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a b s t r a c t

Fluoride contamination in water may create environmental hazards. In the present investigation, 
nano silica was synthesized from agricultural waste (rice husk) at high temperature in a tubular 
reactor and de-fluoridation capacity of the entire product was explored. The batch experiments were 
conducted at different conditions: adsorbent dose, temperature, and contact time to evaluate the fluo-
ride removal performance. It was observed that the synthesized product have higher de-fluoridation 
efficiency than its pristine counterparts such as 70.86% (rice husk, RH), 88.69% (rice husk derived 
silica, Si-RH) respectively. The equilibrium data for de-fluoridation by rice husk(RH) and rice husk 
derived silica (Si-RH) were best fitted to the Langmuir isotherm model. The experimental results 
were applied to obtain training set for Artificial Neural Network (ANN) analysis. The results sug-
gested that ANN model prediction shows a closer interaction between experimental and theoretical 
results. It may be concluded that rice husk and its derivatives could be an environmentally benign 
and economic option for de-fluoridation.
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1. Introduction

Fluorine is one of the essential trace elements for human 
health and its gaseous form is a strong oxidizing agent. The 
sources of industrial fluoride [1] are hydrofluoric acid, and 
ammonium bi-fluoride. Due to its electro negativity proper-
ties, it has very high affinity towards calcium (Ca). Depend-
ing on the fluoride concentration in the drinking water, 
duration of consumption has high impact on level of flu-
orosis both in children and adults especially old. Flouride 
toxicity results when its consumption exceeds the thresh-
old limit of 1.5 mg/L. Excessive consumption of fluoride 
results in dental and skeletal fluorosis [2–5]. Thus, de-flu-
oridation of water is required by using novel techniques. 
Decontamination of fluoride from water bodies was previ-
ously performed by adding lime followed by precipitation 
of fluoride in conventional method [6–8]. Different defluo-

ridation methods such as ion-exchange, electro coagulation, 
membrane filtration and adsorption [9–14] used for the 
de-fluoridation of water. Usage of different types of adsor-
bents such as charcoal, tamarind seed, agricultural waste 
materials, bermuda grass, ionic resin etc. are also used for 
fluoride removal. However, there is a difference between 
efficiency of removal between carbonized and chemically 
treated forms of these adsorbents [15,16].

In India, rice is produced in large quantities and the 
husk of it is considered as agricultural waste material. Due 
to large production of rice, rice husk became a by-product. 
The composition of the rice husk is mainly cellulose, hemi-
celluloses, lignin, silica and crude protein. Silica is one of 
the important ingredient of the rice husk, chemically pres-
ent as silicon-cellulose membrane which mainly acts to 
protect from microbial attack. Silica has some commercial 
value, and if this silica can be extracted from rice husk, then 
waste husk [17] can be utilized further and as a result the 
discharge problem of rice husk can be minimized. In this 
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study, silica was extracted from rice husk and was used fur-
ther to treat fluoride containing solution. Rice husk was also 
used as adsorbent in this study and a comparison between 
the rice husk and silica’s efficiency to remove the fluoride 
present in solution was studied.

The physical and chemical properties of the prepared 
silica extracted from rice husk were determined and de-flu-
oridation efficiency was estimated using different exper-
imental procedure by adsorption as a function of contact 
time, adsorbent dose and temperature. The main advan-
tage of the current process is high removal efficacy of the 
modified materials. The modification processes used in 
this study improve the pore volume and surface structure 
of the materials which may improve their fluoride removal 
efficacy. The process is novel because the raw materials is 
cheap, easily available, the removal efficacy of the materi-
als can be improved significantly with minimal interven-
tion and most importantly the process does not produce 
any toxic sludge. To evaluate the mechanism of the removal 
using both the adsorbent, thermodynamics and kinetics 
studies [18,19] were also used for optimization of the de-flu-
oridation efficiency. ANN analysis [20–23] was applied to 
achieve the removal of fluoride [24] using the three adsor-
bents. For this artificial neural network with three process 
parameters (temperature, time and amount of adsorbent 
used), one output response was considered. In this case, 
back-propagation method was used, based on Levenberg–
Marquardt algorithm.

