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Abstract The present work highlighted the effective
application of banana peel dust (BPD) for removal of
fluoride (F™) from aqueous solution. The effects of oper-
ating parameters such as pH, initial concentration, adsor-
bent dose, contact time, agitation speed and temperature
were analysed using response surface methodology. The
significance of independent variables and their interactions
were tested by the analysis of variance and ¢ test statistics.
Experimental results revealed that BPD has higher F~
adsorption capacity (17.43, 26.31 and 39.5 mg/g). Fluoride
adsorption kinetics followed pseudo-second-order model
with high correlation of coefficient value (0.998). On the
other hand, thermodynamic data suggest that adsorption is
favoured at lower temperature, exothermic in nature and
enthalpy driven. The adsorbents were characterised
through scanning electron microscope, Fourier transform
infrared spectroscopy and point of zero charges (pHzpc)
ranges from pH 6.2-8.2. Finally, error analysis clearly
demonstrates that all three adsorbents are well fitted with
Langmuir isotherm compared to the other isotherm models.
The reusable properties of the material support further
development for commercial application purpose.
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Introduction

Fluorine is the most electronegative element and belongs to
halogen group with atomic weight 19 and atomic number
9. It exists as a diatomic molecule with remarkably low
dissociation energy (38 kcal/mol). Fluoride is a persistent
and non-biodegradable pollutant that accumulates in soil,
plants, wildlife and human beings (Tomar and Kumar
2013). In soil fluoride presents as earth crust (0.6-0.9 %)
commonly associated with volcanic activity and gases. It is
also present in water and air. However, in air not large
quantities but an average concentration of fluoride
0.5 pg/m3) is found in the air (WHO 2004). Several
fluoride-containing minerals such as topaz, fluorite, fluor-
apatite, cryolite, phosphorite, theorapatite, etc. are mainly
responsible for fluoride contamination in groundwater and
fluoride is also present in geochemical deposit which can
be leached out by rainwater (Shahjee et al. 2013).
Groundwater forms a major source of drinking water in
urban as well as rural areas. According to previous
researchers, excessive fluoride concentrations have been
reported in groundwater in more than 20 developed and
developing countries including India where 19 states are
facing acute fluoride problems (Meenakshi and Mahesh-
wari 2006). In West Bengal, major part of Birbhum,
Bankura, Purulia,and part of Burdwan, are intensly affected
by fluoride (Hernandez-Montoyaa et al. 2012). Fluoride in
drinking water is a pressing global issue as it can cause
dental and skeletal fluorosis when present at levels above
the World Health Organization (WHO 2008) drinking
water guideline of 1.5 mg/l.

The problems of excess fluoride in drinking water are
aggravating day by day, as more surveys to assess the
groundwater quality have been undertaken. So, it is very
essential to bring down the fluoride levels to acceptable

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13201-014-0211-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13201-014-0211-9&amp;domain=pdf

116

Appl Water Sci (2016) 6:115-135

limits. Several methods have been suggested for remov-
ing excess fluoride from water: Nalgonda technology,
activated alumina technology, coagulation and precipita-
tion, ion exchange, electrodialysis, nanofiltration, reverse
osmosis, etc. Among these methods, adsorption process is
a surface phenomenon by which a multi-component fluid
(gas or liquid) mixture is attracted to the surface of a
solid adsorbent and forms attachments via physical or
chemical bonds. Adsorption is recognized as the most
efficient, promising and widely used fundamental
approach in wastewater treatment processes (Foo and
Hameed 2010).

Many natural adsorbent materials were tried in the past
to find out efficient and economically viable defluoridating
agents such as activated alumina (Ghorai and Pant 2005),
alumina-gibbsite (Mariappan et al. 2003), activated carbon
(Karthikeyan and Ilango 2007), calcite (Turner et al. 2010),
clay (Coetzee et al. 2003), zeolite (Diaz-Nava et al. 2007),
activated charcoal (Daifullah et al. 2007), bleaching earth
(Mahramanlioglu et al. 2002), red mud (Tor et al. 2009),
brick powder (Yadav et al. 2006), sugarcane charcoal
(Mondal et al. 2013), waste tea ash (Mondal et al. 2012a)
and rice husk ash (Mondal et al. 2012b).

Banana peel is a major waste found in tropical regions
of India. There is no report on this waste regarding
removal of fluoride. However, banana peel has been
extensively used for removal of heavy metals such as
Pb>*, Cr’*, Co®" and Ni*" (Abbasi et al. 2013; Memon
et al. 2008; Annadurai et al. 2002). This prompted us to
do research work in the adsorption of F using banana
peel dust. In this study the following objectives were
undertaken: (1) to study the adsorption of F by modified
banana peel dust, (2) to optimize the maximum adsorp-
tion of F using response surface methodology (3) to study
the effect of various parameters on F adsorption and (4)
use of various error analysis to check the adequacy of the
isotherms and kinetic models.

In adsorption-based methods, it is desirable to have
knowledge of the process variables and their influence on
adsorption capacity to maximize the contaminant removal
efficiency of the adsorbents (Singh et al. 2011). The con-
ventional approach for optimization of process variables
requires a very large number of experiments to be per-
formed, which would be very expensive and time con-
suming. Recently, Singh et al. (2009) reported the linear
(partial least squares) and non-liner (artificial neural net-
works) modelling approaches to predict the adsorption
capacity of carbon for removal of phenol from aqueous
solution. However, it requires a large number of batch
experiments. To overcome this particular problem a sta-
tistical experimental design approach was introduced.
Recently, several types of experimental methods have been
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employed in multivariate chemical process optimization
(Roy et al. 2014; Chattoraj et al. 2014).

Among them, response surface modelling (RSM) is a
widely used method for studying the effect of several
variables influencing the responses by varying them
simultaneously and carrying out a limited number of
experiments. RSM consists of three major steps: perform-
ing statistically designed experiments, estimating the
coefficients in a mathematical model and predicting the
response and checking the adequacy of the model (Bha-
umik et al. 2013).

Materials and methods
Preparation of banana peel dust

Banana peels (Musa paradisiaca) were collected from
local fruit market, washed with tap water randomly and
then washed with double-distilled water. These peels were
sun dried for 12 h followed by drying at 50 °C for 24 h.
One-third of peels were cut and ground well using mortar
and pestle, then sieved to obtain the desired size fractions
(250 pm) and named as adsorbent BPD-1. Another one-
third dried peels were activated with 1 % HCHO solution
and followed by dried in oven-maintained temperature
range of 120-140 °C for a period of 12 h. Then, the ther-
mally activated modified peels were washed with distilled
water until the pH was neutral, then dried in shed at room
temperature and then the dried ash was ground and sieved
to obtain 250 um particle size (Kumar et al. 2007) as
adsorbent BPD-2.

