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Abstract Low-cost water defluoridation technique is one of
the most important issues throughout the world. In the present
study, shale, a coal mine waste, is employed as novel and low-
cost adsorbent to abate fluoride from simulated solution. Shale
samples were collected from Mahabir colliery (MBS) and
Sonepur Bazari colliery (SBS) of Raniganj coalfield in West
Bengal, India, and used to remove fluoride. To increase the
adsorption efficiency, shale samples were heat activated at a
higher temperature and samples obtained at 550 °C are denot-
ed as heat-activated Mahabir colliery shale (HAMBSs50) and
heat-activated Sonepur Bazari colliery shale (HASBSss), re-
spectively. To prove the fluoride adsorption onto different
shale samples and ascertain its mechanism, natural shale sam-
ples, heat-activated shale samples, and their fluoride-loaded
forms were characterized using scanning electron microscopy,
energy dispersive X-ray analysis, X-ray diffraction study, and
Fourier transform infrared spectroscopy. The effect of differ-
ent parameters such as pH, adsorbent dose, size of particles,
and initial concentration of fluoride was investigated during
fluoride removal in a batch contactor. Lower pH shows better
adsorption in batch study, but it is acidic in nature and not
suitable for direct consumption. However, increase of pH of
the solution from 3.2 to 6.8 and 7.2 during fluoride removal
process with HAMBSs5, and HASBSss5, respectively, con-
firms the applicability of the treated water for domestic
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purposes. HAMBSs5o and HASBSs5, show maximum re-
moval of 88.3 and 88.5 %, respectively, at initial fluoride
concentration of 10 mg/L, pH 3, and adsorbent dose of 70 g/L.

Keywords Fluoride - Shale - Heat activation -
Defluoridation - Adsorption - Kinetic study - Equilibrium
study

Introduction

Occurrence of fluoride in groundwater has drawn a worldwide
impact. Globally, it is estimated that more than 70 million people
are affected from fluorosis, notably in USA, Africa, and Asia
(Latha et al. 1998; Amini et al. 2008). Fluoride contamination in
water can be considered as a double-edged sword (Piddennavar
and Krishnappa 2013). Concentration of fluoride in drinking
water below 0.7 mg/L has a considerable impact on human
health (Pollick 2004). Again, chronic ingestion of excessive con-
sumption of fluoride has been linked to neurological manifesta-
tions, teeth mottling, dental and skeletal fluorosis, and structural
changes in DNA (British Fluoridation Society 2012). According
to the Bureau of Indian Standards (BIS) and WHO standards for
drinking water, desirable limits are 0.6—1.2 and 1.5 mg/L, respec-
tively (World Health Organization 2004; BIS 2012). Different
defluoridation methods, like electro-dialysis (Adhikari et al.
1989; Lahnid et al. 2008), ion-exchange (Meenakshi and
Viswanathan, 2007), nano-filtration (Liu et al. 2007), adsorption
(Daifullah et al. 2007; Hanumantharao et al. 2011), etc., are
already in use. However, among all these methods, adsorption
has been found to be more effective and economical, especially
for small communities (Dhagat et al. 2013).

Gondwana coal is abundantly available in West Bengal, a
state situated in the eastern part of India. During mining of
coal, shale, a kind of sedimentary rock, is obtained as mine
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waste. Furthermore, shale is separated from raw coal during
coal washing process and considered as a waste material
(Zhao and Xiang 2004). Shale is composed of ~3.9 p-sized
particle (Sadhu et al. 2013). It comprises both inorganic and
organic components with different clay minerals like illite,
kaolinite, smectite, etc., which are responsible for its adsorp-
tion characteristics (Hamdi and Sarsa 2009). Highly charged
cations like aluminum, silicon, iron, etc. are also present in
shale minerals (Sadhu et al. 2013). The abundance of shale in
earth’s crust makes it a no-cost raw material to be used as an
adsorbent for removal of pollutants. Though different research
works have been carried out to remove fluoride using untreat-
ed and treated clay minerals (Bower and Hatcher 1967,
Karthikeyan et al. 2005; Tang et al. 2010; Guo and Reardon
2012), as far the knowledge of the present research group is
concerned, the utilization of shale for adsorption of fluoride
has not yet been explored. Again, literature showed that after
heat activation, calcined adsorbent can show better effective-
ness in fluoride removal in comparison to its natural form (Das
et al. 2005). Therefore, in the present work, both natural and
heat-activated shale samples have been used to remove fluo-
ride from simulated fluoride solution. The usage of shale in
adsorption of fluoride from contaminated water serves two
purposes. First, the removal of excess fluoride from contami-
nated water using shale ensures supply of safe drinking water
to rural people who live on groundwater only, in a cost-
effective manner. Secondly, the utilization of shale, a solid
mine waste, as an adsorbent solves the problem of solid waste
disposal in a fruitful manner in a colliery region.

