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Abstract
The experiment successfully investigated fluoride  (F−) uptake capacity of bio-inspired sodium alginate bead (BISAB) using 
ZSM-5 as an adsorbent through a series of batch studies. The study conducted to observe impact of individual parameter on 
 F− adsorption reveals pH and adsorbent dose to have dominant effect in BISAB uptake as compared to time and temperature. 
Adsorbent prepared from ZSM-5 with high surface area and micropore volume can adsorb 92% of fluoride at optimized 
condition. Langmuir, Freundlich, D–R and Tempkin isotherms have been studied for fluoride adsorption. Among all mod-
els, Langmuir isotherm fitted exceptionally well over other models; this can be concluded from the regression coefficient 
obtained for Langmuir model which was very close to 1. The kinetic study suggests  F− adsorption onto prepared BISAB to 
follow pseudo-second-order kinetics of average rate constant 6.5475×10−4 g/fluoride per min. Thermodynamic parameters 
ΔH°, ΔS° and ΔG° were found to be 10.167 kJ/mol, 29.35 J/mol and − 4.71 to − 13.4444 kJ/mol, respectively. The fluoride 
adsorption onto BISAB was endothermic reaction.
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Introduction

Fluoride is among the most plentiful elements found in 
groundwater globally which creates a notable difficulty in 
supplying safe consumable water. Intake of  F− within accept-
able limit is crucial for maintaining healthy teeth and bones 
(Jagtap et al. 2011), while undue consumption of  F− often 
causes metabolic disruption in human being and animals like 
chronic skeletal and dental fluorosis, liver damage, thyroid 
disorder (Maity et al. 2018), neurological disorders, rick-
ets, ossification of ligaments and tendons (Dong and Wang 
2016). Therefore, World Health Organization (WHO) and 
Environmental Pollution Agency (EPA), India, have given a 
permitted limit of 1.5 mg/L of  F− concentration in consum-
able water (Chai et al. 2013).  F− occurrence in India was first 
reported in 1937 in Andhra Pradesh and then in 17 states of 

India mainly Rajasthan, Uttar Pradesh, Telangana, Madhya 
Pradesh, Gujarat and West Bengal (Mukherjee et al. 2018a).

Several commercial methods are already being designed 
for  F− removal in aqueous solution like adsorption (Daifullah 
et al. 2007; Mukherjee et al. 2017), ion exchange (Meenak-
shi and Viswanathan 2007), precipitation (Akbar et  al. 
2008), electrodialysis (Lahnid et al. 2008), Donnan dialysis 
(Tor 2007), reverse osmosis (Sehn 2008) and nano-filtration 
(Liu et al. 2007), etc. Nonetheless, membrane-based tech-
niques and ion exchange involve higher maintenance as well 
as operational expenses, complicated procedure and produc-
tion of toxic sludge during defluoridation from aqueous solu-
tion. The out-dated techniques of precipitation and coagu-
lation have been applied toward  F− removal from water, 
wherein Nalgonda process has been one of the most broadly 
used processes to treat fluorinated water across the world. 
However, production of higher degree of lasting aluminum 
concentration often between 2 and 7 mg/L is considered as 
a major drawback of these processes (Ghorai and Pant 2005; 
Mohapatra et al. 2004). Owing to the aforementioned short-
comings, adsorption-based  F− removal is promising as well 
as viable due to the availability of various adsorbents at low 
pollutant concentration, not-so-complicated operation, easy 
maintenance and effectual performance. Various adsorbents 
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till date have been reported for  F− removal from water, viz. 
alumina (Ghorai and Pant 2005), minerals and metal oxides 
(Mohapatra et al. 2004; Tor 2006), carbon (Ramos et al. 
1999), zeolites (Onyango et al. 2004), clays (Fan et al. 2003), 
industrial and agricultural wastes (Chidambaram et al. 2003; 
Mukherjee and Halder 2018), etc. Although activated carbon 
is a popular adsorbent for  F− removal, commercial activated 
carbon has a high operating cost which, at high water flow 
rate, greatly increases if there is no carbon regeneration unit 
(Figueiredo et al. 2005).

