
Advances in Nanoparticles, 2021, 10, 95-114 
https://www.scirp.org/journal/anp 

ISSN Online: 2169-0529 
ISSN Print: 2169-0510 

 

DOI: 10.4236/anp.2021.103007  Aug. 4, 2021 95 Advances in Nanoparticles 
 

 
 
 

Removal of Fluoride from Water Using 
Mesoporous MCM-41: An Optimization 
Approach Using Response Surface  
Methodology (RSM) 

Bodhaditya Das1, Saumen Banerjee2*, Prasanta K. Raul1*, Rashmi R. Devi1, Iohbor M. Umlong1, 
Anup K. Talukdar3, Sanjai K. Dwivedi1 

1Defence Research Laboratory, Tezpur, Assam, India 
2Defence Materials and Stores Research and Development Establishment, Kanpur, UP, India 
3Department of Chemistry, Gauhati University, Assam, India 

  
 
 

Abstract 
Fluoride above 1.5 mg·L−1 is injurious to health. Removal of fluoride from 
water using mesoporous MCM-41 as a strong adsorbent material has been 
attempted. Characterization using transmission electron microscopic study of 
calcined MCM-41 showed the regular hexagonal array of mesoporous chan-
nels with an average size of 20 nm and the surface area (BET study) of 
1306.96 m2·g−1. The average pore size of the particles was found to be 14.21 
nm. A study on the effect of contact time on the removal of fluoride revealed 
that more than 85% uptake of fluoride onto MCM-41 was achieved at a con-
tact time of 120 min. From the Langmuir adsorption study, the maximum 
sorption capacity of fluoride was found to be 63.05 mg/g at 301 K. From the 
thermodynamic study, the +ΔH˚ value of 2.29 kJ·mol−1 indicated the endo-
thermic nature of the removal process. Application of Response Surface 
Model suggested that 77.88% of fluoride removal can be achieved at fluoride 
concentration of 10 mg·L−1, pH (6.3), and contact time of 120 min. 
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1. Introduction 

Chronic Fluoride toxicity is caused mainly due to prolonged consumption of 
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excess fluoride concentration through drinking water. Fluorosis is prevalent in 
India amongst the 23 nations in the world. 19 states of India are affected with 
various forms of fluorosis revealed from various reports. It is reported that the 
prevalence of dental and non-skeletal fluorosis is significantly at a higher rate 
[1]. Near about 62 million people are affected by fluorosis in India concluded to 
various survey reports. Fluoride in drinking water is known for both beneficial 
and detrimental health effects. As the guideline of the World Health Organiza-
tion (WHO), the maximum permissible level of fluoride in drinking water is 1.5 
mg·L−1 [2]. The many pockets of Assam region of North Eastern India have a 
high concentration of fluoride in drinking water where cases of endemic fluoro-
sis are reported [3]. Amid the negative impact of fluoride on human health, re-
searches have been prompted to study the removal of high concentration fluo-
ride from drinking water.  

In the recent decay, the application of nanoscience and nanotechnology is 
emerging in a new dimension, so, researchers have explored the unusual and 
unique properties of nanomaterials for environmental remediation [4] [5]. In 
this regard, mesoporous materials are attractive in the domain which proved 
their affinity in absorbing a range of organic and inorganic materials. In 1991, a 
class of new ordered mesostructured materials called M41S (viz. MCM-41, 
MCM-48 and MCM-50) were discovered [6] [7]. The morphology and pore size 
of these materials can be tailored through simple manipulation of the synthetic 
conditions. Si-based MCM-41 has unique properties viz. ordered pore structure 
with unimodal pore size distributions, large surface area, due to which its appli-
cation is very significant as catalysts, in adsorption and separation processes [8] 
[9]. In recent years, it has been widely studied the application of mesoporous 
materials for the removal of anionic contaminants from water by the adsorption 
process [10]. But very few reports are available for defluoridation process from 
drinking water using mesoporous materials.  

