was the quadratic coefficients, a; was the
interaction coefficients (Ozer et al. 2009; Alkhatib et al.
2015). The validity of the proposed polynomial equation
was assessed by the values of R?, Ridj and R12>red~ More

was the value of R?, more was the fitting of experimental
data to the proposed polynomial equation (Bhaumik
et al. 2013). Numerical optimization technique was
adopted to determine optimum condition of calcium
impregnation (Hernandez-Montoya et al. 2012). The
sample prepared at optimum condition was termed as
calcium-impregnated carbonized sal flower petal
(CCSFP).
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Characterization of SFP and CCSFP

Physico-chemical characterization of sal flower petal (SFP)
and Ca-impregnated carbonized sal flower petal (CCSFP)
was done in terms of its bulk density, solid density, moisture
content, ash content, volatile matter, fixed carbon content
(CEFIC 1986). Specific sized (90 u) particle was used in
each case. pH,p,. of SFP and CCSFP was determined by salt-
addition method (Tentli-Sequeira et al. 2014). SEM (scan-
ning electron microscope, HITACHI-S-3000 N, Japan),
EDX (energy dispersive X-ray, HITACHI-S-3000 N,
Japan) and FTIR (Fourier transform infrared spectrometer,
Spectrum 100, Perkin Elmer) studies of CCSFP were carried
out before and after fluoride adsorption. SEM studies were
carried out to show the topographical characteristics of
native and fluoride-loaded CCSFP. EDX analysis was done
to obtain elements present on the adsorbent surface. FTIR
spectroscopy study was done with the transparent pellet
prepared by mixing finely ground CCSFP (raw and fluoride
loaded) with KBr (Merck, India). BET (Brunner-Emmet—
Teller) surface area and pore volume of CCSFP were
measured by nitrogen adsorption—desorption isotherm
method using Quantachrome® ASiQwin™-Automated Gas
Sorption (Germany).
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Fluoride removal study using CCSFP
Kinetic study

Simulated fluoride solution (1000 mg/L) was prepared by
dissolving 2.211 g of NaF (Merck, India) in 1.0 L de-
ionized water (Eugene et al. 2012). Fluoride solutions of
desired initial concentration were prepared by diluting
stock solution using requisite amount of water. Several
parameters such as initial concentration of fluoride,
adsorbent dose, pH, particle size and temperature generally
affect the kinetics of adsorption process (Alkhatib et al.
2015; Chakrapani et al. 2010; Rehman et al. 2015) and the
success of adsorption process depends on the proper
selection of key parameters and their ranges. In the present
case, since fluoride was the most electronegative element
in the periodic table, its removal through adsorption greatly
depends on electrostatic interaction between sorbent and
sorbate. Therefore, in the present study, pH of solution was
considered as key parameter and before going to elaborate
kinetic study, optimum pH of fluoride removal was ascer-
tained. Furthermore, to compare the adsorption capability
of SFP and CCSFP, definite amount of both of these
adsorbents (0.3 g) were contacted with simulated fluoride
solution of 10 mg/L at different pH conditions. pH of
solution was maintained by adding 0.1(N) HCI or 0.1(N)
NaOH and varied in the range of 1-8. Volume of solution
was 50 mL. During experiments at pH 3, samples were
collected after definite time intervals. The solution con-
taining spent SFP and CCSFP were centrifuged at
5000 rpm for 10 min and supernatant was collected and
tested for residual fluoride concentration in solution using
ion-selective fluoride electrode. It is seen that the major
removal (93%) of fluoride was obtained using CCSFP
within 15 min and then it was gradually increased up to
98.6%. Therefore, the contact time was fixed at 45 min
during kinetic study. Further, maximum removal was
obtained at pH 3. Thus, kinetic study was carried out at pH
3. Moreover, CCSFP showed 1.5-2 times more removal
than SFP. Therefore, further studies on fluoride removal
were carried out with CCSFP only. The operating param-
eters varied during kinetic studies include initial concen-
tration of fluoride (2.91-18 mg/L) and adsorbent dose (2—
6 g/L). Since the fluoride concentration in groundwater in
West Bengal, India, lies in the rage of 1.8-20.4 mg/L
(WBPHED 2006), initial fluoride concentration was chosen
in the range of 2.91-18 mg/L in the present study. Fur-
thermore, a comparative study was made to select of pre-
sent initial fluoride concentration range based on the
defluoridation works of other scientists (Table 2). Samples
were collected after definite time intervals and analyzed for
residual fluoride concentration. OFAT analysis was used
during kinetic study, by varying single parameter at a time

keeping others constant (Sen et al. 2017). Since fluoride
reacts with borosilicate glass (Kumar et al. 2008), all the
experiments in the present study were performed in 125-
mL narrow-mouth autoclavable PP bottle (TARSON,
India). The reaction scheme between borosilicate glass and
fluoride ion was as follows (Kumar et al. 2008):