2. Materials and methods

2.1. Sample collection

The raw materials (rice husk) had been bought from 
local rice mill, Kolkata. The physico chemical properties of 
rice husk [25] were estimated by proximate and ultimate 
analyses. Proximate analysis has been performed following 
American Society for Testing Materials (ASTM, 1994).

2.2. Materials

Sodium Hydroxide [Merck, Germany], Hydrochloric 
acid (HCl), sodium fluoride [Merck, Germany]. All chem-
icals of reagent grade and ultra pure distilled water were 
used in all the preparations.

2.3. Preparation of adsorbents

2.3.1. Silica extraction

Firstly, rice husk was washed with sodium dodecyl 
sulfate (SDS) solution for 10 min to remove different 
impurities. Then, the rice husk was purified by double 
distilled water to remove that surfactant. It was initially 
dried at room temperature and then at 383 K for 1 d. This 
treated rice husk is designated as un-leached rice husk. 
The obtained dried rice husk was taken in the crucible for 
thermal treatment in the range of 873–973 K to increase the 
relative amount of silicon oxide by reduction of carbona-
ceous materials. Then the rice husk was converted to ash 
(RHA) form. Then this RHA was taken in 250 ml covered 

Erlenmeyer flask where it was purified by double distilled 
water followed by addition of 1 N NaOH solution. This 
solution was stirred for 1 h in boiling condition, followed 
by filtration. The filtrates and washings were cooled down 
to room temperature. Then the solution was stirred by 1 
N HCl to make pH 6–7. The Silica started to precipitate 
gradually and it was agitated for 18  h. After that excess 
HCl was added by stirring to make pH 2–3. Finally, it was 
filtered, oven dried and stored in the container for further 
study [26,27]. This obtained silica gel is designated as acid 
leached silica.

2.4. Characterization techniques

The Scanning Electron Microscopy of the sample was 
conducted using JEOL-JSM-6360 (Jeol, Japan). SEM analysis 
was carried out to study the changes in surface morphology 
such as smoothness and roughness of acid-leached Si-RH 
[28]. The sample was coated with platinum evaporative 
coating under high vacuum at 15 kV with 15 mm work-
ing distance. The infrared spectra of the adsorbent were 
recorded using Fourier Transform Infrared Spectrometer 
(Perkin Elmer Spectrum, United Kingdom) in transmittance 
mode. The KBr pressed pellet technique was used to record 
the spectrum IR range of 500–4000 cm–1. X-ray diffraction 
(XRD) analysis of the sample was performed out using 
an X-ray diffractometer (Bruker, D8 Advance, Germany) 
with Cu Kα radiation at an accelerating voltage 40 kV and 
emission current 30 mA in the range of diffraction angle 
2θ  =5  –  80o. For TEM analysis, sample analysis was con-
ducted as usual method and the image achieved with a 
transmission electron micro-scope (JEOL, Japan; Model No. 
JEM 2100 HR with EELS) revealed the size and structure of 
the extracted silica [29]. 

3. Experimental

3.1. Experimental set up

In this study, batch experiments were conducted by 
using initial fluoride concentration 50 mg L–1 ,of volume 
100 mL within a 250 mL PTFE (Polytetra fluoroethylene) 
conical flasks. Here these three adsorbents were mixed 
in the100 mL fluoride solution in different concentration 
such as (0.2 g L–1, 0.75 g L–1, 0.5 g L–1, 1 gL–1, 1.5 g L–1) within 
303–343 K (range of temperature), 20–180 min (range of 
contact time), to obtain optimized condition for adsor-
bent dose (g/L), contact time (min) and temperature (K), 
respectively.

Batch experiments were performed in temperature con-
trolled incubator shaker (INNOVA 4430, New Brunswick 
Scientific, Canada). Temperature fluctuations in the reac-
tor were negligible. Representative samples were collected 
from the flasks in particular time interval for decontamina-
tion of fluoride in solution by using ion-meter (Thermo Sci-
entific Orion ion-meter, USA).

