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ABSTRACT

The objective of the present research was to synthesize and characterize polyaniline/BOF
slag nanocomposite and to evaluate its fluoride removal efficiency. The surface structure of
the nanocomposite was investigated by means of XRD, TGA/DSC, SEM, and BET surface
area analysis. In addition, adsorption mechanisms were investigated by conducting batch
and making a comparative XRD analysis of fresh and exhausted nanocomposite. SEM
micrographs were obtained to study the morphology of the nanocomposite. Batch
experiments were performed to investigate effects of various experimental parameters such
as contact time, initial fluoride concentration, temperature, pH, and the presence of
competing anions. The adsorption data better fitted Langmuir adsorption isotherm.
The maximum adsorption capacity calculated from Langmuir isotherm model was up to
9.143mg/g (at 45°C). Thermodynamic study indicated an endothermic nature of adsorption
and a spontaneous and favorable process. The optimum pH for fluoride removal was
between 6 and 10. The fluoride adsorption was impeded by the presence of phosphate,
followed by bicarbonate, carbonate, sulfate, chloride, and nitrate. The fluoride removal was
probably due to chemisorption, precipitation, and surface chemical reaction with CaO
present in the basic oxygen furnace slag and through the replacement of doped ionizable
chloride ions present in polyaniline.

Keywords: Polyaniline; Fluoride; Isotherms; Thermodynamic parameters; Basic oxygen
furnace slag

1. Introduction

The prolonged intake of high concentrations of
fluoride (more than 1.5mg/L) in drinking water
causes serious health problems. The physiological
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effects of fluoride ingestion on human health have
been extensively studied. Fluoride is known to have
both beneficial and detrimental effects on human
health. The World Health Organization has set a
guidance value of 1.5mg/L for fluoride in drinking
water [1]. A small amount of the principal mineral

1944-3994/1944-3986 © 2014 Balaban Desalination Publications. All rights reserved.


mailto:mahamudur.islam@gmail.com
http://dx.doi.org/10.1080/19443994.2014.887034

M. Islam et al. | Desalination and Water Treatment 54 (2015) 450-463 451

constituent, Cas(POg4)3F, can strengthen human teeth
(specifically the enamel) and bones. However,
prolonged exposure to high level of fluoride will lead
to permanent bone/joint deformations and dental/
skeletal fluorosis [2,3]. Also it leads to the irregular
formation of collagen, which serves as a major
structural component of skin, ligaments, tendons,
muscles, cartilage, bones, and teeth. Most evidence
indicates that fluoride can interfere with DNA
synthesis [4]. The high concentrations of fluoride can
also interfere with carbohydrates, lipids, proteins,
vitamins, and mineral metabolism. Fluoride has
several mechanisms of toxicity. Ingested fluoride
initially acts locally on the intestinal mucosa. It can
form hydrofluoric acid in the stomach, which leads
to gastro-intestinal irritation or corrosive effects.
Following ingestion, the gastro-intestinal tract is the
earliest and most commonly affected organ system.
Once absorbed, fluoride binds calcium ions and may
lead to hypocalcaemia. Fluoride has direct cytotoxic
effects and interferes with a number of enzyme
systems; it disrupts oxidative phosphorylation,
glycolysis, coagulation, and neurotransmission.

Fluoride in water derives mainly from dissolution
of natural minerals in the rocks and soils with which
water interacts. High fluoride concentrations can be
built up in ground waters, which have long residence
times in the host aquifers. In affected areas, the fluo-
ride content of soils varies from less than 20 mg/L to
an occasionally high level of 3,000 mg/L [5]. Fluoride
is present in soil and rock formations in the form of
fluorapatite, fluorspar, amphiboles, and micas [6,7].
Fluoride disperses to the environment through water,
food, drugs, cosmetics, and several engineering pro-
cess such as semiconductor manufacturing, coal power
plants, glass and ceramic production, uranium refine-
ment, electroplating, rubber, fertilizer manufacturing,
and natural sources [8,9]. Fluoride is found in many
common household products, including toothpaste
(e.g. sodium monofluorophosphate), vitamins, dietary
supplements (e.g. sodium fluoride), glass-etching or
chrome-cleaning agents (e.g. ammonium bifluoride),
insecticides, and rodenticides (e.g. sodium fluoride).
Historically, most cases of fluoride toxicity have fol-
lowed accidental ingestion of insecticides or rodenti-
cides. The earliest problems associated with toxic
wastes involved those businesses manufacturing
aluminum with the resulting wastes usually being
sodium fluoride.

There are several defluoridation techniques, which
can be categorized into the following main categories
namely precipitation, membrane processes, and
ion exchange/adsorption onto various adsorbents.
Various treatment technologies based on precipitation

[3], ion exchange [10,11], adsorption [12,13], mem-
brane process, such as reverse osmosis [14,15], nanofil-
tration [16], donnan dialysis [17], electrodialysis
[18,19], and electrochemical technology, including elec-
trocoagulation, electroflotation, and electrochemical
oxidation [20], have been proposed for removal of
fluoride from water. Some researchers [21,22] have
demonstrated that electrocoagulation using aluminum
anodes is effective in defluoridation. The combined
electrocoagulation and electroflotation process is suc-
cessfully applied in treating wastewater containing
fluoride by Shen et al. [23]. Most methods for remov-
ing fluoride have drawbacks, including high initial
cost, lack of selectivity, low removal capacity, and
difficulty in operation or regeneration. Therefore,
removal through adsorption is most promising in
terms of cost of the medium, running cost, ease of
operation, adsorption capacity, potential for reuse,
number of useful cycles, and the possibility of regen-
eration [24]. Adsorption process involves the passage
of the water through a contact bed where fluoride is
removed by ion exchange, surface chemical reaction,
or physical adsorption.

