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INTRODUCTION

Fluoride is a strong electronegative inorganic anion (Chiavola et al. 2022). It is considered 
as one of the most dangerous contaminant (Ghalhari et al. 2021; Mondal 2017; Mondal et al. 
2012). The main minerals are fluorspar (CaF2) and cryolite (Na3AlF6) and these are insoluble 
in water. However, excessive application of phosphatic fertilizer leads to discharge of fluoride 
from mineral (Pandey and Pandey 2011). Excessive ingestion of fluoride leads to dental caries, 
bone fluorosis, impairment of thyroid gland, endocrine gland, malfunctioning of human brain 
etc. (Chen et al. 2010). 

Higher level of fluoride in groundwater was reported from twenty develop and developing 
countries including India where at least nineteen states are severely affected from fluorosis (Iizuka 
et al. 2022; Mondal and Kundu 2016). Both dental and skeletal fluorosis will accelerate when 
fluoride concentration in drinking water ranges from 3 – 6 mg/L (Cheng et al. 2014). However, 
very low level of fluoride (0.7 – 1.2 mg/L) could be helpful to prevent dental fluorosis (Nasr 
et al. 2011). Again, World Health Organization (WHO, 2011) clearly revealed that maximum 
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Elevated level of fluoride (> 1.0 mg/L) in drinking water leads to both dental and skeletal 
fluorides. Present research is dedicated to check the efficacy of duck shell dust towards removal 
of fluoride. Various analytical tools (XRF, XRD, SEM-EDAX and zero point charge) were used 
to characterize the present adsorbent. The entire batch mode study results were further optimized 
by Response Surface Methodology (RSM). The results revealed that Langmuire isotherm is best 
fitted (R2 = 0.819) with adsorption capacity 4.894 mg/g. However, kinetic study suggest that 
the fluoride adsorption followed pseudo-second-order kinetic equation (R2 = 0.956). Similarly, 
thermodynamic study revealed that the fluoride adsorption by duck shell dust is endothermic and 
entropy driven process. Finally, optimization study demonstrated the optimized condition such 
as initial concentration, adsorbent dose, contact time and pH are 89.29 mg/L, 1.112 g/100 mL, 
42.5 min and 9.91, respectively. Therefore, it may be concluded that duck shell dust could be a 
promising adsorbent for decontamination of fluoride from contaminated body. 
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permissible limit of fluoride is 1.5 mg/L in potable water. Previous report highlighted that the 
fluoride level in some parts of India are as high as 30 mg/L including some villages of China 
where groundwater fluoride level is greater than 8 mg/L (Handa, 1975). Cursory review of 
current literature indicate that more than 60 million people are seriously affected by high loaded 
of fluoride in the drinking water in India (Akuno et al. 2019). Many analytical technologies 
are their to treat the excess fluoride congaing water such as precipitation (Fan et al. 2003); 
nanofiltration (Tahaikt et al. 2007); ion exchange (Grzegorzek et al. 2020) etc. 

However, all the above mentioned technologies have some limitations with respect to operating 
cost, expensiveness, easy handling etc. (Chen et al. 2014). But adsorption technology is one of the 
attractive technique commonly used for defluodation of water (Chiavola et al. 2022; Wang et al. 
2022; Fan et al. 2003). A remarkable number of adsorbents are successfully used for defluoridation 
such as seashell (Hashemkhani et al. 2022), banana peel (Bhaumik and Mondal 2016); fish scale 
(Bhaumik et al. 2017); However, all the above adsorbents are worked properly under highly acidic 
condition and low fluoride contaminated water (< 2 mg/L) (Nasr et al. 2011).

In this study duck egg shell dust was used. Egg shell mainly consists calcium carbonate 
including uronic acid, sialic acid, glycine, alanine and nitrogen (Nakano et al. 2003; Blumenkrantz 
and Asboe-Hansen 1973; Baker and Balch 1962).

Traditional optimization technique required large number of experiments and huge time 
which makes its limited use (Bhaumik and Mondal 2016). However, this limitation was removed 
by using multivariate optimization process (Roy et al. 2014) in order to achieve both maximum 
adsorption capacity and removal performance (Sugashini 2013). In this study response surface 
methodology (RSM) was used. This methodology has three important steps: firstly, statistical 
design experiment; secondly, estimation of coefficient by using mathematical model and thirdly, 
response prediction and checking of model adequacy (Mondal et al. 2017).

The main objective of the present study was to explore the efficacy of duck shell dust towards 
decontamination of fluoride from laboratory made fluoride solution by using various operating 
variables under batch mode study. The experimental results were used for isotherms, kinetics 
and thermodynamics studies. Finally, optimization was done by response surface methodology 
(RSM) (Design expert, 8.0.6.1, USA).

