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ABSTRACT

Ultrasonically improved electrochemically generated adsorbent (UEGA) has been synthesized and
used for adsorption of fluoride ions from given aqueous solution. It is a two-step process, in the first
step electrochemically generated adsorbent (EGA) has been prepared using electrolytic method and
same was ultrasonicated to prepare UEGA. Ultrasonication causes an increase in adsorption by an
increase in surface area which helps to enhance the defluoridation from the aqueous solution on
the adsorbent. The kinetic models, adsorption isotherms and thermodynamic parameters such as
enthalpy change AH®, entropy change AS°® and change in Gibbs free energy AG® have been analyzed
during the adsorption process. Adsorption kinetic follows the pseudo-second-order model with high-
est correlation coefficient value, that is, 0.93. Furthermore, Temkin isotherm suggests the energy of
adsorption 1.049 kJ/mol at operating temperature of 298 K. Characterizations such as Fourier trans-
form infrared spectroscopy, scanning electron microscopy, energy dispersive spectroscopy, X-ray
diffraction and specific surface analysis for Brunauer-Emmett-Teller has been performed to justify
the mechanism and effect of ultrasonication on EGA. The overall study reveals that UEGA enhances

defluoridation from aqueous solution.

Keywords: Ultrasonication; Defluoridation; Adsorption

1. Introduction

According to United States Geological Survey, only 2.5%
fresh water is available on earth [1]. Out of these availabil-
ities, there is fluoride contamination seen in the available
groundwater [2,3]. There are many other contaminations
but fluoride is brought into concern because of the worst
impact it has on mankind. WHO in 1984 has prescribed a
maximum tolerance limit of fluoride as 1.5 mg/L [4]. The
Central Pollution Control Board, India standard allows 1.5
and 15 mg/L for drinking and industrially polluted waste-
water, respectively [5]. Excessive consumption of fluoride
can cause severe neuronal, skeletal and dental health prob-
lems [6]. Geographically major sources are found in the
region characterized by inherent fluoride-rich metamorphic
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rocks such as leptynite, charnockite and khondalite [7,8]. In
Maharashtra (India), Solapur, Karanja, Washim and states
such as Punjab, Orissa and many other areas are affected
by high fluoride content in groundwater as reported [9]. So
fluoride removal for water purification has become a neces-
sity whether it is drinking water, groundwater or industrial
fluoride contaminated wastewater. Worldwide treatment
technologies include membrane technique such as reverse
osmosis, dialysis, electro-dialysis nanofiltration [10], adsorp-
tion [11], activated carbon [12], microbial fuel cell [13],
electrocoagulation [14-16] at both laboratory and industrial
level. Most of the treatment technologies are physicochem-
ical in nature. Adsorption is the most widely used, as it is
the simplest among all, due to its financial viability, easy fab-
rication, adsorbent generation and on site application [17].
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Adsorbent used for fluoride removal include impregnated
alumina [18,19], impregnated resin [20], nano alumina [21],
eucalyptus bark ash [22], red mud [23], aluminium hydrox-
ide [24], coated nanoparticles [25]. Barathi et al. [18] showed
that using ultrasonic waves on electrochemically generated
adsorbents, which is a metal oxide, enhances its ability for
electro-negative ions removal from the aqueous solution.
Ultrasonic waves speed up the process of adsorption by
increasing the surface area. There is a possibility of chela-
tion between the electrochemically generated adsorbent
and charged ions, which is fluoride in our case [26].

Our aim is to study the effect of ultrasonication on the
electrochemically generated adsorbent in an attempt to
increase its defluoridation capacity. Adsorbent preparation
is carried out in two steps, first synthesis of electrochemically
generated adsorbent (EGA) in an electrolytic reactor, second
it is ultrasonicated in a sonicator to prepare ultrasonically
improved electrochemically generated adsorbent (UEGA).
Further, this adsorbent is exposed to ultrasonication to
enhance fluoride removal efficiency. Literature proved that
ultrasonication can enhance defluoridation by increasing
the surface area [27]. Frequency of wave during the ultra-
sound is in the range 2 x 10* to 2 x 10"*Hz. When an ultrasonic
wave is incident through a liquid medium, a large number
of microbubbles originates, arise and collapse in a very short
duration about a few microseconds called ultrasonic cavita-
tions, which all results in a reduction of the surface area [28].
Since the ultrasonic frequency is used, leading to the process
also being known as ultrasonication.