Therefore, of late more attention is paid toward devel-
opment of an effective adsorbent such as clays, tree barks, 
petroleum coke, alum sludge, wood charcoal, red mud, nan-
oparticles and bio-char-based alginate beads (Kirk 1980; 
Çengeloğlu et al. 2001; Srimurali et al. 1998; Pradhan et al. 
1999; Asyhar et al. 2002; Yakun et al. 2011). Owing to their 
low price, the ease of obtainability and effectual  F− removal 
from water, these alternative waste materials are being uti-
lized and reported. Various functional groups existing on 
the surface of a biomass-based adsorbent, namely carboxyl, 
hydroxyl, amide, amines and carbonyl, might be involved 
in the physicochemical interaction of  F− (Mukherjee et al. 
2018a). Several experiments have reported the removal of 
other metals (Yu et al. 2017), dye (Rocher et al. 2010) and 
organic pollutants (Hammouda et al. 2015) from aqueous 
solution with the help of nanoparticle-impregnated algi-
nate beads as well as carbon-based alginate beads. There-
fore, in the current study, we concentrated on the following 
objectives:

• To explore  F− adsorption capability of BISAB (bio-
inspired sodium alginate beads) under different chemical 
as well as physical conditions. For this purpose, a batch 
experimental study was carried out for analyzing impact 
of process parameters, viz. adsorbent dose, contact time, 
pH, temperature, initial  F− concentration.

• To determine the best-fit isotherm and kinetic model and 
thermodynamic study of the experimental data using bio-
inspired sodium alginate beads.

Materials and methods

Chemicals and glasswares

Rice husk-based nanoparticle was prepared in laboratory 
scale following standard procedure mentioned by Ghasemi 
and Younesi (2011) and also reported by different research-
ers later on (Mukherjee et  al. 2018b). Sodium alginate 
[(C6H7NaO6)x, 91%] food grade was obtained from Lobal 
Chemie, India. Sodium fluoride (NaF, 99%), hydrochloric 
acid (HCl, 37%) and sodium hydroxide pellets (NaOH, 
98%) were obtained from Merck, India. Calcium chloride 

pellets  (CaCl2, 98%) were purchased from Fisher Scientific. 
Deionized water (Millipore) was utilized for the experimen-
tal purpose.

Development of adsorbent NZSM 5

Synthesis of classified porous NZSM-5 was conducted on 
the basis of layer via one-pot method. Firstly, a gel was pre-
pared by mixing 1.10 g sodium aluminate with 5.25 g fumed 
silica and 1.5 g NaOH in 100 mL distilled water (Coruh and 
Ergun 2009). These were uniformly stirred for 60 min by 
the addition of 5 mL 20% tetrapropylammonium hydrox-
ide dropwise in a parent gel solution. Later for betterment 
of the prepared gel, it was kept in an autoclave reactor for 
4 days at 160 °C for crystallization. Then, it was collected 
within 0–96 h to analyze the influence of nucleation rate 
and crystallinity. Lastly, the blend product was filtered and 
washed with the distilled water to make its pH value to 8.0. 
The filtrate was then kept in a hot air oven at 80 °C for 24 h 
(Arief et al. 2008).

For modification, 2 g NZSM-5 was added in the known 
concentration of 200 mL HDTMA-Br aqueous solution 
and agitated in incubator at 200 rpm for 24 h and 30 °C. 
For determining the effect of 0.5–2.5 g/L concentration, 
HDTMA-Br was used. This was followed by centrifug-
ing the functionalized NZSM-5 (F NZSM-5) for 35 min at 
15,000 rpm and then rinsed in deionized water till  Br− was 
detected. The  AgNO3 was added in washed water sample for 
the detection of  Br− as the yellowish formation of precipita-
tion formed. Then, FNZSM-5 particles were oven-dried for 
12 h at 60 °C which were later used for the removal of  F−.

Preparation of bio‑inspired sodium alginate beads 
(BISABs)

Sodium alginate powder was mixed with deionized water 
(w/v, 1%) followed by the addition of rice husk-derived nan-
oparticles to the solution of sodium alginate in the ratio of 
1:1. The mixture was stirred well to get a uniform mixture of 
sodium alginate and nanoparticles using mechanical stirrer. 
The mixture was then mixed with 1%  CaCl2 solution in the 
form of drops using a 5-mL syringe for forming uniformly 
sized beads. These were then separated from the solution for 
hardening after 24 h, followed by washing with deionized 
water (Wang et al. 2015) and dried. After drying, the typical 
size of bio-inspired sodium alginate beads was found to be 
about 2.7–2.9 mm in diameter.