MATERIALS AND METHODS
Chemicals and analytical instruments

All chemicals were purchased from Merck India Ltd. (Mumbai-400018). The instruments like 
pH meter (LCD Display, power: 4 X 1.5 V “A76” Micro alkaline batteries, IP67 Waterproof)  and 
Ion selective electrode was procured from   Deneb Instruments (Kolkata, West Bengal).

Preparation of fluoride solution
The stock solution of fluoride was prepared by dissolving by dissolving 0.22g sodium 

fluoride (MERCK, Germany) in 1L double distilled water. The intermediate concentration of 
fluoride solution was prepared by dilution method.

Adsorbent preparation 
Duck egg shell

The shell Duck egg shells was collected from the Restaurant of Burwan town. Then collected 
egg shells are primarily washed by tap water followed by double distilled water. These egg 
shells are brought to the lab for further processing. Then the egg shells was taken in a tray and 
the tray is kept in the hot air oven for drying the egg shell for 48 hrs. After drying this the egg 
shell was grounded with the help of mixer-grinder and also the mortar and pestle. After grinding 
the egg shell their dust is taken in to a 70 µm sieve for sieving it. Then the final 70 µm dust of 
duck 
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Zero point charge (pHzpc)
pHZPC is an analytical technique by which the neat zero charge on the surface of the adsorbent 

will determine at a particular pH of the medium (Mondal, 2010). For the above purpose, 0.1(M) 
KNO3 solution (50 mL) was take in a number of containers (100 mL) and pH of the solution 
was adjusted from 1.0 to 10.0 by 0.1 (N) potassium hydroxide or nitric acid. Finally, 1.5 g solid 
adsorbent was taken in each container and shaking the entire solutions for 24 h and final pH was 
recorded by using digital pH meter. 

SEM-EDX, XRF, and XRD Study 
 The prepared adsorbent was characterized by varieties of analytical tools such as Scanning 

Electron Microscopy (SEM EDX JEOL JSM-6390LV), XRF ((Bruker, ARTAX), and XRD 
(Bruker D5005). 

Experimental work
After synthesis of the required adsorbent, batch adsorption was performed. Initially, a set of 

250 mL conical flasks were taken and each conical containing 100 mL different concentration 
fluoride solution with fixed amount of adsorbent dose and constant pH, contact time, temperature, 
agitation speed etc. Finally, percentage of removal and adsorption capacity were calculated. 

Adsorption study
Percentage of fluoride was estimated by using the following equation (Eq. 1):

0( )(%) 100e

f

C CRemoval
C
−

= ×     (1)

Similarly, adsorption capacity of the adsorbent was evaluated by using the following 
equation (Eq. 2):

0( )eC CAdsorptioncapacity V
m
−

= ×     (2)

Where C0 and Cf are the initial and final concentration of fluoride solution, m is the mass (g) 
the adsorbent and V is the volume in litres (L).

Modelling study (RSM)
Normally a 3D response curve was used modelling of the optimization study. This particular 

curve indicate a relationship between various operating variables (x1, …..xn) and the response 
(Y) (Sadhukhan et al. 2014). The relationship can be represented as (Eq. 3):

1( .............. )nY f x x ε= +       (3)

Where 1( .............. )nY f x x ε= +  is an error term.
The entire modelling was done by using a software, Design Expert (8.0.17, Minneapolis, USA).
The quadratic expression by which response can be evaluated as (Eq. 4):

12
0 1 1 1 2

k k k k
i i ij ij i ji i i j

Y x x x xβ β β β ε=

= = = =
= + + + +∑ ∑ ∑ ∑    (4)

Where Y = Response, β0 = intercept, βj = linear effect, βij = interaction effect and 1( .............. )nY f x x ε= +  = 
error term (Chattaraj et al. 2013). The goodness of fit of the model was evaluated by R2 value 
(Sadhukhan et al. 2014).
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Desorption study
The exhausted adsorbent was regenerated for further use. For the regeneration, the exhausted 

adsorbent was treated with NaOH solution maintaining various pH (6 to 14) (Mondal et al. 
2015).

RESULTS AND DISCUSSION
Characterization 
XRF study

Present adsorbent, duck shell was characterized by X-ray Fluorescence (XRF) study and 
the results displayed in Figure 1. From the Figure 1 it is clear that duck shell has four strong 
peaks. Among the four peaks, peaks of Sn, Ca and Fe are very prominent and significant. The 
overall area coverage of the different elements as 55517 for calcium which much higher than 
background value (499) (χ2 = 93.94). This information clearly suggested that calcium may be 
present as CaO and CaCO3 in the egg shell (Bashir and Manusamy 2015; Freire and Holanda 
2006). Similarly, the value for iron 939 and tin 261. The corresponding background values are 
71 and 1872. The χ2 values are 4.51 and 0.84 for iron and tin respectively (Table not supplied). 