The mechanism of UEGA electrolytic method prepara-
tion is very similar to coagulant formation in chemical coagu-
lation and electrocoagulation [29]. In the electrolytic method,
the coagulant is produced in a controlled environment from
electrochemical dissociation of a sacrificial anode. When
current is supplied, trivalent metal hydroxide flocs are
formed, depending upon which sacrificial anode was used.
These metal hydroxide coagulant species have an affinity for
fluoride ion removal.

The reaction occurring in the electrolytic reactor when
aluminum acts as a sacrificial anode can be represented as
follows [16]:

Anode:

Al — AP +3e” @
Cathode:

2H,0+2e” —H, +20H" ©)

Precipitation of F-ions with coagulant species:

AP +3H,0 - Al(OH), , +3H" 3)

AI(OH), + xF~ <> AI(OH), F, + xOH" )

Oulebsir et al. [30] have generated adsorbents along with
regeneration using the electrochemical technique for deflu-
oridation. During the electrolytic process, the mechanics
show the release of gases such as hydrogen, chlorine, and

others depending upon the electrolyte used [31]. Very few
papers are recognized in which ultrasonication is used for
the enhancement of the adsorption capacity of adsorbents
[32,33]. Reviewing all this we can combine the electrolytic
process, ultrasonication and adsorption for effective fluoride
removal from aqueous solutions.

2. Experimental
2.1. Chemicals and reagents

Sodium fluoride (NaF) (Fisher Scientific, India), sodium
chloride (NaCl) and sodium hydroxide pellets (NaOH)
(Merck Life Science, Mumbai), fluoride adjustment buffer
powder pillows (HACH, Germany) were obtained and used
without further treatment and purification. A stock solution
of NaF (1,000 mg/L) and NaCl (0.1 M) were prepared using
distilled water. Further dilution has been made according to
the requirement in defluoridation experimentation. All the
synthesis and experimentations were carried out at room
temperature.

2.2. Instrumentation

Ultrasonication treatment to adsorbent has been carried
out using Labman probe sonicator (Model PRO-250, 25 kHz,
3 mm diameter) in a soundproof box. A digital variable DC
power supply (Scientific, 0-10 A, 0-30 V) has been used as
a direct current source. Detection of fluoride ion (mg/L)
was done using IntelliCAL FLUORIDE probe (ISEF 121) ion
selective electrode (HACH, US). A TISAB buffer pillow was
added during the measurement of fluoride ion concentra-
tion to eliminate the interferences of other ions in the sam-
ple. Agitation was provided using magnetic stirrer (REMI).
The X-ray diffraction (XRD; Panalytical X'Pert-PRO) spectra
of EGA and UEGA have been analyzed in the range of 10 to
100 and 0.0170 step size. Fourier transform infrared spectros-
copy (FTIR) (Thermo Scientific Nicolet iS5) was used to study
spectra from the range 4,000-400 cm™. The physical and mor-
phological analysis of EGA and UEGA before and after ultra-
sonication was examined by scanning electron microscope
(SEM) JSM-6380A (JEOL, Japan). Surface Area Analyzer
SMART SORB-93 (Smart Instruments, Maharashtra) was
used for the verification of surface area of the prepared
adsorbent using helium and nitrogen as a carrier.

2.3. Preparation of ultrasonically improved electrochemically
generated adsorbent (UEGA)

UEGA was prepared in two steps, in first step EGA was
prepared in an electrolytic reactor as shown in Fig. 1 (acrylic,
cylindrical flat bottom, 90 mm ID, 22 mm height). EGA is a
solid complex formed as a product of electrochemical process
governed by Eq. (3). In second step, EGA obtained from the
first step was ultrasonicated. The electrolytic reactor consists
of four aluminium electrode plates of thickness 3 mm and
effective functional surface area of 125 cm?. A direct current
(DC) power supply was connected to electrodes which were
arranged in a monopolar fashion with an inter electrode
distance of 0.5 cm. EGA was prepared using 0.1 M NaCl
electrolytic solution. The reaction volume, batch run time



K. Junghare et al. / Desalination and Water Treatment 173 (2020) 243-254

245

-

1
[o

o | .