Since, adsorption was found to be one of the
preferred methods for the remediation of fluoride,
over the years considerable attention has been
devoted to the development of better adsorbents.
Defluoridation by adsorption process is the cheapest,
simplest, and easy to implement for a developing
country like India [25]. Materials like coconut shell
carbon [26], activated carbon [27], activated alumina
[28], bone char [29], ion exchange resins [30],
zeolites [31], manganese dioxide-coated activated alu-
mina [32], hydrous alumina [33] and polypyrrole
[34] have been used as adsorbents. Most of these
media show low capacity and moreover the time-
scale for transferring an adsorbing species in the
internal matrix of the adsorbent (diffusion time) is
relatively large. To overcome this limitation, exten-
sive research has been focused on advance tech-
niques in material design.

Since the discovery of conducting polymers three
decades ago, a large volume of research work has
been performed associated with the physics and
chemistry of conducting polymers. Among the family
of conducting polymers, polyaniline is one of the
most useful since it is air and moisture stable in both
its doped, conducting form and in its dedoped, insu-
lating form. Polyaniline is also unique among con-
ducting polymers because it has a very simple acid/
base doping/dedoping chemistry. It has a great vari-
ety of potential applications including anticorrosive
coatings, batteries, sensors, separation membranes,
antistatic coatings, and adsorbents. The ion exchange
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capacities of conducting polymers were well under-
stood and it was found to depend on the polymeri-
zation conditions, the type and size of the dopants
incorporated during the polymerization process as
well as on the ions present in the electrolyte solution,
the polymer thickness and aging of the polymer.
Recently, conducting polymer/inorganic hybrid com-
posites have attracted more attention, because they
combine the merits of conducting polymers and inor-
ganic materials. They have unusual hybrid mechani-
cal, thermal, physical and chemical properties. They
also have large surface area, which makes the poly-
mer composite as good adsorbent as the pure poly-
mer and inorganic host.

In recent years, the management of basic oxygen
furnace (BOF) slag has become a significant issue due
to the enormous quantities generated and the associ-
ated disposal costs and constraints. BOF slag is hetero-
geneous oxide materials which are compounded by
some main oxides such as CaO, Fe,O;, SiO,, AlLO;,
and MgO. The heterogeneity of the BOF slag surface
stems from two sources, namely geometrical and
chemical. The geometrical heterogeneity (porosity) is
the result of differences in the size and shape of pores,
as well as pits, vacancies, and steps. Chemical hetero-
geneity is associated with different functional groups
at a surface, and with various surface contaminants.
Both the chemical and geometrical heterogeneities
contribute to the unique adsorptive properties of BOF
slag [35]. In other instances, conjunctive evidences
from literature have also shown that BOF slag can
help remove fluoride in wastewater. This is attributed
to the abundant calcium and aluminum ions in the
treated BOF slag, which enhance the processes of
adsorption and chemical precipitation that help to
remove fluoride from wastewater [36].

In the present research, polyaniline/BOF slag
nanocomposite was synthesized for the removal of
fluoride from aqueous solution. However, an in-depth
understanding of the mechanisms and characteristics
of fluoride adsorption by the polyaniline/BOF slag
nanocomposite is crucial to its effective utilization as
an adsorbent material. Therefore, the objective of this
research was to synthesize, characterize, and to study
the feasibility of using polyaniline/BOF slag nanocom-
posite as an adsorbent for the removal of fluoride
from aqueous solution. The surface structure of the
material was investigated by means of XRD, TGA/
DSC, SEM, BET surface area analysis, etc. The
adsorption characteristics of polyaniline/BOF slag
nanocomposite for fluoride removal from aqueous
solutions were evaluated in batch adsorption
experiments.

2. Materials and methods
2.1. Chemicals used

Anilinium  hydrochloride = and  ammonium
peroxydisulfate (oxidant) used were of analytical
grade and were purchased from Merck. All solvents
used were of analytical grade and were freshly
distilled before use. The standard fluoride solutions
with different concentrations were prepared by serial
dilution of NaF stock solution (1,000mg/L). The
measuring cylinder, volumetric flask, conical flask,
and other glassware used were of Borosil.

2.2. Collection and processing of BOF slag

BOF slag used in the present research was gener-
ated from the local iron and steel plant with 2years
setting time. These samples were ground to powder
by ball mill. The powdered sample was sieved to
<150 pm and then the BOF slag was thermally treated
at a temperature of 1,000°C for 24 h before the polyani-
line/BOF slag nanocomposite was synthesized.

2.3. Preparation of polyaniline/BOF slag nanocomposite

Polyaniline/BOF slag nanocomposite was synthe-
sized using anilinium hydrochloride, ammonium per-
oxydisulfate and treated BOF slag. 2.59 g of anilinium
hydrochloride and 2 g of treated BOF (Thermally trea-
ted at a temperature of 1,000°C for 24 h) slag were dis-
persed in 50mL of distilled water in a volumetric
flask. 5.71g of ammonium peroxydisulfate was dis-
solved in 50 mL of distilled water. Both solutions/sus-
pensions were kept for 1h at room temperature
(25°C), then mixed in a beaker and was allowed to
react for 24h at 25°C in the presence of ultrasonica-
tion. Next day, the resultant colloidal dispersion of
polyaniline/BOF slag nanocomposite was ultracentri-
fuged at 40,000 rpm for 30 min, and separated as deep
green sediments. The sediments were rinsed several
times with distilled water and finally with acetone.
Finally, the product was dried in an oven at 60°C for
24 h.