XRD study 
Present results revealed that duck egg shell dust has mine sharp peaks with different intensities. 

Similarly, the XRD of duck egg shell presented in Figure 2. From Figure 2 it showed the tall and 
sharp peak at the 2q value of 29.44 with 602 count number. Except this there are other peaks at 
2q values are 48.52, 47.48, 39.37, 22.90, 57.68, and 43.30 with count number 138, 109, 91, 55, 
46, and 73, respectively. The duck egg shell showed nine sharp peaks with one long and sharp 
peak (Fig. 2). This information clearly revealed the high degree of crystallinity(Hamidi et al. 
2017). Moreover, the prominent peaks are due to existence of CaO and Ca(OH)2 in duck shell 
dust (Zaman et al. 2018).

pHZPC
Zero point charge of the adsorbent is a valuable parameter for adsorption study. At certain pH, 

the adsorbent surface showed no net charge, that particular pH of that adsorbent is known as zero 

 

                 Fig. 1 XRF study of duck shell dust 

   

Fig. 1. XRF study of duck shell dust
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point charge. Moreover, during adsorption, if we ascertain the pH where charge on the surface is 
zero, then it can be easily understood that above the pH of zero point charge, the surface of the 
adsorbent will be negative in charge and below the zero point charge, the surface of the adsorbent 
will positive charge. In case of duck shell dust, the pHZPC was observed at pH 7.74, that means 
above this particular pH, surface of the duck shell dust will be negative and below this particular 
pH, the surface of duck shell dust is positive (Fig. 3). As duck egg shell dust showed maximum 
adsorption at pH 2.0 that means it is below the ZPC pH. This may be due to positive surface of 
duck shell dust attracted negative fluoride ions at that pH (Bhaumik et al. 2012). However, very 
recently, Shao et al. (2021) highlighted that the decrease of fluoride adsorption on to CaSO4⋅2H2O 
nanorods at acidic pH (pH < 5) is due to increase of calcium fluoride solubility. 

SEM-EDX study
The surface morphology of the duck shell dust was assessed by SEM-EDAX study (Fig. 
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                          Fig. 2 XRD study of duck egg shell dust 

   

 

Fig. 3  Zero point charge of duck egg shell dust (DESD)

 

 

   

Fig. 2. XRD study of duck egg shell dust

Fig. 3.  Zero point charge of duck egg shell dust (DESD)
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4). From the figure 4 it was observed that SEM of duck shell dust is heterogeneous in nature 
with some bright areas. SEM study also indicate the presence ofnumerous micropores (Ok et 
al. 2011). This may be presence of some metals which was again proof from XRF study. From 
the EDAX spectra it was recorded that intensive peak as potassium peak according to their 
availability in the egg shell dust (Fig. 4). 

Batch study 
Effect of Initial concentration 

Effect of initial concentration on fluoride removal was assessed by varying the concentration 
from 20 to100 mg/L and the result was presented in Figure 5. From the figure 5 it is clear that 
percentage of fluoride removal gradually increased from 72.15% to 89.26% when concentration 
increased from 20 to 160 mg/L. However, further increased of concentration, fluoride removal 
gradually decreased and reached to 84.68% when concentration increased to 100 mg/L. At 
higher initial concentration, the concentration gradient of fluoride is higher near the adsorbent 

 

 
 

Fig. 4  SEM-EDX study of duck egg shell dust after passing fluoride solution 
  

 

 

   

Fig. 4.  SEM-EDX study of duck egg shell dust after passing fluoride solution

 

Fig. 5 Effects of Concentration (pH 4, RPM 150, Dose 0.5/50ml, Time 3+0min, Temp. 40oC) 
   

Fig. 5. Effects of Concentration (pH 4, RPM 150, Dose 0.5/50ml, Time 3+0min, Temp. 40oC)
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surface (Mondal et al. 2022). Liu et al. (2014) reported almost similar results for removal of 
fluoride by using Titanium (V) hydrate based chitosan. 

Effect of pH
Duck egg dust showed highly pH sensitive that means, it only support the strong acidic 

environment. The entire pH of the medium changed from 2 to 10 and the percentage of fluoride 
removal ranges from 90.2% to 85.81 % (Fig. 6). These results clearly indicate that the maximum 
adsorption occurred at pH 2. This is due to strong electrostatic attraction between positive 
charge of the adsorbent and negative charge of the fluoride ions (Wang et al. 2022; Mondal 
and Roy 2018). Our results showed good agreement with the findings of Tchomgui-Kamga et 
al. (2010). On the other hand, at higher pH, fluoride adsorption decreased to 5.5%. However, 
very recently, Shao et al. (2021) highlighted that acidic pH (pH < 5) is not favorable towards 
adsorption of fluoride onto CaSO4⋅2H2O, due to higher solubility of calcium fluoride in acidic 
condition. 