Fig. 1. Schematic representation of electrolytic reactor and probe sonicator where (1) electrolytic reactor; (2) magnetic stirrer;
(3) cathode; (4) anode; (5) ultrasonic generator; (6) soundproof enclosure; (7) probe sonicator.

and current supplied were 1 L, 2 h and 1 A, respectively.
Reactor content was well mixed using magnetic stirrer at the
rate of 500 rpm. The sludge formed during the electrolytic
process according to Eq. (3) was separated by gravity settling
followed by filtration (Whatman 42 filter paper). The sludge
was thermally treated at 80°C for 12 h hereafter it is called as
EGA. In second step EGA and distilled water mixture was
exposed to ultrasonication at 25 kHz amplitude for 15 min
with 30 s pulse on and 5 s pulse off followed by separa-
tion using filtration and drying at 80°C for 12 h. Every time
before commencement of step one, the electrode surface was
cleaned by immersing in 0.1 M NaOH solution for 10 min fol-
lowed by scrubbing using sandpaper to remove the passive
layers [29] formed to avoid hindrance.

2.4. Batch defluoridation experiments

Batch experiments have been performed to study fluoride
ion adsorption onto UEGA. A mixture of 0.2 g of UEGA and
40 mL NaF solution (10 mg/L) has been agitated for 15 min at
500 rpm and then left to rest till the equilibrium is reached.
After fixed time interval, fluoride ion concentration left in the
solution has been reported in terms of g, as shown in Fig. 2.
The amount of fluoride ion adsorbed onto UEGA at anytime
t, q, (mg/g) has been determined using Eq. (5) as follows:

:CO_Ct «
1%

a, 4 (5)
where C, is initial fluoride concentration (mg/L) and C, is
fluoride ion concentration (mg/L) at anytime ¢, W is mass
of UEGA material (gm) and V is volume of batch solution
(mL). The amount of fluoride ion adsorbed per unit mass
of adsorbent was calculated using Eq. (6)

G -G xV
4%

q.= (6)
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Fig. 2. g, vs. time.

where ¢, is the equilibrium adsorption capacity of fluo-
ride ion on the adsorbent (mg/g), C, is equilibrium fluoride
concentration (mg/L) of fluoride ion in the aqueous solution.

2.5. Adsorption kinetics

The adsorption kinetics has been studied in order to
verify mechanism, rate controlling step, rate of adsorption
of fluoride ions using different kinetics models viz. pseu-
do-first-order model [34], pseudo-second-order model [35],
intra-particle diffusion model [36], Elovich model, fractional
power model [37] and Bhangham’s model [38].

2.5.1. Pseudo-first-order model

The differential form of the pseudo-first-order mechanism
is as follows:
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g (g -
o ~h(a-a.) )

where k, is the rate constant for pseudo-first-order (min™)
and t is time (min), integrating above equation at the
boundary conditions t=0tot=tand =0 to q =g, gives

k.t ®)

I —-g.)=1 +
og(q, —4,)=log g, 2303

A plot of log(q,-q,) vs. t gives the values of slope and
intercept as k,/2.303 and logg,, respectively.

2.5.2. Pseudo-second-order model

The differential form of the second order mechanism is
as follows:

dq
=k - q.) ©)

where k, is the rate constant for pseudo-second-order (g/mg
min), integrating the above equation within the limits t = 0
tot=tand q=0to g =g, which gives

t_ 1.t (10)
q, k4 4,

A graph of t/q, vs. t was plotted to obtain g, and k,.

2.5.3. Intra-particle diffusion model

This model was introduced by Weber and Morris. Its
equation is stated below where k, is intra-particle diffusion
model rate constant (min™?) and C is the intercept (mg/g)

q, =kt +C (11)

A plot g, vs. t°> will result a slope of k, and C

2.5.4. Elovich model

The Elovich model diffusion equation is given below,
where a is initial adsorption rate (mg/g min) and 3 is the
adsorption constant (g/mg).

q, :%1n(a[3)+%lnt (12)

By plotting a graph g, vs. Int, we get the value of a and 3.