F + H,O — HF + OH™
HF + SiO, — H,O + SiF,

Equilibrium study

The adsorbate was distributed between the liquid and solid
phases during adsorption process and attains maximum
value on solid phase at equilibrium condition and the
concentration of adsorbate in solution becomes constant at
such condition (Fakhri 2017; Agarwal et al. 2016; Fakhri
and Behrouz 2015b; Fakhri and Adami 2014). In the pre-
sent investigation, equilibrium study was done by varying
initial fluoride concentrations in the range of
2.91-22.9 mg/L keeping other variables such as adsorbent
dose, volume of solution, pH and temperature constant at
of 4 g/L, 50 mL, 3 and 25 °C, respectively. Samples were
collected after 45 min and analyzed for residual fluoride
concentration using ion-selective fluoride electrode. In next
set of experiments, temperature was varied from 25 to
35 °C, keeping other variables constant.

Optimization of removal of fluoride using RSM

RSM was also used to determine the optimum condition for
removal of fluoride. The (— 1) and (+ 1) values of three
input factors namely initial concentration of fluoride, pH
and adsorbent dose were 5 and 15 mg/L, 3 and 7, and 2 and
6 g/L, respectively. The percentage removal of fluoride
was considered as response. Since equilibrium was attained
after only 45 min operation as seen from kinetic and
equilibrium studies, ‘time’ has not been considered as input
factor during optimization of such process. The batch
experiments were carried out in 125-mL autoclavable PP
bottle as per the experimental design done by RSM. Vol-
ume of solution was kept 50 mL. Samples were collected
after 45 min and analyzed for residual fluoride concentra-
tion. The solid adsorbent obtained after adsorption of flu-
oride at optimum condition of fluoride removal as analyzed
by RSM was collected and used for desorption study. For
such studies, fluoride-loaded CCSFP samples were treated
individually with water at pH 3, 7 and 11. The flasks were
kept in BOD incubator at 25 °C and shaken at 150 rpm for
1 h. The supernatant obtained after centrifugation, were
analyzed for desorbed fluoride content.
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Table 2 Variation of initial concentrations for removal of fluoride using different adsorbents

S.  Adsorbent Range of initial fluoride Other operating parameters Optimum initial Fluoride References
no. concentration (mg/L) (optimum cond.) concentration (mg/  removal
L) (%)
1 Aluminium-impregnated 10-100 pH 4.64, AD = 0.14 g/L, 94.02 82.72 Ghosh et al.
potato plant ash (Al-IPPA) contact time = 57 min (2016)
2 Activated alumina (AA) 5-20 pH S5, AD = 1.5 g/L, 20 99.3 Mouelhi
T =40 °C et al.
(2015)
3 Raw and treated lemon leaf 1.5-15 pH 7, contact 2.94 95.22 Bhaumik
(LLD) time = 45.97 min, et al.
T =155°C (2013)
4  CCSFP 291-18 pH 3, contact time = 45 min, 2.91 98.3 Present
T=25°C, AD =4 g/L study

Removal of excess fluoride from groundwater using
CCSFP

From literature survey it was seen that ground water in
some areas at Bankura district of West Bengal, India was
contaminated with fluoride (Mondal et al. 2013). Thus,
groundwater was collected from several tubewells at
Bankura district in West Bengal. The groundwater col-
lected from such region was characterized in terms of its
mineralogical contents with special emphasis to fluoride
and other anion concentration. After characterization,
groundwater was treated with CCSFP in a batch contactor
for 60 min. Removal study was performed firstly at opti-
mum condition as analyzed by RSM. Adsorbent dose and
initial pH were kept as 2 g/L and 3.5, respectively. How-
ever, in another study, the removal of fluoride from
groundwater was done at its native pH (8.8). The samples
were collected after definite time intervals and analyzed for
residual fluoride concentration.

Results and discussion
Application of RSM for preparation of CCSFP

Three input variables, viz. weight ratio of calcium chloride
to SFP, temperature and time were varied according to the
design as specified by the Design Expert Software 8.0.6
and percentage removal of fluoride by the calcium-im-
pregnated adsorbent samples prepared at different operat-
ing conditions, were considered as the response or output
variable. They are shown in Table 1. The responses were
analyzed using ANOVA (Table 3). Maximum and mini-
mum values of response obtained were 97.91 and 23.33%,
respectively, with a mean value of 77.07%. The ratio of
maximum to minimum value of response was 4.19. Since
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this value was lower than 10, no transformation was
required. As suggested by the software, quadratic model
was used to fit the responses. The final equation obtained in
terms of coded factors is given below:

Ry =9451 —234xA+2056xB—11.02x C+3.41
x AB — 1.72 x AC + 12.97 x BC + 1.29 x A?
—9.88 x B> — 16.94 x C?,

(3)

where R is the response in terms of removal of fluoride
(%), A is the time of impregnation (h), B is the tempera-
ture of impregnation (°C) and C the weight ratio of calcium
chloride and SFP. The statistical parameters, viz. R>, Ry

and R12>red were obtained as 0.9751, 0.9527 and 0.8048,
respectively.

p value lower than 0.0001 implied that the model was
significant (Table 3). The conjugated effect of carboniza-
tion temperature and weight ratio of calcium chloride and
SFP (BC) had significant role on removal of fluoride. Thus,
the response surface diagram of the combined effect (BC)
was analyzed as shown in Fig. 1. Fluoride removal
decreased from 71.32 to 24.68% when ratio of calcium
chloride and SFP was increased from 2.5 to 7.5 at constant
temperature of 450 °C. This might be due to the increased
chloride concentration on prepared adsorbent at higher
impregnation ratio, which might have repelled the incom-
ing fluoride ion onto the surface of the adsorbent. Similar
observations were made by Habuda-Stani¢ et al. (2014).
However, at 550 °C, the negative effect of high impreg-
nation ratio was found to be negligible small. At constant
temperature of 550 °C, when weight ratio of calcium
chloride and SFP was increased from 2.5 to 7.5, fluoride
removal changed from 87.05 to 90.22% indicating constant
fluoride removal. This might be due to the excellent
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Table 3 Analysis of variance table for CCSFP preparation

Source Sum of squares df Mean square F value p value
Prob > F
Model 14377.08 9 1597.45 43.50 < 0.0001 (significant)
A-time 78.04 1 78.04 2.13 0.1756
B-temperature 5803.64 1 5803.64 158.06 < 0.0001
C-ratio 1671.81 1 1671.81 45.53 < 0.0001
AB 97.97 1 97.97 2.67 0.1334
AC 21.24 1 21.24 0.58 0.4645
BC 1328.40 1 1328.40 36.18 0.0001
A? 24.48 1 24.48 0.67 0.4333
B? 1402.48 1 1402.48 38.19 0.0001
c? 4199.63 1 4199.63 114.37 < 0.0001
Residual 367.19 10 36.72
Lack of fit 367.19 73.44
Pure error 0.000 0.000
Cor total 14,744.27 19

Fluoride removal (%)

250 745000 <&\

Fig. 1 Response surface diagram of conjugated effect of temperature
of carbonization and weight ratio of calcium chloride and SFP for
preparation of CCSFP

carbonization of SFP at 550 °C which subdued the nega-
tive effect of higher impregnation ratio.

In order to make the process cost-effective, criteria of
optimization were set as: time of impregnation: minimum,
temperature of impregnation: in range, weight ratio of
calcium chloride and SFP: minimum and removal of flu-
oride: maximum. The optimum conditions obtained was as
follows—temperature of carbonization: 500 °C, weight
ratio of calcium chloride and SFP: 2.5 and time of car-
bonization: 60 min. The sample prepared at the present
condition was termed as calcium-impregnated carbonized

sal flower petals (CCSFP) and was used for further fluoride
removal experiments.

Characterization of SFP and CCSFP

SFP and CCSFP were characterized in terms of its solid
density, bulk density, moisture content, volatile matter,
total fixed carbon and ash content following standard
protocol (CEFIC 1986). The values of the above parame-
ters are shown in Table 4. From the table, it was seen that
the solid density of SFP (159.35 kg/m®) was lower than
CCSFP (899.8 kg/m3). The volatile matter content of SFP
(66.9%) was more than that of CCSFP (52.53%), while
CCSFP contains more amount of ash (6.12%) than SFP
(5.02%). It was obvious since SFP was a biomaterial while
CCSFP was prepared by carbonization of its native form.
During carbonization volatile matters are reduced and
compact carbon mass is formed (Bhaumik and Mondal
2016). Solid density of inorganic matter present in ash was
always more than the pure carbonaceous component
(Karthikeyan and Elango 2008). Total fixed carbon of SFP
(28%) was lower than CCSFP (34.94%), which indicated
that the higher efficiency of CCSFP, than SFP as car-
bonaceous adsorbent. Furthermore, the lower ash content
of the sample indicated the presence of lower amount of
inorganic material indicating its suitability as adsorbent
(Zhang et al. 2015). From Table 4, it was seen that pH,. of
SFP and CCSFP were approximately 7.0 and 8.2, respec-
tively, which indicated the change of some functional
groups on surface due to activation. Therefore, the solution
pH value lower than 7.0 and 8.2 suggested the presence of
positively charged ions on the surfaces, which helped to
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Table 4 Characterization of CCSFP as determined