In the present study, it was attempted to prepare an appropriate mesoporous 
adsorbent to monitor the adsorption behavior of fluoride from contaminated 
water and to study the efficacy of the adsorbent. The method of synthesis was 
slightly modified than the classical one in order to minimize the time as well as 
the use of reagents [11]. It has also been described the adsorption by variation of 
parameters such as initial concentration, contact time, and pH effect. The iso-
therms, kinetics model, and thermodynamic processes were also taken up in the 
study to understand the mechanism of adsorption. Further, a Box-Behnken fac-
torial design was used to optimize the removal conditions by MCM-41 with a 
view to predicting the fluoride removal efficiency through adsorption. 

2. Materials and Methods  
2.1. Materials 

The required chemicals such as tetraethylorthosilicate (TEOS), cetyltrimethy-
lammonium bromide (CTAB), ammonia solution (30%), hydrochloric acid, so-
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dium hydroxide and sodium fluoride (Merck, India) were of analytical grade and 
used without further purification. 

2.2. Synthesis of MCM-41 

As the reported procedure [12] Mesoporous MCM-41 was synthesized with 
slight modification. The reactant-compositions were maintained at the following 
molar composition of nCTAB:TEOS:NH3 = 0.023:0.043:2.470 as previously op-
timized. A mixture of CTAB and ammonia solution (30%) was stirred conti-
nuously using a laboratory stirrer until a clear homogenous solution was ob-
tained. Then a required amount of TEOS was added drop-wise into the above 
mixture with the help of a pressure-equalizing funnel. The mixture was further 
stirred for 90 min at room temperature till a white precipitate is formed. The 
obtained product was then filtered and washed properly with distilled water. Fi-
nally, the solid product was heated at 70˚C in a vacuum oven in the absence of 
air and cooled to normal temperature followed by calcination at 560˚C for 6 h. 
The final product so obtained was used for the adsorption studies. 

2.3. Characterization of the Sorbent 

Phase analysis of mesoporous MCM-41 was carried out by a powder X-ray dif-
fractometer (Bruker D8). The measurement conditions were taken as follows: 
anode material = Cu; K-alpha, λ = a 1.5406 Ǻ. The particle size of mesoporous 
MCM-41 was measured using a transmission electron microscope (TEM, JEOL 
JEM 2100) at an acceleration voltage of 200 kv and digital images were taken 
with a charge coupled device (CCD) camera. Energy dispersive X-ray (EDX) 
analysis of samples was carried out with an instrument JEOL 6390LV attached to 
the scanning electron microscope (SEM). A BET surface area analyzer (Micro-
meritics Tristar 3000) was used to measure nitrogen adsorption isotherm at 77 
K. The thermogravimetric analysis (TGA) was carried out using TGA instru-
ment (Metler Toledo stac system). 

2.4. Adsorption Experiments 

The sorption isotherm and kinetic experiments were carried out by batch equili-
brium method. The batch adsorption experiments were carried out by mixing 
known weight of the adsorbent material with 100 mL of working standard solu-
tion, placed in a 250 mL conical flask. The contents in the flask were shaken 
thoroughly for 2 h on a mechanical shaker (IKA 400 ic control) with a speed of 
165 ± 2 rpm. The solution was centrifuged and the mother liquor was analyzed 
for residual contaminant concentration using an ion analyzer (Orion, Thermo 
Scientific Ltd.) equipped with fluoride selective combined electrode. All adsorp-
tion isotherm experiments were conducted at a temperature (28˚C ± 0.1˚C). 
Batch adsorption experiments were conducted to investigate the effect of various 
parameters such as initial concentration, pH effect, contact time, etc. 

The specific amount of contaminant adsorbed was calculated by the following 
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formula 

( )0e eQ C C V W= − ×                        (1) 

where Qe is the adsorption capacity (mg·g−1) of the solid at equilibrium; C0 and 
Ce are the initial and equilibrium concentration of contaminant (mg·L−1) respec-
tively; V is the volume of the aqueous solution; W is the mass (g) of adsorbent 
used in the experiments [13]. A pH meter (Model: Sartorius PT-10) was used to 
measure pH. The kinetic and thermodynamic parameters of the adsorption were 
established by conducting the experiments at three different temperatures 301, 
306 and 311 K in a controlled mechanical shaker. 