Two collieries, namely Mahabir colliery and Sonepur Bazari
colliery, West Bengal, India, have been chosen for collection of
shale samples, and they have been termed as Mahabir colliery
shale (MBS) and Sonepur Bazari colliery shale (SBS). To en-
hance the fluoride removal efficacy, natural shale samples have
been heat activated at a higher temperature and used for abate-
ment of fluoride. The kinetics of removal of fluoride from aque-
ous solution have been studied with natural shale samples and
their heat-activated forms in batch contactor. The effect of differ-
ent parameters, such as size of adsorbent particle, pH, adsorbent
dose, initial fluoride concentration, and the presence of compet-
ing ions have been studied in a judicial manner. An attempt has
been made to assess the mechanism of fluoride adsorption onto
shale by characterizing shale samples with and without fluoride
loading with the help of various analytical instruments such as
scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDAX), X-ray diffraction (XRD) study, and Fourier
transform infrared spectroscopy (FTIR).

Materials and methods

All chemicals were obtained from Merck (India) unless oth-
erwise stated. Standard fluoride solution and TISUB-III buffer

were obtained from Thermo Scientific Orion (USA). All ex-
periments were performed thrice and arithmetic mean is
represented.

Collection and preparation of shale samples

Shale samples were collected from two collieries, namely
Mahabir colliery (latitude 23° 37" 05" N and longitude §87°
06" 19" E) and Sonepur Bazari colliery (latitude 23° 41’ 33"
N and longitude 87° 15’ 21" E) in Raniganj Coalfield of West
Bengal, India, and termed as Mahabir colliery shale (MBS) and
Sonepur Bazari colliery shale (SBS). Shale rocks obtained from
the collieries were first broken down to small pieces using a
hammer. The small pieces of shale were then crushed in a jaw
crusher and later ground to powdered form in a ball mill and
sieved to get the desired particle size. Heat activation of shale
was done by heating the powdered shale samples (particle size
90 ), taken in heat-resistant crucibles, in a pre-heated muftle
furnace (Servotronics DIC 9681) at three different temperatures
such as 350, 450, and 550 °C, separately for 1 h. The adsor-
bents, thus prepared, were designated as HAXS359, HAXS,s0,
and HAXSss,, where “X” stands for “MBS” or “SBS.”

Characterization of shale samples

Both natural and heat-activated shale samples were character-
ized in terms of their specific gravity, bulk density, total or-
ganic carbon, and moisture content. Brunauer—Emmett—Teller
(BET) surface arca was determined using BET surface area
analyzer (BET—Quantachrome make Nov. 4000E, USA).
SEM images of shale samples, with and without fluoride load-
ing, were taken using the scanning electron microscope
(Hitachi—S-3000N, Japan) to acquire their topographical char-
acteristics at a desired magnification. Analysis was done at
working distance of 5.5 mm and acceleration voltage of
10 KV. EDAX study (Hitachi—S-3000N, Japan) was per-
formed to get an elemental analysis of the samples. XRD
patterns of the samples were recorded between 0° and 100°
(26) at a scanning speed of 2°/min, using a PANalyticalX Pert
HighScore Plus Diffractometer (China) with mono-chromated
Cu ka1 radiation (30 mA and 40 kV). FTIR analysis of shale
samples was obtained using a Perkin—Elmer FTIR
Spectrometer (Malaysia) for determination of functional
groups with their stretching frequencies. Spectra over the
4000-400 cm ' range were studied.

Zero point charge (pH,;,;) was determined by salt addition
method following the standard protocol (Srivastav et al. 2014,
Tentli-Sequeira et al. 2014). pH,, is the point where the sum
of'the all the surface positive charges balance the sum of all the
surface negative charges. The experiments were carried out
with MBS and SBS. KNOj; solutions (0.1 M) were prepared
with pH values adjusted between 2 and 12, with intervals of
two units by adding 0.1 M HCI and NaOH solutions. KNO3
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solutions (0.1 M) were then contacted with 1 g of adsorbent.
After 24 h of contact, the slurry was centrifuged and superna-
tant was collected for measuring the final pH of the solution.
pH,p. of MBS and SBS was determined from the relation
between the pHipiija and ApH, i.e., (PHfina—pHinitia)-