Following equation was used to calculate percentage 
fluoride removal efficiency of adsorbents:
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Here Ci denotes initial fluoride concentration (mg L–1) 
and C0 denotes final fluoride concentration in solution 
(mg L–1).

3.2. Batch sorption experiment

In this present batch study, the required quantity of 
RH, Si-RH were added to the fluoride solution, then it was 
stirred for different contact time with different dosage of 
adsorbent at different temperature. All experiments were 
carried out in thrice and the relative standard deviation 
(RSD) is within 10 numerically.

3.3. Determination of point of zero charge (pHPZC)

The pH at the potential of zero point charge (pHzpc) 
[30] of the sample was measured using the pH drift method 
using batch equilibrium method. Nitrogen was bubbled 
through the solution at 25°C to remove dissolved carbon 
dioxide until the initial pH stabilizes. In this case 0.1 M NaCl 
was selected as electrolyte. The initial pH (pHinitial) (2–12) of 
NaCl solution was adjusted using required amount of 0.1 
M HCl or NaOH. 0.1 g of silica was added to 20 ml of 0.1 
M NaCl solution and then it was agitated continuously for 
1 day at room temperature. After 24 h the solution was 
filtered and final pH (pHfinal) were recorded. The graph of 
final pH versus initial pH  was used to determine the point 
at which the initial pH and final pH values were equal. 
The point of zero charge(pHPZC) of adsorbent was esti-
mated from the point of intersection of the curve (pHfinal 
Vs pHinitial).

3.4. Thermodynamic, kinetics and isotherm studies

3.4.1. Adsorption isotherms

The Freundlich isotherm constants were estimated 
using the following equation:

1
log log loge F eq K C

n
 = +   

� (2)

Here qe indicates the amount of fluoride adsorbed at 
equilibrium, and KF and n are Freundlich constants indicat-
ing adsorption capacity and adsorption intensity, respec-
tively.

In case of Langmuir isotherm, the following equation 
was applied:
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Here qe indicates the amount of fluoride adsorbed at 
equilibrium (mg L–1), Ce is the concentration of fluoride in 
the aqueous phase at equilibrium (mg L–1). KL and qm denote 
the Langmuir constants related to energy of adsorption and 
the adsorption capacity respectively.

3.4.2. Adsorption kinetics

Adsorption kinetics was estimated using pseudo 1st 
order and 2nd order kinetics equations. 

The pseudo 1st order rate constant was calculated using 
the following equation:
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where qe indicates fluoride adsorbed at equilibrium per unit 
weight of adsorbent (mg g–1), qt denotes the amount of fluo-
ride adsorbed at any instant (mg g–1) and k1 is the rate con-
stant (min−1).

Integrating at these conditions as t = 0 and qt = 0 to t = t 
and qt = qt, the final equation can be expressed as: 
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The pseudo 2nd order rate constant was derived from the 
following equation:
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where k2 denotes the pseudo 2nd order rate constant of 
adsorption (g mg–1 min–1) and qe and qt are the amounts 
of fluoride adsorbed (mg g –1) at equilibrium and at time t 
respectively.

3.5. Adsorption thermodynamics

Thermodynamic parameters such as changes in Gibbs 
free energy (ΔG°; kJ mol−1), enthalpy (ΔH°; kJ mol−1) and 
entropy (ΔS°; J mol−1 k−1) were calculated as follows:
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where Kc is the coefficient of distribution for the adsorp-
tion; Ca is fluoride adsorbed per unit mass of the adsorbent 
(mg L−1) and Ce is equilibrium concentration of adsorbate 
in aqueous phase (mg L−1), R is universal gas constant 
(8.314 J mol−1 K−1) and T is absolute temperature (K).

4. Results and discussion

4.1. Physico chemical properties of adsorbents

The results of the physico chemical analysis of the Si-RH 
are represented in Table 1. The surface of silica had negative 
charged in aqueous solution as its pH was above the pH in 
the point of zero charge (pHPZC). It indicates that adsorbent 
has cationic exchange capacity. The bulk density of silica 
was lower than 1.5 g cm–3, which indicated that it was light-
weight material.