Effect of Adsorbent dose
Effect of fluoride removal under the influence of adsorbent dose in presented in Figure 7. From 
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Fig. 6 Effects of pH (Concentration 60ppm, RPM 150, Dose 0.5/50ml, Time 30min, Temp. 
40oC) 
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Fig. 7 Effects of Dose (Concentration 60ppm, pH 2, RPM 150, Time 30min, Temp. 40oC) 

   

Fig. 6. Effects of pH (Concentration 60ppm, RPM 150, Dose 0.5/50ml, Time 30min, Temp. 40oC)

Fig. 7. Effects of Dose (Concentration 60ppm, pH 2, RPM 150, Time 30min, Temp. 40oC)
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the figure 7 it in clear that 0.13 g increment of adsorbent dose, the percentage of removal increase 
only 1.46%. However, further has been increased of adsorbent dose to 0.75 g. The net removal 
increased to 92.85%. But, further increased of adsorbent dose does not support the removal of 
fluoride. These results are consistent with an expansion of available active site where fluoride can 
adsorbed (Shao et al. 2021; Iriel et al. 2018). Similar results were reported by earlier researchers 
for the various absorbent (Chaudhary and Maiti 2019; Tomar et al. 2013, 2014). 

Effect of Time 
The effect of contact time by varying time from 5 to 60 min under constant initial concentration 

(60mg/L), pH (2.0), adsorbent dose (0.75g/50ml), temperature (40oC) and shaking speed (150 
rpm) and the outcome of the entire results presented in Figure 8. Results revealed that the 
gradual increment of percent removal from 85.4% to 92.85%, with increasing the contact time 
from 5 to 30 min. However, further increase of contact time percent removal shows decreased. 
This is perhaps due to active participation of surface functional groups (Mondal et al. 2022).         
Presents results corroborated with earlier findings where fluoride was removal by lateritic soil 
(Iriel et al. 2018). Almost similar results reported by Bhaumik et al. (2017) for removal of 
fluoride by fish scale dust. 

Effect of Temperature 
Temperature has tremendous effect on the absorption reaction (Zhao et al. 2021). In this 

study, temperature was varied from 25oC to 55oC and the results are depicted in the Figure 
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Fig. 8 Effects of Time (Concentration 60ppm, pH 2, Dose 0.75/50ml, RPM 150, Temp. 40oC) 

   

 

 

 

 

 

 

 

 

 

 

  Fig. 9 Effects of Temperature (Concentration 60ppm, pH 2, Dose 0.75/50ml, Time 30min, 
RPM 150) 
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Fig. 9. Effects of Temperature (Concentration 60ppm, pH 2, Dose 0.75/50ml, Time 30min, RPM 150)

Fig. 8. Effects of Time (Concentration 60ppm, pH 2, Dose 0.75/50ml, RPM 150, Temp. 40oC)
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9. Figure 9 clearly demonstrated that at lower temperature, 25oC, the percentage of fluoride 
removal is 93.13% again at 30oC, removal slight decreased to 92.08%. But at 40oC and 45oC, 
the removal increased to 92.85 and 93.85%, respectively. Further increase of temperature, the 
removal again shows irregular variation ultimately at higher temperature (55oC) the percentage 
of removal is 93.38 which is not significantly higher than the results obtained at 45oC. Similar 
temperature effect on the removal of anion from aqueous medium was reported by previous 
researchers (Ghosh and Mondal 2019; Paradelo et al. (2017). 

Effect of Agitation rate
The effect of shaking speed on fluoride removal was studied by varying the shaking speed 

from 100 to 300 rpm and the results is depicted in Figure 10. From the figure 10 it is recorded that 
at 150 rpm, the maximum (92.85%) removal of fluoride occurred. But at higher shaking speed 
does not support towards removal of fluoride. This is probably due to at higher shaking speed 
the attached / adsorbed fluoride detouched from the surface of duck egg shell dust (Bhaumik et 
al. 2012) or initial fluoride monolayer formation on the surface of the adsorbent (Suneetha et al. 
2015). Almost similar observation was recorded from the earlier studies (Bhaumik et al. 2013). 