2.5.5. Fractional power model
The diffusion equation for fractional diffusion model is

given as follows, where 4 and b are constants and b <1

logg, =loga+blogt (13)

Plotting the graph logg, vs. logt, we get the constants a
and b.

2.5.6. Bhangham’s model

Bhangham’s model diffusion equation is stated as

log S =log Ky
C,—qm 2.303V

where C; is initial concentration of adsorbate in solution

(mg/L), m is weight of adsorbent per liter in solution (g/L)

] vs. logt

j+ alogt (14)

C
also ot (<1) and k are constants. Plot log log( 0
we get the constants k; 0-4

2.6. Adsorption isotherms

Adsorption isotherm reveals the information about
monolayer-multilayer, chemical-physical adsorption mech-
anism. It helps us to understand the interaction affinity
between adsorbent and adsorbate. Four isotherm models
have been studied viz. Langmuir isotherm [39], Freundlich
isotherm, Dubinin—-Radushkevich isotherm [40], Temkin
isotherm [21]. The experiments have been carried out using
a different initial concentration that is 10, 15 and 20 mg/L
at room temperature.

2.6.1. Langmuir adsorption isotherm

Langmuir isotherm assumes uniform adsorbent surface
and no interaction between adsorbate molecules, represented
as equation below, where C, is equilibrium concentration of
fluoride ions (mg/L), g, is maximum adsorption capacity
(mg/g), g, is fluoride ions adsorbed at equilibrium condition
(mg/g) and b is constant (mg/L) which signifies the energy of
adsorption.

C C
;*ZL_,_;' (15)
9, b 9
1
R = 16
' 1+bC, (16)

where R, is a dimensionless parameter, Langmuir plot
of C/q, against C, is graphed, g, and b values are obtained
accordingly.

2.6.2. Freundlich isotherm

The aqueous solution is studied with this model and its
equation is as follows

logg, :logKf +110gC” 17)
n

where K. is adsorption capacity (mgl-(1/n) L(1/n) g™) and n
is intensity. A graph between logg, and logC, are plotted and
K, and n values are calculated.

2.6.3. Dubinin—Radushkevich isotherm

The Dubinin—Radushkevich isotherm equation is repre-
sented as follows:
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Ing, =Ing,, ~pe’ (18)
where g, is the maximum capacity of adsorption and ¢ is
Polanyi potential calculated using Eq. (19) as follows:

1

S:RTln{l-rC} (19)

e

2.6.4. Temkin isotherm

The major assumptions of this model are there is uni-
form binding energy due to interactions between adsorbent—
adsorbate and there is an inverse relationship between
the heat of adsorption and surface coverage. The isotherm
relationship is expressed below.
q,=B,InK, +B,InC, (20)
A plot of g, vs. In C, was graphed to obtained B, and K,

where RT/b = B, R is universal gas constant (8.314 J/mol K)
and T is the temperature in Kelvin.

2.7. Thermodynamic study

Thermodynamic parameters such as enthalpy change
AH® (J/mol) and entropy change AS° (J/mol) are related to
change in Gibbs free energy AG® (J/mol). For the adsorp-
tion process, Gibbs free energy can be calculated using the
equation as follows:
AG°=-RTInK (21)
where K is adsorption equilibrium constant, AH® and AS°® are
evaluated using Van't Hoff equation mentioned as follows:
AG°® = AH° —-TAS°® (22)

This study helps to determine the favorable temperature
for adsorption of fluoride ions onto UEGA material. The

247

experiments were performed at three different temperatures
298, 308 and 313 K and the value of K was determined.
Combining Egs. (21) and (22) gives

_-AG® _AS° AH°
RT R RT

InK

(23)

where R is universal gas constant (8.314 J/mol K) and T is
temperature (K). AH® and AS° values have been determined
by plotting a graph of InK vs. 1/T

3. Results and discussion
3.1. Characterization of EGA and UEGA
3.1.1. XRD

The XRD analysis of the synthesized EGA and UEGA
was carried out to determine the presence of crystalline and
amorphous phases (Fig. 3). The intensity of peaks which is
strong and sharp in EGA confirms crystalline nature as com-
pared with UEGA which is characterized by medium mild
signals. The reduction in the intensity of XRD spectra can
be attributed as the effect of ultrasonication on EGA. It con-
firms that UEGA comprises of AIOOH and Al(OH), through
broad peaks at 20 = 15° and 29° and same has been reported
by Oulebsir et al. [30] and Zaidi et al. [43]. The existence
of sodium aluminium oxide at 20 = 18 [30] clearly specifies
aluminium and aluminium complexes. Another character-
istic strong sharp peak at 20 = 41° was identified, indicat-
ing the presence of aluminium oxide. Other small peaks are
identified which also confirmed the formation of aluminium
compounds which also has a high affinity towards nega-
tively charged fluoride ion and collectively taking part in
defluoridation.