2.4. Characterization of polyaniline/BOF slag
nanocomposite

Elemental, physical, and chemical analyses of the
BOF slag were carried out using inductively coupled
plasma-atomic  emission spectrometer (ICP-AES,
IRIS Advantage). Scanning electron micrographs of
the sample were obtained by JEOL JSM—6480LV
scanning electron microscope. Energy dispersive X-ray
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spectroscopy (EDS or EDX) is an analytical technique
which utilizes X-rays that are emitted from the speci-
men when bombarded by the electron beam. This
technique was used for the elemental analysis. BET
(Brunauer Emmett Teller) surface area of the sample
was measured at liquid nitrogen temperature using
BET surface area analyzer (QUANTACHROME
Autosorb I). Powder XRD (X-ray Diffraction) of the
material was obtained using PHILLIPS X'PERT X-ray
diffractometer with Cu-Ko radiation (35kV and 30
mA) at a scan rate of 1°/min and was analyzed using
standard software provided with the instrument.
Thermogravimetric analysis and differential scanning
calorimetry (TGA/DSC) were carried out using
NETZSCH STA 409C. Thirty milligrams of the sample
was used and alumina was used as reference. TGA
and DSC curves were obtained from 25 to 650°C at a
rate of 10°C/min.

2.5. Fluoride measurement

Fluoride was estimated by Orion ion selective elec-
trode and Orion 720 A +ion analyzer. Total ionic
strength adjusting buffer (TISAB—III) solution was
added to both samples and standards in the ratio 1:10.
TISAB—III contains 300g CcHsNazO72H,O, (FW =
294.10), 22g of 1,2-Cyclohexanediamine-N,N,N",N”
-tetraaceticacid (CDTA), and 60 g of NaCl in a volume
of 1,000mL (pH: 5-5.5). TISAB—III solution regulates
the ionic strength of samples and standard solutions,
adjusts the pH, and also avoid interferences by poly-
valent cations such as Al(III), Fe(Ill), and Si(IV), which
are able to complex or precipitates with fluoride and
reduces the free fluoride concentration in the solution.
CDTA forms stable complexes with polyvalent metal
cations (e.g. AI(III), Fe(Ill), and Si(IV)) which are more
stable than metal-fluoride complexes (AIFs>, FeFs™,
etc.) in solution. The CDTA preferentially complexes
with polyvalent cations present in water and/or aque-
ous solution (e.g. Si**, AI’*, and Fe’"). Sodium citrate
in TISAB—III is a complexing agent. It forms com-
plexes with aluminum, iron, magnesium, silicates, etc.
and reduces the interference due to aluminum, iron,
magnesium, silicates, etc. The electrode is selective for
the fluoride ion over other common anions by several
orders of magnitude.

2.6. Batch experiments

The batch experiments to study the removal of
fluoride from solution were carried out by treating
100mL of fluoride solution in 250-mL conical flask
with 0.4g of the adsorbent. The conical flasks were

immersed in a shaking water bath at predetermined
temperatures (25, 35, and 45°C). The shaker speed was
controlled at 400 rpm. After a predetermined contact
time, the aqueous samples in each bottle were dec-
anted and centrifuged at 4,500 rpm for 5 min, and then
filtered through a 0.45um cellulose acetate filter. The
supernatant liquid was analyzed for total dissolved
fluoride.

The effect of contact time (5min — 8h) was exam-
ined at 25 and 45°C with initial fluoride concentration
at 10mg/L. Adsorption isotherm studies were con-
ducted by varying initial fluoride concentrations (1, 5,
10, 15, 20, 25, 30, 35, 40, 45, and 50 mg/L) at different
temperatures (i.e. 25, 35, and 45°C). The effect of pH
of the solution was investigated by adjusting the solu-
tion at different pH (2.2 to 9.5) using 0.05M HCI and
0.05 M NaOH solutions with an initial fluoride concen-
tration of 10mg/L. To determine the effect of other
competitive anions on fluoride adsorption, batch
experiments were performed using solutions of 10
mg/L fluoride containing 20 to 160mg/L of phos-
phate (PO3"), bicarbonate (HCOj3), carbonate (CO3"),
sulfate (SOZ’), chloride (CI"), and nitrate (NOj) sepa-
rately. After a 1h contact time at ambient temperature,
the suspension was filtered through a 0.45um cellu-
lose acetate filter and analyzed for total fluoride.

2.7. Desorption experiments

The reusability of used polyaniline/BOF slag nano-
composite samples mainly depends on the ease with
which fluoride gets desorbed from loaded adsorbent
samples. Desorption study was carried out by treating
100 mL NaF solution of 1, 5, and 10mg/L with 0.4 g
of polyaniline/BOF slag nanocomposite and was kept
for a contact time of 24h. The contents of the flask
was filtered and separated. The exhausted adsorbent
was retreated with 100 mL of distilled water main-
tained at pH 2-12 and was kept for a contact time of
24h. The residual fluoride concentration was mea-
sured.