Removal of fluoride using shale samples

Fluoride stock solution (1000 mg/L) was prepared by dissolv-
ing 2.211 g of sodium fluoride in 1 L de-ionized water.
Desired concentrations of fluoride in a solution were obtained
by diluting the stock solution with requisite amount of de-
ionized water. Volume of solution was maintained 50 mL in
each experimental run. To avoid chemical reaction between
fluoride and borosilicate, a major component of glass material,
100 mL polyvinyl chloride (PVC - synthetic plastic) flasks
were used for all experiments as suggested by Islam and
Patel (2007). pH of the solution was adjusted using 1(N)
HCl and 0.4 (N) NaOH solution. Simulated solution of fluo-
ride was contacted with requisite amount of shale samples in
batch contactor for definite time period. The solution was then
centrifuged, and supernatant was used for estimation of resid-
ual fluoride concentration using ion-selective fluoride elec-
trode (Ton Meter 4Star, B36531, Thermo Scientific, India)
by adding TISUB-III buffer, following a standard protocol
(Kennedy 1990).

Optimization of operating parameters for removal of fluoride
using natural shale

Natural shale was used as an adsorbent to remove fluoride
from simulated solution. Requisite amount of natural shale
was contacted with the fluoride solution at the desired pH in
a batch contactor. Initially, the contact time was 48 h.
However, it is seen that after 24 h, there is a negligible increase
in the removal of fluoride and the solution attains equilibrium.
Therefore, experimental time was reduced to 24 h during op-
timization of operating parameters. Effect of three input pa-
rameters, viz., initial pH of solution (2—12), adsorbent dose
(0.5-5 g), and size of adsorbent particle (53-300 p) on ad-
sorption of fluoride was examined by varying them individu-
ally in a prescribed manner. In order to make the process cost-
effective, temperature was not considered as a parameter.
Therefore, all the experiments were done at ambient tempera-
ture of 30 °C with shaking speed of 180 rpm.

Selection of heat activation temperature and optimization
of operating parameter for removal of fluoride
using heat-activated shale

Heat activation of natural shale was done at three different

temperatures such as 350, 450, and 550 °C, separately. The
samples obtained after heat activation are termed as HAX;5o,
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HAX450, and HAXs50, where “X” denotes MBS and SBS.
Simulated solution of fluoride having initial concentration of
10 mg/L was contacted with equal amount (3.5 g) of heat-
activated shale samples, individually for 24 h. Size of heat-
activated shale, pH, temperature, shaking speed, and volume
of solution were maintained as 90 p, 3.2, 30 °C, 180 rpm, and
50 mL, respectively. The residual fluoride concentration was
measured following the method as stated above. Study reveals
that irrespective of coal mines, shale, activated at 550 °C,
shows the best fluoride removal efficacy. Therefore, further
studies on fluoride removal were performed with heat-
activated shale obtained at 550 °C. The effect of initial pH
of solution was examined by varying it from 3 to 13. After
24 h, samples were collected and analyzed for residual fluo-
ride concentration.

Comparative study on fluoride removal using natural
and heat-activated shale

To compare the fluoride removal efficacy of natural shale and
its heat activated form, simulated fluoride solution having ini-
tial concentration of 10 mg/L was contacted with 3.5 g of each
type of shale individually. Samples were collected after each 8-
h interval and analyzed for residual fluoride concentration.
Results reveal that irrespective of types of shale, heat-
activated forms have better fluoride removal efficacy.
Therefore, further studies were made with heat-activated shale.

Kinetic and equilibrium studies on adsorption of fluoride
and selection of best adsorbent

During kinetic study, initial concentration of fluoride was var-
ied in the range of 5 to 15 mg/L in a batch contactor. Size and
dose of adsorbent particle, volume of the solution, pH, tem-
perature, and shaking speed were maintained at 90 u, 3.5 g,
50 mL, 3.2, 30 °C, and 180 rpm, respectively, during removal
of fluoride using heat-activated shale. The samples were col-
lected after 2-h interval and analyzed for residual fluoride
concentration. During the experiments on optimization of op-
erating parameters for removal of fluoride using natural shale,
it is seen that after 24 h of contact time, there is a negligible
increase in removal of fluoride and the solution attains equi-
librium. Therefore, kinetic studies on removal of fluoride were
conducted for 24 h with each of the heat-activated shale sam-
ples. Variation of pH of the solution was also investigated
during kinetic study of fluoride removal using heat-activated
shale samples. Equilibrium study was performed at three dif-
ferent temperatures viz., 25, 30, and 35 °C, respectively.
Simulated solution of fluoride having the initial concentration
in the range of 5 to 15 mg/L was contacted with 3.5 g of heat-
activated shale in batch contactor separately. Volume of the
solution, particle size, pH, and stirring speed were maintained
at 50 mL, 90 u, 3.2 and 180 rpm, respectively. Samples were
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Table 1  Characterization of shale
Properties Values