For the synthesis of the activated Ca-impregnated
adsorbent, BPD-2 was impregnated with a calcium solution
extracted from egg shell (Hernandez-Montoyaa et al.
2012). The extraction procedure comprises a digestion of
50 g of egg shells using 1 1 of acetic acid (25 %, v/v). The
resulting solution (100 %, v/v) was rich in calcium
(12,604 mg/l). An additional solution (30 %, v/v) was
prepared by dilution (1:4) of the previous one with
deionized water. Typical impregnation ratio was 2 ml of
solution per gram of BPD-2.

The remaining part of peels was treated with 30 % Ca*t
solution extracted from eggshell followed by chemically
activated peel materials, washed with double-distilled
water until the pH was neutral and dried in shed at room
temperature. Materials were well ground and sieved to
obtain desired particle size (250 pm) and named as
adsorbent BPD-3 (Hernandez-Montoyaa et al. 2012). Thus,
prepared adsorbents were preserved within a plastic con-
tainer and subjected to various physicochemical parameters
and used for adsorption study.



Appl Water Sci (2016) 6:115-135

117

Adsorption experiments

Adsorption experiments were carried out by varying pH,
initial concentrations (mg/l), adsorbent dose (g/100 ml),
particle size (um), contact time (min), stirring rate or
agitation speed (rpm) and temperature (K). The influence
of pH (2.0-10.0), adsorbent dose (0.2-2.4 g/100 ml),
contact time (20, 40, 60, 80, 120, 180 and 240 min), initial
fluoride concentration (1.5, 3.0, 5.0, 7.0, 10.0 and
20.0 mg/l) and temperature (303, 313, 323 and 333 K)
were evaluated during the present study. The contents
(adsorbent/100 ml solution) were kept for constant shak-
ing for a duration of time in a temperature-controlled
magnetic stirrer at 303 = 1 K and then the solids were
separated through filtration using Whatman 42 filter paper
and the volume was finally adjusted to 25 ml. Then
solutions were collected for analysis and residual fluoride
concentration was determined spectrophotometrically
using Spectrophotometer (Perkin Elmer Landa 35). Ana-
lysis of fluoride was carried out by following SPANDS
methods (APHA, AWWA 1998). Observation with a
scanning electron microscope (SEM) was performed at the
Centre of Scanning FElectron Microscopy of Burdwan
University on HITACHI-S-530 operating at an accelerat-
ing voltage of 20 kV. Infrared photograph was recorded
by Fourier transform infrared spectroscopy (FTIR)
(BRUKER, Tensor 27).

The point of zero change (pHzpc) of the respective
adsorbents was determined by the batch equilibrium
method using 100 mg of each adsorbent (BPD-1, BPD-2
and BPD-3) in 50 ml of 0.05 M KNO; deoxygenated
aqueous solution. Blank without adsorbents were also run
in the same initial pH values. After shaking for 24 h at
250 rpm at room temperature, the final pH of solutions and
blanks was measured. The pHzpc was determined as the
pH of KNOj solution which did not change after contact
with the samples.

Each experiment was conducted three times and average
values reported. Control experiments, performed without
addition of adsorbent, confirmed that the sorption of fluo-
ride on the walls of Erlenmeyer flasks was negligible. The
percentage removal of fluoride was obtained using the
following equation:

C -G
% of fluoride removal = ( c f) x 100 (1)
The adsorption capacity of fluoride ions or amount of
fluoride ions adsorbed (gq.) presented in milligram per gram
was determined using the following mass balance equation:

o =G @)

m

where, C; and Cr denoted the initial and equilibrium fluo-
ride ion concentrations (mg/l), respectively. V is the vol-
ume of the solution in litres (1) and m is the mass of the
adsorbent used (g).

The kinetic study was carried out at pH 6.0 with initial
fluoride concentration (10 mg/l) at 24 h. The effect of pH
on the defluoridation efficiency was investigated in a pH
range of 2.0-10.0 at 0.5 h. Adsorption equilibrium studies
were conducted by varying the initial fluoride concentra-
tion over a range of 1.5-15.0 mg/l at pH 6.0 £ 0.1 during
0.5 h. The effect of adsorbent dose for fluoride uptake
capacity was studied in the range of 0.1-10.0 g/l. In order
to investigate the regeneration efficiency of the studied
adsorbents, regeneration experiments were performed with
pH 2.0-14.0 and initial concentration 10.0 mg/l.

Response surface modelling

Response surface modelling (RSM) is an empirical statis-
tical technique that uses quantitative data obtained from
appropriately designed experiments to determine regres-
sion model and operating conditions (Alam et al. 2007; Tan
et al. 2008). The main objective of RSM is to determine the
optimum set of operational variables of the process (Myers
and Montgomery 2002).

The optimization involves estimation of the coefficients
in a mathematical model and predicting the response and
checking the adequacy of the model. The response model
may be expressed as (Sahu et al. 2009):

YZf(Xl,X27X3,............X,,) + e, (1)

where Y is the response, f is the response function, X; are
the independent variables and e is the experimental error.
The form of response function, f, is unknown and may be
very complicated. It largely depends on the nature of
relationship between the response and the independent
variables. RSM aims at approximating f by a suitable
polynomial in some region of the independent process
variables. A higher-order polynomial, such as quadratic
model may be expressed as (Can et al. 2006):

Y = po+ ZﬂiXi + Zﬁiixlz + Z Zﬁinin +e (2
pa pa

i=1 j=1

where Y is the predicted response, f3, the constant coeffi-
cient, f5; the linear coefficients, §; the quadratic coeffi-
cients, ﬁij the interaction coefficients, and X;, X; are the
coded values of the independent process variables and e is
the residual error.

The response surface modelling helps to investigate the
response over the entire variables’ space and to identify the
region where it reaches its optimum value.
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Table 1 Physicochemical characteristics of BPD-1, BPD-2, BPD-3

Physical characteristics BPD-1 BPD-2 BPD-3
pH 5.6 6.1 7.2
EC (mho/cm) 1.6 1.8 1.84
Bulk density (g/cm3) 0.75 0.64 0.88
Particle density (g/cm®) 2.1 25 2.8
Porosity 0.62 0.74 0.68
Solubility in water (%) 0.56 0.7 0.7
Solubility in acid (%) 04 0.62 0.77
Moisture content (%) 6.1 34 5.2
Ash content (%) - 7.2 -
BET surface area (g/cm3) 312.3 884.7 912.3
Particle size (um) 250 250 250
pHzpc 6.2 8.1 8.2

3 4

Fig. 1 Curve of zero-point charge curve of BPD-1, BPD-2 and BPD-
3 (experimental conditions: adsorbent dose: 1.5 g/100 ml, tempera-
ture: 313 K)

Results and discussions
Characterization of banana peel dust (BPD)

Physicochemical characterisations of the adsorbents are shown
in Table 1. From Table 1, comparing the important charac-
teristics of BPD-1, BPD-2 and BPD-3, the carbon content of
BPD-2 is found to be higher than others due to increasing in the
ash content. BPD-2 and BPD-3 have the higher surface area
and total pore volume than BPD-1, indicating the roughness of
pore walls and increase of additional active sites which are
responsible for adsorption of fluoride ions onto the surface of
the BPD-3 and BPD-2 than BPD-1.