4.1.1. Proximate and ultimate analysis results of rice husk

The results are represented in Table 2. The ash and fixed 
carbon of rice husk was stimulated for the production of 
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silica. The content of each of parameter varies on different 
criteria such as nature of rice husk, chemical properties of 
soil, weather etc. Here the fixed carbon (12–18) and ash con-
tent were within the range. 

4.2. Characterization of silica extracted from rice husk

It is clearly observed [31] from Fig. 1A that amorphous 
silica has porous structure which can be attributed to the 
burning out of carbonaceous matter within the rice husk 
during combustion. The smaller particles had affinity to 
form aggregation. The polymerization of hydrated silica to 
form skeletal silica network which can be explained by SEM 
image. From Fig. 1B it is observed that significance peak 
was observed at 1200 cm–1 indicating Si-OR bond. 

From Fig. 1C it is observed that a significant peak was 
observed around 25° indicating silicon di-oxide (JCPDS ref: 
98–007–56). From TEM image (Fig 1D) it is observed that the 
particle is round in shape with porous structure and size of 
the extracted silica is 429 nm–500 nm in range. The size of the 
particle was also analysed using Zeta sizer (Malvern. UK) and 
Z average size was 424 nm. In the case of Si–RH,with increas-

Fig. 1. Include (A) SEM of Silica from Rice  husk, (B) XRD of extracted silica, (C) FTIR of rice husk extracted silica, (D) TEM image of silica.

Table 1 
Results of physicochemical analysis of Si-RH

Serial No. Characteristics Si-RH

1 Moisture content (%) 6.32
2 pH 5.7
3 Bulk Density 0.32
4 Porosity 0.79
5 pH(PZC) 5.2

Table 2
Proximate and ultimate analysis results of collected rice husk

Ultimate (wt %, dry) Proximate (wt%)

Carbon 33.23 Volatile matter 48.59
Nitrogen 0.38 Fixed carbon 15.36
Hydrogen 2.3 Ash 18.69
Oxygen 29.67
Sulphur 0.0
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ing concentration of NaOH and temperature for pyrolysis 
amount of extracted silica content increased. Chemically it 
can be explained by the fact that (Si–O–C/Si–O–Si) bonds, 
fragmented with increasing temperature. Consequently, sil-
ica yield increased due to broken Si–O bonds. 

4.3. Batch adsorption study

4.3.1 Effect of contact time

Comparing three plots (Fig. 2) it is observed that on 
increasing the time from 20 to 60 min, removal increased. 
As the time increased, more fluoride ions can be attached 
on the surface because of attraction force which resulted in 
fluoride removal. But after certain time (60 min), removal 
decreased due to saturation of adsorbent surface, so beyond 
that point the repulsive force may be activated in between 
fluoride ion and adsorbent surface. 

4.3.2. Effect of adsorbent dose

It is observed in Fig. 3 that Si-RH is the best adsorbent 
for de-fluoridation than RH. De-fluoridation efficiency 

increased within 0.2 g–1.5 g L–1 firstly increased, and then 
decreased. The de-fluoridation efficiency firstly increased 
because of the increase number of active surface sites 
responsible of fluoride attachment. But as adsorbent dose 
was increased, the relative lower concentration of fluo-
ride with respect to the surface active sites made the ions 
unavailable.

4.3.3. Effect of temperature

It was experimentally proved (Fig. 4) that with 
increasing temperature, the percent removal of fluo-
ride gradually increased from 303K to 343K. After 333K, 
de-fluoridation efficiency decreased. For temperature 
increased between 303K and 343K possible broadening 
of pores enhanced the fluoride diffusion which increased 
the removal efficiency. But as temperature increased 
beyond 333K, the enhanced Brownian motion of the flu-
oride ions and further broadening of pores increase the 
diffusion of attached fluoride. 