2.5. Response Surface Methodology (RSM) 

The Box-Behnken factorial design (BBD) was used to optimize the fluoride re-
moval conditions by MCM-41. The detailed techniques of Response Surface 
Methodology (RSM) as a statistical tool are given in the results and discussion 
sections. The Box-Behnken factorial design was used to optimize the fluoride 
removal conditions by MCM-41. The Box-Behnken factorial design was used to 
optimize the fluoride removal conditions by MCM-41. Since different variables 
are usually expressed in different units and/or have different limits of variation, 
the significance of their effects on response can only be compared after they are 
coded. For statistical calculations, the variable Xi was coded as xi according to the 
following equation 

i o
i

i

X X
x

X
−

=
∆

                         (2) 

where Xi is the real value of the ith independent variable, Xo is the real value of 
an independent variable at the centre point and ΔXi is the step change. pH (X1), 
Initial concentration (X2) and contact time (X3) were chosen as the independent 
variables during the removal process. The range and levels were listed in Table 
1. The removal efficiency for fluoride was selected as the dependent variable. 
The response variable was fitted by a second-order model in the form of qua-
dratic polynomial equation 

2
0 1 1 1 1 ,n n

i i ii i ij i ji j
n

i
n

iy a a x a x a x x i j
= = = =

= + + + <∑ ∑ ∑ ∑         (3) 

where, is the response variable to be modelled; a0, ai, aii and aij are constant re-
gression coefficients of the model; xi and xj (i = 1→4; j = 1→4; i ≠ j) represent 
the independent variables in the form of coded values. The actual design of 
this work was presented in Table 2. Based on this table, the experiments were 
conducted for obtaining the response, i.e. removal efficiency for fluoride; at the 
corresponding independent variables addressed in the experimental design ma-
trix by applying a quadratic model. The parameters of the response equations 
and corresponding analysis on variables were evaluated using Minitab16. The 
significance of quadratic regression model was also evaluated using the analy-
sis of variance (ANOVA). Experimented and theoretical values are reflected in 
Table 2.  
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Table 1. Experimental ranges and levels of the independent variables. 

Variables Range and levels 

 −1 0 +1 

X1, pH 3 6 9 

X2, Initial concentration 5 10 15 

X3, Contact time 20 120 220 

 
Table 2. BBD and results for the study of four experimental results. 

 Variable (coded) % Removal of fluoride 

Run X1 X2 X3 Experimental Predicted 

1 −1 −1 0 45.5 46.487 

2 1 −1 0 35.5 38.262 

3 −1 1 0 23.8 20.037 

4 1 1 0 37.4 35.412 

5 −1 0 −1 10.5 10.750 

6 1 0 −1 14.9 13.375 

7 −1 0 1 17.5 19.025 

8 1 0 1 23.8 23.550 

9 0 −1 −1 80.5 78.2625 

10 0 1 −1 58.8 63.312 

11 0 −1 1 86.7 87.187 

12 0 1 1 70.6 72.837 

13 0 0 0 77.5 78.166 

14 0 0 0 78.0 78.166 

15 0 0 0 79.0 78.166 

3. Result and Discussions 
3.1. Characterization 

The X-ray powder diffraction patterns of calcined MCM-41 are reflected in Fig-
ure 1. The diffraction lines are (100), (110) and (200), indexing the hexagonal 
regularity of MCM-41 as per literature of XRD pattern [14]. The X-ray diffrac-
trograms of MCM-41 after calcination in air at 560˚C for 6 h, contain a sharp 
and main the d100 diffracting planes is observed at 2 value of 2.45˚ followed by 
other two very weaker signals. The large band is due to the contribution of the 
amorphous silica walls [15]. The BET surface area of MCM-41 was found to be 
1306.90 m2·g−1, whereas the total pore volume was 0.5507 cm3·g−1. TEM micro-
graph of MCM-41 powder showing uniform distribution of the particles fol-
lowed by the particle size >20 nm was presented in Figure 2. The interlayer 
spacing was found to be 4.1 nm, as depicted in Figure 2 (onset). 
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Figure 1. XRD patterns of (a) calcined MCM-41. 

 

 
Figure 2. TEM image of MCM-41. 