Determination of zero-point charge

Zero-point charge (pHzpc) of BPD-1, BPD-2 and BPD-3
was measured by the solid addition method (Mondal 2010).
Changes in final pH from initial pH indicate the adsorptive
process through dissociation of functional groups as the
active sites on the surface of adsorbents. Figure 1 and
Table 1 show point of zero charge of BPD-1, BPD-2 and
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BPD-3 6.2, 8.1 and 8.2, respectively. At low pH, the sur-
face of the adsorbent is positive and reaction predominates
and at higher pH the surface of adsorbent is negative. Here,
the pH of the fluoride solution becomes lower than point
charge, the association of fluoride ions with the adsorbent
surface easily takes place and the surface of BPD-3 is more
effective than BPD-2 and BPD-1.

FTIR analysis

The FTIR spectra of BPD were obtained to understand the
nature of the functional groups present in it. FTIR spectra
(Fig. 2) displayed a number of peaks, indicating the com-
plex nature of the adsorbent. Bands appearing at
3,905.88-3,258, 2,928.13, 2,856.01, 1,734, 1,631,
1,393.45, 1,269.11 and 1,116.24-624.66 cm™' in Fig. 2
were assigned to —OH stretching, C—H stretching of alkane,
C-H and C=0 stretching of carboxylic acid or ester, COO—
anion stretching, OH bending, C-O stretching of ester or
ether and N-H deformation of amines, respectively. Out of
these, carboxylic and hydroxyl groups played a major role
in the removal of fluoride ions.

SEM analysis

Scanning electron microscopy (SEM) (Fig. 3a—c) helps to
explain the surface structure of the powder consisting of
the fine particles of irregular shape and size on external
surface of BPD-1, BPD-2 and BPD-3. From Fig. 3a, b, it is
seen that microporous structures of heterogeneous, rough
surface with crater-like pores exist in banana peel and the
particles are of irregular shape with their surface exhibiting
a micro-rough texture, which can promote the adherence of
fluoride. On the other hand, Fig. 3c shows little difference
from Fig. 3a, b probably due to deposition of calcium of
BPD.

Effect of pH

As pH of the system controls the adsorption capacity
through its influence on the surface properties of the
adsorbent and species of adsorbate in solution, the effect of
pH on adsorption of fluoride was studied in the pH range of
2.0-10.0 and results are depicted in Fig. 4a, b. The best
adsorption and fluoride uptake capacity both occurred at
pH 6.0 (lower than pHzpc) and it is also shown that fluoride
ions are more attached to the surace of BPD-3 due to
having been chemically treated with Ca’" solution
(extracted from eggshell). The pH effect on fluoride
removal is similar to what is observed for fluoride
adsorption onto various adsorbents such as laterite (Gom-
oro et al. 2012), rice husk (Mondal et al. 2012b) and tea
residue ash (Mondal et al. 2012a). Bearing in mind, that for
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Fig. 2 FTIR spectrum of 100 4
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Fig. 4 a Effect of pH on % of fluoride adsorption by BPD-1, BPD-2
and BPD-3 (experimental condition: initial fluoride concentration:
10 mg/l, adsorbent dose: 0.05 g/l, contact time: 60 min, agitation
speed: 550 rpm, temperature: 313 K). b Effect of pH on fluoride

(b)

70 +
65 - )
60
55
50 -
45 + "
40 +
35
30 o
25 +
20

Fluoride uptake capacity (mg/g)

. —=—BPD-1
15 1 —e—BPD-2
10 - —A—BPD-3

6 8 10
PH

N -
IN

uptake capacity by BPD-1, BPD-2 and BPD-3 (experimental condi-
tion: initial fluoride concentration: 10 mg/l, adsorbent dose: 0.05 g/1,
contact time: 60 min, agitation speed: 550 rpm, temperature: 313 K)
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initial concentration (mg/L)

% of fluoride adsorption

Fig. 5 a Effect of initial concentration (mg/l) on % of fluoride
adsorption by BPD-1, BPD-2 and BPD-3 (experimental condition:
pH: 6.0, adsorbent dose: 0.05 g/l, contact time: 60 min, agitation
speed: 550 rpm, temperature: 313 K). b Effect of initial concentration

pH < pHzpc (6.2-8.2), the BPD surface is positive, the
high fluoride adsorption capacity found for pH <6.2 is
presumably due to the electrostatic attraction of fluoride by
the positive surface of BPD (Tchomgui-Kamga et al.
2010).

The latter mechanism could also explain the fluoride
adsorption capacity in a neutral medium (Eq. 3).

M-OH+H"+F —M-OHj.. F (3)
M-OH+H"+F —M"...F +H0 (4)
M—-OH+F — M"...F +OH" (5)

M — OH + Na* +OH™ +F~
—M-0"..Na"...F + H,0 (6)

From Eq. (6), it is clear that the slight decrease in
defluoridation capacity or a competition between hydride
and fluoride with increasing pH from 6.0 to 8.0 is due to the
decrease of surface positive change (Tchomgui-Kamga
et al. 2010). A presumed fluoride adsorption mechanism is
described by Eqs. (3)—(6) where M stands for calcium atom
linked to the BPD. Under acidic condition, the surface of
the adsorbent transformed to a positively charged one
which facilitated the sorption of fluoride ions through anion
exchange (Yadav et al. 2013).

Effect of initial concentration
The effect of initial fluoride concentration was investigated

by adding fixed amount of adsorbents onto different fluo-
ride concentration solutions (1.5, 3.0, 5.0, 10.0 and
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(mg/l) on fluoride uptake capacity by BPD-1, BPD-2 and BPD-3
(experimental condition: pH: 6.0, adsorbent dose: 0.05 g/l, contact
time: 60 min, agitation speed: 550 rpm, temperature: 313 K)

15.0 mg/l). The effect of initial fluoride concentration on
the fluoride removal efficiency is illustrated in Fig. 5a, b.
The results illustrated that fluoride removal efficiency
decreased with increasing initial fluoride concentration and
reached equilibrium at 10 mg/l. The reason was that the
capacity of the adsorbent materials gets exhausted sharply
with the increase in initial fluoride concentration (Yadav
et al. 2013). This is probably due to the fact that for a fixed
adsorbent dose, the total available adsorption sites were
limited, which became saturated at higher concentration.
Similar trend has been reported for fluoride removal using
neem charcoal (Chakrabarty and Sarma 2012); sugarcane
charcoal (Mondal et al. 2013).