MBS HAMBSsso SBS  HASBSss
Bulk density (g/cc) 2.08 0.76 1.66  0.66
Specific gravity 2.34 2.46 221 254
Moisture content (%) 1.97 0.009 6.38  0.008
TOC (%) 1.07 2.40 203  3.69
BET surface area (m%/g)  11.02  11.02 9.19 839

collected after 24 h and analyzed for residual concentration of
fluoride. To investigate desorption of fluoride from spent ad-
sorbent, the later was treated at different pH conditions, such
as pH 3.2, 7.2, and 12.2, respectively. The resulting solution

S0V X30,000

(©

was then tested for fluoride concentration using ion-selective
fluoride electrode (Ion Meter 4Star, B36531, Thermo
Scientific, India).

Effect of different co-ions

The fluoride contaminated wastewater is usually associated
with other co-ions like nitrate, chloride, carbonate or bicarbon-
ate, and phosphate, which can compete with fluoride ions for
active binding site of adsorbent during adsorption process. In
the present study, the effects of chloride, nitrate, carbonate,
and phosphate were investigated. The solutions were prepared
from their sodium and potassium salts, and concentration of
each co-ion was varied in the range of 10-100 mg/L where the
initial fluoride concentration was maintained at 10 mg/L with

50KV X30000 100nm WD 80mm

(d)

Fig. 1 SEM micrographs of (a) natural form of MBS, (b) fluoride-loaded MBS, (¢) natural form of SBS, and (d) fluoride-loaded SBS
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Table2 EDAX Results and discussions

elemental analysis of Elements Wt.%

natural shales

MBS SBS Characterization of shale samples

¢ 26.70 71.72 Specific gravity, bulk density, moisture content, and total or-
0 43.50 18.55 ganic carbon of natural shale (MBS and SBS) and heat-
Na 0.00 0.04 activated shale (HAMBSsso and HASBSs50) have been deter-
Al 4.58 842 mined and presented in Table 1. Specific gravity is more for
Si 2.88 138 heat-activated shale than its natural form. This is obvious be-
K 0.34 0.18  cause adsorbents become more compact as occluded gases,
Fe 22.01 040 moisture, and water of hydration are lost during heat activa-

shaking speed 180 rpm, volume 50 mL, temperature 30 °C,
pH 3.2, particle size 90 p, and adsorbent dose 3.5 g.

Fig.2 EDAX spectra of fluoride- SIK
loaded (a) MBS and (a) SBS

oK

AlK,

tion process. As expected, moisture content decreases with
heat activation. Again, total organic carbon (TOC) values of
native and heat-activated shales have been found to be 1.07 %
for MBS, 2.4 % for HAMBSs3s, 2.03 % for SBS, and 3.69 %

KK
KK Fek Fek

1.00 2.00

0K
CK

3.00 4.00 5.00 6.00 7.00 &.00 5.00 ke

SiK

(b)
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for HASBSs5o, which indicates that TOC of heat-treated shale
is more than that of its native form. It can be stated that even if
some volatile organic carbon may be released during heat
treatment process, due to compaction of mass of shale, higher
value of TOC of heat-activated shale is observed. A consider-
able amount of weight loss has been observed when native
shale samples are heated in muffle furnace at 550 °C to pre-
pare the heat-activated shale. From Table 1, it is seen that
while BET surface area remains the same for both MBS
(11.02 m?%/g) and its heat-activated form (HAMBSss,
11.02 m%/g), the surface area of SBS (9.19 m*/g) is more than

Fig. 3 FTIR graph of (a) 1105

HAMBS:;s5 and (b) fluoride-

loaded HAMBS55, 100

% Transmittance

40 H

that of its heat-activated form (HASBSsso 8.39 mz/g). The
decrease in BET surface area may be attributed to the com-
paction or elimination of pores during heat activation stage.
Similar observation has been made by Wang et al. (2005)
during heat activation of fly ash and red mud. SEM micro-
graphs of shale samples (MBS, SBS) and their fluoride-loaded
forms are shown in Fig. 1a—d. From the SEM micrographs of
MBS and its fluoride-loaded form, no distinct difference in
effect of fluoride adsorption on the surface of the shale is
observed. On the other hand, a smoothening effect is observed
for fluoride-loaded SBS in comparison to its natural form.

