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a b s t r a c t
Bagasse activated carbon (BAC) was prepared from sugarcane bagasse to remove fluoride from a 
high concentration, 10–50 mg/L, synthetic fluoride-containing water. The role of pH, temperature, 
adsorbent dose, initial concentration and contact time in defluoridation were assessed. Results 
showed that BAC reduced the fluoride concentration from 50 to 9.8 mg/L at 26°C, while the concen-
tration of 10 mg/L was reduced to 0.8 mg/L which is within the safe fluoride concentration limit of 
1.5 mg/L specified by the World Health Organization (WHO). Kinetic, isotherm and thermodynamic 
studies were performed to analyze the nature of the fluoride adsorption process over BAC.
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1. Introduction

While fluoride (F–) in small concentration (0.5–1.5 mg/L) 
is beneficial for human health, its concentration above the 
safe limit (1.5 mg/L) in drinking water as authorized by the 
World Health Organization (WHO), may cause damage to 
kidney, liver, demineralize bones and tooth tissue leading 
to dental fluorosis. Fluorine is highly reactive and therefore 
it is usually found in a combined state [1]. The presence of 
F– in the groundwater may be due to the contribution of sev-
eral factors, such as natural occurrence, rock weathering, 
deposition by effluents from industries or by geochemical 
reactions [2–4]. Fluoride concentration in India varies from 
4.21 mg/L in Kashmir to 48 mg/L in Haryana and more than 
19 of its states have high F– concentration in their ground-
water [5]. On the other hand, Yadav et al. [6] compiled the 
F– concentration in various states of India, as reported by 
various researchers, which shows its variation from 2 mg/L 
in Haryana to 38 mg/L in Rajasthan. This may be due to the 

reason that water quality varies from place to place even in 
the same state. However, those data indicate that the concen-
tration of fluoride in several places of India is at an alarm-
ing level and is detrimental to the natives of those places. 
Further, the allowable F– concentration in the effluent from 
a wastewater plant is 4 mg/L as set by the United States 
Environmental Protection Agency (USEPA) and [1]. Hence, 
the removal the fluoride through a cheap and effective 
method is a mandate to avoid the deleterious effect on health.

Common defluoridation techniques include, precipi-
tation with alum and lime, activated alumina, adsorption, 
ion exchange process, electrodialysis, reverse osmosis [7,8], 
microwave catalysis [9,10] and photocatalysis [11,12]. While 
membrane and electrodialysis are effective techniques to 
reduce the fluoride concentration within permissible limits, 
they are expensive as well as they suffer from operational 
difficulties such as frequent cleaning of the membrane 
[13]. Preparation and regeneration of catalyst impede the 
uses of photocatalysis and microwave catalysis process. 
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Adsorption, on the other hand, is a favorable technique due 
to the variety of adsorbents available and the flexibility of 
operation. In F– removal through adsorption, finding a suit-
able low-cost adsorbent with high uptake capacity and easy 
regeneration has been a focus of research. In this regard, 
biosorbents have been an attractive choice [14]. Rice husk 
(fluoride concentration 5–23 mg/L) and activated rice husk 
(1.5–15 mg/L), chemically activated groundnut (1–10 mg/L), 
coconut (10 mg/L), walnut shells (1–10 mg/L), peels of sub-
stances like a banana (6.72 mg/L), pineapple (1–4 mg/L) 
and lemon (20 mg/L), the terms in the bracket denoting 
fluoride concentration in the solution, are some of the bio-
sorbents that have shown fluoride adsorption capacity in 
the range 0.4–15 mg/g [15]. Bael (Aegle marmelos) shell-ac-
tivated carbon has shown a fluoride adsorption capac-
ity of 2.45 mg/g (8 mg/L) [16]. Araga et al. [17] used KOH 
treated Jamun seed (Syzygium cumini) and observed fluoride 
removal capacity to be 3.65 mg/g of adsorbent. Activated 
bagasse carbon was reported to give 1.16 mg/g of fluoride 
adsorption capacity from a solution containing 5 mg/L of 
fluoride [18]. Another study on fluoride removal using sug-
arcane bagasse reports adsorption capacity to be 4.12 mg/g 
for fluoride concentration of 8 mg/L [19].