3.2. Isotherm of Nitrogen-Adsorption-Desorption 

The low-temperature nitrogen adsorption-desorption isotherm and pore size 
distribution patterns of mesoporous MCM-41 are depicted in Figure 3. At a rel-
ative pressure P/P0 ~0.42, a sharp increase in the adsorbed and desorbed vo-
lumes is reflected; indicates the uniformity of the pore size distribution, and 
corresponds to capillary condensation in the mesopores [16]. The TGA curve of 
MCM-41 showed three-step profile of weight loss in the temperature range 313 - 
413 K, 413 - 530 K and 653 - 1023 K. Figure 4 depicts the TGA thermogram. 
The TGA curve of MCM-41 showed three-step profile of weight loss in the tem-
perature range 313 - 413 K, 413 - 530 K and 653 - 1023 K. The initial small 
weight loss around the range of 313 - 413 K is due to the desorption of physically 
adsorbed water. Removal of organic surfactants is completed in two steps. Simi-
lar observations were reported for the synthesis of different mesoporous materials  
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Figure 3. N2 adsorption-desorption isotherm. 

 

 
Figure 4. TGA of MCM-41. 

 
prepared by microemulsion method using heptanes-water-CTAB system [17] 
Low-temperature N2 adsorption isotherms give the most reliable information 
about the porous structure of solids. Figure 5(a) and Figure 5(b) shows the 
SEM images of surface morphology of mesoporous MCM-41 and after adsorp-
tion of fluoride respectively. The elemental analysis of MCM-41 before and after 
fluoride adsorption is further shown in Figure 6(a) and Figure 6(b). 
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Figure 5. SEM image of MCM-41 (a) before adsorption and (b) after fluoride adsorption. 
 

 
Figure 6. EDX analysis of MCM-41 (a) Before fluoride adsorption; (b) After fluoride adsorption. 

3.3. Adsorption of Fluoride 
3.3.1. Effect of the Initial Concentration of Adsorbate 
75% removal of fluoride was observed taking initial concentration 10 mg·L−1 and 
adsorbent dose of 1 mg·L−1 within 2 h of contact time. When the concentration 
of fluoride is increased, the competition for the active adsorption sites also in-
creased and the adsorption process was gradually declined [18]. The findings are 
displayed in Figure 7. 

3.3.2. Determination of Zero Point Charge (ZPC)  
The surface charge of the materials is usually determined by the Zero Point 
Charge (ZPC). The adsorption of the specific adsorbate on adsorbent depends 
on the surface charge of the adsorbent. Figure 8 depicts the pH of the solution 
after adsorption vs pH before adsorption [19]. The horizontal portion of the 
graph parallel to the X-axis indicates the ZPC of the material. The ZPC value of 
mesoporous MCM-41 is found to be 2.8 [20]. From that, it was concluded that 
the adsorbent surface had a positive charge (cationic) in aqueous medium.  

3.3.3. Sorption Mechanism and pH Effect 
The pH of the aqueous solution plays an important role which controls the ad-
sorption at the water adsorbent interface [21]. Therefore, the adsorption of fluo-
ride on MCM-41 was examined at different pH from 1.5 to 10.5 keeping other  
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Figure 7. Effect of initial concentration of Fluoride on removal of fluoride. 

 

 
Figure 8. Plot of final pH with initial pH of fluoride solution. 

 
parameters constant as shown in Figure 9. The percentage of fluoride removal 
was found to be more than 50% at acidic pH, whereas it was less than 40% at ba-
sic pH. At 301 K the maximum sorption capacity was found to be 63.05 mg·g−1 
for fluoride and at pH 6.3 (Figure 9). The following reactions are considered to 
understand the fluoride adsorption behaviour under various pH values [22] [23], 

HF H F+ −↔ +                              (2) 

2SOH H SOH+ +≡ + ↔ ≡                         (3) 

2SOH OH SO H O− −≡ + ↔ ≡ +                      (4) 

2 2SOH F SF H O+ −≡ + ↔ ≡ +                       (5) 

SOH F SO OH− − −≡ + ↔ ≡ + .                      (6) 

The overall reaction can be written as 

2SOH H F SF H+ −≡ + + ↔ ≡ + ,                     (7) 
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Figure 9. Effect of pH on adsorption. 