Batch adsorption experiments

Batch sorption studies were conducted by using  F− con-
centration of 10 mg/L, and adsorbent doses were varied in 
between 0.02 and 0.1 g/L. pH was maintained between 2.0 
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and 10.0 using 1.0 mol/L HCl or 1.0 mol/L NaOH which 
was monitored with a Delta 320 pH meter (Mettler-Toledo). 
At constant temperature, batch adsorptive experiments were 
carried for 24 h. After adsorption equilibrium, the solution 
was filtered, using filter paper to determine the  F− ion con-
centration.Through  F− ion selective electrode, the adsorption 
capability of BISAB was determined by Eq. (1):

where qe indicates adsorption capacity of BISAB (mg/g); 
C0 and C are initial and final  F− concentrations in solution 
(mg/L). W refers to weight of dry sodium alginate beads (g), 
whereas V refers to BISAB’s volume in synthetic solution 
(L).

Instrumental characterization of nano‑zeolite ZSM 5

Scanning electron microscope (SEM) (JEOL, JXA-840A) 
aided in analyzing the surface morphology and structure of 
BISAB. In addition, to determine the elements present on 

(1)qe =
C0 − C

W
× V

BISAB surface before and after  F− uptake, the energy-dis-
persive X-ray (EDX) was taken at 10 keV voltage (Vázquez 
et al. 2012).

Brunauer–Emmett–Teller (BET) analysis was used for 
further characterization of a microstructure of BISAB. The 
average pore diameter and BET surface area were deter-
mined by means of gas adsorption pore size analyzer (NOVA 
1000e, Quantachrome Ins.).

Results and discussion

SEM–EDX and BET analyses

BISAB’s surface texture before and after  F− uptake is shown 
in Fig. 1a–d wherein the surface of BISAB was spherical, 
porous and smooth, which increases the  F− adsorption 
capacity along with specific surface area of BISAB (Trav-
lou et al. 2013). EDX analysis of BISAB after  F− adsorption 
is shown in Fig. 1b; there was a noticeable  F− content after 
adsorption as seen in the EDX spectrum, which suggested 
BISARB to be an effective adsorbent for  F− uptake (Paudyal 

Fig. 1  a–d SEM and EDX spec-
tra of BISAB before and after 
fluoride adsorption
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et al. 2012). Table 1 presents the surface area and average 
pore diameter of BISAB. BISARB had higher surface area 
than BISAB with an analogous mean pore diameter, and 
hence, BISARB resulted in adsorbing higher percentage 
of  F−. The elemental analysis of BISAB before and after 
 F− uptake is shown in Table 2a, b.

FTIR analysis of BISAB and BISARB

FTIR analysis of BISAB before and after  F− uptake is 
depicted in Fig. 2b. For the adsorbent bending and stretch-
ing vibration of the adsorbed water, broad bands were 
assigned at 1062 cm−1, 1636 cm−1 and 3443 cm−1 and bend-
ing vibration of metal (M–OH), respectively (Tomar et al. 
2013). The peak obtained at 1419 cm−1 represented carboxyl 
group (–C=0). The peak at 1319 cm−1 indicated bending 
and stretching of absorbed water C–H (Karthikeyan et al. 
2011). Figure 2 clearly shows a shift in bands at 450 cm−1, 
1062 cm−1, 1636 cm−1, 3442 cm−1 to 430 cm−1, 1060 cm−1, 
1637 cm−1 and 3456 cm−1 after  F− uptake. For hydroxyl 
group on the adsorbent, the broad band was indicative of 
stretching vibration at 3443 cm−1, that is, adsorbed water 
and metal oxides. After adsorption, intensity of hydroxyl 
(–OH) band decreases at 3443–3456 cm−1, but peak’s shape 
changed which resulted in higher frequencies of  F−-loaded 
adsorbent causing  F− uptake/exchange. For defluoridation 
of water, the hydroxyl group was possibly responsible. 

BISARB after  F− uptake was assigned to M–F with band 
at 542 cm−1, and M–O was assigned at band of 450 cm−1.