4.3.4. Effect of pH

The solution pH is significant monitoring parameter, 
driving an adsorption process. In present study, the effect 
of pH on removal efficiency of fluoride was experimented. 
According to pH of solution containing adsorbent and 
adsorbate, protonation/deprotonation was occurred. The 
effect of pH on fluoride adsorption is likely due to the 
charged properties of both adsorbate and adsorbent. From 
the batch equilibrium study, it was observed that rate of 
removal efficiency was decreased with an increase in pH 
of fluoride solution and maximum efficiency was found at 
around pH 2.0 (88.69%). Further decrease in pH (<2), did 
not remarkably change fluoride removal capacity (Fig. 5A). 
It can be illustrated that both adsorbents retained its high 
adsorption efficiency at acidic pH. This may be attributed 
due to electrostatic interaction between cationic surface 
with negatively charged fluoride. As pH increased, the 
adsorption capacity may be reduced due to deprotonation 
of fluoride in alkaline medium in presence of excess OH– 

ions which may compete with negatively charged fluoride 

Fig. 2. Effect of contact time on de-fluoridation by RH, Si-RH 
(experimental conditions, Co = 50 mg·L–1, agitation speed = 150 
rpm T = 333 K, absorbent dose = 10 g/L).

Fig. 3. Effect of absorbent dose on de-fluoridation by RH, Si-RH 
(experimental conditions, Co = 50 mg·L–1, agitation speed = 150 
rpm T = 333 K, contact time: 60 min.

Fig. 4. Effect of temperature on de-fluoridation by RH, Si-RH 
(experimental conditions, Co = 50 mg·L–1, agitation speed = 150 
rpm absorbent dose = 10 g/L, contact time: 60 min.
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ion . Fig. 5B shows that pHPZC of silica was 5.2. Since it was 
found to be 5.2, so at any pH < pHPZC ,the surface of rice 
husk derived silica is positively charged and pH > pHPZC,, 
the surface of silica is negatively charged.

4.4. �Estimation of different thermodynamic and kinetic 
parameter

4.4.1. Effect of adsorption isotherms

In the case of RH and Si-RH, Langmuir adsorption iso-
therms resulted in a straight line between Ce vs. Ce/Qe (Figs. 
6A,B) with R2 values of 0.9989 and 0.9952 respectively, 
hence indicating the suitability of RH and Si-RH for the 
adsorption of fluoride. The equilibrium data [32] for rice 
husk derived silica had been analyzed by linear regression 
of Langmuir isotherm model equations (Fig. 6C). In case 
of RH and Si-RH, Freundlich isotherm (Fig. 7A,B), straight 
line (log Qe vs. log Ce) were also obtained for all adsorbents 
having R2 values of 0.9631 and 0.9191 respectively. The 
related parameters obtained by calculation from the values 
of slopes and intercepts of the respective linear plots are 
shown in Table 3. 

The present data indicated that the adsorption of fluo-
ride is due to the Langmuir monolayer surface adsorption. 
Because the Freundlich isotherm model, based on multi-
layer adsorption, explained the data well fitted within R2 

values in between 0.994–0.997. But here it was not within 
that range. Comparing R2 values between these isotherms 
it can be said that the adsorption of fluoride [33] had better 
compatibility with Langmuir adsorption model which indi-
cated formation of mono layer on the adsorbents surface. 
Mathematically based on Eqs. (2) and (3) the values of KF, n, 
Qe and b are reported in Table 3.

The adsorption system is favourable or unfavourable 
depends on the effect of isotherm shape 

The essential features of the Langmuir isotherm can be 
expressed in terms of a dimensionless constant separation 
factor or equilibrium parameter RL which is defined by the 
following relationship:

( )0

1
LR

b C
=

+
� (10)

where RL is a dimensionless separation factor, C0 is the ini-
tial fluoride concentration (mg/L) and b is the Langmuir 
constant (L/mg). The parameter RL indicated the type of 
isotherm accordingly.

RL > 1 → Unfavorable

RL = 1 → Linear

0 < RL < 1 → Favorable

RL = 0 → Irreverisible 

Fig. 5. (a) Effect of pH on de-fluoridation by RH (experimental conditions: Co= 50 mg L–1, agitation speed = 150 rpm, absorbent dose 
= 1.0 g/L, contact time: 60 min, T = 333 k) (b) Determination of pH (PZC) by Si-RH.
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Fig. 6. Langmuir adsorption isothern plots of de-fluoridation onto (A) RH (B) Si-RH (C) langmuir isotherms obtained by using linear 
r method for the adsorption of fluoride using Si-RH at various temperatures.