 
where SOH≡ , 2SOH+≡  and SO−≡  are the neutral, protonated and depro-
tonated sites on MCM-41 respectively and SF≡ , active site fluoride complex. 
Equation (3) reflects the ionization of HF in solution at low pH. At low pH val-
ues, HF is weakly ionized (pKa = 3.2) in solution, in that case, fluoride uptake 
capacity is reduced when pH is very less than 6.0, since a fraction of fluoride be-
comes unavailable for adsorption process. When the adsorption system (fluoride 
solution/MCM-41) was operated at 7 > pH > 6.0, the reaction site becomes pro-
tonated according to Equation 4 as there was so much proton available in the 
acidic medium leading to the enhancement of fluoride adsorption (Equation (3)) 
compared to fluoride adsorption at neutral pH (Equation (7)). The fluoride ad-
sorption decreased sharply at pH > 7.29 due to the increased repulsive forces 
between the negatively charged fluoride ions and the SO− (Equation (6)). It may 
be concluded that the mechanism of fluoride removal on MCM-41 follows both 
adsorption and ion-exchange mechanism [24]. 

3.3.4. Effect of Contact Time 
The rapid adsorption of fluoride took place within 90 min is depicted in Fig-
ure 10. After that adsorption becomes slow and almost reached equilibrium 
within 120 min. When the contact time is increased up to 8 h, no further ap-
preciable adsorption took place (less than 1%) indicating that complete ad-
sorption [25] occurred within 2 h. Thus, all the adsorption experiments were 
conducted for 2 h.  

3.3.5. Adsorption Isotherm 
Langmuir isotherm 
For estimation of maximum fluoride uptake (qm) at different fluoride concen-

trations (2 - 25 mg·L−1) the Langmuir sorption model was adopted. The Lang-
muir isotherm [26] is expressed as 

1 1 1 1 1

e m e mq q b C q
= +                         (8) 
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Figure 10. Effect of contact time.  

 
where qe is the equilibrium quantity adsorbed (mg·g−1), Ce is the equilibrium 
concentration (mg·L−1), qm is the maximum adsorption capacity (mg·g−1) and b  

is the Langmuir constant. The linear plot of 1

eC
 vs 1

eq
 (Figure 11(a)) with  

higher R2 value indicates the monolayer adsorption on mesoporous MCM-41. 
The values of qm and b were calculated from the slope and intercept respectively 
are presented in Table 3.  

Freundlich isotherm 
The linear form of the Freundlich isotherm [27] equation is expressed as 

1ln ln lne f eq k C
n

= +                       (9) 

where qe is the adsorbed amount (mg·g−1), Ce is the equilibrium fluoride concen-
tration (mg·L−1), kf (mg·g−1) is the Freundlich constant related to adsorption ca-
pacity and n is the constant related to energy of intensity of adsorption. The 
value of kf and n (Table 3) are obtained from the linear plot of lnqe vs lnCe 
(Figure 11(b)). n values lying between 1 and 10 also indicate the favourable 
conditions for adsorption isotherms as well. From the adsorption studies, it is 
found that the Langmuir adsorption model is better fitted than Freundlich one. 
It was also supported by χ2 values. Both χ2 values and Dimensionless equilibrium 
parameter (RL) [28] are reflected in Table 4. 

3.3.6. Thermodynamic Studies 
Thermodynamic parameters viz. standard free energy change (ΔG0), standard 
enthalpy change (ΔH0), standard entropy change (ΔS0), activation energy (Ea), 
were calculated as follows. Considering the sorption distribution coefficient K0, 
equation of free energy of sorption process, is given by 

0
0lnG RT K∆ = −                          (10) 

where ΔG0 is the standard free energy change (kJ·mol−1), R is the universal gas 
constant (8.314 J·mol−1·K−1) and T is the temperature in Kelvin. As per the me-
thod proposed by Khan and Singh [29], the sorption distribution coefficient K0  
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Figure 11. Langmuir isotherm of MCM-41 (a) and Freundlich isotherm of MCM-41 (b). 

 
Table 3. A comparison of Langmuir and Freundlich isotherm parameters. 

Temp (K) Langmuir isotherm parameters Freundlich isotherm parameters 

 
qm 

(mg/g) 
b 

(L/mg) 
R2 
 

S.D. 
 