One of the important criteria for the selection of biosor-
bent is its low cost and availability in addition to its adsorp-
tion capacity [14]. Sugarcane bagasse (Saccharum officinarum) 
is a fibrous waste generated in large amount during the 
extraction of sugarcane and in this process, one ton of sug-
arcane gives about 280 kg of bagasse [20]. According to the 
Global Agriculture Information Network (GAIN) Report 
(number IN8047) the sugarcane production in India for 
the year 2018–19 was about 400 million metric tonnes [21]. 
Though the sugarcane bagasse is used as a fuel to support 
sugar enterprises, its large amount remains unutilized 
[22]. Since the fluoride concentration in groundwater in 
some parts of India is as high as 38 mg/L and also consid-
ering that the sugarcane bagasse is abundantly available, 
in this work bagasse was chosen as a precursor to prepare 
activated carbon adsorbent to remove fluoride from syn-
thetic water having fluoride concentration 50 mg/L as a 
base case. The effect of various parameters such as pH, 
contact time and adsorbent dose, temperature and initial 
fluoride concentration were examined to find the optimum 
parameters for defluoridation of the solution.

2. Materials and methods

2.1. Preparation of H3PO4 treated bagasse activated carbon

Sugarcane bagasse waste was acquired from the local 
market of Raipur Chhattisgarh. Bagasse was washed with 
tap water then with distilled water to remove dust parti-
cles in the material. It was then dried for 24 h in a hot-air 
oven at 120°C; crushed and sieved to get even grain size; 
carbonized by heating for 2 h at 500°C without adding any 
chemical agent. The carbon so produced was treated with 
30% phosphoric acid in an equal weight ratio for 24 h fol-
lowed by washing with distilled water and then drying. 
This activated carbon obtained was named bagasse acti-
vated carbon (BAC) and it was stored in vacuum desicca-
tors for further study.

2.2. Characterization of BAC

The surface morphology and the elemental analy-
sis of the BAC were done in a ZEISS EVO Series scanning 
electron microscope (SEM) model which also contained an 
energy-dispersive analysis of the X-ray (EDX) feature. The 
Brunauer–Emmett–Teller (BET) surface area of BAC was 
determined by using nitrogen adsorption isotherms methods 
at 77 K by surface area analyzer (Model – SMART SORB 
93) surface. The point of zero charges was determined by 
the solid addition method [19].

2.3. Batch adsorption experiment

Lab-scale studies to remove F– from synthetic fluo-
ride bearing water were carried out. To prepare the stock 
solution of concentration 50 mg/L, 110.5 mg of anhydrous 
sodium fluoride was dissolved in 1 L of distilled water. 
Batch adsorptive treatment of F– bearing water was carried 
out in a shaker taking 50 mL of sodium F– solution contam-
inating 50 mg/L F– in a 100 mL conical flask. About 5 mL 
samples were taken at a certain time interval and F– the con-
tent was determined. Effect of pH, adsorbent dose (g) and 
contact (shaking) time on F– removal was estimated. The 
F– removal efficiency after adsorption was estimated using 
Eq. (1), and uptake capacity of adsorbent at any time (t) 
was estimated using Eq. (2).

R
C C
C

t% �
�

�0

0

100  (1)

q
C C V
mt

t�
�� �0  (2)

where R% is the percentage removal efficiency; C0 is the ini-
tial concentration, mg/L; Ct is the concentration after time t, 
mg/L; V is volume of solution, L; m is mass of adsorbent, g.

3. Results and discussion

3.1. Characterization of adsorbent

The SEM images of BAC prior to adsorption are shown 
in Fig. 1a and after to adsorption in Fig. 1b. After adsorp-
tion, some dense mass is seen which may be due to the 
retention of pollutants present in water. The structure of the 
adsorbent is more like flakes and no obvious porous struc-
ture is detectable at that resolution. The EDX analysis before 
adsorption is shown in Fig. 1c and after to adsorption in 
Fig. 1d. The main components present are C, Si, and Ca ear-
lier to adsorption, and after adsorption, F is also seen which 
is due to its retention in adsorbent in the adsorption process. 
The BET surface area of the BAC was found to the 812 m2/g.