Isotherm study 
Fluoride adsorption isotherm on to duck egg shell dust (DESD) was investigated by using 

Freundlich, Langmuir and D-R isotherms. The linear form of Freundlich, Langmuir and D-R 
isotherms are presented as (Eq. 5, 6 and 7):

               1log log loge F eq K C
n

= +    (5)

max max

1 1 1

e L et q K C q
= +     (6)

2ln lne mq q βε= −        (7)

 The symbols are their usual meaning. The experiment data were fitted in the above equation 
and the entire results are depicted in Table 1. From the Table 1 it is clear that it is best fitted with 
Langmuir isotherm. 
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Fig. 10 Effects of RPM (Concentration 60ppm, pH 2, Dose 0.75/50ml, Time 30min, Temp. 40oC) 

   

Fig. 10. Effects of RPM (Concentration 60ppm, pH 2, Dose 0.75/50ml, Time 30min, Temp. 40oC)
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Langmuir isotherm 
Langmuir model is also applicable to calculate the affinity between F- and DSED using 

Langmuir parameter which can be presented by the following way (Eq. 8):

0

1
1LR

bC
=

+
    (8)

Where, Co is the initial F- concentration (mg/L) and is the Langmuir isotherm constant. From 
the above value of RL, the entire adsorption can be described as: RL> 1 unfavourable, RL=1 
linear, 0 < RL<1 favourable, RL= 0 irreversible. In the present study, the calculated RL value for 
adsorption of F- onto DESD using above expression were found to be 0.4717, 0.3086, 0.2294, 
0.1825, 0.1515 at initial concentration range 20 to 100 mg/L. 

Freundlich isotherm
Freundlich adsorption isotherm is a value isotherm which is used to describe the data for 

heterogenous adsorbents. The general form of Freundlich equation is presented as (Eq. 9 and 
10): 

1/  n
F F Fq K C=   (9)

 
The linear form is:    ( /  ) 1  F F Flog q log K n log C= +                     (10)

Where, KF =Freundlich adsorption capacity parameter, (mg/g) (L/mg)1/n

1/n = Freundlich adsorption intensity parameter. 

 A graphical presentation between log(qF) and log KF is presented in figure (Figure not 
supplied) . The adsorption capacity, adsorption intensity, values are presented in a Table 1. 

D-R isotherm 
The Dubinin-Radushkenich (D-R) isotherm model is used to ascertain whether a adsorption 

reaction is proceed through physical or chemical process (Mungapati and Kim 2017). D-R is 
also used to determine the free energy of adsorption. The non-linear form of D-R equation is 
presented in the following way (Eq. 11 and 12):

Table 1 Isotherm model parameters for the adsorption of fluoride on DESD  
 

Isotherm Parameters Values 
 
   Langmuir 

qm (mg/g) 4.894 
KL (L/mg) 0.056 

R2 0.819 
    
   Freundlich 

Kf 4.256 
1/n 0.71 
R2 0.597 

 
     Dubinin-        Radushevich 

Qm (mg/g) 13.677 
E (kj/ml) 233.71 

R2 0.742 
 
  

Table 1. Isotherm model parameters for the adsorption of fluoride on DESD
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( )( )2
    1 1/e m eq Q exp K RT ln C= −  +  (11)

                           ( )2  e mq Q exp Kε= −=                          (12)
                                     where,  Qmis the maximum amount of fluoride ions that can be sorbed onto perg of DESD,
ε is the Polanyi potential which is equal to RT ln(1/1+ Ce).
Isotherm study clearly says that adsorption is favourable, because both KF and n i.e, 

adsorption capacity and the adsorption intensity are 4.256 and 0.71, respectively are quite high 
(Table 1). The condition of adsorption was assessed from Freundlich constant, 1/n (Munagapati 
and Kim 2017). When 0 < 1/n < 1, the adsorption is favourable; when 1/n = 1, the adsorption 
is irreversible; and when 1/n>1, the adsorption is unfavorable (Chem and Zhang 2014). On the 
other hand Langmuir isotherm suggest that the adsorption capacity of DESD is 4.894 which 
is really promising adsorbent towards adsorption of fluoride and it is much better than the 
previous adsorbents such as Tealeaf ash, lemon leaf, sugarcane baggase ash and banana peel 
dust (Mondal et al. 2012; Bhaumik et al. 2013; Mondal et al. 2013; Bhaumik and Mondal 2013; 
Mondal and Roy 2016). Similarly, Langmuir isotherm could be predicted based on whether the 
adsorption is favourable or unfavourable in terms of equilibrium parameter or dimensionless 
constant factor RL which is represented in Eq. 13. 

0

1
1L

L

R
K C

=
+      (13)

Where, KL is the Langmuir constant and CO is the initial concentration of fluoride. The 
condition of favourable adsorption is 0 < RL, but if RL>1 or RL = 0 is linear or unfavourable, 
respectively. In the present study R2 values were recorded as 0.4717, 0.3086, 0.2294, 0.1825, 
0.1515 for initial concentration 20, 40, 60, 80, and 100 mg/L, respectively. Moreover, the free 
energy of sorption E (kj/mol) required for transfer of one make of fluoride from the infinity in 
the solution to the surface of DESD is only 233.71 KJ/mol. Therefore, it is very small and loss 
than 16 kj/mol, i.e, the adsorption of fluoride is solely based on physical process (Munagapati 
and Kim 2017: Mondal et al. 2012). 