Parameter SFP CCSFP
Solid density (kg/m®) 159.3 899.8
Bulk density (kg/m>) 125 117.98
Moisture content (%) 8 6.41
Ash content (%) 5.02 6.12
Volatile matter (%) 66.9 52.53
Total fixed carbon (%) 28 34.94
BET surface Area (mZ/g) - 227.066
pHzpc 7.0 8.2
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Fig. 2 Scanning electron micrograph of a CCSFP and b fluoride-loaded CCSFP. ¢ Nitrogen adsorption—desorption isotherm curve of CCSFP.

d Pore size distribution of CCSFP

interact with negative ions like fluoride in solution
(Bhaumik and Mondal 2016).

SEM images of CCSFP and fluoride-loaded CCSFP are
shown in Fig. 2a, b, respectively. It is seen from the fig-
ures that both adsorbents looked like heterogeneous
lamellar structure. Both of the surfaces were found to be
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rough and had many small pores. BET surface area of
CCSFP has been found to be 227.066 m*/g which was
greater than that of other modified activated carbons
(Chakrapani et al. 2010; Kumar et al. 2008). BET mea-
surements of CCSFP showed that it had mesoporous
structure with irregular pores. Nitrogen adsorption—
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desorption isotherm with pore size distribution (Fig. 2c, d)
were recorded to calculate the specific surface area and
porosity of CCSFP. The pore volume and the specific
surface area were found to be 0.285 g/cc and 60.965 m*/g,
respectively. Nitrogen adsorption—desorption also revealed
the mesoporous nature of the present adsorbent. The size
distribution of the pores was in the range of 15.37-1013.84
A (1.537-101.384 nm). The morphology and irregularity
of pores is clearly seen in BJH (Barrett—Joyner—Halenda)
plot (Fig. 2d). EDX study of SFP, CCSFP and fluoride-
loaded CCSFP is shown in Fig. 3a, b and c, respectively.
SFP contained 60.16% carbon (C), 37.9% oxygen (O),
0.34% magnesium (Mg), 0.43% sulphur (S) and 1.18%
potassium (K). CCSFP contained 78.10% carbon (C),
8.59% oxygen (O), 1.15% phosphorus (P), 5.38% chlorine
(Cl1) and 6.78% calcium (Ca). Presence of higher amount of
C and Ca in CCSFP in comparison to SFP indicated suc-
cessful Ca-impregnation and carbonization of sal flower
petal. After treatment with fluoride, CCSFP contained
3.05% fluoride (F), 77.96% carbon (C), 12.76% oxygen
(0), 0.41% phosphorus (P), 0.98% chlorine (Cl) and 4.84%
calcium (Ca), which indicated the fluoride sorption on
adsorbent surface. FTIR studies of CCSFP (Fig. 4a) and
fluoride-loaded CCSFP (Fig. 4b) were done to observe the
changes in spectra due to introduction of fluoride in the
later case. Wave numbers were varied in the range of
400-4500 cm™"'. The characteristics bonds such as —C—Cl
(stretch, strong), =C—H (bending, strong), —C—H (bending,
variable) and N-H (amines, medium) functional groups
were seen at the wave number of 755, 1361, 1607 and
3434 cm™', respectively. However, FTIR graph of fluo-
ride-loaded CCSFP showed some different spectra. The
presence of strong C-F bond at the wave number of
1253 em™ ' (Silverstein et al. 1981) indicated the adsorp-
tion of fluoride on the Ca-impregnated carbonized adsor-
bent. The characteristic bonds such as C=0 (1796 cm™ ',
stretch, strong), C—H (2922 cm_l, stretch, strong) and N-H
(3434 cm ™, amines) were seen in fluoride-loaded CCSFP.
Therefore, the proof of fluoride adsorption onto CCSFP
was primarily established.

Fluoride removal using SFP
Effect of pH

In case of SFP, when pH was increased from 1 to 3, flu-
oride removal increased from 50.5 to 59.3% and when pH
was increased from 3 to 8, fluoride removal gradually
decreased from 59.3 to 27% (Fig. 5). For CCSFP, it was
seen that, as pH was increased from 1 to 3, fluoride
removal increased from 93.8 to 98.7%. However, when pH
was increased from 3 to 8, removal decreased from 98.7 to
79.02% (Fig. 5). Such trend of removal might be attributed