The point of zero charge (pHpzc) analysis gives an idea 
about the surface charge over an adsorbent. It is obtained by 
plotting the difference of initial pH to final pH against the 
initial pH of the solution and the pH at which this difference 
becomes zero, which is noted as pHpzc. When the solution pH 
is less than the pHpzc, the adsorbent surface will be positively 
charged and it will attract negative ions. Whereas, when 
the pH of the solution is more than the pHpzc the adsorbent 
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Element            C            Si             K  Ca       
Weight %        89.68      8.51      1.07       0.74 

Element            C             F              Si    Ca        
Weight %        78.34     13.46      4.38       3.83 
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Weight %        78.34     13.46      4.38       3.83 

Fig. 1. SEM of BAC (a) before adsorption, (b) after adsorption; EDX of BAC (c) before adsorption, (d) after adsorption.

 

Fig. 2. pHpzc for the BAC adsorbent.
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surface is negatively charged and it could adsorb positive 
ions. From Fig. 2 the pHpzc was found to be 6.1 for BAC.

Nitrogen adsorption–desorption isotherms at –196°C 
are presented in Fig. 3a for prepared carbon particle size 
of 0.225 mm and this hysteresis loop shows the presence 
of microporous. Due to the presence of micropores, the 
amount of adsorbed nitrogen increased at low relative 
pressure (0.1) as presented by the initial steep in Fig. 3a. 
In addition, the pore size distribution of the same material 
is presented in Fig. 3b which shows that the samples had 
narrow particle size distribution in ranges of 0.6–0.8 nm. 
The pore size distribution depends on the average particle 
diameter and characteristics of the material [23,24].

3.2. Effect of pH

Alteration in pH changes the surface charge of adsor-
bent which in turn affects the adsorption [25]. At a lower 
pH value the negative charges at the adsorbent surface are 
reduced, thus it can adsorb anions more readily than cations 
from solutions [26,27]. The pH dependence occurs when 
the F– ions and hydroxyl ions compete for adsorption sites 
or when the ions and protons compete for the same active 
binding sites on the sorbent surface [28] Therefore, maintain-
ing a proper pH to affect defluoridation is very important.

The effect of initial pH (pHi) on the adsorption pro-
cess was studied for the range 2–10, and the results are 
presented in Fig. 4. An increase in pH from 2 to 4 favored 

the defluoridation, but further increase in pH adversely 
affected the defluoridation. The optimum pH was observed 
as 4 where, the initial fluoride concentration (Fi) of 50 mg/L 
was reduced to 12 mg/L in the solution after 4 h of contact 
time, at an adsorbent dose of 4 g/L and the shaking speed 
of 100 rpm. Further studies were performed at an initial 
solution pH of 4 only.

3.3. Effect of adsorbent size

To investigate the effect of particle size, experiments 
were performed with the particle size of 0.225, 0.45 and 
0.90 mm. The larger surface area provides better per unit 
adsorption and as anticipated better F– removal was 
observed with the particle size of 0.225 mm compared to 
the other two particle sizes as shown in Fig. 5. The final 
fluoride concentration in the solution were 12.0, 18.0 and 
27.4 mg/L for 0.225 mm, 0.45 mm and 0.90 mm adsorbent 
respectively. Therefore, the adsorbent size of 0.225 mm was 
chosen for further studies.

3.4. Effect of temperature and mass loading

Temperature is an important factor that greatly affects 
the adsorption process. An increase in temperature increases 
the mobility of sorbate from the solid surface to the solu-
tion phase due to a decrease in the thickness of the bound-
ary layer. The effect of temperature on adsorptions likewise 

(a)

 

 

a)

(�)

Fig. 3. (a) N2 adsorption–desorption curves and (b) micropore size distribution of 0.225 mm size of prepared carbon.
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relies upon the warmth of sorption. In general, adsorption 
is an exothermic process and it is favored at low tempera-
ture [29,30].

Adsorbent mass loading or adsorbent dose is the amo-
unt of adsorbent brought into contact with the solute. 
The adsorption efficiency of an adsorbent increases with 
the adsorbent dose. This is due to the availability of more 
adsorption sites. However, the adsorption density (amount 
of sorbate per unit weight of adsorbent) reduces due to unsat-
urated adsorption sites. Adsorption density is also reduced 
due to particle interactions caused by high adsorbent con-
centrations. The reason for the high removal of F– with an 
increase in adsorbent mass is due to the availability of a larger 
amount of surface for adsorption at its higher dose [18].