Effects of adsorbent dose

The effect of adsorbent doses was investigated on
adsorption of fluoride by using BPD-1, BPD-2 and BPD-3
ranging from 0.01 to 1.0 g/l dose (Fig. 6a, b). The percent
adsorption of fluoride increases with an increase in the
mass of adsorbent. Highest fluoride adsorptions are 69.4,
81.3 and 82.6 % for BPD-1, BPD-2 and BPD-3, respec-
tively, with initial fluoride concentration of 10 mg/l. It has
been observed that up to certain level, higher doses of
adsorbent resulted in higher removal of fluoride. This is
perhaps due to higher availability of surface and pore
volume at higher doses (Yadav et al. 2013). However, due
to aggregation among the available active binding sites
may acts for less adsorption of fluoride at higher doses
(Anwar et al. 2010). Also, due to lack of active binding
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Fig. 6 a Effect of adsorbent dose (g/1) on % of fluoride adsorption on
fluoride adsorption by BPD-1, BPD-2 and BPD-3 (experimental
condition: initial fluoride concentration: 10 mg/l, pH: 6.0, contact
time: 60 min, agitation speed: 550 rpm, temperature: 313 K). b Effect

site, lower adsorption was obtained at low adsorbent doses
(Karthikeyan et al. 2007).

Effect of contact time

The variation of fluoride adsorption were conducted by
varying contact time (10-240 min) with a dose of 0.1 g/l at
313 K with 550 rpm (Fig. 7a, b). The rate of fluoride
adsorption was very rapid during the first 180 min, and
thereafter, the rate of fluoride adsorption remained constant.
There was no significant increase in adsorption after about
180 min. Initially, there were large number of vacant active
binding sites in these three adsorbents (BPD-1, BPD-2 and
BPD-3) and consequently large amounts of fluoride ions were
bound rapidly onto the adsorbent. The binding site shortly
became limited and the remaining vacant surface sites could
not be occupied due to the formation of repulsive forces
between the adsorbate on the solid surface and the liquid
phase (Srivastava et al. 2006; Achak et al. 2009). Besides, the
mesopores are saturated at the initial stage of adsorption
where the fluoride ions are adsorbed. As a result, the driving
force of mass transfer between liquid and solid phase in an
aqueous adsorption system decreases with time elapse. Fur-
ther, the fluoride ions have to pass through the deeper surface
of the pores for binding and encounter much larger resistance
which slows down the adsorption during the later phase of
adsorption (Srivastava et al. 2006).

Effect of agitation speed

The effect of agitation speed on adsorption of fluoride
ion was studied over the range of 250-850 rpm for 3 h

(b) 300
250 1‘
200 4

150 +

100

(&)}
o
1

Fluoride adsorption capacity (mg/g)

o
1

0.0 0.2 0.4 0.6 0.8 1.0
Adsorbent dose (g/L)

of adsorbent dose (g/l) on fluoride uptake capacity by BPD-1, BPD-2
and BPD-3 (experimental condition: initial fluoride concentration:
10 mg/l, pH: 6.0, contact time: 60 min, agitation speed: 550 rpm,
temperature: 313 K)

with 11 water containing 10 mg/l fluoride ion concen-
tration and 0.1 g of BPD-1, BPD-2 and BPD-3. Fig-
ure 8a, b indicates that the percent adsorption increases
with increasing of agitation speed and obtains a maxi-
mum 97.8 % adsorption at near 650 rpm. At low speed,
the fluoride ion adsorption rate (%) and uptake capacity
(mg/g) are lower than optimum because low speed could
not spread the particles properly in the solution for
providing active binding sites for adsorption of fluoride.
The increase in both adsorption rate and uptake capacity
at a higher agitation speed could be explained in terms of
the reduction of boundary layer thickness around the
adsorbent particles (Hanafiah et al. 2009) and a higher
agitation speed also encourages a better mass transfer of
fluoride ions from bulk solution to the surface of the
adsorbent and shortens the adsorption equilibrium time
(Hanafiah et al. 2009). Beyond 650 rpm agitation speed,
adsorption rate and uptake capacity of fluoride ions both
remain constant due to getting equilibrium in condition.
Almost similar observation was reported by the authors
in their earlier study (Bhaumk et al. 2012).

Effect of temperature

The effect of temperature on fluoride removal was
studied in the solution temperature range from 313 to
343 K. It reveals that fluoride removal decreased with
the increase in temperature for all the tested adsorbents.
Figure 9a, b shows reduction in both percentage of
fluoride adsorption and adsorption capacity due to
increase of temperature beyond 313-343 K. This result
suggests that low temperature favors the removal of
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Fig. 7 a Effect of contact time on (minute) % of fluoride adsorption
by BPD-1, BPD-2 and BPD-3 (experimental condition: initial fluoride
concentration: 10 mg/l, pH: 6.0, adsorbent dose: 0.1 g/l, agitation
speed: 550 rpm, temperature: 313 K). b Effect of contact time

(a) 900
800
700
600

500

Agitation speed (rpm)

400

300

% of fluoride adsorpuion

Fig. 8 a Effect of agitation speed (rpm) on % on fluoride adsorption
by BPD-1, BPD-2 and BPD-3 (experimental condition: initial fluoride
concentration: 10 mg/l, pH: 6.0, adsorbent dose: 0.1 g/l, contact time:
60 min, temperature: 313 K). b Effect of agitation speed (rpm) on

fluoride molecules by adsorption on BPD-1, BPD-2 and
BPD-3 as well as the adsorption process is exothermic in
nature. The decreasing of removal rate may be due to
that at high temperature the thickness of the boundary
layer decreases due to increased tendency of the mole-
cules to escape from the adsorbent surface to the solu-
tion phase, which results in a decrease in the adsorption
capacity as temperature is increased (Sujana and Anand
2010). Similar results were previously reported by Sujana
and Anand (2010).
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Contact time (min)

(minute) on fluoride uptake capacity by BPD-1, BPD-2 and BPD-3
(experimental condition: initial fluoride concentration: 10 mg/l, pH:
6.0, adsorbent dose: 0.1 g/l, agitation speed: 550 rpm, temperature:
313 K)
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fluoride uptake capacity by BPD-1, BPD-2 and BPD-3 (experimental
condition: initial fluoride concentration: 10 mg/l, pH: 6.0, adsorbent
dose: 0.1 g/, contact time: 60 min, temperature: 313 K)