2 4 6 ] 10 12 14 16 18 20
Full Scale 4784 cts Cursor: 0.000 ke

0 2 - 6 8 10 12 14 16 18 20

Full Scale 8405 cts Cursor: 0.000 ke

Fig. 3 EDX of a SFP, b CCSFP and c fluoride-loaded CCSFP

to the positive charged surface of both SFP and CCSFP at
acidic pH conditions to which fluoride got easily bound.
Similar observation was made by Ganvir and Das (2011)
and Yadav et al. (2013). pH,,. of SFP and CCSFP were
found to be 7.0 and 8.2, respectively. This implied that
solution pH less than pH,,. was the favorable condition for
the fluoride removal process as positively charged surface
could easily bind the negatively charged fluoride ions. In
the present study, pH 3 was thus chosen as the optimum pH
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Fig. 5 Effect of initial solution pH on fluoride removal for SFP and
CCSFP

for removal of fluoride. Similar observations were made by
Bhaumik and Mondal (2016). They reported the higher
fluoride adsorption capacity at lower pH (< pH,y). In
Fig. 5, it was also seen that adsorptive capability of CCSFP
was about 1.5-2 times greater than that of SFP under
identical condition. Therefore, it can be stated that calcium
impregnation enhanced the fluoride removal in case of
CCSFP. Bhaumik et al. (2013) showed that the maximum
adsorption capacity of fluoride onto calcium-modified
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lemon leaf surface was higher (38.46 mg/g) than raw
lemon leaf powder (7.63 mg/g). Since much more removal
was achieved with CCSFP, further studies on fluoride
removal was done with CCSFP only.

Kinetic study

To assess the mechanism of adsorptive removal of fluoride
using CCSFP and to evaluate the kinetic variables, a
detailed kinetic study was carried out. The variation of
percentage removal of fluoride with time considering dif-
ferent initial concentrations of fluoride as variable is shown
in Fig. 6a. It was observed that, major removal was
achieved within 5 min and the system attained equilibrium
in 45 min, with 4 g/L. adsorbent dose and pH 3. The initial
portion of curve represents the high adsorption of the flu-
oride ions on to adsorbents. The second stage shows the
slow uptake of fluoride ions. Finally, saturation of all active
sites on the adsorbents surface and attainment of equilib-
rium conditions have been seen (Yadav et al. 2013). The
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Fig. 6 a Kinetic study at different initial fluoride concentrations
(adsorbent dose: 4 g/L, volume of solution: 50 mL, pH: 3 and
temperature 25 °C). b Kinetic study at different adsorbent doses
(initial fluoride concentration: 10.4 mg/L, volume of solution: 50 mL,
pH: 3 and temperature 25 °C)
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percentage removal of fluoride decreased with the increase
of initial fluoride concentrations. About 98.3 and 96.3% of
removal were obtained for 2.91 and 18 mg/L of initial
fluoride concentrations, respectively. This might be due to
competitive inhibition between the excess fluoride ions
present in the solution and the limitation of the available
binding sites over adsorbent surface (Hernandez-Montoya
et al. 2012). Kinetic study was also done at different
adsorbent doses ranging from 2 to 6 g/L at initial fluoride
concentration of 10.4 mg/L, pH 3 and temperature 25 °C.
It is seen from Fig. 6b that, as adsorbent dose was
increased from 2 to 6 g/L, removal increased from 93.5 to
98.8%, after 45 min of contact time. This might be
attributed to the availability of larger number of adsorption
sites for the same amount of fluoride ions (Biswas et al.
2016; Zhang et al. 2015). CaF, is a very stable compound.
Researches are made to impregnate Ca®" onto adsorbent
for enhanced removal of fluoride from solution (Mohapatra
et al. 2009; Bhaumik et al. 2012; Hernandez-Montoya et al.
2012). In the present study, Ca®" was impregnated onto the
surface of adsorbent during carbonization process. Fluoride
ions (F7) in solution got attracted by the cations of Ca®"
and attached with it by electrostatic interaction. Thus, the
binding of Ca?* with F~ is the rate limiting step and the
process is not diffusion rate controlled, but reaction rate
controlled. Kinetic data were fitted to different kinetic
models (Fig. 7a—f), viz. Lagergren first-order, Ho pseudo-
second-order and Morris—Weber intra-particle diffusion
models. It is seen that the kinetic data fitted best to Ho
pseudo-second-order model with R* value of 0.999—1. The
values of kinetic variables are shown in Table 5. Similar
observation was made by several scientists (Viswanathan
et al. 2009; Chakrapani et al. 2010). The experimental g,
matched quite well with simulated data for Ho pseudo-
second order. From Table 5, it was seen that Ho pseudo-
second-order constant rate (k,) was higher at lower initial
concentration and at higher adsorbent dose. It was quite
obvious that at lower initial concentration, fluoride ion
could easily be adsorbed on the surface of CCSFP and the
rate of removal was high. It signified that the defluoridation
process using CCSFP was not mass transfer controlled, but
kinetically controlled. Similarly, at higher adsorbent dose,
fluoride ion could bind with active sites easily due to
availability of more adsorption sites.