3. Result and discussion

3.1. Characterization of BOF slag and polyaniline/BOF slag
nanocomposite

The principal chemical compositions of the BOF
slag are shown in Table 1. The BOF slag consisted
mainly of CaO, Fe,O;, SiO,, AlL,O; FeO, and MgO
(more than 90% by mass). It is evident from Table 2
that for ball-milled BOF slag, density, surface area,
and total porosity increased. This could be regarded
as effect of mechanochemistry while BOF slag was
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being ground. On the other hand, thermal activation
leaded to show BOF slag more porous and bigger sur-
face areas than thermally untreated BOF slag, while
density of materials decreased. Percentage removal of
fluoride (10mg/L, 25°C, and 0.4 g/100 mL adsorbent
dose) was higher for thermally activated BOF slag and
hence thermally activated BOF slag was taken for the
synthesis of polyaniline/BOF slag nanocomposite. The
specific surface area, total porosity, and percentage
fluoride removal of polyaniline/BOF slag nanocom-
posite was higher than that of treated (milled & ther-
mally treated) BOF slag.

The SEM (Scanning Electron Microscopy) images
of thermally treated BOF slag and polyaniline/BOF
slag nanocomposite before and after adsorption of
fluoride ions are shown in Fig. 1(a)-(c). Fig. 1(a)
corresponds to thermally treated BOF slag. It is
evident from the figure that by milling followed by
thermal activation, more and more pores were
exposed, and it was predicted that these pores would
exhibit positive effect on adsorption. Milling and
thermal activation leaded to an increase in porosity
and volume. Fig. 1(b) corresponds to polyaniline/BOF
slag nanocomposite before adsorption. In the image,
polymers are seen as spongy-like structures and BOF
slag as crystalline particles.

Fig. 1(c) shows SEM image of polyaniline/BOF
slag nanocomposite after fluoride adsorption. Energy
dispersive X-ray spectroscopy (EDS or EDX) of the
bright spots on the crystalline particles were obtained.
The result indicated the presence of fluoride ions on
the surface of polyaniline/BOF slag nanocomposite.
This may be due to the adsorption of fluoride ions on
the surface of the nanocomposite. It is also evident
from SEM micrographs that most of the particles were
within the size of 25 nm (0.025 pm).

The XRD (X-ray Diffraction) studies of treated BOF
slag, polyaniline/BOF slag nanocomposite, and
fluoride-adsorbed polyaniline/BOF slag nanocompos-
ite are shown in Fig. 2(a)-(c). Fig. 2(a) and (b)
corresponds to treated BOF slag and polyaniline/BOF

Table 1
Chemical composition of original BOF slag

Chemical composition Content (%)

Silica (as SiO,) 13.8
Calcium (as CaO) 46.5
Iron (as Fe,O3 and FeO) 16.7
Magnesium (as MgO) 7.4
Alumina (as Al,O3) 6.6
H,0 at 105°C 1.2
H,0O at 950°C 2.3

slag nanocomposite, respectively. Fig. 1(a) shows
sharp peaks and hence the treated BOF slag was well
crystalline in nature. It is evident from Fig. 2(a) and
(b) that the major minor products were RO phase
(R — Divalent metal & RO — Divalent metal oxides),
calcium oxide, dicalcium silicate, and tricalcium sili-
cate. Fig. 2(c) corresponds to fluoride-adsorbed poly-
aniline/BOF slag nanocomposite. Phases of calcium
fluoride were found in addition to the phases of metal
oxides. So, the formation of insoluble calcium fluoride
may be considered as one of the mechanisms of fluo-
ride removal.

The FTIR (Fourier transform infrared spectroscopy)
spectra of the polyaniline/BOF slag nanocomposite
before and after adsorption with fluoride ions are
shown in Fig. 3. The FTIR spectrum of the polyaniline/
BOF slag nanocomposite demonstrated six principal
absorptions at 1,591, 1,506, 1,305, 1,211, 1,146, and
832 cm™! [37]. The peaks at 1,591 and 1,506 cm™! are
assigned to C—C ring stretching vibrations. The peaks at
1,305 and 1,211 cm ™! correspond to N-H bending and
the symmetric component of the C-C (or C-N) stretch-
ing modes. The bands at 1,146 and 832 cm ! can be
attributed to the in-plane and out-of-plane C-H bend-
ing modes, respectively [38]. The band characteristic of
conducting form is observed at 1,211 cm ~' [39]. It has
been interpreted as originating from bi-polaron
structure, related to C-N stretching vibration. The peak
at 1591 cm™" confirms the presence of conducting imine
function. The C—Cl stretching peak arises in the region
590-700 cm™' [37]. These results confirm the presence
of conducting polyaniline moieties in the polyaniline/
BOF slag nanocomposite. The polyaniline component in
the nanocomposite after adsorption showed peaks at
1,595, 1,512, 1,308, 1,245, 1,148 and 835cm ' [37]. The
peaks at 1,595 and 1,512 cm ™" are assigned to C-C ring
stretching vibrations. The peaks at 1,308 and 1,245 cm ™
correspond to N-H bending and the symmetric compo-
nent of the C-C (or C-N) stretching modes. The bands
at 1,148 and 835cm™" can be attributed to the in-plane
and out-of-plane C-H bending modes, respectively
[38]. It is interesting to note that all peak positions are
shifted towards higher value in case of the polyaniline/
BOF nanocomposites after adsorption with fluoride
ions. It is well known that the skeletal vibration, which
involves the delocalized n electrons, is affected by the
doping ions of the polymer [40]. This indicates that
the more electronegative fluoride ions are adsorbed on
the surface of the polyaniline/BOF nanocomposites by
replacing doped chloride ions.