Box—Behnken statistical analysis

In this work, Box—Behnken design was used to evaluate
the fluoride adsorption rate. The complete quadratic
design model was composed of 17 experimental runs
with three replicates at the centre points. Using analysis
of variance (ANOVA), the significant of the model was
justified also and the results were shown in Tables 2, 3
and 4. The model F value is the ratio of mean square for
the individual term to the mean square for the residual.
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P value source prob > F Sum of squares df Mean square F value P probability
Model significant 7,076.74 9 786.30 70.09 <0.0001
A—initial concentration 914.16 1 914.16 81.49 <0.0001
B—pH 75.91 1 7591 6.77 0.03
C—contact time 649.88 1 649.88 57.93 0.0001
AB 71.85 1 71.85 6.41 0.039
AC 18.88 1 18.88 1.68 0.2857
BC 190.44 1 190.44 16.98 0.0045
A? 283.46 1 283.46 25.27 0.0015
B? 3,359.78 1 3,359.78 299.49 <0.0001
c 144.54 1 144.54 12.88 0.0089
Residual 78.53 7 11.22

Lack of fit significant 65.44 4 16.36 3.75 0.1531
Pure error 1,309 3 4.36

Cor total 7,155.26 16

SD 3.35 R-squared 0.9890
Mean 69.18 Adj R-squared 0.9749
CV % 4.84 Pred R-squared 0.8428
PRESS 1,124.77 Adeq precision 24.394

ANOVA for response surface Quadratic Model Analysis of variance table (Partial sum of square Type-III)

The Prob > F value is the probability of F statistics
value and is used to test the null hypothesis. The
parameters having an F-statistics probability value <0.05
are said to be significant. The pH of the solution, initial
fluoride concentration, and contact time had a significant
effect on fluoride adsorption. Once the optimization was

over the experimental and model predicted values of the
response variables were compared. The plot between
experimental (actual) and predicted values of fluoride
adsorption rate is shown in Fig. 10a—c. A good correla-
tion between input and output variables is also shown by
the model.
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Table 3 Analysis of variance for fluoride adsorption rate onto BPD-2

P value source prob > F Sum of squares df Mean square F value P probability
Model significant 7,580.92 9 842.32 60.47 <0.0001
A—initial concentration 1,150.11 1 1,150.11 82.57 <0.0001
B—pH 68.39 1 68.39 491 0.0623
C—contact time 346.88 1 346.88 24.90 0.0016
AB 36.00 1 36.00 2.63 0.1491
AC 102.31 1 102.31 7.35 0.0302
BC 153.76 1 153.76 11.04 0.0127
A? 423.57 1 423.57 30.41 0.0009
B 3,685.84 1 3,685.84 264.62 <0.0001
c? 118.70 1 118.70 8.52 0.0224
Residual 97.50 7 13.93

Lack of fit significant 76.89 4 19.22 2.80 0.2121
Pure error 20.61 3 6.87

Cor total 7678.42 16

SD 3.73 R-squared 0.9873
Mean 68.95 Adj R-squared 0.9710
C.V. % 5.41 Pred R-squared 0.8550
PRESS 1113.34 Adeq precision 22.561

ANOVA for response surface Quadratic Model Analysis of variance table (Partial sum of square Type-III)

Table 4 Analysis of variance for fluoride adsorption rate onto BPD-3

P value source prob > F Sum of squares daf Mean square F value P probability
Model significant 6,763.45 9 751.49 124.24 <0.0001
A—initial concentration 793.30 1 793.30 131.15 <0.0001
B—pH 89.01 1 89.01 14.72 0.0064
C—contact time 509.98 1 509.98 84.31 <0.0001
AB 94.61 1 94.61 15.64 0.0055
AC 155.09 1 155.09 25.64 0.0015
BC 56.25 1 56.25 9.30 0.0186
A? 323.46 1 323.46 53.47 0.0002
B? 3,178.47 1 3,178.46 525.47 <0.0001
c 200.50 1 200.50 33.15 0.0007
Residual 42.34 7 6.05

Lack of fit significant 18.57 4 4.64 0.59 0.6973
Pure error 23.77 3 7.92

Cor total 6,805.80 16

SD 2.46 R-squared 0.9938
Mean 71.47 Adj R-squared 0.9858
C.V. % 3.44 Pred R-squared 0.9510
PRESS 333.31 Adeq precision 32.320

ANOVA for response surface Quadratic Model Analysis of variance table (Partial sum of square Type-III)

Effects of experimental parameters on fluoride

adsorption

The effects of different experimental parameters such as
solution pH, initial fluoride concentration and contact time

@ Springer

on the fluoride adsorption are shown in Figs. 11, 12 and 13.
The fluoride adsorption capacity was increased with
increase in initial fluoride concentration, contact time and
decreased in solution pH. The adsorption of fluoride
favours comparatively at low pH. Tables 2, 3 and 4 show
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Fig. 10 The plot of predicted
versus actual values for fluoride
adsorption rate onto a BPD-1,
b BPD-2, ¢ BPD-3
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Fig. 11 The effects of different
experimental parameters on the
fluoride adsorption onto BPD-1:
a pH and initial concentration,
b contact time and initial
concentration, ¢ contact time
and pH
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Fig. 12 The effects of different
experimental parameters on the
fluoride adsorption onto BPD-2:
a pH and initial concentration,
b contact time and initial
concentration, ¢ contact time
and pH
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Fig. 13 The effects of different
experimental parameters on the
fluoride adsorption onto BPD-3:
a pH and initial concentration,
b contact time and initial
concentration, ¢ contact time
and pH
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Table 5 The optimum values of the experimental parameters from
desirability function

Parameters BPD-1 BPD-2 BPD-3
pH 6.31 6.05 6.78
Contact time (min) 167.17 175.45 153.14
Initial concentration (mg/1) 13.21 13.51 13.59
% of removal 95.430 96.395 98.197

the model F value of BPD-1, BPD-2 and BPD-3 are 70.09,
60.47 and 124.24, respectively, which implies the model is
significant. There is only 0.01 % of chance that large “model
F value” could occur due to noise. The values of “prob > F”
<0.05 indicate model terms are significant, where values
>0.1 indicate the model terms are not significant.

Optimization of process variables

The numerical optimization was applied to optimize the
fluoride adsorption process and the optimum values of
various parameters are provided in Table 5. Desirability
values of 0.964, 0.979 and 1.0 were obtained after opti-
mizing the process parameters for BPD-1, BPD-2 and
BPD-3, respectively.

Isotherm study on fluoride adsorption

The adsorption isotherms pertaining to the fluoride ion on
BPD were investigated. Four adsorption isotherms were
used to fit the equilibrium data, namely Langmuir, Fre-
undlich and D-R, Temkin. Its applicability is judged on the
basis of goodness of fit. According to correlation coeffi-
cient (R?) adsorption of fluoride ions nicely fitted with
Freundlich isotherm model.