Fig. 7. Freundlich absorbent isothern plots of de-fluoridation onto (A) RH (B) Si-RH.
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The relationship between RL and C0 was presented in 
Table 4 to show the essential features of the Langmuir iso-
therm [33]. In this investigation, the RL values calculated 
in the range of fluoride concentration are estimated to be 
in the range of 0.06–0.54, which suggested the favourable 
adsorption of fluoride onto Si-RH, under the conditions 
used for the experiments.

4.4.2. �Effect of adsorption kinetics at different temperature

In this investigation, the pseudo-first order kinetic 
equation did not fit well in the whole range of interaction 
time by plotting of ln (qe – qt) vs. t (Figure not shown). As the 
applicability of the first order kinetics become untenable, 
then the adsorption may follow second order kinetics. 

Pseudo-second-order kinetic model is based upon the 
assumption that it is a one-step process, and the rate-lim-
iting step may be chemical adsorption, involving valence 
forces by sharing or exchanging electrons between the 
adsorbent and adsorbate. The pseudo-second order 
equation is based on the adsorption capacity on the solid 
phase.

The linear plots of t/qt vs. t are shown in Fig. 8. It was 
observed that as temperature increased from 303 to 333 K, 
removal of fluoride efficiency increased. The rate constant 
k2 (g/mg·min) and qe (mg/g) for the adsorption of F– ions 
were evaluated from the intercept and slope of the linear 
kinetic plots between t/qt and time (Fig. 8). A high correla-

tion coefficient (R2) and rate constant k2 g/(mg·min) were 
obtained from the pseudo-second-order kinetics equation, 
indicating that due to increase in the mobility of fluoride 
due to temperature rise, the adsorption capacity increased. 
It was observed that with increased in time, the fluoride 
adsorption also increased for both adsorbents up to 333K.
The plot of t/qt vs t showing linear plot with regression 
coefficient of 0.999 and 0.9987 for RH and Si-RH, respec-
tively (Tables 5A, 5B). 

So pseudo second order kinetic model deserved main 
attention in this investigation because the nature of adsorp-
tion over the whole range of this investigation supported 
pseudo-second order kinetic equation. 

4.5. Thermodynamic parameters

From the experimental results it is observed from Table 6 
that ΔG° increased with increasing temperature indicat-
ing adsorption was thermodynamically feasible in nature. 
Positive values of ΔH° implied the endothermic nature of 
the reaction. Negative value of ΔG° in all cases represent-
ing adsorption reaction was spontaneous in nature. In this 
case, ΔG° decreased up to 333 K and after that it increased 
indicating adsorption reaction was feasible up to 333 K. As 
the reaction was endothermic in nature, uptake capacity of 
fluoride ions was increasing with temperature. But after 
333 K, the reverse reaction occurred. Entropy of the reaction 
was estimated from the experimentally obtained data and 
was positive. Enthalpy for each case was positive indicating 
that the process was spontaneous in nature. Correspond-
ing entropy was 179.6, 191.1 J mol–1 K–1 for RH and Si-RH 
respectively.

4.6. Artificial neural network analysis

Matlab 7 was used in this case to obtain the most 
appropriate network model to remove fluoride contain-
ing wastewater using the rice husk and extracted silica 
from it. Trial and error method was used in this case. 
In this study, feed-forward neural network with three 
inputs (temperature, time and amount of adsorbent 
used), two hidden layers and one output layer (including 

Table 3
Investigating different isotherm parameters for fluoride adsorption by silica and rice husk

Models Parameters Description Silica Rice husk

Langmuir Ce Equilibrium fluoride concentration in solution, mg L–1 5.66 14.57
qe Theoretical maximum adsorption capacity, mg g–1 44.35 21.5
Q0 Maximum monolayer coverage capacity calculated from slope 

of Ce/qe vs. Ce plot, mg g–1

4.212 2.076

b Langmuir coefficient of energy of adsorption calculated from 
intercept of Ce/qe vs. Ce plot, L mg–1