626
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Elemental analysis obtained from EDAX study of shale sam-
ples are given in Table 2. Basically, EDAX allows localization
of elements and quantitative detection in the shale samples.
From the table, it is clear that SBS is richer in carbon content
than MBS. EDAX spectra of fluoride-loaded MBS and SBS
are shown in Fig. 2a, b. Fluoride peak in the EDAX spectra
confirms the adsorption of fluoride on shale. FTIR studies of
heat-activated shale samples (HAMBSss,, HASBSs50) with
and without fluoride loading are shown in Figs. 3 and 4, re-
spectively. FTIR graph of HAMBSss, shows three peaks at

Fig. 4 FTIR graph of (a)
HASBSss and (b) fluoride-
loaded HASBSS50

% traremittance

wave numbers of 626, 1034, and 3621 cm™ ' representing C—
Cl (strong) and —OH (strong and sharp) bonds respectively.
After being loaded with fluoride, —OH (strong and sharp)
bond disappears and the wave numbers of C—Cl (strong)
change from 626 cm™' to 619 cm ™' as evident from Fig. 3a
and b. Shale, being a mineral, is very likely to contain chloride
in its natural form. Presence of —OH bonds signifies the oc-
currence of hydroxyl group containing compounds. However,
the disappearance of —OH group after fluoride loading may be
due to the replacement of these groups by fluoride from the

1052
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inorganic materials. FTIR graph of HASBSss, (Fig. 4a) gives
four peaks at wave numbers of 718, 1032, 3410 and
3696 cm ™' representing C—Cl (strong) and —OH (strong and
sharp) bonds respectively. After being loaded with fluoride,
HASBS;s5, shows three peaks at wave numbers of 631, 1044
and 3436 cm™' shows three representing C—C1 (strong), C—F
(strong), and —OH, —H (strong and sharp) bonds, respectively
as shown in Fig 4b. XRD of MBS shows its mineralogical

compositions like montmorillonite (NaMgAISiO, (OH) H,O0;
and Si3'74 A12.03 Fe0'03 Mgo'oz'O”), kaolinite (AIZSIZOS
(OH),), siderite magnesiancalcian (Cay Mg 33F¢eq 57 (CO3)),
quartz (SiO,; hexagonal), gismondine (CaAl,Si,Og-4H,0),
sodium salicylate (CsHsNaO3), tridymite (SiO,), in the form
of characteristic peaks as already shown by Sadhu et al.
(2013). The pattern obtained from XRD study (Fig. 5a, b) of
SBS shows sharp reflection in low 26 values. It indicates the

Fig. 5 XRD patterns of (a) SBS
and (b) fluoride-loaded SBS

(a)
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P P P P P P Fig. 8 Effect of adsorbent particle size on fluoride removal by MBS and
PpH of the solution SBS

Fig. 6 Effect of initial pH of solution on fluoride removal by MBS and
SBS

presence of different minerals like kaolinite (Al;Si,05 (OH),),
huanghoite (BaCe(CO3)2 F), melilite ((Ca,Na)2(Al,Mg,Fe,)(Si,
Al),.05), cryptophyllite (K,Ca[Si;014].5H,0), gismondine
(CaA12$i208'4H20), and lemoynite ((Na,K)2CaZr28i10026,
6H,0). After treatment with fluoride, fluorite (CaF,) and
villiaumite (NaF) are found from XRD pattern analysis.

The pH,,. of MBS and SBS obtained by salt addition meth-
od have been found to be 7.5+0.1 and 8+0.2, respectively.
This indicates the presence of negatively charged surface
groups on adsorbent. Bhaumik et al. (2012) stated that adsorp-
tion of anion is favored at pH<pH,,,.. Therefore, the removal
of fluoride with shale sample should be favored at low initial
pH condition.

Removal of fluoride using shale samples

Optimization of operating parameters for removal of fluoride
using natural shale

Effect of pH on adsorption of fluoride onto shale samples has
been seen by varying it from 3 to 13. Maximum removal of
46.4 and 50.1 % has been recorded at an initial pH 3.2 for
MBS and SBS, respectively, with 10 mg/L initial concentra-
tion and 70 g/L adsorbent dose and contact time of 24 h. From
Fig. 6, it is seen that when pH increases from 3 to 9, removal

m MBS = SBS

(o)) (o2}
o o
L )

N
)
.

% Removal of Fluoride
N oW
o o
.