1/n 
 

n 
 

Kf 
(mg1−1/n·L1/n·g−1) 

R2 
 

S.D. 
 

301 63.0517 0.1490 0.9974 0.01588 0.7856 1.2729 7.4568 0.9883 0.1577 

306 60.6060 0.1568 0.9977 0.0149 0.7839 1.2756 7.4837 0.9893 0.1573 

311 44.8229 0.2156 0.9976 0.0147 0.7785 1.30144 7.2365 0.9885 0.1568 

 
Table 4. The RL and chi-square values of MCM-41. 

Temp. RL values χ2 values for isotherms 

(K) 2 mg/L 5 mg/L 10 mg/L 15 mg/L 20 mg/L 25 mg/L Langmuir Freundlich 

301 0.7703 0.5730 0.4015 0.3090 0.2512 0.2116 1.21959 1.13560 

306 0.7613 0.5605 0.31194 0.2983 0.2418 0.20306 1.11404 1.14985 

311 0.6987 0.4813 0.3169 0.2362 0.1883 0.1565 0.306092 1.15578 

 

for sorption reaction was determined from the slope of the plot ln e

e

q
C

 
 
 

 against  

Ce at various temperatures and extrapolating to zero Ce. The sorption distribu-
tion coefficient may be expressed as 

0 0

0ln H SK
RT R
∆ ∆

= +                        (11) 

where ΔH0 is standard enthalpy change (kJ·mol−1) and ΔS0 is standard entropy 
change (kJ·mol−1·K−1). The values of ΔH0 and ΔS0 can be obtained from the slope 
and intercept of a plot of lnK0 against 

1
T  respectively. The values of activation 

energy (Ea) and sticking probability (S*) were calculated from the experimental 
data. These were calculated using a modified Arrhenius type equation related to 
surface coverage as expressed in Equation (12). 

( )* 1 exp aE
S

RT
θ  = − −  

 
                    (12) 
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where, θ  is surface coverage, 

0

1 eC
C

θ
 

= − 
 

 

where, C0 and Ce are the initial and equilibrium fluoride concentrations respec-

tively. The plot of ( )ln 1 θ−  against 1
T

 will give a linear plot with intercept of 

lnS* and slope of aE
R

. In the sorption process, temperature plays a major role as  

influencing factor, the sorption of mesoporous MCM-41 was monitored at three 
different temperatures 301, 306 and 311 K under optimized conditions. The ther-
modynamic parameters viz. ΔG0, ΔH0, ΔS0and Ea, were calculated with the help of 
Equations (9)-(11) and are presented in Table 5. The endothermic behaviour of 
adsorption is clearly indicated by +ve ΔH0 value and –ve ΔG0 value indicates the 
spontaneous nature of the adsorption process. From the low value of ΔS0, it may 
be concluded that there is no marked change in entropy occurred during the 
adsorption process. However, the increase of randomness at the solid solution 
interface during adsorption may be predicted from +ve ΔS0. ΔH0 (2.3016 kJ·mol−1) 
value indicates that the adsorption process is a physico-chemical adsorption 
process rather than a pure physical or chemical one, as heats of chemisorption 
generally fall into the range [30] [31] of 80 - 200 kJ·mol−1. The value of S* (0.10) 
indicates that adsorption mechanism does not follow purely chemisorption. 

3.3.7. Adsorption Kinetics 
In order to investigate the sorption mechanism of fluoride removal both Pseudo 
first and second-order kinetic models are used at different experimental condi-
tions. Pseudo-first-order kinetic model is represented as 

( )log log
2.303

ad
e t e

K
q q q t− = −                     (13) 

where qt is the amount of fluoride on the surface of the sorbent MCM-41 at time 
t (mg/g) and Kad is the equilibrium rate constant (min−1). Figures 12(a)-(c) show 
the linear plots of pseudo-first-order for sorption of fluoride onto MCM-41 at 301 
K, 306 K and 311 K respectively.  

The most popular linear form of pseudo-second-order kinetic model is ex-
pressed as 

1

t e

t t
q h q

= +                            (14) 

 
Table 5. Thermodynamic parameters at three different temperatures for Fluoride. 