Influence of parameters on fluoride uptake by ZSM 5

Influence of pH

F− adsorption on BISAB was analyzed at pH value of 2–10. 
Maximum sorption of  F− on BISAB was calculated as 90.9% 
at pH 4, i.e., in acidic medium, while adsorption capacity 
went on decreasing as the as pH value went on increasing, 
i.e., in alkaline medium as shown in Fig. 3a. The lowest 
adsorption percentage was about 65% found to be at pH 10. 
The  F− ions adhered onto BISAB surface, wherein an ion 
exchange took place between transportable  OH− ion present 
nearer to the surface of BISAB (Fan et al. 2003). There was 
maximum  F− removal in acidic medium since the surface 
of BISAB got highly protonated and became positive in 
acidic medium, which was attributed to attraction of nega-
tively charge ions (Gao et al. 2009), whereas increasing pH 
decreased the adsorption capacity due to more  OH− ions 
which competed with negatively charged  F− ions. The repul-
sive force caused a decrease in sorption capacity of  OH− and 
 F− ions in alkaline medium. Thus, synthesized BISAB is 
effective for  F− removal from simulated wastewater at neu-
tral to lower pH value.

Influence of contact time

The effectiveness of adsorbent was calculated by studying 
the adsorption kinetics. The relationship between adsorp-
tion capacity (mg/g) and respect to time (min) at different 
initial concentrations of fluoride is shown in Fig. 3b. During 
the sorption process, a two-step mechanism was followed as 
illustrated in Fig. 3b. The first mechanism result shows that 
there is rapid adsorption of fluoride ion on BISAB within 
first 90 min, after which stability was gradually achieved. 
The  F− removal after 90  min was 84.3%, 80.6%, 88%, 
55.8% and 80.6% at initial concentrations of 4, 8, 12, 16 and 
20 mg/L, respectively. These experimental data were further 
used in kinetic modeling of  F− adsorption in aqueous solu-
tion to determine pseudo-first-order and second-order mod-
els for estimating R2 value and to find appropriate dynamic 
model. The rate constant (K) of  F− sorption constant was 
determined for different reaction temperatures and initial 
 F− concentration from batch experimental study.

Influence of initial concentration

Impact of initial  F− concentration over BISAB was stud-
ied at varying concentrations, viz. 5, 10, 15 and 20 mg/L 
using 0.1 g BISAB dose at 30 °C. The study revealed that 
with increasing initial concentration, removal percentage 

Table 1  Surface characterization of BISAB

Adsorbent BET surface area (mg/g) Average pore diameter (nm)

BISAB 17.64 9.17

Table 2  a, b Elemental analysis 
of fluoride over BISAB through 
EDX

Elements Weight (%)

(a)
 C 33.22
 O 52.86
 Na 0.62
 Cl 4.00
 Ca 9.30
 Total 100.00

(b)
 C 29.64
 O 36.38
 Si 0.93
 F 4.38
 Fe 5.93
 Zr 22.74
 Total 100.00
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of  F− also increases as shown in Fig. 3c. This result is 
consistent and matches with previous reports on adsorp-
tion of fluoride ions in synthetic solution (Liu et al. 2013).

Influence of adsorbent dose

F− adsorption onto BISAB was determined by vary-
ing the dose of adsorbent (0.4, 0.6, 0.8, 1.0, 1.2, 1.4 and 
1.5 g/50 mL) while keeping initial fluoride concentration 
(100 mg/L), pH (9.0) and temperature (34 °C) constant at 
a contact time of 110 min as shown in Fig. 3d. The rate 
of sorption increased from 70 to 95%, with BISAB dose 
increasing from 0.4 to 1.5 g per 50 mL at equilibrium time. 
This is owing to more accessibility of surface area and 
sorption sites, while the unit adsorbed  F− decreased with 
increasing BISAB dose as shown in Fig. 3d.

Influence of temperature

Along with other factors, temperature too plays a vital 
role in an adsorption process. In this case, temperature 
was varied from 49.85 to 85 °C. Figure 3e depicts the 
influence of temperature on  F− removal by BISAB. 
Higher temperature causes enhanced binding of  F− ions 
onto BISAB surface (Arief et al. 2008). As seen in the 
graph, optimal temperature was observed as 60 °C with 
maximum 90% removal, after which it gradually lowered 
with rise in temperature up to 70 °C. This is indicative of 
the fact that the van der Waal’s forces are quite weaker 
at low temperature causing lowered interaction between 
BISAB and  F− ions. Hence, medium temperature pro-
moted enhanced adherence of the  F− ions onto BISAB 
surface because of comparatively stronger van der Waal’s 
forces. Very high temperatures often cause breakage in 

Fig. 2  FTIR spectra for BISAB (a) before and (b) after fluoride adsorption
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the ionic bonds which reduce sorption efficacy of sorbent 
(Mukherjee and Halder 2016).