—_
o
L

o
I

30 50 70 100
Adsorbent dose (g/L)

Fig. 7 Effect of adsorbent dose on fluoride removal by MBS and SBS
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of fluoride decreases from 46.4 to 13 % for MBS and from
50.1 to 3.5 % for SBS. pH,,. of MBS and SBS have been
found to be 7.5 and 8.0, respectively. It is well known that
surface charge of adsorbent will become negative when pH of
the solution exceeds the value of pH,,. (Thakre et al. 2010).
Therefore, the decrease in fluoride removal at a higher pH
(pH>pH,,,c) may be attributed to the accumulation of excess
negative charges over the surface which repels fluoride ion
strongly and inhibits its adsorption on the surface. Similar
observations were made by Goswami and Purkait (2012).
On the other hand, removal was seen to increase monotonous-
ly as pH decreases below pH,;,.. This may be due to the accu-
mulation of positive ions (mainly H") on adsorbent at lower
pH values for which fluoride readily gets adsorbed on the
surface. This is in conformity with the observations made by
Srimurli et al. (1998) and Karthikeyan et al. (2005). Fluoride
removal efficiencies of MBS and SBS have been seen to in-
crease with increase in adsorbent dose. For MBS, removal
increases from 48 to 57.8 % with increase in adsorbent dose
from 30 to 100 g/L as shown in Fig. 7. When adsorbent dose is
higher than 70 g/L, the removal becomes independent of it.
For, SBS, the highest removal is observed at adsorbent dose of
70 g/L as shown in Fig. 7. Thus, 70 g/L has been chosen to be
the optimum adsorbent dose. The increase in percentage re-
moval with increase in adsorbent dose is attributed to the
increase in adsorbent sites available for the same amount of
fluoride anions. Effect of variation of size of particle on

m HAMBS = HASBS
90 - ES

% x

g

= 60

& x

=

=)

g

=]

£ 30

=4

IS

0 - T T !
350 450 550

Heat activation Temp. (C)

Fig. 9 Effect of heat activation temperature on fluoride removal by
HAMBS and HASBS
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Fig. 10 Effect of initial pH of solution on fluoride removal by
HAMBSSS() and HASBSSSO

fluoride removal has been seen by varying it from 53 to 212 n
(Fig. 8). Removal has been found to be inversely proportional
to the size of particle (Fig. 8). Maximum removal is obtained
with 90 u particle. Thus, 90-u particle is chosen for further
removal studies.

Optimization of operating parameters for removal of fluoride
using heat activated shale

HAMBS;59, HAMBS,59, HAMBSs59, HASBS35g,
HASBS,509, and HASBSs5o have been used in the removal
of fluoride to assess their adsorption capacity. Simulated fluo-
ride solution of 10 mg/L has been contacted with 70 g/L shale
samples having 90-u particle size at pH 3.2. After 24 h, sam-
ples have been collected and analyzed for residual fluoride
concentration and the results are shown in Fig. 9. From the
figure, it is clear that, HAX 550 (“X” stands for MBS and SBS)
shows the maximum fluoride removal in comparison with
HAXj550 and HAX,50 under identical condition. Since
HAXS550, 1.e., HAMBSs50 and HASBSss(, has been found to

be the most efficient, shale samples, heat activated at 550 °C,
have been used for defluoridation process; 88.3 and 88.5 %
removals of fluoride have been obtained with HAMBSs5, and
HASBS;s 5, respectively, in comparison to their natural forms
(MBS 50 % and SBS 48 %) under identical condition.
Therefore, it can be stated that the removal efficiency of nat-
ural shale samples is lower than that of their heat-activated
forms. Figure 10 embodies the effect of initial pH on the
percentage removal of fluoride from simulated solution using
HAMBSss, and HASBSss,. Figure reveals that maximum
and minimum removals have been achieved at an initial
pH 3 and pH 13, respectively, for both HAMBSsso and
HASBS;55.

Comparative study on fluoride removal using natural
and heat-activated shale

To compare the removal efficiency, natural and heat-activated
shale samples are placed in BOD shaker keeping other param-
eters constant such as size of adsorbent 90 u, wt of the adsor-
bent 70 g/L, temperature 30 °C, shaking speed 180 rpm, and
pH 3.2. Figure 11 reveals that heat-activated forms have better
fluoride removal efficacy in comparison to their natural forms.
Therefore, further studies have been made with heat-activated
shale.