Equilibrium study

Equilibrium study was done at different initial fluoride
concentrations, viz. 2.91, 6.14, 14.6 and 22.9 mg/L at an
adsorbent dose of 4 g/L, pH 3, contact time of 45 min and
at 25 °C. The linearized plot of Langmuir, linearized plot
of Freundlich and plot of linear isotherm are shown in

Fig. 8a, b and c, respectively. Equilibrium data were found
to fit well to Freundlich isotherm model (Fig. 8b).
Adsorption capacity was obtained as 5.4645 mg/g. The
values of equilibrium parameters are shown in Table 6. A
comparative study on fluoride sorption capacities showed
that CCSFP had better fluoride removal capacity than that
of other adsorbents (Table 7). Since the sal flower petals
are inexpensive and abundant in nature, the usage of
CCSFP can be a good option to remove fluoride efficiently
from drinking water. Heat of adsorption is a characteristic
property of the adsorption process and more specifically to
type of adsorption and the extent of adsorption. The well-
known van’t Hoff’s equation relates the change in the
equilibrium constant (K ) of a chemical reaction to the
change in temperature (7') for standard enthalpy change
(AH) of the process. In the present study, the adsorption
process was found to be exothermic having negative heat
of adsorption (AH) kJ/mol as obtained from van’t Hoff’s
equation (Table 8). The lower removal of fluoride at higher
temperature substantiated the present inference. Moreover,
the reciprocal nature of K with temperature reconfirmed
the exothermic nature of adsorption process (Table 8). The
other thermodynamic parameters like change in entropy
(AS) and Gibbs free energy (AG) are also reported in
Table 8. This study suggested that adsorption was favored
at lower temperature.

Optimization of removal of fluoride using RSM

During optimization of removal of fluoride using RSM,
three parameters namely pH, adsorbent dosage and initial
concentration were chosen as input factors since adsorption
of fluoride mainly depends on such factors. The experi-
ments were performed as per the experimental design done
by RSM (Table 9), the removal of fluoride was determined
and placed at the corresponding position in Table 9. The
responses were analyzed by ANOVA. p value lower than
0.0001 implied that the model was significant (Table 10).
As suggested by the software, quadratic model was used to
fit the experimental data. The final equation obtained in
terms of coded factors is given below:

R/1 =91.99 —4.07 x A" +0.059 x B —=279x C' + 1.6
XA xB +053xA xC —147xB xC —0.86
x A — 1.6 x B? —1.22 x C*?,

(4)

where R} is the response in terms of removal of fluoride
(%); A’ is the initial concentration (mg/L); B’ is the
adsorbent dose (g/L) and C’, pH of the solution.

The higher values of statistical parameters, viz.
R%(0.9691), Rﬁdj(0.94l3) and R} _,(0.7514) signified the

good fitting of experimental data to model. The model also
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Fig. 7 a Lagergren first-order model when initial concentration was
varied. b Pseudo-second-order kinetic model when initial concentra-
tion was varied. ¢ Morris—Weber intra-particle diffusion model when
initial concentration was varied. d Lagergren first-order model when

showed that R3 ., was in reasonable agreement with R2Aclj
value. As analyzed by ANOVA (Table 10), it was seen that
A (initial concentration of fluoride), C (pH), AB (conjugate
effect of initial concentration of fluoride and adsorbent
dose) and BC (conjugate effect of adsorbent dose and pH)
were significant model terms (Table 10). The conjugate
effect of adsorbent dose and initial concentration on per-
centage removal of fluoride is shown in Fig. 9a. When
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adsorbent dose was varied. e Pseudo-second-order kinetic model
when adsorbent dose was varied. f Morris—Weber intra-particle
diffusion model when adsorbent dose was varied

adsorbent dose increased from 2 to 5 g/L at initial fluoride
concentration of 15 mg/L, the removal increased from 83.8
to 87.1% and at 5 mg/L, the removal remained almost
same as 92.57 and 92.04%, respectively. The higher
removal at higher adsorbent dose was expected as seen in
case of initial concentration of 15 mg/L. However, at lower
initial concentration, the removal of fluoride was almost
same. This might be due to comparatively excess amount
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Table 5 Values of kinetic parameters