Kinetic study 
Kinetic study is an extremely important study is an extremely important study through which 

the exact reaction pathways and mechanism of adsorption reaction can be understood (Won et 
al. 2009). Kinetics of fluoride adsorbed by DESD was assessed by pseudo first-order, pseudo 
second-order, kinetics and intraparticle diffusion and the entire results is presented in Table 2. 
Any adsorption process where pollutant adsorbed onto the solid-pores materials will follow 
the following steps: i) bulk solution transport, ii) external (film) resistance to transport, and iv) 
adsorption (rapid for physical adsorption) (Adamson and Gast 1997). In this study The Linear 
form of Lagergren’s pseudo first-order model is expressed as (Eq. 10):

( )    –  / 2.303e t e Llog q q log q K t− =  (10)
                      
where, qe is the amount of fluoride adsorbed onto the DESD at equilibrium (mg/g), qt is the 

amount of fluoride adsorbed at time t onto DESD, and KL is the pseudo first order rate constant 
for the kinetic model (1/min). The present study results is depicted in Table 2. From the Table 
2 it is clear that adsorption fluoride onto DESD is to not follow the pseudo first order kinetics. 
However, pseudo second order kinetics nicely fitted with experimental results which is reflected 
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from regression coefficient (R2) value (R2 = 0.956). Results also indicated that intraparticle 
diffusion model is not full agreement with the experimental results (Table 2). 
Thermodynamic study

The adsorption can be judged whether is thermodynamically feasible or not i.e, exothermic, 
endothermic or free energy of adsorption reaction can be calculated by the following equation 
(Pannecrselvam et al. 2011) (Eq. 11-14):

 /c ae eK C C=   (11)

0    cG RT ln K= −∆  (12)

0
2 1 2 1 2 1  /  /H RT T T T ln K K=∆ −       (13)

0  0 0   /S H G T∆= −∆ ∆   (14)                                                                                

 Where, Kc is the equilibrium concentration constant and Cae andCe are the equilibrium 
concentration of fluoride ions on the DESD (mg/L) and the equilibrium concentration of fluoride 
ions in the solution (mg/L), respectively. 

On the other hand, ΔG0, ΔH0, ΔS0 are free energy, enthalpy and entropy of fluoride adsorption 
at standard state. Present study results indicate that free energy is negative in all studied 
temperature and negative value of increase with increasing temperature from 298 K to 318 
K (Figure not supplied), but further increase of temperature free energy is negative but lower 
magnitude which suggest that fluoride adsorption is favourable up to 318K (Table. 3). Again 
positive value of ΔH0, indicate the adsorption is exothermic in nature at higher temperature. 
Moreover, the increased randomness at the DESD solution interface during adsorption of 
fluoride by DESD (Dehghani et al. 2016). 

Modelling study (RSM)
Recently most of the researchers used only one factor -at-a-time experiments for evaluating 

Table 2 Kinetics model of adsorption of fluoride on duck egg shell dust 
 

Kinetics Parameters Values 
Pseudo-first-order qe, exp (mg/g) 13.672 

 K1(L/min) 9.636*102 
 R2  0.742 

Pseudo-second-order qe, cal (mg/g)  0.367 
  K2 (g/mg/min) 1.742 
 R2 0.956 

Intraparticles diffusion Ki 15.02 
I 48.679 

R2 0.632 
                            
  

Table 2. Kinetics model of adsorption of fluoride on duck egg shell dust

Table 3 Thermodynamic parameter of F- on DESD  
 

 Temperature(K) ∆G (j/mol) ∆H (j/mol) ∆S(j/mol K) R2 
  298 -2805.49 0.049 0.117 0.933 
  303 -2796.71
  313 -2897.57
  318  -3020.97
  323 -2990.15

 
  

Table 3. Thermodynamic parameter of F- on DESD
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the influence of various operating variables on the outcome of the selected dependent variable 
in batch mode experiment for removal of heavy metals, dyes or other inorganic pollutants 
(Al Mesfer et al. 2021; Khataee et al. 2011). But this technique is absolutely time wasting 
and laborious task. To overcome such difficulties by Response Surface Methodology (RSM), 
this was introduced by Box and Wilson (1951). RSM is a blending technology where both 
Mathematics and Statics are combined to build an empirical model to solve various problems 
by providing respective responses against interaction between various variables (Montgomery 
2005). In this study, fluoride removal was assessed by various operating variables such as initial 
fluoride concentration, pH, adsorbent dose, and contact time. The optimizations of the four 
variables were screened by applying RSM. The entire experimental data were fitted to a second-
order polynomial model (Eq. 4). Based on the experimental data obtained from removal of 
fluoride by duck shell dust and the second order polynomial regression model presented by 
equation 15.