The thermal stability of polyaniline/BOF slag
nanocomposite in air was investigated using thermo-
gravimetric analysis (TGA) and differential scanning
calorimetry (DSC), as shown in Fig. 4. The DSC curve
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Table 2
Physical properties of BOF slag and polyaniline/BOF slag nanocomposite
Original BOF BOF slag treated by = Thermally activated Polyaniline/BOF slag
Physical properties slag milling BOF slag composite
Density (mg/cm?) 3.23 3.42 2.76 211
Specific surface (m?®/g) 5.62 16.75 40.89 73.82
Total porosity (%) 9.74 12.23 17.89 33.28
Fluoride removal of phosphate 66 68 71 85

(10mg/L) %

of the polyaniline/BOF slag nanocomposite reveled
that the process was endothermic up to the
temperature of 178.3°C and then the process becomes
exothermic after 178.3°C. The 5.8% weight loss (from
TGA) around 178.3°C may be attributed to the water
content. The weight loss around 490°C can be assigned
to the thermal degradation and complete decomposi-
tion of polyaniline in the nanocomposite. The strong
exothermic peaks around 490°C were observed in the
DSC curve due to thermal degradation and complete
decomposition of polyaniline in the nanocomposite.
The temperature ranges of the exothermic peaks in the
DSC curve fit well with those of weight loss in the
TGA curve.

3.2. Batch experiments
3.2.1. Effect of contact time

The fluoride adsorption kinetic study was carried
out with adsorbent dosage of 4 g/L and initial fluoride
concentration of 10 mg/L at 25 and 45°C, respectively.
Results are shown in Fig. 5. The figure demonstrates
that adsorbed fluoride significantly increased with an
increase in contact time. The adsorption rate was
rapid in the initial stage (5-10min) and later on it
gradually slowed down. The slower adsorption was
likely due to the decrease in adsorption sites on the
surface of the nanocomposite [41]. About 58% of fluo-
ride was removed in 10 min at 45°C, while only 43%
at 25°C. Fluoride concentration was relatively constant
at contact times >35min. The kinetic data shows that
fluoride removal mainly occurred within 35 min and
there was no significant change in residual fluoride
concentrations after this time up to 8 h. This suggests
that equilibrium of fluoride adsorption was roughly
attained within 35 min.

Results also reveal that the uptake rates of fluoride
increased with increase in temperature. Other investi-
gators also reported that the fluoride removal rate and
the capacity of the adsorbents increased with increase
in temperature [10-13].

3.2.2. Adsorption kinetics

An appropriate kinetic model is often used for
quantifying the changes in adsorption with time.
Pseudo-first-order equation was employed to analyze
the kinetic data since it allows evaluating effective
adsorption capacity and the rate constant of the
kinetic model without any parameters beforehand
[42,43]. The pseudo-first-order Lagergren equation is
shown in Eq. (1).

log (7 — 7) = log g  Kq ( M

2.303)

where g is the amount of fluoride adsorbed at time ¢
(mg/g), ge is the amount of fluoride adsorbed at
equilibrium (mg/g), and K; is the equilibrium rate
constant of pseudo-first-order adsorption.

The plot of log (ge — g) vs. t (contact time) is shown
in Fig. 6. The straight line plots of log (7. — q) against ¢
indicate the validity of Lagergren rate equation of
first-order kinetics. K;, g, and correlation coefficients
R? values under different conditions were calculated
from these plots and are given in Table 3. High corre-
lation coefficients (R?>0.99) were observed for all fits,
which indicates that the adsorption reaction could be
approximated with a pseudo-first-order kinetic model.
It suggests that the overall rate of the fluoride adsorp-
tion process should be controlled by the chemical pro-
cess in accordance with the pseudo-first-order reaction
mechanism.

3.2.3. Webber and Morris model

The use of the intraparticle diffusion model has
been greatly explored to analyze nature of the

rate-controlling step, which 1is represented by
Eq. (2) [44].
q = Kt'/? 2)
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Fig. 1. SEM micrographs (magnification 150,000%).

where “K,” is intraparticle diffusion rate constant and
“t” is the contact time. According to this model, if the
adsorption of solute is controlled by the intraparticle
diffusion process, a plot of solute adsorbed against
square root of contact time should yield a straight line
passing through origin. The Weber and Morris plot of
fluoride adsorption on polyaniline/BOF slag
nanocomposite is shown in Fig. 7. It is evident from
the figure that the plot of solute adsorbed against
square root of contact time was a straight line, but not
passing through origin. Straight lines with correlation
coefficients (R?) > 0.98 indicate that, the initial phase of

the removal process may be controlled by the
intraparticle diffusion. The greater diffusion rate in
the early stage is attributed to higher fluoride
concentration and available vacant sites at interior
surfaces. Afterwards, the intraparticle diffusion began
to slow down due to the low fluoride concentration in
solution [42]. The diffusion resistance also increased
with the increase in the interior adsorption, which led
to a decrease in diffusion rate [43]. The intraparticle
diffusion rate was obtained from the slope of the
steep-sloped portion (Initial 30 min) (Table 3). The
diffusion rate for fluoride at 25°C was greater than
that at 45°C, indicating that fluoride was more easily
diffused and transported into adsorbent pores at low
temperature.