Parameter Exp. value Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model
log(ge — g0 = log ge — kit =g XgtE 4 = kt?
qe ky qe R? ko qe R? k, R?
Initial fluoride concentration (mg/L)
291 0.707 0.0830 0.0243 0.935 0.1064 0.7179 1 0.004 0.879
6.14 1.292 0.1259 0.0410 0.959 0.0237 1.5198 1 0.005 0.940
9.80 2.185 0.1259 0.4315 0.902 0.0076 2.4510 0.999 0.049 0.969
18 3.957 0.1228 0.5957 0.992 0.0056 4.4053 1 0.081 0.905
Adsorbent dose (g/L)
2 3.653 0.1505 0.5916 0.996 0.0071 4.9261 1 0.07 0.880
4 1.993 0.1259 0.4315 0.898 0.0076 2.5974 0.999 0.049 0.97
6 1.333 0.0522 0.0653 0.973 0.0296 1.7212 0.998 0.011 0.979
a s removal decreased from 90.4 to 87.8% and at 5 g/L, the
_ 14 removal decreased from 93.47 to 85.4%, respectively.
g 1'i During the experiments to see the effect of pH, the maxi-
% 08 mum removal was obtained at pH 3 (Fig. 5). The same
IS 05 * trend was seen in RSM analysis (Fig. 9c). The conjugate
04 effect of initial concentration and pH on percentage
02 - ¢ removal of fluoride is shown in Fig. 9c. When pH
0 o 0 - 0 20 o increased from 3 to 6.5 at 5 mg/L initial concentration, the
1/Ce (L/mg) removal decreased from 97.2 to 90.6% and at 15 mg/L, the
removal decreased from 88.1 to 83.6%, respectively.
b 0.8 During optimization, the constraints were fixed in such a
0.6 manner that the removal process becomes cost-effective.
04 Therefore, adsorbent dose was set as ‘minimum’ and pH
3 ’ was set as ‘in range’. Since the concentration of fluoride
&0 0.2 varied in groundwater, the criterion for initial concentra-
= 9 tion was set as ‘in range’. The optimal condition as spec-
2 0.2 $ ified by RSM was initial concentration: 5 mg/L, pH: 3.5
and adsorbent dose: 2 g/L. Predicted removal at this con-
log Ce 04 dition was 95.8%. Experimental removal (94.5%) matched
c quite well with the predicted one.
% : Desorption study
% 2 )/ After treatment of fluoride-loaded adsorbent at different pH
7 . ¢ conditions, the desorption of fluoride was found to be
0 11.96, 13 and 25% at pH 3, 7 and 11, respectively. The
0 05 1 15 2 25 3 higher desorption at alkaline solution might be due to
Ce (mg/L) leaching of bound fluoride ions from adsorbent surface.

Fig. 8 a Langmuir isotherm model. b Freundlich isotherm model.
¢ Linear isotherm model

of adsorbent at such initial concentration of fluoride. The
conjugate effect of adsorbent dose and pH on percentage
removal of fluoride is shown in Fig. 9b. When pH
increased from 3 to 6.5 at adsorbent dose of 2 g/L, the

Similar types of fluoride desorption pattern from calcare-
ous soil and banana peel dust were reported by Mondal
et al. (2012) and Bhaumik and Mondal (2016).
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Table 6 Values of equilibrium parameters

Table 8 Values of thermodynamic parameters

Adsorption isotherm model Constants
Langmuir model R* = 0.972
mK1Ce —
ge = PRE Gm = 5.4645

Ky = 0.1017
Freundlich model R* = 0.989
ge = KFCeI/n 1/n = 0.736

Ky = 0.1721
Linear model K = 1.802
g. = KC, R*=109

Removal of fluoride from untreated groundwater
by CCSFP

The physico-chemical properties of untreated groundwater
sample, collected directly from a fluoride-contaminated
tube well (64 feet deep) at Bankura district, were deter-
mined following standard protocol (Eugene et al. 2012).
The untreated groundwater was characterized as pH: 8.8,
TDS: 420 mg/L, total hardness: 260 mg/L, total alkalinity:
310 mg/L, chloride: 85 mg/L and fluoride: 7.5 mg/L. As
seen from OFAT analysis, the optimum conditions were:
initial fluoride concentration 2.91 mg/L, pH 3, adsorbent
dose 4 g/ with a removal of 98.5% fluoride. It can be
stated that though slightly more removal was achieved at
optimum condition, analyzed through OFAT than through
RSM. Hence, the untreated groundwater was contacted
with CCSFP in a batch contactor with 4 g/L adsorbent dose
at 25 °C at two pH conditions namely groundwater own pH
(8.8) and optimum pH as analyzed by OFAT (3.0). From
Fig. 10, it can be seen that pH had major effect on the
removal efficacy of CCSFP. After 60 min of contact time,
40.8 and 80.4% removal were obtained when fluoride-
contaminated groundwater was contacted with CCSFP at

Temperature Ky (LI AG AH AS

(K) 2) (KJ/mol) (KJ/mol) (KJ/mol K)
293 0.60 — 226 — 126.65 —0.355
298 0.10 —20.8

303 0.09 — 19.1

308 0.05 - 173

pH 8.8 and pH 3.0, respectively. Final concentration of
fluoride achieved when treated at pH 3.5 was 1.46 mg/L
which was below the permissible limit of 1.5 mg/L as set
by WHO (2006). Thus, it can be stated that excess fluoride
can be removed from groundwater when it has been treated
with CCSFP under optimum condition as analyzed by
OFAT. As the defluoridation process was not affected by
other co-ions in groundwater, the effectiveness of CCSFP
in removal of fluoride from groundwater to supply safe
drinking water was established.