Removal (%) = 77.56+6.82 (initial concentration - IC) + 5.69 (adsorbent dose - AD) + 1.80 
(contact time- CT) + 10.74(pH) -1.3 IC* AD – 5.4 IC*CT +5.13 IC * pH – 1.46 AD *CT +1.35 
AD * pH + 2.19 CT*pH – 3.14(IC)2– 0.74(AD) 2 + 0.31(CT) 2 – 5.46(pH)2             (15)

 Removal (%) = 77.56+6.82 (initial concentration - IC) + 5.69 (adsorbent dose - AD) + 1.80 
(contact time- CT) + 10.74(pH) -1.3 IC* AD - 5.4 IC*CT +5.13 IC * pH - 1.46 AD *CT +1.35 
AD * pH + 2.19 CT*pH - 3.14(IC)2 - 0.74(AD) 2 + 0.31(CT) 2 - 5.46(pH)2 (15) The analysis 
of variance (ANOVA) for the proposed model and the probability value (p-value) those are less 
than 0.05 are consider as statistical significant at 95% level of significance (Table 4). From the 
ANOVA it has been found that ‘F’- value is 47.50 and it is significant at p < 0.0001. Similarly, 
very large p-value (p < 0.0933) was recorded for lack of fit that means lack of fit is non-
significant. Another significant ratio called adequate ratio is the ratio of predicted responses 
and average standard deviation. Normally, > 4 is the acceptable value of this particular ratio 
(El-Din Mohamed et al. 2020). Present study, this ratio war recorded as 22.203 that is signal 
is acceptable. Similarly, the goodness of fit, R2 is the indication of the overall acceptability 
of model and which is very close to 1.0 (0.9794). Therefore, all the above indicators clearly 
indicate that the model is lightly significant. A plot of the residuals was also used to assess the 

 
                                       (a) 

 

 

 
                                               (b) 

Fig. 11 Assess the adequacy of the model used the plot of the residuals (a) Normal probability of 

residuals and (b) Predicted versus actual values. 
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appropriateness of the model. The normal plot of residuals was presented in Figure 11. Another 
Figure 12 represent predicted versus actual values. In both the figures Figure 11 and 12 clearly 
indicate that most of the observed values are in and around of straight line. The output of the 
model is clearly revealed that the experimental values are well fitted. Similarly, 3D response 
surface plot (Fig. 12a-f) indicate the interaction effect between the variables. This type of plot are 
generally represent as the function of two variables at the same time, keeping the third variable 
at the level (Li et al. 2018). As shown in figure from 12a, it is clear that both adsorbent dose 
and initial concentration are simultaneously change, and the percent removal increasing with 
change of both dose and initial concentration of fluoride solution (Alkhatib et al. 2015). Almost 
similar response surface plot was recorded for the variation of contact time and adsorbent dose 
(Fig. 12d). But in this case surface plot nicely demonstrate that percentage of removal much 
steeper with adsorbent dose, but percent removal with contact time is not so steeper (Fig. 12d). 
The optimum condition (initial concentration 89.29, adsorbent dose 1.112 g/50 mL contact 
time 42.5 min and pH 9.95) of fluoride removal was extracted from the desirable study (Fig. 
13).  The most important part of this modeling technique is perturbation plot which is really 
important to know the importance or most influential operating variables (Fig.14). From the 
figure 14 it is clearly revealed that the most influential factors are pH followed by adsorbent 
dose, then initial concentration and least influential factor is contact time. 

Table  4 ANOVA for Response Surface Quadratic Model for adsorption of fluoride by Duck egg shell dust 

 
 
 
  

Table  4. ANOVA for Response Surface Quadratic Model for adsorption of fluoride by Duck egg shell dust
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Desorption study
Desorption study is an important part of adsorption study where exhausted adsorbent can be 

regenerated (Yihunu et al. 2020). In this study, desorption was performed with 0.1 (M) NaOH 
solution. The results revealed that at high pH medium, maximum 97.3% desorption occurred 
(Fig. 15). This is perhaps due to higher hydroxyl ion concentration replaced accumulated fluoride 
ions (Mondal et al. 2015; Nur et al. 2014). In previous study, Bhaumik and Mondal (2014) also 
regenerated the exhausted banana peel with NaOH solution. Almost similar desorption study 
with various alkaline pH solution was used by earlier researchers (Bhaumik and Mondal 2016; 
Mondal et al. 2012). 

Comparative study 
Many previous researchers were reported for removal of fluoride by using low-cost materials. 