3.2.4. Effect of initial fluoride concentration and
adsorption isotherms

Effect of initial fluoride concentration on fluoride
adsorption was investigated at initial fluoride concen-
trations between 1 and 50mg/L at 25, 35, and 45°C.
The fluoride loadings on the adsorbent (g.) were cal-
culated from the equilibrium fluoride concentrations
(Ce). The adsorption loadings varied in the ranges of
0.79-9.12, 0.88-9.43, and 0.97-9.98 mg/g at 25, 35, and
45°C, respectively. It indicates that fluoride adsorption
increased with the increase in temperature. The
adsorption isotherm data (g. vs. C.) were fitted to
Langmuir and Freundlich adsorption isotherm models
(Egs. (3) and (4), respectively). Langmuir isotherm
model assumes a monolayer surface coverage limiting
the adsorption due to the surface saturation [3,44],
while Freundlich isotherm model is an empirical
model allowing for multilayer adsorption [9].

1 1 1
— = +— (3)
ge  gobCe ~ qo
log ge = log K¢ + nlog C. @)

where C, is the equilibrium fluoride concentration in
the solution (mg/L), g. is the amount adsorbed on the
adsorbent at equilibrium (mg/g), go is the maximum
adsorption capacity (mg/g), b is a constant related to
the adsorption energy (L/mg), K; is the Freundlich
constant denoting the adsorption capacity of the
adsorbent [(mg/g)(L/mg)"], and n is the adsorption
intensity parameter. Values of 0.1<n<1 show favor-
able adsorption of fluoride onto adsorbents.

All the adsorption data obtained were fitted to
both the models as shown in Fig. 8(a) and (b). It was
observed that the correlation coefficients for Langmuir
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Fig. 2. XRD pattern of (a) milled and thermally activated BOF slag, (b) polyaniline/BOF slag nanocomposite and (c)

fluoride-adsorbed polyaniline/BOF slag nanocomposite.
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Fig. 3. FTIR spectrum of (a) polyaniline/BOF slag

nanocomposite and (b) fluoride-adsorbed polyaniline/BOF
slag nanocomposite.

isotherm model (R*=0.99) were a little higher
compared to those for Freundlich (R*=0.98) (Table 4).
Therefore, Langmuir isotherm yielded better fit to
the experimental data with regard to fluoride
adsorption on polyaniline/BOF slag nanocomposite at
temperatures of 25, 35, and 45°C. These facts suggest
that fluoride was adsorbed in the form of monolayer
coverage on the surface of the adsorbent.

The values of maximum adsorption capacity (qo)
and Langmuir constant (b) were evaluated from the
intercept and slope of the Langmuir plots, and are

100 ~
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98 | L 06
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Fig. 4. Thermogravimetric analysis and differential
scanning calorimetry of polyaniline/BOG slag nanocom-
posite up to 650°C.

given in Table 4. Results show the maximum amount
of fluoride was removed at 45°C, followed by, at 35,
and 25°C. It demonstrates that adsorption capacity
increased with an increase in reaction temperature.
The values of K¢ and n were obtained from the slope
and intercept of the linear Freundlich plots and listed
in Table 4. The Ky indicating the adsorption capacity
of the adsorbent increased with an increase in
reaction temperature, which is consistent with the
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Fig. 5. Effect of contact time on fluoride adsorption on
polyaniline/BOF slag nanocomposite (initial fluoride
concentration = 10 mg/L and adsorbent dosage=4g/L).
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Fig. 6. Plot of Lagergren’s pseudo-first-order rate equation
for fluoride adsorption on polyaniline/BOF slag nanocom-
posite at 25 and 45°C.

results of Langmuir model. The calculated # lies in the
range between 0.32 and 0.37, denoting favorable
adsorption of fluoride onto polyaniline/BOF slag
nanocomposite.

It is known that the Langmuir and Freundlich
adsorption isotherm constant do not give any idea

Table 3

2.2 1

1.8
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0.8 |
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Fig. 7. Plot of Webber and Morris diffusion rate equation
for fluoride adsorption on polyaniline/BOF slag
nanocomposite at 25 and 45°C.

about the adsorption mechanism. In order to under-
stand the adsorption type, equilibrium data were
tested with Dubinin—Radushkevich isotherm. The lin-
earized D.R. equation is represented by Eq. (5)
[3,9,44];

In g. = In g, — Ké? ®)

where ¢ is polanyi potential, and is equal to RT In
(1+1/Cy), ge is the amount of fluoride adsorbed per
unit mass of adsorbent, g,, is the theoretical adsorp-
tion capacity, C, is the equilibrium concentration of
fluoride, K is the constant related to adsorption
energy, R is universal gas constant, and T is the
temperature in Kelvin. Fig. 8(c) shows the plot of In g,
against &%, which was almost linear with correlation
coefficients, R?=0.978. D.R. isotherm constants K and
gm were calculated from the slope and intercept of the
plot, respectively. The values of K were found to be
2.185x1072, 2.035x 1072, and 1.958 x 10 > mol*kJ 2 and
those of g, were 5512, 5.624, and 5.765mg/g at 25,
35, and 45°C, respectively. The mean free energy of
adsorption (E) was calculated from the constant K
using Eq. (6) [3,9,44].

Rate constants (K;) obtained from Lagergren rate equation and intraparticle diffusion rate constants obtained from Weber
—Morris equation for adsorption of fluoride on polyaniline/BOF slag nanocomposite at different temperatures

Lagergren rate equation

Weber—Morris equation

Rate constant in min ™!

Rate of pore diffusion

Temperature Slope  Intercept (Kj) R? Slope Intercept (kp) R?
25°C —0.0226 0.201 0.061 0996 0.585 —0.384 0.585 0.991
45°C -0.0286 0.296 0.065 0.998 0.484 0.269 0.484 0.986
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Fig. 8. Langmuir, Freundlich, and DR adsorption

isotherms for fluoride adsorption on polyaniline/BOF slag
nanocomposite.