Kinetic and equilibrium studies and selection of best
adsorbent

Kinetic studies have been done at different initial fluoride
concentrations in the range of 5-15 mg/L. The variations of
percentage removal with time are shown in Fig. 12a, b. It has
been observed that, with increase in initial fluoride concentra-
tions, the fluoride removal decreases. For HAMBSss,

Fig. 11 Comparative study on
fluoride removal using MBS,
SBS, HAMBS:s, and HASBSss0 90 -
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e \[BS
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Fig. 12 Variations of percentage removal of fluoride with time by (a)
HAMBSSSO and (b) HASBS550

maximum removal of 95.46 % has been seen at initial fluoride
concentration of 5 mg/L. This value decreases to 82 % at an
initial fluoride concentration of 15 mg/L. For HASBSsso,
maximum removal of 90.57 % has been seen at initial fluoride
concentration of 5 mg/L. This value decreases to 49.2 % at an
initial fluoride concentration of 15 mg/L. Decrease in removal
efficiency with increase of initial fluoride concentration is
mainly due to competition of more number of fluoride ions
for the same number of available adsorption sites. It has also
been seen that after 24 h of contact time, there is a negligible
increase in the removal of fluoride and the solution attains
equilibrium. Kinetic data have been analyzed using

Table 3  Values of kinetic parameters

Table 4  Adsorption isotherm parameters of fluoride adsorption on
HAMBSss, and HASBSss at 30°C

Adsorption  Expression Constants
isotherm
model HAMBS550 HASBS550
; 1_ 1 1 2_ 2_
Langmuir T i—re Tio R°=0.962 R°=0.955
model Gmax=0358  Grax=2.154
K=0.32 K=1.71
Freundlich  logg, = logK +1logC, R’=0994  R*=0.999
model 1/n=1.631  1/n=1
Kr=0.0843  Kp=23.76

Lagergren first-order model and Ho pseudo-second-order
model (Svilovic et al. 2010; Thakre et al. 2010), separately,
and the values of the parameters are shown in Table 3. Ho
pseudo-second-order kinetic model has been found to be
the best as evident from the values of correlation coeffi-
cients. The nature of adsorption of the adsorbate on the
adsorbent can be predicted using adsorption isotherm
models. Adsorption isotherm is generally described by
the Langmuir and Freundlich equations (Hamdi and
Sarsa 2007). Equilibrium studies have been done to deter-
mine the adsorption capacity of the adsorbent. Equilibrium
data have been analyzed using both Langmuir and
Freundlich adsorption isotherm models individually, and
the values are shown in Table 4. Equilibrium data have
been found to fit satisfactorily to Freundlich adsorption
isotherm model. Heat of adsorption is a characteristic
property of the adsorption process and more specifically
to type of adsorption and the extent of adsorption
(Bhaumik et al. 2012). In the present study, the adsorption
process has been found to be exothermic in nature having
heat of adsorption (AH) 5.104x10° J/mol as obtained
from van’t Hoff equation (Table 5). Similar observations
have been made by Bhaumik et al. (2012).

Shale  with | HAMBSss, HASBS:ss
fluoride —»
Initial Lagergren first-order model | Pseudo-second-order model | Lagergren first-order model | Pseudo-second-order
concentration | |0 q, - q,)=logq -kt o 1 t log(q, — q,)=logq—k,t model
(mg/L) q, g, t 1 t

l “de o rg’ 4

2 Qe

Parameters ki qe R? ks qe R? ki qe R? ks qe R?
5 0.256 0.037 0.944 | 0.046 7.143 0.998 | 0.173 0.231 | 0.96 9.803 0.065 | 0.984
10 0.073 0.845 0.936 | 0.399 2.326 0.985 | 0.241 0.382 | 0.871 2.208 0.141 | 0.989
15 0.099 1.256 0.902 | 0.429 1.616 0.996 | 0.068 0.343 | 0.853 0.894 0.09 | 0.98
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Table 5  Value of heat of adsorption

Temperatures (°C) Values of K Heat of adsorption
AH (J/mole)

25 0.503 ~5.104x107

30 1.710

35 1.792

It is seen that the highest removal takes place when initial
pH is 3.2. This is too low for drinking water. However, during
adsorption process, the pH increases to 6.8 for HAMBSssq
and 7.2 for HASBSss, bringing the pH of treated water within
the desirable range (Fig. 13). Mechanism for removal of
Fluoride-ion with clay or similar adsorbents has been pro-
posed by several scientists (Srimurli et al. 1998; Ma and
Eggleton 1999; Karthikeyan et al. 2005; Hamdi and Sarsa
2007, Goswami and Purkait 2012). These involve reaction
of proton in solution with hydroxyl group on surface of solid
adsorbent producing a positively charged surface species, and
aqueous fluoride ion reacts with this to produce a surface-
adsorbed fluoride and releases water, overall effect being re-
placement of hydroxyl group in shale by fluoride. Other pos-
sible paths for the same overall reaction have also been sug-
gested (Puka 2004, Thakre et al. 2010). In this work, FTIR
studies were made which definitely shows that hydroxyl
groups existed on fresh HAMBSss, and HASBSs5 and after
adsorption, fluoride ions have been detected but no hydroxyl
ion. This observation definitely agrees with the overall
scheme of the replacement of hydroxyl group by fluoride ion.