3.1.2. FTIR/EDS

The FTIR spectra (Fig. 4) of EGA and UEGA were exam-
ined in the diagnostic region and fingerprint region from
their characteristic peak and respective wave numbers. In the

[

A

Fig. 3. XRD spectra of synthesized adsorbent (a) EGA and (b) UEGA.
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Fig. 4. FTIR spectra of synthesized adsorbent (a) EGA and (b)
UEGA.

fingerprint region at 973 cm™ can be attributed to Al-O-H
band stretching with no hydrogen influence. The FTIR
spectra of EGA show characteristic peaks between 550 and
963 cm™ which confirms the presence of aluminium-oxygen
(Al-O) stretching [11]. Confirmation of aluminium in pure
form can be marked with a broad peak at 3,415 cm™ [21],
whereas vibrations at 3,000 and 3,600 cm™ corresponds
to aluminium hydroxide [30]. FTIR spectra of UEGA also
show similar trends as that of EGA. Thus FTIR spectra con-
firmed that the adsorbent prepared as EGA and UEGA prin-
cipally contained aluminium compounds and aluminium
hydroxide complexes. The same elemental composition was
corroborated using energy dispersive spectroscopy (EDS;
Fig. 5). Furthermore, EDS examination of EGA and UEGA
confirms Al and O were the principal elements observed.
Presence of aluminium hydroxide complexes can also be
seen undoubtedly in EDS which justifies its formation as

represented in Eq. (4) as well as in FTIR. Traces of NaCl were
noted, as it was used in the preparation of EGA and UEGA.

3.1.3. SEM

The morphology of unsonicated and sonicated adsor-
bents has been examined using SEM to study the effect of
ultrasonication. Representative micrographs of EGA and
UEGA were compared and shown in Fig. 6. EGA parti-
cles were found large in size with agglomerated bundles
of sphere-like structure but not so well ordered in shape
(Figs. 6a and c). On the other hand, UEGA are smaller not
wholly spherical, but granular in shape and less agglomer-
ated (Figs. 6b and d). The particle size of EGA obtained is
368 um while for UEGA it ranges from 38 to 75 um. Effect
of ultrasonication is invincible as the reduction in particle
size was visible using SEM characterization. Hence the
formation of higher surface area which favored higher
removal of fluoride by increasing the active sites avail-
able for adsorption [26], and the same behavior has been
observed. Similarly, the percentage removal of fluoride
ions by UEGA was comparatively faster than those by
EGA, viz 93.5% and 78.9%, respectively (Fig. 7). Using BET
surface area analyzer the reported surface area for UEGA
is 73.13 m?/mg. The effect of ultrasonication can be clearly
seen in the micrographs, as there is a decrease in the particle
size from EGA to UEGA. SEM micrographs of aluminium
anode also show the increase in surface porosity before and
after electrolytic method, thus it becoming highly micro-
porous in structure as seen in Fig. 8.

3.2. Adsorption kinetics

The experimental data were obtained and were fitted
in the kinetic models, the values of constants have been
analyzed and summarized in Table 1. Experimental data
for kinetic models are shown in Fig. 9. The best fit anal-
ysis was chosen on the basis of highest correlation co-effi-
cient (R?) and equilibrium capacity (g,) values. The present

cps/eV

257 mm
204 Al
15
10}
5]

1d

1M Na d
D T LI I T T T | T T | T | T T T | T T T I LI T T I T T T T | L T | T 1 1 T I T T T T
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|{E1vr

Fig. 5. EDS spectra of UEGA.