Adsorption isotherm

In adsorption studies, the relationship between quantity 
of adsorbate sorbed on adsorbent surface and its solution 
concentration at fixed temperature is described by adsorp-
tion isotherm. Various sorption models have been investi-
gated in several studies; however, the current experimen-
tal work focused on mainly Langmuir, D–R, Freundlich 
and Temkin models, wherein qe (i.e., adsorption capacity 
per unit mass of BISAB) is a common parameter used by 
the first 3 isotherm models.

Langmuir isotherm

This model presumes homogeneous adsorption to occur over 
an adsorbent’s monolayer surface devoid of any interaction 
among the adsorbed species. Linearized equation of this 
isotherm is expressed in Eqs. (2) and (3) (Langmuir 1915):

where qe (mg/g) is adsorption capacity at equilibrium; Ce 
is  F− concentration at equilibrium solution (mg/L); Qmax 

(2)qe =
QmaxKLCe

1 + KLCe

(3)
1

qe
=

1
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1

Qmax
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(mg/g) refers to adsorption capability at saturation; and KL 
is Langmuir constant for adsorption which is related to free 
and binding energy of adsorption.

Freundlich isotherm

This model is based on the fact of exponential decaying 
of adsorption site energy distribution and is applicable for 
non-ideal adsorption on heterogeneous surfaces depicting 
multilayer adsorption. The mathematical expression for Fre-
undlich isotherm is written as Eq. (4) (Santra et al. 2014):

where KF refers to Freundlich adsorption constant [(mg/g) 
(L/mg)1/n], n indicates heterogeneity factor and Freundlich 
constant related to adsorption capacity. n and K2 value are 
estimated from slope and intercept by plotting linear plot 
between Ce and log qe, respectively.

The correlation constant (R2) and isotherm constant 
for linear Freundlich and Langmuir isotherms are given 
in Table 2. The results suggest superior fit of Langmuir 
isotherm over Freundlich from the linearly plotted graphs 
shows high R2 = 0.9986 value for the Langmuir isotherm for 
 F− adsorption by BISARB from synthetic solution.

Temkin isotherm

This model was used for analyzing the  F− sorptive potential 
of BISAB. The derivation of this isotherm presumes fall 
in heat of adsorption to be linear rather than logarithmic. 
Tempkin isotherm has been usually used as shown in Eq. (5) 
(Cheng et al. 2014; Zhang et al. 2014):

(4)lg qe =
1

n
lgCe + lgKF

Equation (6) is the simplified version of Eq. (5):

where β = (RT)/b, T (K) refers to absolute temperature and R 
8.314 J (mol K)−1 indicates universal gas constant. The con-
stant b defines heat of adsorption (Yu et al. 2013; Wu et al. 
2001). Linearized equation of Tempkin isotherm was used 
for estimating experimental data, and it provided a good fit 
to the fluoride adsorption data for BISAB. The results are 
given in Table 3. The correlation coefficients R2 obtained 
from Tempkin model were comparable to that obtained of 
Langmuir and Freundlich equations, which elucidate appli-
cation of Tempkin model to  F− sorption onto BISAB as 
shown in Fig. 4c.

Dubinin–Radushkevich (D–R) isotherm

This isotherm is calculated for the analysis of apparent 
adsorption energy and the porosity of an adsorbent. The 
linear equation of D–R isotherm is presented in Eq. (7):

where qD (mg/g) is the D–R isotherm constant related to 
amount of  F− sorbed onto BISAB.

Adsorption kinetics

In the case of fluoride adsorption over BISAB, the time-
dependent analysis for two diverse sorption kinetic models, 

(5)qe =

(

RT

bT

)

ln(KTCe).