E = (2K)"/? 6)

E is defined as the free energy change when 1 mol of
ion is transferred to the surface of the solid from
infinity in solution. The values of E were found to be
15.127, 15.674, and 15.980 kjmol ' at 25, 35, and 45°C
respectively. The value of E is very useful in
predicting the type of adsorption. If the value of E is
less than 8 kJmol ™', then the adsorption is physical in

nature and if it is in between 8-16 k]rnol_l, then the
adsorption is due to exchange of ions [3,9,44]. The
values found in the present study were in between
8-16 kJmol . So, the adsorption can be best explained
as ion exchange process.

3.2.5. Thermodynamic study

To evaluate the thermodynamic feasibility and to
confirm the nature of the adsorption process, three
basic thermodynamic parameters, standard free
energy (AG®), standard enthalpy (AH®), and standard
entropy (AS®) were calculated using the following
equations (Egs. (7)—(9)).

AG° = —RT In (%) @)
AH°

Inb=1Inby— RT ()]

AG° = AH® — TAS°® )

where b is Langmuir constant which is related to the
energy of adsorption, by is a constant, R is the
universal gas constant (8.314]J/(molK)), and T is
the temperature in Kelvin (K). Calculated values of
the thermodynamic parameters AG°, AH®, and AS® are
given Table 5. The negative AG® values indicate the
adsorption process was spontaneous. The value of
AH® for fluoride adsorption was 33.164k]/mol,
suggesting that the interaction between fluoride and
polyaniline/BOF slag nanocomposite was endothermic
in nature. Hence, it can be concluded that the nature
of fluoride adsorption was chemical (ion exchange),
which is in accordance with the results of kinetic
study. The decrease in AG® with the rise in tempera-
ture shows an increase in feasibility of adsorption at
higher temperatures. The positive AS® values indicate
some structural changes in adsorbate and adsorbent
during adsorption reaction.

3.2.6. Effect of pH

pH is an important parameter which influences
most of the solid/liquid adsorption processes.
Fluoride adsorption behavior of polyaniline/BOF slag
nanocomposite was explored under different pH
conditions to understand the fluoride removal
mechanism and to determine the pH region of
maximum performance of the nanomaterial. Results
are shown in Fig. 9. It is evident from the figure that
the percentage removal of fluoride by polyaniline/
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Table 4
Langmuir and Freundlich constants for fluoride adsorption on polyaniline/BOF slag nanocomposite at different
temperatures

Langmuir constants Freundlich constants
Temperature qo (mg/g) b (L/mg) n K; (mg/g)(L/mg)" R?
25°C 5.438 0.742 0.997 0.370 0.148 0.985
35C 7.532 0.645 0.998 0.368 0.225 0.983
45°C 9.143 0.318 0.996 0.325 0.367 0.982

BOF slag nanocomposite increased sharply from 21 to
86%, for an increase in equilibrium pH from 2.2 to 7.1
and then there was a slight decrease in the percentage
removal, from 86 to 78%, with increase in pH from 7.1
to 9.5. Such a trend has been reported for several
sorbent—fluoride sorption systems [45,46]. In the low
pH region, the low fluoride uptake is due to the
reduced availability of CaO (in polyaniline/BOF slag
nanocomposite), which is one of the major constituent
responsible for the removal of fluoride, while the
slight reduction at high pH may result from
competitive interaction with hydroxyl ions and
electrostatic repulsion between some deprotonated
active sites and fluoride. This is also attributed to the
fact that a higher pH value causes the surface to carry
more negative charges and thus would more
significantly repel the negatively charged species in
solution. Therefore, the slight decrease in adsorption
of fluoride at higher pH values resulted from an
increased repulsion between the more negatively
charged F species and negatively charged surface
sites. The values of zeta potential of polyaniline/BOF
slag nanocomposite were measured and results are
given in Fig. 10. The measured zeta potential shows
the variation of surface charge from+14.7 to —33.1
and +16.1 to —31.5mV, corresponding to a pH change
from 2 to 12, at 0.01M and 0.001M NaCl solution,
respectively. The point of zero charge (pH,.) value of
polyaniline/BOF slag nanocomposite was found to be
7.1.

Table 5

Thermodynamic parameters for fluoride adsorption on
polyaniline/BOF slag nanocomposite at different tempera-
tures

AG” (KJ/ AH" (KJ/ AS*® (J/(mol
Temperature mol) mol) K))
25°C —0.740 113.772
35C -1.124 33.164 111.325
45°C —-3.033 113.826

Overall, results suggest that the nanocomposite is
more effective in the near neutral and alkaline pH
range. The pH of drinking water normally ranges
from 6.5 to 85 and hence the nanocomposite is
expected to perform optimally in drinking water
defluoridation. For wastewater, pH adjustment may
be required for optimal performance.