Conclusions

Sal flower, a bio-waste, has been used as precursor for
preparation of adsorbent to be used for removal of fluoride.
Calcium chloride has been used as activating vis-a-vis
impregnating agent to dope calcium onto the surface of
adsorbent to facilitate the binding of fluoride. RSM has
been used to optimize calcium impregnation condition as
well as for optimization of removal of fluoride. The
adsorbent prepared at optimum condition is termed as
calcium-impregnated carbonized sal flower petal (CCSFP).
The wave number of 1253 cm ™' corresponds to strong C—F
bond indicating the adsorption of fluoride on the Ca-im-
pregnated carbonized adsorbent. EDX studies of CCSFP

Table 7 Adsorption capacities for removal of fluoride using different adsorbents

Adsorbent

Adsorption capacity (mg/g) References

Citrus fruit peel

Moringa indica-based activated carbon

Powdered biomass (Azadirachta indica + Ficus religiosa + Acacia catechu) 0.04

Zirconium-impregnated groundnut shell carbon
Zirconium-impregnated cashew nut shell carbon
Wheat straw raw

CCSFP

0.36-0.39 Chakrapani et al. (2010)

0.23 Karthikeyan and Liango (2007)
Jamode et al. (2004a, b)

2.32 Alugumuthu and Rajan (2010a)

1.83 Alugumuthu and Rajan (2010b)

1.93 Yadav et al. (2013)

5.46 Present study
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Table 9 Experimental design and response to optimize fluoride removal

Run IC (mg/L) Adsorbent dose (g/L) pH Removal (%)
1 10.00 3.50 4.75 92
2 10.00 3.50 4.75 92
3 10.00 3.50 4.75 92
4 10.00 3.50 1.81 93
5 15.00 5.00 6.50 82
6 15.00 2.00 3.00 84.2
7 15.00 2.00 6.50 81.2
8 10.00 3.50 4.75 92
9 15.00 5.00 3.00 88.1
10 10.00 3.50 4.5 92
11 10.00 3.50 7.69 83.7
12 5.00 5.00 3.00 96.5
13 5.00 2.00 6.50 93.9
14 1.59 3.50 4.75 95
15 5.00 2.00 3.00 96.2
16 5.00 5.00 6.50 85.5
17 10.00 6.02 4.75 88.5
18 10.00 0.98 4.75 86
19 10.00 3.50 475 92
20 18.41 3.50 4.75 83.7
Table 10 Analysis of variance table for fluoride removal study
Source Sum of squares df Mean square F value p value
Prob > F
Model 1.22 9 0.14 35.52 < 0.0001 (significant)
A-IC 0.64 1 0.64 167.00 < 0.0001
B-Wt 1.916E—004 1 1.916E—004 0.050 0.8269
C-pH 0.30 1 0.30 78.76 < 0.0001
AB 0.058 1 0.058 15.31 0.0029
AC 4.953E—-003 1 4.953E—-003 1.30 0.2804
BC 0.049 1 0.049 12.82 0.0050
A? 0.032 1 0.032 8.49 0.0155
B? 0.10 1 0.10 27.54 0.0004
c? 0.062 1 0.062 16.29 0.0024
Residual 0.038 10 3.804E—003
Lack of fit 0.038 5 7.608E—003
Pure error 0.000 5 0.000
Cor total 1.25 19
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Fig. 9 a Response surface diagram of conjugated effect of adsorbent
dose and initial concentration of fluoride for defluoridation study
using CCSFP. b Response surface diagram of conjugated effect of pH

and fluoride-loaded CCSFP prove the impregnation of Ca
on SFP and sorption of fluoride onto CCSFP, respectively.
Lower pH has been found to favor the adsorption process,
and hence all the kinetic and equilibrium studies have been
carried out at pH 3. Maximum adsorption capacity of
CCSFP has been found to be 5.46 mg/g. When ground-
water having fluoride concentration of 7.5 mg/L was
treated with CCSFP at an optimum adsorbent dose of 2 g/
L, pH 3.5, the final concentration of treated water was
found to be 1.46 mg/L. which is below the permissible
limit. Therefore, it can be concluded that CCSFP has
excellent adsorption capability, and hence can be used
safely for the removal of fluoride from water.
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