(6)qe = � ln � + � lnCe

(7)ln qe = ln qD − 2BD

[

RT ln

(

1 +
1

Ce

)]2

Table 3  a–d Parametric study of Langmuir, Freundlich, Temkin and D–R isotherms of BISAB at 333 K

Ion Isotherm Qm (mg/g) b  (mg−1) R2

(a)
 F− Langmuir 34.2465 0.0298 0.9986

Ion Isotherm Kf (mg/g) 1/n R2

(b)
 F− Freundlich 1.1174 1.1698 0.9823

Ion Isotherm KT BT R2

(c)
 F− Temkin 336.32 0.4894 0.8201

Ion Isotherm Kad qs R2

(d)
 F− Dubinin–Radushkevich − 0.0027 8.9728 0.9996
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viz. pseudo-first order and second order, was studied at 30 °C 
(Zhang et al. 2014).

The linear expression of pseudo-first order is given in 
Eq. (8) (Cheng et al. 2014):

(8)log(qe − qt) = log qe −
K1t

2.303

where K1 and qt refer to pseudo-first-order equation’s rate 
constant at equilibrium  (min−1) and sorption capacity at a 
time (t) (mg/g).

The calculated value qe, K1 and correlation coefficient 
for the pseudo-first-order kinetic model at 30 °C are given 
in Table 4.

The linearized equation of pseudo-second order is given 
as Eq. (9) (Yu et al. 2013):
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Fig. 4  a Langmuir, b Freundlich, c Temkin, d D–R isotherm studies

Table 4  Kinetic parameters: (a) pseudo-first-order and (b) pseudo-second-order kinetic parameters

Kinetic model Initial fluoride concentration (mg/L) Rate constant  (min−1) R2

(a)
 Pseudo-first order 4 − 0.030169 0.8777

8 − 0.4767 0.9651
12 − 0.0299 0.9892
16 − 0.0310 0.9067
20 − 0.0283 0.9092

Kinetic model Initial fluoride concentration (mg/L) Rate constant (g/mg min) R2

(b)
 Pseudo-second order 4 0.07651 0.995

8 0.03013 0.9968
12 0.01983 0.9999
16 0.023015 0.9992
20 0.0252 0.9983
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Plots of t/qt versus t for  F− adsorption are depicted in 
Fig. 5a. The rate constants for both the kinetic models are pre-
sented in Table 4. Value of R2 for pseudo-second-order kinetic 
model was much greater than pseudo-first-order kinetic model. 
Thus, experimental result suggested that pseudo-second-order 
kinetic model suggested better explanation on  F− adsorption 
than pseudo-first-order kinetic model. Second-order kinetic 
model assumes rate-limiting step by chemical adsorption in 
the adsorption process (Wu et al. 2001).

Adsorption thermodynamics

In a low concentration, the activity coefficient remains con-
stant according to Henrys law. The thermodynamic parameters 
are calculated by using Eqs. (10) and (11):

(9)
t

qt
=

1

K2q
2
e

+
t

qe
.

(10)ΔG◦ = −RT lnKC

(11)lnKC =
ΔS◦

R
−

ΔH◦

RT

where R, T and KC refer to gas constant, temperature and 
equilibrium constant, respectively. The thermodynam-
ics parameters suggested  F− adsorption to be spontaneous 
process as ΔG°< 0, and ΔH° = 41.68 kJ/mol; the fluoride 
adsorption process is an endothermic process according to 
solid–liquid adsorption theory. Solute molecules tend to 
lose a degree of freedom from liquid phase to solid–liquid 
interface leading to decrease in entropy, in line with theory 
ΔS° < 0 (Table 5).

Effect of competing ions

In general, a contaminant removal phenomenon tooled by an 
adsorbent is governed by a specific mode of interface inter-
action. The active adsorbing sites present on the surface of 
an adsorbent are crowded by the adsorbate ions, which can 
be evident from initial higher rate of adsorption followed by 
an intermediate step where minimal increment can be seen 
which continues till the adsorbent particles are saturated.