K. Junghare et al. / Desalination and Water Treatment 173 (2020) 243-254 249

Fig. 6. SEM micrographs of synthesized adsorbent (a,b) EGA and (c,d) UEGA.
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Fig. 7. Comparison between (®) EGA and (m) UEGA.

system follows pseudo-second-order kinetics as indicated
by R?>and g, values that are 0.942 and 0.125, respectively,
also the g, values are close to experimental values. The R?
values of other models such as the intra-particle diffusion
model, pseudo-first-order model, fractional power model,
Bhangham’s model and elovich model are 0.914, 0.89, 0.873,

0.872 and 0.792, respectively. Pseudo-second-order kinetic
model describes single-step chemisorptions as the rate
determining step [40]. Hence we can conclude that the flu-
oride ion adsorption on UEGA material follows chemisorp-
tions as R?values are closer to unity.

3.3. Adsorption isotherm

Graphical representations of different isotherm models
viz. Langmuir adsorption isotherm, Freundlich isotherm,
Dubinin—-Radushkevich isotherm and Temkin isotherm are
plotted in Fig. 10. Various parameters of these isotherms
have been determined and tabulated in Table 2. The most
promising model for this fluoride ion adsorption onto
UEGA was found to be Temkin isotherm and the same has
been validated by correlation coefficient, that is, 0.939. This
model states that the heat of adsorption is inversely propor-
tional to surface coverage because of adsorbent adsorbate
interaction with consistent binding energy [21]. Value of b
was found to be 1.049 kJ/mol which emphasize on electro-
static interaction between UEGA material and fluoride ions.
The second best-fit isotherm model is Freundlich isotherm
with its R* and K, are 0.927 and 1.99. On the other hand, a
poor correlation coefficient of Dubinin—-Radushkevich and
Langmuir isotherm are 0.911 and 0.799, respectively, proves
them unfit for this study. It is also observed that the param-
eters such as g, and {3 (i.e., 1.803 and 8 x 107, respectively)
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Fig. 8. SEM micrographs of sacrificial anode (a) before and (b) after.

Table 1
Kinetic parameters of models

Kinetic model Adsorption parameters R?

Pseudo-first-order model k, (min™) 6.909 x 10 q,(mg/g) 1.524 0.799
Pseudo-second-order model k, (g/mg min) 7.466 q,(mg/g) 0.1251 0.927
Intra-particle diffusion model k, (g/mg min) 0.104 CO0.164 0.914
Elovich model a 0.4607 [ 4.8780 0.792
Fractional power model a0.33 b 0.257 0.873
Bhangham’s model « 0.259 k, (mL/gL) 1.322 x 10° 0.872

of Dubinin—-Radushkevich isotherm suggest exothermic

interaction between fluoride ions and UEGA material [41].

The values of g, and 3 were obtained graphically using a

plot In g, vs. €2, which are 1.803 and 8 x 107, respectively.

The absorption energy (¢) liberated during this process

is =790.56 ] mol™ which can be estimated using equation
= -(2p)*° [40].

3.4. Adsorption thermodynamics

Thermodynamics helps us to find if the process is physi-
cal or chemical, spontaneous or non-spontaneous and endo-
thermic or exothermic. It analyzes whether the adsorption
process is affected by the change in temperature. All the
thermodynamic parameters AG°, AS° and AH° are listed
in Table 3. The value of AH® and AS°® were estimated using
Eq. (22). AG® is found to be minimum at lowest temperature,
that is, —-5.645 kJ/mol using Eq. (21), hence the fluoride ion
adsorption favors lower temperature [42], as it is exothermic
process according to Le Chatelier’s principle for any given
pressure low temperatures are favored. Hence 298 K is found
to be the optimum temperature for fluoride ion adsorption
onto UEGA. The heat of reaction, AH® for the system was
found to be negative, that is, -5.433 kJ/mol, hence heat is lib-
erated and shows exothermic nature. The standard entropy
AS° was also reported to be a negative indicating attraction
between the fluoride ions and UEGA. Also E = AH° + RT,

where E is average activation energy which is found to be
-51.85 kJ/mol. Thermodynamic parameters are tabulated in
Table 2 and plots are shown in Fig. 11.