The fluoride adsorption increased at lower concentration
corresponds to each adsorbent (BPD-1, BPD-2 and
BPD-3), whereas, at higher concentrations adsorption onto
approached constant values. Suggesting typical Langmuir
type of monolayer adsorption. Corresponds to each adsor-
bents (BPD-1, BPD-2 and BPD-3), suggesting typical
Langmuir type of monolayer adsorption. Consequently the
modelling of experimental data was carried out according
to the Langmuir equation expressed by Eq. (7):

1 1 1 1
ot Q

de N KLCIm Ce q_m

The constants gy, and K can be determined from the slope
of the liner plot of C./q. versus C.. The shape of the
Langmuir isotherm can be used to predict whether a
sorption system is favourable or unfavourable in a batch
adsorption process. The essential features of the isotherm
can be expressed in terms of a dimensionless constant,

separation factor (Ry) that can be defined by the following
relationship (Magdy and Daifullah 1998):

1

RL=——7——,
1+ K.+ G

(8)
where C;j is the initial concentration (mg/l) and K, is the
Langmuir equilibrium constant (I/mg). The value of sepa-
ration parameter Ry provides important information about
the nature of adsorption. The value of Ry indicated the type
of Langmuir isotherm to be irreversible (R = 0), favour-
able (0 <Ry <1), linear (R. = 1) or unfavourable
(Ry > 1). It can be explained apparently that when K; > O,
sorption system is favourable (Chen et al. 2010).

The Freundlich parameters (Freundlich 1906) were
obtained by fitting the experimental data to the linearised
equation derived from Eq. (9):

1
log ge = log Ky + —log Ce, 9)
n

where ¢g. is the amount of solute per unit weight of
adsorbent adsorbed at equilibrium (mg/g) and K; is a
constant for the system, related to the bonding energy.

D-R isotherm model is widely used to determine the
physical or chemical adsorption phenomenon and related to
heterogeneity of energies over the surface (Stipp 1999). It
can be expressed as

de = gpR eXP(*KBZR), (10)

where ¢, is the adsorption capacity at equilibrium condi-
tion, gpr is the Dubinin—Radushkevich constant repre-
senting the theoretical maximum sorption capacity and
Kpr is the constant of the adsorption energy which is
related to mean adsorption energy (E) where it is trans-
ferred to the surface of the solid from infinity in the solu-
tion. ¢, the Polanyi potential is defined by

1
c=RTIn{ 1 +— 11
o= KT (14 ). (1)
where R is the gas constant (8.314 J/mol/K) and T is the
absolute temperature. Insert Eqs. (11) into (12) and take
natural log of both sides gives:

1
Ing. = Ingpr — KprR*T? In (1 + E) (12)

It is apparent that the D-R isotherm equation would not
be simplified to the Langmuir or Freundlich type of iso-
therm. Furthermore, plot of In g, versus &% should lead to a
straight line, and its slope is given by

Slope = —KprR>T? (13)

Kpr can be correlated with E as Choy et al. (1999), where
the mean adsorption energy (E) can be calculated as
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Table 6 Parameters of isotherm models on adsorption of fluoride by
BPD-1, BPD-2 and BPD-3

Isotherm models BPD-1 BPD-2 BPD-3

Langmuir K =0.19 K =0.83 K = 0.87
Ry, = 0.83 R =075 Ry = 0.82
Gm = 17.43 Gm = 26.31 Gm = 39.5
R* =091 R* = 0.99 R* = 0.99

Freundlich K =942 K; = 0.071 K; = 0.062
n=14 n=>,.1 n==6.7
R*=0.98 R*=0.94 R>=0.99

D-R Gmax = 1364 Guax = 614 guax = 843
Kpr = 1.16 Kpr = 0.12  Kpg = 0.06
Es = 0.65 Eg = 2.04 Es = 2.89
R* =093 R* = 0.95 R* = 0.99

Temkin B, =26 B, = 4.16 B, = 3.16
A =078 Kr =571 Kr =62
R* = 0.87 R* =0.93 R* = 0.94

1
E= (14)
vV 2KDR

The D-R isotherm equation has been used to determine
the mean adsorption energy (E) that may provide useful
information with regard to whether or not adsorption is
subject to a chemical or physical process. The typical range
of bonding energy for ion-exchange mechanisms is 8 and
16 kJ/mol, indicating that chemisorption may play a sig-
nificant role in the sorption, while for values of E < 8§ kJ/
mol, the adsorption process is of a physical in nature.

Temkin isotherm also represents the binding heteroge-
neity with a simple expression, which has predictive power
over a wide range of concentrations (Johnson and Arnold
1995). Temkin isotherm can be expressed in linear form:

ge = BrInK7 + BrInC,, (15)

where R is the gas constant (8.314 J/mol/K), T the absolute
temperature in Kelvin, By is the constant related to the heat
of adsorption and Kt (I/min) is the Temkin isotherm
binding constant.

From the linear Eq. (7) of Langmuir isotherm for fluo-
ride adsorption, the parameters were calculated along with
regression coefficients shown in Table 6. Maximum
adsorption capacity, (¢.,), for complete monolayer cover-
age is found in Table 6. K7 (I/g) is the adsorption constant
related to the affinity of binding sites (I/g) and lower values
of K; (0.19, 0.83 and 0.87 for BPD-1, BPD-2 and BPD-3,
respectively) indicate that the particle radius of adsorbent
was small toward adsorption (Anwar et al. 2010). As the
values of Ry, below 1 for all the studied adsorbents, the
overall adsorption process is favourable (Langmuir 1918).

@ Springer

From the linear Eq. (9) of Freundlich equation, fluoride
adsorption and the parameters were calculated as shown in
Table 6. The Freundlich isotherm model was found best
fitted with experimental data as it possesses higher R* value
(0.98, 0.94 and 0.99) for BPD-1, BPD-2 and BPD-3,
respectively. Kg is a Freundlich constant that shows
adsorption capacity on heterogeneous sites with non-uni-
form distribution of energy level and n value shows the
intensity between adsorbate and adsorbent (Table 6). The
values of n prove that the adsorption of fluoride ions onto
BPD-1, BPD-2 and BPD-3 are favourable as the magnitude
lies between 1 and 10 (Achak et al. 2009).

The maximum adsorption capacity (gpr) obtained from
D-R isotherm of BPD-1, BPD-2 and BPD-3 are 13.64, 61.4
and 84.33, respectively, higher than the value of adsorption
capacity obtained from Langmuir isotherm. D-R isotherm
gives Kpr constant and idea about the mean free energy
E (kJ/mol) of adsorbate when it is transferred to the surface
of the solid from infinity in the solution. The E values of
BPD-1, BPD-2 and BPD-3 are 0.65, 5.86 and 13.9,
respectively, directing the physical adsorption mechanism
of fluoride onto these adsorbents (Table 6).