 Thermodynamic parameters 

Temp. (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (kJ/molK) Ea (kJ/mol) S* 

301 −0.5486 2.30164 9.4 × 10−3 0.3462 0.1001 

306 −0.5957 
 

311 −0.64301 
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Table 6. Pseudo-second-order kinetic parameters of MCM-41. 

Temp (K) 
Conc 

(ml/L) 
qe 

(mg/g) 
k 

(g/mg·min) 
h 

(mg/g·min) 
R2 

301 

2 0.8985 6.6151 5.3405 0.9999 

5 2.30185 0.8936 4.6805 0.9999 

10 4.4324 1.4460 301.4090 1 

15 5.2102 0.2720 0.7391 0.9848 

20 8.5410 1.6368 11.6959 0.999 

25 10.217 0.30172 29.9850 0.9998 

306 

2 0.9084 6.5694 5.4215 0.9999 

5 2.976 9.7745 8.6580 1 

10 6.0606 0.1143 19.6618 0.9999 

15 7.9987 0.1248 7.9865 0.9997 

20 9.6116 0.4085 37.7358 0.9999 

25 10.860 0.1501 17.7022 1 

311 

2 0.9115 7.3018 6.0668 1 

5 2.9882 3.650 32.5945 0.9999 

10 5.744 0.1765 5.8251 0.9996 

15 7.8143 0.2539 15.5063 0.9999 

20 10.454 0.0719 7.8554 0.9994 

25 11.1701 0.0598 8.1960 0.9998 

 

 
Figure 12. Pseudo-first-order plot for fluoride removal at 301, 306 and 311 K. 
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where, ( )2 1t e tq q kt q kt= + , the amount of fluoride on the surface of the meso-
porous MCM-41 at any time, t amount (mg·g−1), k being pseudo-second-order 
rate constant (gm·g−1·min−1), is the amount of fluoride sorbed at equilibrium 
(mg/g) and the initial sorption rate, 2

eh kq=  (mg·g−1·min−1). The value of qe, k 
and h of the pseudo-second-order equation were obtained experimentally for 
fluoride sorption at different temperatures viz. 301, 306 and 311 K. The plot of t  

vs 
t

t
q

 gives a straight line with higher correlation coefficient R2 values. This is  

higher than that observed pseudo-first-order model indicating the applicability 
qe of the pseudo-second-order model. Figures 13(a)-(c), depict the linear plot of 
pseudo second order for sorption of fluoride on MCM-41 at 301, 306 and 311 K 
respectively. Overall results revealed the value of qe is increasing with the increase of 
initial Fluoride concentration and temperature. These values are reflected in Table 6.  

3.3.8. RSM Approach for the Optimization of Fluoride Adsorption  
The actual and predicted removals (%) of fluoride on MCM-41 are found very 
close to each other. It is calculated by applying BBD techniques. The details of RSM 
approach for the optimization of fluoride adsorption on MCM-41 is also described. 
The suitability of regression model for fluoride adsorption on MCM-41 is sug-
gested from the results, observed in Table 7. It is revealed that the predicted values 
are quite close to the experimental one. It is clear from the Table 8 that p-value of 
all linear terms; all square term, and pH*Conc. terms are less than 0.05.  
 

 
Figure 13. Observed pseudo-second-order plot at 301 K, 306 K and 311.  
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Table 7. Response surface regression: Removal (%) vs pH, conc. (mg/L), contact time 
(min). 

Term Coef SE Coef T P 

Constant 78.1667 0.9072 86.166 0.000 

pH 2.2125 0.5555 3.983 0.011 

Conc. (mg/L) −7.0875 0.5555 −12.758 0.000 

CT (min) 4.2000 0.5555 7.560 0.001 

pH*pH −49.9833 0.8177 −61.126 0.000 

Conc. (mg/L)*Conc. (mg/L) 7.3667 0.8177 9.009 0.000 

CT (min)*CT (min) −11.6583 0.8177 −14.257 0.000 

pH*Conc. (mg/L) 5.9000 0.7856 7.510 0.001 

pH*CT (min) 0.6250 0.7856 0.796 0.462 

Conc. (mg/L)*CT (min) 1.6750 0.7856 2.132 0.086 

 
Table 8. Analysis of variance for the removal (%) of fluoride. 