3.2.7. Effect of competitive ions

Drinking water and wastewater contains many
competitive anions. Therefore, it was thought
worthwhile to study the effect of competitive ions like
phosphate, bicarbonate, carbonate, sulfate, chloride,
and nitrate on the adsorption of fluoride. Varying con-
centration of these solutions was prepared from their
sodium/potassium salts. The initial concentration of
fluoride was fixed at 10mg/L, while the initial con-
centration of other anions varied from 20 to 160 mg/L.
The result of the study is given in Fig. 11. It is clear
from the figure that the presence of these anions

100
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40
30

Percentage removal

20

10

pH

Fig. 9. Effect of equilibrium pH on fluoride adsorption
onto polyaniline/BOF slag nanocomposite (initial fluoride
concentration =10 mg/L, temperature =25°C, contact time
=35 min, and adsorbent dosage=4g/L).
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Fig. 10. Zeta potential of polyaniline/BOF slag nanocom-
posite as a function of pH using 0.01 M NaCl and 0.001 M
NaCl as supporting electrolyte.

reduced the adsorption of fluoride appreciably. It is
evident from the figure that the percentage removal of
fluoride decreased gradually with increase in concen-
tration of these anions. The anions reduced the fluo-
ride adsorption in the order, phosphate > bicarbonate
> carbonate > sulfate > chloride > nitrate. These results
were in well agreement with those reported in
literatures [47].

3.2.8. Desorption study

The result of the study is presented in Table 6.
Desorption of the adsorbed fluoride at different pH
was less than 4% for initial concentration of 1mg/L,
5mg/L, and 10mg/L. It is evident from the low
desorption values that the adsorption of fluoride onto
polyaniline/BOF slag nanocomposite was chemical in
nature. Chemisorption exhibits poor desorption, it
may be due to the fact that in chemisorption the
adsorbate species are held firmly to the adsorbent
with comparatively stronger bonds. It is also evident
from the table that there was slight decrease in per-
centage desorption with increase in pH. This may be
due to the fact that, in acidic medium, CaF, so formed
reacts with the acid to form calcium salt of the acid
and liberate HF resulting in fluoride desorption.

Table 6

100
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—e— Chloride
90 —e— Sulphate

—x— Carbonate
—x— Bicarbonate
—a— Phosphate

85

80

75

70

Percentage removal

65

60

55

50
0 20 40 60 80 100 120 140 160 180

Initial anion concentration in mg/L

Fig. 11. Effect of presence of anions on fluoride adsorption
(initial fluoride concentration=10mg/L, temperature =
25°C, contact time =35 min, and adsorbent dosage =4 g/L).

3.3. Mechanism of fluoride removal

The mechanism of fluoride ion removal by the
nanocomposite involves the interaction of fluoride
ions with both the polyaniline and BOF slag moieties.
It is well established that the removal of fluoride ions
by BOF slag occurs due to the precipitation reaction,
due to the formation of calcium fluoride. When the
nanocomposite is added to water, CaO present is con-
verted into calcium hydroxide. A part of which goes
into the solution and the remaining is left as solid.
The portion which goes into solution reacts with F~ to
form CaF,, which is insoluble and is left as precipitate.
The major portion of calcium hydroxide does not go
into solution. So, there is removal of fluoride by sur-
face chemical reaction or ion exchange, in which
hydroxide ions of calcium hydroxide are replaced by
fluoride ions with the formation of CaF,. Both of the
above process can be represented by the following
reaction (Eq. (10)).

Ca(OH), + 2F~ — CaFy(s) + 20H" (10)

This was further confirmed by the XRD analysis of
polyaniline/BOF slag nanocomposite, before and after

Percentage desorption of fluoride at pH (pH of 2, 4, 6, 8, 10, and 12) by polyaniline/BOF slag nanocomposite

Percentage desorption

Initial concentration pH 2 pH 4 pH6 pH 8 pH 10 pH 12
1mg/L 3.646 3.444 3.242 2.933 2.635 2.424
5mg/L 3.732 3.661 3.448 3.344 3.181 2.997
10mg/L 3.798 3.755 3.722 3.615 3.346 3.117
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the adsorption process (Fig. 2). The polyaniline/BOF
slag nanocomposite, before adsorption, mainly con-
tained the phases of calcium oxide. But the material
retrieved after adsorption contained phases of calcium
fluoride.

In the case of polyaniline which is employed in the
form of chloride ion-doped polymer, fluoride ions
were removed from aqueous solution through the
replacement of doped ionisable chloride ions present
in it, i.e. by ion exchange mechanism [34] as repre-
sented by Eq. (11). Therefore, in the present study,
removal of fluoride ions by the polyaniline/BOF slag
nanocomposite is a combination of mechanisms fol-
lowed by constituents present in it.

- Cr

+ F

ioVepsog

Y

4. Conclusion

The present research investigated the evaluation of
fluoride removal efficiency by polyaniline/BOF slag
nanocomposite. BOF slag consisted mainly of CaO,
Fe,O3, Si0,, Al,Os, FeO, and MgO (more than 90% by
mass). Fluoride removal efficiency was evaluated by
studying the effect of various parameters. Fluoride
adsorption onto polyaniline/BOF slag nanocomposite
significantly increased with an increase in contact
time. The adsorption rate was fast at the initial stage,
followed by a slower rate, which well fitted the
Lagergren first-order kinetic model. Equilibrium was
established within 35min. Temperature played an
important role in the fluoride adsorption kinetics. At
higher temperature, fluoride exhibited greater removal
rates. The adsorption closely followed Langmuir
adsorption isotherm at different temperatures.
Thermodynamic study indicated that fluoride
adsorption onto polyaniline/BOF slag nanocomposite
was an endothermic process. The adsorption was
spontaneous and favorable at the temperatures
investigated. Fluoride removal was greatly affected by

the initial pH of the solution. The fluoride adsorption
was impeded by the presence of phosphate, followed
by Dbicarbonate, carbonate, sulfate, chloride, and
nitrate. The fluoride removal was probably due to
chemisorption, precipitation, and surface chemical
reaction with CaO present in the BOF slag and
through the replacement of doped ionisable chloride
ions present in polyaniline.
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