Table 6 shows Temkin isotherm parameters, B related
to heat of adsorption and Temkin isotherm constants (K,
l/mg). The lower values of Bt < 8 (Table 6) indicate that
the interaction between fluoride ions and BPD is weak and
the adsorption process of fluoride ions can be expressed as
physisorption.

Kinetic study in adsorption of fluoride

The effect of contact time on the adsorption of fluoride by
BPD was studied for initial concentration 0.1 g/l. The
contact time varied from 10 to 240 min (Fig. 7a). It was
observed that most of the adsorption occurs within 3 h of
contact time. Thereafter, the rate of removal became slow.
The adsorption capacity increased from 6.8 to 40.7, 16.3 to
41.1, 17.6 to 41.8 mg/g in case of BPD-1, BPD-2 and
BPD-3, respectively, with increasing time from 10 to
180 min.

The pseudo-first-order, pseudo-second-order and
intraparticle diffusion kinetic models were used to inves-
tigate the adsorption kinetics of fluoride and to quantify the
extent of uptake in the adsorption process. Simple pseudo-
first-order kinetic model (Lagergren 1898), pseudo-second-
order model (Ho et al. 2002) and intra-particle diffusion
model (Weber and Morris 1963) are represented by the
following Eqs. (16-19):

Pseudo-first-order

kit

log(ge — i) = logge — 2303
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Pseudo-second-order

é = kzl_qg + it (17)
The initial adsorption rate 4 (mg/g/min) is defined as
h=hkq; (18)

The intra-particle diffusion
ge = kiat** + C, (19)

where k;q is the intraparticle (pore) diffusion rate constant
(mg/g/min®%) and C is the intercept that gives an idea about
the thickness of the boundary layer. The larger the value of
C the greater the boundary-layer effect. When the external
transport of the adsorbate is greater than internal transport,
then the adsorption rate is governed by intraparticle
diffusion.

Kinetic studies are significant for any kind of biosorp-
tion processes. Adsorption kinetics not only describes the
adsorption mechanism of fluoride ions on adsorbents but
also describes the fluoride ion adsorption rate which con-
trols the contact time of fluoride ions at the solid-liquid
interface (Ho et al. 2000). From Table 7, it is observed that
pseudo-second-order kinetics shows good correlation for
fluoride removal for all used types of BPD. The values of
second-order rate constant are calculated as 0.05, 0.009 and
0.008 mg/g/min for BPD-1, BPD-2 and BPD-3, respec-
tively. However, pseudo-first-order and intraparticle dif-
fusion plots have poor coefficient of correlation (Table 7).
The adsorption mechanism depends on the physical and
chemical characteristics of adsorbent and adsorbate, pH of
medium, temperature, contact time and aids and mass
transport process (Achak et al. 2009). The data were fitted
with different kinetics equation, namely pseudo-first-order,
pseudo-second-order and intraparticle diffusion kinetics
models. Table 7 shows the values of pseudo-first-order,
pseudo-second-order and intraparticle diffusion model
constants. Comparing these models, according to regres-
sion coefficient (R%) the fluoride adsorption is well fitted to
the pseudo-second order kinetic model and the adsorption
rate (mg/g/min, h) was calculated as shown in Table 7. The
value of A is high in BPD-3, BPD-2 and BPD-1, respec-
tively, which indicates BPD-3 is more effective than others
in fluoride adsorption.

Thermodynamic parameters

In order to study the feasibility of the process using BPD
for fluoride removal, thermodynamic parameter free energy
change (AG®) of the process was calculated from the
equilibrium constant value (K,) using following the
equations:

Table 7 Parameters of kinetic models on adsorption of fluoride by
BPD-1, BPD-2 and BPD-3

Kinetic models BPD-1 BPD-2 BPD-3
Pseudo-first-order o1 = 1.6 ge1 = 3.21 ger = 3.14
Kaa1 = 0.007  Kuqp = 0.009 K,q; = 0.012
R* =028 RP=034 R*=048
Pseudo-second-order g, = 37.6 ger = 55.5 ger = 58.9
K.o =005 K, =0.009 K,4» = 0.008
R* =095 R* = 0.99 R* = 0.99
Intra-particle K. = 1.06 K, = 1.30 K, = 0091
diffusion 1=1507 1=28.62 1=9.92
RP=087 R*=08  R*=089

Table 8 Thermodynamic parameters on adsorption of fluoride by
BPD-1, BPD-2 and BPD-3

Thermodynamic Temperature BPD-1 BPD-2 BPD-3
parameters (K)
AG® 313 —7.724 —9.24 —9.51
323 —5.23 -7.15 —7.61
333 —2.24 —5.06 —5.81
343 -0.72 —0.297 —-0.97
AH° —62.33 —72.57 —83.21
AS° —0.26 —0.209 —0.24
ke = Cac/Ce (20)
AG°® = —RTlnk, (21)
Ink. = —AH° /RT + AS°/R, (22)

where K, is the equilibrium constant, C,. and C, indicate
the equilibrium solute concentration (mg/l) on BPD and in
solution, respectively, R is the universal gas constant
(J/mole) and T is the temperature in Kelvin. The Van’t
Hoff plot of Ink. against 1/T (not shown) was used to find
out the parameters. The negative value of AG® decreased
with increasing temperature from 313 to 343 K, suggesting
the adsorption process is unfavourable and non-spontane-
ous at higher temperature (Table 8). The negative value of
AH°® and AS° for all three types of BPD indicates no
structural changes and supports the physical adsorption on
BPD surface after fluoride adsorption (Sujana and Anand
2010; Erdem et al. 2004).

Error analysis for isotherm studies

In the single component isotherm studies, the optimization
procedure requires an error function to be defined to be
able to evaluate the fit of the isotherm to the experimental
equilibrium data. In this study, five different error functions
(SAE, SSE, MPSD, ¢? and HYBRID) were examined, and
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in each case, the isotherm parameters were determined by
minimizing the respective error function across the con-
centration range studied.

The sum of the squares of the errors (SSE) method
(Rengaraj et al. 2007) is the most common error function in
use. This error function can be represented by the following
equation:

p
SSE = Z (Qe,cal - Qe,meas)iz, (23)
i=1

where,ge ca1 and ge meas are, respectively, the calculated and
the measured value of the equilibrium adsorbate solid
concentration in the solid phase (mg/g), and p is the
number of the data point.