3.5. Comparison with aluminium adsorbent and regeneration of
UEGA

UEGA is compared with other aluminum-based adsor-
bent. Minju et al. [25] reported that the particle size of the
adsorbent is about 355 um where as in this research, SEM
indicates the particle size of 38-75 pm. On comparing the
adsorption capacities from papers it ranges from 5 to 16 mg/g
[30], 5-7 mg/g [25] and 7 mg/g for UEGA. The percentage
removal efficiency is less by 4% since the initial fluoride
concentration which is pretty high (15 mg/L) as compared
with 5 mg/L [30].

Effective regeneration process covers factor such as
percentage removal and number of batch experiments. In
this study, synthesized UEGA was used up to four cycles
for defluoridation. The reported percentage removal has
been 93%, 91%, 89% and 82%. UEGA was regenerated using
diluted sulfuric acid followed by filtration. Further mul-
tiple washing of adsorbent is attempted till neutral pH is
observed followed by filtration and drying. This study on
regeneration is attempted by Oulebsir et al. [30] and Du
Du et al. [43] with a regeneration capacity of five and two
cycles, respectively.
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Fig. 9. Kinetic models: (a) pseudo-first-order, (b) pseudo-second-order, (c) intra-particle diffusion, (d) Elovich, (e) fractional power

and (f) Bhangham.

Table 2

Adsorption isotherms for UEGA
Equilibrium isotherm Parameters R?
Langmuir isotherm b (L/mg) 0.374 q,(mg/g) 7.87 R,0.374 0.799
Freundlich K, (L/mg) 1.99 N 1.760 0.927
Dubinin-Radushkevich p8x107 q,1.803 0.911
Temkin isotherm K, (L/mg) 1.724 B,2.377 0.939
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Table 3
Thermodynamic parameters
Temperature (K) AG® (kJ/mol) AH° (kJ/mol) AS° (kJ/mol) E, (KJ/mol)
298 -5.654
308 —4.372 -54.331 -155.88 -51.85
313 -3.288
p 0.80
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Fig. 10. Adsorption isotherms (a) Langmuir, (b) Freundlich, (c) Dubinin-Radushkevich and (d) Temkin isotherm.

4. Conclusion

UEGA was synthesized by electrolytic method followed
by ultrasonication and was further characterized using
SEM-EDS, FTIR, XRD, BET techniques. The outcome of this
research proposes the enhancement in defluoridation by
application of ultrasound on EGA causing effective particle
size reduction. Significant size reduction of adsorbent from
coarse particles (378 um) to ultrafine particles (38-78 pm)
has been examined. The percentage removal of fluoride ions

by UEGA was comparatively faster than those by EGA, viz
93.5% and 78.9%, respectively. An XRD spectrum proves
the existence of sodium aluminium oxide, aluminium and
aluminium complexes, which further helps in defluorida-
tion of wastewater. FTIR and EDS also confirmed that the
adsorbent prepared as EGA and UEGA principally con-
tained aluminium compounds and aluminium hydroxide
complexes. SEM analysis shows that ultrasonication makes
the adsorbent more small in particle size not wholly spheri-
cal but granular in shape and less agglomerated than EGA.
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Fig. 11. Temperature effect on the adsorption of F- ions onto
UEGA particles.

XRD analysis confirms that UEGA comprises of AIOOH and
Al(OH), through broad peaks at 26 = 15° and 29° and same
has been reported by Oulebsir et al. [30] and Zaidi et al. [44].
Furthermore, EDS examination of EGA and UEGA confirms
that Al and O were the principal elements observed. BET
surface area analyzer declares the surface area of 73.13 m?
associated with per gram of UEGA. Higher the surface area,
it favors higher removal of fluoride by increasing the active
sites available for adsorption. The adsorption kinetics of
fluoride ions onto UEGA material follows pseudo-second-
order kinetics which indicates single-step chemisorptions of
fluoride as the rate determining step (R?=0.927). Adsorption
thermodynamics concludes that the process is exothermic in
nature and favors lower temperature, that is, 298 K. Temkin
isotherm is best-fitted isotherm for this adsorption study
which suggests an inverse relationship between the heat
of adsorption and surface covered with consistent binding
energy. Similarly, thermodynamic parameters such as AH®,
AS° and E, are found to be -54.331, -155.88 and -51.85 k]J/
mol, respectively.
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