A comprehensive list of low-cost materials was depicted in a Table 5. From the Table 5 it 

 
(a) (b) 

(c)  
(d) 

 
(e) 

 
(f) 

Fig. 12(a-f) Response surface plots showing the effect of independent variables on Fluoride adsorption onto 

DESD adsorption. 
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Fig.  13 Desirability ramp of fluoride adsorption by DESD 
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Fig. 14 Perturbation plot of Fluoride adsorption by DESD 
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was found that very high adsorption capacity (12.66 - 39.5 mg/g) of fluoride was reported by 
Bhaumik et al. (2013); Bhaumik and Mondal (2015). Bhaumik and Mondal (2016); and Ghosh 
et al. (2016) for the materials such as Lemon leaf (Citrus sp.), activated coconut fibre, modified 
banana peel, and potato plant ash, respectively. However, moderate adsorption capacity (5.59 
- 8.15 mg/g) were also reported by Mondal et al. (2012); Mondal et al. (2013); Mondal et 
al. (2013); and Mondal and Roy (2018) by using waste tea ash, Aspergillus biomass and Ca-
impregnated Aspergillus biomass, sugarcane charcoal and fruit peel (Banana peel), respectively 

Table 5 Comparison of the defluoridation capacities of different biosorbents 
 

Adsorbents pH Removal (%) Adsorption 
capacity (mg/g)

References 

1. Fruit peel 
(Banana peel) 

-- 86.5 8.15 Mondal and Roy 
2018 

2. Natural 
banana peel (Musa 
acuminate) 

-- -- 1.212 Mondal 2017 

3. Fish scale 
(Catla catla) 

6.0 89.21 4.89 Bhaumik et al., 
2017 

4. Potato plant 
ash 

2.0 62.5 34.5 Ghosh et al., 2016 

5. Modified 
banana peel 
BPD-1 
BPD-2 
BPD-3 

 
 
 
5.6 
6.1 
7.2 

 
 
 
95.43 
96.395 
98.197 

 
 
 
17.43 
26.31 
39.5 

 
 
 
Bhaumik and 
Mondal 2016 

6. Aluminium 
impregnated coconut 
fiber ash 

5.0 --- 3.192 Mondal et al., 
2015 

7. Acitivated 
coconut fiber 
CFD-1 
CFD-2 
CFD-3 

 
 
 
6.0 
6.1 
6.9 

 
 
 
-- 
-- 
-- 

 
 
 
12.66 
25.64 
38.46 

Bhaumik and 
Mondal 2015 

8. Lemon leaf 
(Citrus sp.) 
LLD-1 
LLD-2 
LLD-3 

 
 
6.0 
6.0 
6.0 

 
 
 
96.9 -98.8 

 
 
7.63 
27.03 
38.46

 
Bhaumik et al., 
2013 

9. Sugarcane 
charcoal 

-- -- 7.33 Mondal et al., 
2013 

10. Aspergillus 
Ca-impregnated 
Aspergillus 

10.0 
8.0 

-- 
-- 

8.09 
4.80 

Mondal et al., 
2013 

11. Waste Tea ash 6.0 -- 5.59 Mondal et al., 
2012 

12. Egg shell dust 
(chicken) 

6.0 94.5 1.09 Bhaumik et al., 
2012 

13. Clay 
composite 

-- 91.6 0.093 Gidi et al., 2019 

14. Duck shell 
dust 

-- -- 4.894 Present work 

 
 

Table 5. Comparison of the defluoridation capacities of different biosorbents
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(Table 5). Very low level adsorption capacity (0.093 - 4.89 mg/g) were also recorded for the 
biomass such as clay composite, fish scale (Catla catla), aluminium impregnated coconut fiber 
ash, egg shell dust (Chicken) etc. Present biomass, duck shell dust showed moderate adsorption 
capacity (4.894 mg/g) and it is much better than natural banana peel (Musa acuminate), clay 
composite, chicken egg shell dust etc. 

CONCLUSIONS 

Egg shell dust is an inexpensive material which is also available as waste material. Present 
study clearly prove that the duck egg shell dust has enough potentiality towards removal of 
fluoride from aqueous medium. The experimental data nicely fitted with isotherms, kinetics 
and thermodynamics equations. Both isotherm and kinetics data suggested that the duck egg 
shell dust has moderately fluoride adsorption capacity and interaction between fluorine and 
adsorbent surface is absolutely chemical in nature. Moreover, thermodynamics of adsorption 
results revealed that the adsorption of fluoride on the duck egg shell is favorable at intermediate 
temperature. Again positive value of enthalpy indicate the adsorption is exothermic in nature at 
higher temperature. Finally, the experimental data were fitted in response surface methodology 
model for optimization study. The desorption study clearly indicate the exhausted adsorbent 
nicely regenerated by dilute solution of sodium hydroxide. Therefore, it may be concluded that 
duck shell dust could be an efficient adsorbent for removal of fluoride. However, further study 
can be initiated to remove other anionic species from aqueous medium by using duck shell dust 
and modification of said egg shell dust to enhance its adsorption capacity. 
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