In the present batch mode experimental process, the max-
imum removal was seen in the case of the acidic solvents due 
to their involvement in increasing the  H+ ions in the solu-
tions which competed with the adsorbate ions in desorption. 
In the acids, desorption of  F−1 was greater due to their weak 
bond which was easily replaced with advancement of  H+ in 
the solution. The adsorbent was regenerated with 0.01 M 
NaOH in order to remove excess of  H+ ions from its surface. 
On the other hand, basic solution was unable to remove effi-
ciently since the adsorbent surface was pre-composed with 
 OH− which will eventually hydroxide ions present in the 
solution. Besides all this phenomenon, it is seen that  F−1 is a 
highly electro-negative ion which has a high electron affinity 
toward the highly electro-positive  Na+ rather than  Si4+ and 
other ions present in the bio-inspired alginate beads, prob-
ably for which the favorable removal efficacy of the fluoride 
ion by the nanoparticle-incorporated alginate beads was 
uninterrupted through-out the adsorption process.

Regeneration study

The regeneration of porous sodium alginate is essen-
tial to make a cost-effective and eco-friendly procedure. 
The regeneration study was carried out following proper 
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Fig. 5  a Pseudo-first-order and b Pseudo-second-order kinetic studies

Table 5  Thermodynamic parameters of BISAB at 313 K

Initial 
fluoride 
concen-
tration 
(mg/L)

Tempera-
ture (K)

ΔG° (KJ/
mol)

ΔH° (KJ/
mol)

ΔS° (KJ/
mol)

R2

10 313 1.4322 41.68 0.4856 0.9313
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protocol reported by Qiusheng et al. (2015). The result of 
pH effect on fluoride adsorption by porous sodium alginate 
beads showed that the adsorption capacity of alginate beads 
decreased gradually with the increase in pH and was lower 
in alkaline solution (Fig. 3a). In order to improve desorption 
of the adsorbent, the desorption experiments were carried 
out in NaOH alkaline solution at high temperature range 
between 70 and 80 °C. Drained alginate beads were dipped 
in 0.01 M NaOH for 1 h and washed repeatedly with deion-
ized water for neutralization and then transferred to a beaker 
containing the stirring effect for activation at high tempera-
ture range between 70 and 80 °C for 3 h. The desorption 
efficiency was about 52.58% after three cycles.

Safe disposal

Safe disposal of the used alginate beads as adsorbents must 
be recognized to avoid any kind of further environmental 
contamination. The fluoride ions need to be completely 
eliminated from the used alginate beads as adsorbents, even 
after decomposition of the adsorbents, to avoid the remain-
ing chances of leaching of fluoride ions into the soil, thereby 
contributing to ecological threat. Different approaches have 
been reported for safe disposal of metal or non-metal loaded 
adsorbents. In this experimental analysis, the used algi-
nate beads as adsorbents were securely disposed off as per 
the practice recommended by Mukherjee et al. (2017). At 
first, the alginate beads were dried at 60 °C in an air oven 
monitored by incineration of the dried biomasses at 200 °C. 
Approximately 5 g of the ash obtained from each inciner-
ated biomass was mixed together and then added to 25 mL 
deionized water. This mixture was continuously stirred for 
24 h (Iyenger 2005). Then, the filtrate was collected and 
examined to determine the residual fluoride concentration. 
It was observed after following this method that no leaching 
of fluoride ions happened. This incinerated ash can be used 
for road construction or brick manufacture with additional 
modifications if required.

Conclusions

The current study successfully investigated adsorption of 
fluoride over BISAB from simulated wastewater. The maxi-
mum percentage removal was about 92% at adsorbant dose 
of 5 mg with  F− concentration of 10 mg/L, and pH and 
temperature of the solution were 4 and 333 K, respectively, 
within 4 h contact time.  F− sorption was best explained by 
the Langmuir isotherm over Freundlich, Temkin and D–R 
isotherms. Higher correlation coefficient of pseudo-second-
order reaction is greater than that of pseudo-first-order one, 

showing that fluoride sorption process obeys pseudo-second-
order reaction. Spontaneity, randomness and feasibility of 
fluoride sorptive process were obtained from thermody-
namic parameters. Irreversible and endothermic nature of 
 F− sorption is indicative of the negative value of Gibbs free 
energy. Abundance of functional groups such as primary and 
tertiary amides which are accountable for  F− sorption were 
suggested by FTIR spectra. From the optimum removal effi-
cacy in the batch mode adsorption study, it is well observed 
that bio-inspired alginate beads proved to be a productive 
adsorbent for the efficient removal of contaminants. Using 
this efficient bio-inspired alginate bead, the column study 
can be done more efficiently in the future for scaling up in 
real practices in industries.
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