0.064 0.39

R2 Correlation coefficient 0.9952 0.9989
Freundlich nf Adsorption intensity calculated from slope of ln qe vs. ln Ce plot 0.28 1.2

Kf Freundlich coefficient of adsorption capacity calculated from 
intercept of ln qe vs. ln Ce plot, mg g–1

4.31 6.07

R2 Correlation coefficient 0.9191 0.9631

Table 4
RL values at different temperatures calculated using Langmuir 
constants

Initial concentration of 
fluoride (C0) mg/L

303 K 313K 323K 333K

5 0.54 0.5 0.46 0.41
7.5 0.45 0.4 0.36 0.31
10 0.33 0.29 0.26 0.23
12 0.21 0.19 0.18 0.15
15 0.11 0.09 0.08 0.06
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one neuron) was considered. In this case, the data was 
trained using back-propagation method based on Lev-
enberg–Marquardt algorithm. Here, linear transfer func-
tion i.e POSLIN was chosen as input to hidden layer, and 
PURELIN was chosen for transfer function between hid-
den to output layer for mapping the data. Experimental 
and the ANN predicted response is shown in Figs. 9A,B. 
It is observed that in all the cases the correlation coeffi-
cient was higher than 0.88 indicating the reliability of the 
developed ANN model.

Table 5B
Analysis of kinetic parameters for fluoride adsorption by rice husk derived silica

Models Parameters Description Temperatures (°C)

35 45 55 60

Pseudo first order k1 Pseudo-1st order rate constant obtained from 
linear plots of log (qe − qt) vs. t, min−1

0.0014 0.0016 0.0019 0.0022

qe (cal) Quantity of fluoride adsorbed at equilibrium, 
mg g–1

1.28 2.34 4.76 6.78

R2 Correlation coefficient 0.635 0.724 0.786 0.803
Pseudo second order k2 Pseudo-2nd order rate constant determined 

from plot of t/qtvs·t, mg g−1 min−1

0.02 0.03 0.04 0.05

qe Quantity of fluoride adsorbed at equilibrium, 
mg g–1

15.47 17.24 19.57 21.22

R2 Correlation coefficient 0.9511 0.9614 0.9821 0.9987

Table 6
Thermodynamic parameters for the adsorption of fluoride onto 
RH and Si-RH

Serial 
No.

T, K ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/(mol K)

RH Si-RH RH Si-RH RH Si-RH

1 303 –8.93 –9.03 46.3 50.33 179.6 191.1
2 313 –10.23 –10.93
3 328 –12.15 –12.54
4 333 –13.02 –13.29
5 343 –11.65 –11.56

Table 5A
Analysis of kinetic parameters for fluoride adsorption by rice husk

Models Parameters Description Temperatures (°C)

35 45 55 60

Pseudo first order k1 Pseudo-1st order rate constant obtained from 
linear plots of log (qe − qt) vs. t, min−1

0.0015 0.0018 0.0022 0.0023

qe (cal) Quantity of fluoride adsorbed at equilibrium, 
mg g–1

2.37 3.46 5.27 6.92

R2 Correlation coefficient 0.602 0.683 0.792 0.862
Pseudo second order k2 Pseudo-2nd order rate constant determined from 

plot of t/qtvs·t. mg g−1 min−1

0.03 0.04 0.05 0.06

qe Quantity of fluoride adsorbed at equilibrium, 
mg g–1

17.57 19.68 24.35 26.22

R2 Correlation coefficient 0.9412 0.9537 0.9831 0.999

5. Conclusion

In this present study, rice husk and silica extracted from 
rice husk was used for treatment of fluoride containing 
wastewater. It was observed that extracted silica has effi-
ciency for removal of fluoride present in solution. It was 

Fig. 8.
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also observed that the removal technique follows Langmuir 
adsorption isotherm indicating the process was mono layer 
surface adsorption. The process followed 2nd order kinet-
ics and it was spontaneous in nature and all the adsorbent 
could be used as efficient adsorbent for the treatment of flu-
oride containing wastewater present in solution.
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