Source DF Seq SS Adj SS Adj MS F P 

Regression 9 10702.7 10702.7 1189.19 481.68 0.000 

Linear 3 582.1 582.1 194.05 78.60 0.000 

pH 1 39.2 39.2 39.16 15.86 0.011 

Conc. 1 401.9 401.9 401.86 162.77 0.000 

CT 1 141.1 141.1 141.12 57.16 0.001 

Square 3 9968.5 9968.5 3322.84 1345.92 0.000 

pH*pH 1 9213.1 9224.6 9224.62 3736.43 0.000 

Conc.*Conc. 1 253.6 200.4 200.37 81.16 0.000 

CT*CT 1 501.8 501.8 501.85 203.27 0.000 

Interaction 3 152.0 152.0 50.67 20.53 0.003 

pH*Conc. 1 139.2 139.2 139.24 56.40 0.001 

pH*CT 1 1.6 1.6 1.56 0.63 0.462 

Conc.*CT 1 11.2 11.2 11.22 4.55 0.086 

Residual Error 5 12.3 12.3 2.47   

Lack-of-Fit 3 11.2 11.2 3.73 6.39 0.138 

Pure Error 2 1.2 1.2 0.58   

Total 14 10,715.0     

3.3.9. Interactive Effects of Different Parameters on Fluoride Adsorption 
In this study, the effects of the predominant variables (pH and Conc.) on the re-
sponse (% removal) are depicted in Figure 14. Response model plot is depicted 
in Figure 15, which is very supportive to predict the optimum values for the de-
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sired response. The relation between various adsorption parameters and response 
can be explained by the examination of contour plots as a function of two factors 
by holding the other factors at central level. The strength of a particular variable 
is appraised by the magnitude of the coefficient and the nature of the variable is 
indicated by the subtraction or addition sign in the equation [32]. 

3.3.10. Interpretation of Response Model Curve 
Model suggested that 77.88% of fluoride removal from aqueous solution should 
be achieved at conditions i.e., at Conc. (10 mg/L), pH (6.3) and CT (120 min). 
The experiments were also conducted at the aforementioned condition and 
found more than 75% removal efficiency. The experimental and theoretical re-
sults closely match with each other. The percentage error difference between the 
experimental and predicted value is very low, which validity the findings of re-
sponse model curve. It also indicates that the proposed model is adequate for 
obtaining most favorable value in the range of the studied parameters. 
 

 
Figure 14. (a) Contour plot at 120 min and (b) Surface plot at 120 min. 

 

 
Figure 15. Response model plot for fluoride removal. 
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4. Conclusion 

Mesoporous MCM-41 has been found to be potential adsorbents for fluoride 
removal from water. The fluoride sorption onto MCM-41 materials is signifi-
cantly influenced by pH of the medium. The maximum sorption capacity of the 
sorbent is calculated as 63.05 mg·g−1 at 301 K and best at pH 6.3. The +ve ΔH0 
(2.30 KJ·mol−1) and –ve ΔG0 values reveal the endothermic and spontaneous na-
ture of the adsorption process respectively. The adsorption process is a physi-
co-chemical adsorption process rather than a pure physical or chemical one. The 
randomness increased at the solid-solution interface during adsorption, it is in-
dicated from +ve ΔS0 value. Equilibrium sorption data shows a better fit to 
Langmuir isotherm than Freundlich one, indicating monolayer adsorption on 
the heterogeneous surface of MCM-41. Kinetics shows that adsorption of fluo-
ride onto MCM-41 follows pseudo-second-order kinetics. RSM pointed out op-
timum percentage removal at pH = 6.3, initial concentration = 10 mg·L−1 and 
contact time = 120 min with 77.88% of fluoride removal from aqueous solution. 
The experiments revealed more than 75% fluoride removal was achieved at the 
same environmental conditions. Confirmation experiments’ results depicted har-
mony of experimental values with predicted values. The analysis obviously dem-
onstrated that the BBD design is one of the suitable techniques to enhance the 
best working conditions to determine the fluoride removal from the aqueous 
solution with minimum number of experiments. pH, initial concentration and 
contact time all factors were significant in removal of fluoride from the aqueous 
solution.  
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