During desorption study, it was expected that since low
initial pH favors the adsorption of fluoride onto shale, desorp-
tion would occur at higher pH. However, the results do not
show the same. Adsorbed fluoride has not been recovered at
any pH condition. Therefore, it can be concluded that fluoride
once adsorbed onto shale cannot easily be leached. Again,
fitting of Ho-pseudo second-order model indicates the
Chemi-sorptive binding of fluoride ion on shale. Thus,
fluoride-loaded shale sample can safely be used in road con-
struction and any other civil works.

—4—HAMBS =—@—HASBS

pH of Solutuion

0 6 12 18 24

Time (h)

Fig. 13 Variation of pH of solution with time

e chloride carbonate  =====phosphate e=e==nitrate

90

60

30

% Removal of Fluoride

0 : — L ]
10 20 30 40 50 60 70 80 90 100
Co-ions Concentration (mg/L)

Fig. 14 Effect of other co-ions on fluoride adsorption using HASBS;s5q
as an adsorbent

Competitive effect of different co-ions

Since in ground water, major four anions such us chloride,
carbonate, nitrate and phosphate are found, during fluoride
removal study, the effect of these co-ions have been investi-
gated (Thakre et al. 2010). The removal of fluoride has been
varied from 60.2 to 91 %, from 56 to 48 %, and from 60.2 to
48 % when initial concentration of phosphate, nitrate, and
chloride have been varied individually from 10 to 100 mg/L,
respectively (Fig. 14). Initial concentration of fluoride has
been kept 10 mg/L in each of the solution. However, negligi-
ble amount of fluoride removal has been seen in the presence
of carbonate ions when initial concentration of carbonate ion
has been varied from 10 to 100 mg/L. Similar observations
have been made by Viswanathan et al. (2009). Thus, the order
of inhibitive effect of these co-ions is as follows: carbonate>
nitrate>chloride>phosphate. Interference on removal of fluo-
ride of these co-ions depends on the sorbent surfaces, concen-
tration, charge, and size of the anions (Viswanathan et al.
2009).

Conclusion

Shale, a mine waste-generated as removed overburden in coal
mines, is used in the present study to remove fluoride from
simulated solution. Two coal mines viz., Mahabir colliery and
Sonepur Bazari colliery, have been chosen for collection of
shale samples. To increase the efficacy of shale, heat activa-
tion of natural shale samples have been done at a higher tem-
perature. It is seen that the removal efficiency of natural shale
samples is lower than their heat-activated forms. FTIR study
reveals the elimination of hydroxyl ion [OH ] on fluoride-
loaded shale samples. Two reaction schemes have been pro-
posed which accounts for the elimination of hydroxyl ion
[OH ] from shale after adsorption of fluoride on it.
HAMBS;5, and HASBS;55, show maximum removal of 88.3
and 88.5 %, respectively, at initial fluoride concentration of
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10 mg/L, size of adsorbent 90 p, pH 3.2, adsorbent dose 70 g/
L, temperature 30 °C, and shaking speed 180 rpm. pH of the
simulated fluoride solution increases from 3.2 to 6.8 and 7.2
during treatment with HAMBS 55, and HASBS55, respective-
ly, making it fit for drinking purposes. Therefore, it can be
stated that heat-activated forms can efficiently be used for
fluoride removal. No desorption of fluoride from the spent
shale has taken place. Thus, fluoride-loaded spent adsorbent
can safely be used in road construction or any other civil
works. Therefore, the utilization of shale in the removal of
fluoride does not only assure the supply of safe drinking water
but also mitigate the problem of solid waste disposal.

Nomenclature

C, Initial fluoride concentration (mg/L)

C Residual liquid phase concentration of fluoride at any
time (mg/L)

C. Residual liquid phase concentration of fluoride at equi-
librium time (mg/L)

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

¢q;Solid phase concentration of fluoride at any time ¢ (mg/g)

¢ Contact time (h)

k1 Adsorption rate constant of Lagergren first-order adsorp-
tion rate equation (h™")

k, Adsorption rate constant of pseudo-second-order ad-
sorption rate equation (g mg_1 h")

¢max Maximum adsorption capacity of the adsorbent (mg/g)

K Freundlich isotherm constant [(mg/g) (L/mg)""]

K Langmuir isotherm constant (L/g)

A H Heat of adsorption (J/mol)
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