Sum of the absolute error (SAE) is similar to the sum of
the squares of the errors, and isotherm parameters deter-
mined using this error function would provide a better fit as
the magnitude of the error increased, biasing the fit toward
the high concentration data (Rengaraj et al. 2007):

P
SAE = Z |Qe,cal - Qe,meas|i7 (24)

i=1

where ge ¢ and ge meas are, respectively, the calculated and
the measured value of the equilibrium adsorbate solid
concentration in the solid phase (mg/g), and p is the
number of the data point.

Marquardt’s Percent Standard Deviation (MPSD) error
function was used previously by a number of researchers in
the field (Rengaraj et al. 2007) and it is similar in some
respects to a geometric mean error distribution modified
according to the number of degrees of freedom of the system:

» 2
1 Z ((QB,meas - Qe,cal) ) , (25)

n—p i—1 qe,meas

MPSD = 100

where ge csm and ge cxp are, respectively, the estimated and
the experimental value of the equilibrium adsorbate solid
concentration in the solid phase (mg/g), n is number of
isotherm parameters and p is the number of the data point.

The Chi square test measures the difference between
the experimental and model data (Boparai et al. 2011).
The mathematical form of this test statistic can be
expressed as

Xz _ Z (Qe,exp - qe,cal)z, (26)

qecal

where g exp is experimental equilibrium capacity data and
escal 18 the equilibrium capacity from a model. If data from
the model are similar to experimental data, 5> will be small
and if they differ, 5> will be large.

Hybrid Fractional Error Function (HYBRID) error
function was developed by Ng et al. (2002) to improve the
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Table 9 Error analysis of isotherm models on adsorption of fluoride
by BPD-1

Isotherm models Error functions

SAE SSE  MPSD HYBRID
Freundlich 0.99 0.98 0.08 0.16  0.05
Langmuir 1.0 1.0 0.06 0.12 0.03
Temkin 3.71 13.8 0.92 8.5 7.38
D-R 1.54 2.37 0.24 0.33 0.09

Table 10 Error analysis of isotherm models on adsorption of fluoride
by BPD-2

Isotherm models Error functions

SAE  SSE MPSD HYBRID
Freundlich 0.91 0.82 0.01 0.05 1.9
Langmuir 052 028 0.07 0.02  0.99
Temkin 9.42 8873  14.69 376 284
D-R 258  6.65 1.10 039 156

fit of the sum of the squares of the errors at low concen-
trations by dividing it by the measured value. It also
includes the number of degrees of freedom of the systems
the number of data points, n, minus the number of
parameters, p, of the isotherm equations as a divisor:

100 <& [(Qe.meas - Qe,ceﬂ)z

HYBRID = }:

27
" p (27)

e, meas ;

The results for the error analyses are shown in Tables 9,
10 and 11 for Freundlich, Langmuir, D-R and Temkin
isotherms in case of BPD-1, BPD-2 and BPD-3, respec-
tively. Results of error analysis show the adsorption of
fluoride on BPD-1, BPD-2 and BPD-3 all are more sig-
nificant to Langmuir isotherm than other isotherm models
due to lower value of each error functions. These data are
used in the design of commercial adsorbers, and conse-
quently, the more accurate the isotherm parameters, the
more accurate are the system designs.

Regeneration study

After saturation the adsorbent surface no longer adsorbs
fluoride ions from solution. Therefore, it is immensely
important to regenerate the saturated adsorbent to overcome
the disposal problem. Desorption of fluoride was studied
using distilled water of different pH values ranging from 2
to 14. Initially, leaching of fluoride was found to be at pH
8.0 and maximum 88.06 % desorption was achieved at pH
12.0 for BPD-3. But other two adsorbents (BPD-1 and BPD-
2) showed 76.0 and 80.0 % desorption at pH 8.0 and 10.0,
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Table 11 Error analysis of isotherm models on adsorption of fluoride
by BPD-3

Isotherm models Error functions

SAE SSE MPSD  »* HYBRID
Freundlich 1.8 3.24 0.37 0.17 6.4
Langmuir 0.27 0.07 0.92 0.004 0.14
Temkin 4.27 1823  15.46 0.04 40.53
D-R 2.39 5.71 8.14 0.39 11.23
I BPD1
. [ BPD2
90
80
S 70 ]
'-E_ 60—.
8 50
2 |
T 40 -
5 |
o 37
20
10 +
0 -

1 2 3 4 5 6 7 8 9 10 11 12 13
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Fig. 14 Regeneration of adsorbents (BPD-1, BPD-2 and BPD-3) at
different pH

respectively (Fig. 14). Similar desorption of fluoride from
calcareous soil was reported by Mondal et al. (2012c).

Conclusion

This work investigated the adsorption of fluoride onto
banana peel dust. Experiments were made as a function of
different adsorption parameters (pH, concentration, adsor-
bent dose, contact time, agitation speed and temperature).
The surface characteristics make it suitable for sorptive
defluoridation. pH, electrical conductance, pHzpc, moisture
content, bulk density, particle density, porosity, solubility
in water and in acid, BET surface area and particle size,
carbon content, etc. were examined to show the nature of
surface of the different forms of banana peel dust (BPD-1,
BPD-2 and BPD-3). BPD-3 and BPD-2 have the higher
surface area and total pore volume than BPD-1 indicating
the roughness of pore walls and increasing of additional
active sites which are responsible for adsorption of fluoride
ions onto the surface of the BPD-3 and BPD-2 than BPD-1.
The points of zero charge of BPD-1, BPD-2 and BPD-3 are
6.2, 8.1 and 8.2, respectively. Response surface method-
ology by the Box—Behnken model was used to examine the
role of four process factors on fluoride removal. It was

shown that a second-order polynomial regression model
could properly interpret the experimental data with coef-
ficient of determination (R*) value of 0.9890, 0.9873 and
0.9938 with F value of 70.09, 60.47 and 124.24 for BPD-1,
BPD-2 and BPD-3, respectively. The simultaneous opti-
mization of the multi-response system by desirability
function indicated that 95.43, 96.39 and 98.19 % removal
of fluoride is possible using BPD-1, BPD-2 and BPD-3,
respectively. The Langmuir isotherm described the exper-
imental results better than other isotherm models and
showed maximum fluoride adsorption capacity ¢, (mg/g)
17.43, 26.31, 39.5 in case of BPD-1, BPD-2 and BPD-3,
respectively. In this study, the magnitude of E is less than
8 kJ/mol in three adsorbents which indicates the adsorption
mechanism of fluoride was physisorption. From the error
analysis it is clear that all the studied adsorbents nicely
fitted with Langmuir isotherm model than other irother
models. Adsorption process was observed to follow a
pseudo-second-order kinetic model due to greater value of
correlation coefficient (R2 values are 0.95, 0.99 and 0.99 in
BPD-1, BPD-2 and BPD-3, respectively). Thermodynamic
study suggests that adsorption of fluoride is favourable at
lower temperature.
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