Effect of temperature and mass loading was studied in the 
temperature range 16°C–46°C and mass loading 3–6 mg/L. 
The final concentration of F– in the solution was 13.8, 10, 8.8, 
and 8.4 mg/L at 16°C; 16, 12, 9.8 and 9 mg/L at 26°C; 21.3, 
17, 15 and 14 mg/L at 36°C; 29.2, 24.2, 20 and 18.8 mg/L at 

46°C for adsorbent dose of 3, 4, 5, and 6 mg/L, respectively. 
The detailed data are presented in Fig. 6a–d. For all mass 
loading, the F– removal decreased when the temperature 
was increased. Since there was only a marginal change in 
the final concentration of F– with the increase in adsorbent 
dose from 5 to 6 mg/L for the temperature range studied, 
the former was taken as the optimum adsorbent dose.

3.5. Effect of temperature and initial concentration of F–

The effect of the initial concentration of F– and tempera-
ture on its removal is presented in Fig. 7a–d. For all the con-
centrations (10–50 mg/L) F– removal was increased when 
the temperature was decreased. Higher removal of F– was 
seen at its low concentration. The final F– concentrations 
were, 0.7, 2.4, 4.5, 6.5, 8.8 at 16°C; 0.8, 2.5, 4.7, 6.8, 9.8 at 
26°C; 1.5, 3.6 6.5, 10, 15 at 36°C and 2.8, 4.6, 7.6, 12, 20 at 
46°C for 10, 20, 30, 40 and 50 mg/L of Fi respectively. But 
for 46°C temperature, the initial F– concentration of 10 mg/L 
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Fig. 4. Effect of pHi on removal of F– using BAC. Initial concentration of F– = 50 mg/L; BAC dose = 4 g/L; adsorbent size = 0.225 mm; 
temperature = 26°C.
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Fig. 5. Effect of BAC size on removal of F–. Initial concentration of F– = 50 mg/L; BAC dose = 4 g/L; pHi = 4; temperature = 26°C.
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was decreased to less than or equal to the limiting value of 
fluoride concentration in drinking water (1.5 mg/L) for all 
other temperatures. It is observed that initial ion concentra-
tion significantly affects the adsorption efficiency. As con-
centrations of adsorbent increase, there is an expansion in 
the number of ions bound yet the rate of amount adsorbed 
diminishes. An increment in the measure of ions adsorbed 
with an increase in concentrations has been ascribed to the 
availability of binding sites present on the sorbent [31,32].

3.6. Effect of contact time

The concentration of fluoride in the solution was mea-
sured from 0 to 4 h at time intervals of 0.5 h. The study 
showed that the rate of decrease of fluoride concentration 
in the solution was initially higher followed by a lower 
rate. This is due to occupying vacant sites, and reduction 
in available surface area for adsorption with time [33,34]. 
After 3.5 h the rate of adsorption became very slow and 
the concentration of fluoride became almost constant with 
further increase in time. Therefore 4 h was fixed as a desir-
able contact time for fluoride removal.

3.7. Adsorption kinetics study

To get an insight of fluoride adsorption mechanism the 
kinetics studies were performed at 16, 26, 36 and 46°C, for 
adsorbent dose 5 mg/L and initial pH 4. The pseudo-first-order 

[35], pseudo-second-order [36], Elovich model [37] and pore 
diffusion model [38], as shown in Eqs. (3)–(6) respectively, 
were tested in the present adsorption process. Since, the lin-
earization of these models may cause alteration in model 
parameter value, leading to erroneous interpretation of the 
kinetic data, their nonlinear forms were used [39–43]. To 
estimate the model parameter/s, the sum of the square of 
the errors (SSE) between the experimental qt and the model 
calculated qt [42] was minimized using the “Solver Add-In” 
of Microsoft Excel. The resulting value of parameter/s, 
at the minimized SSE, was taken as their final estimate.

Pseudo-first-order model:

q q et e
K t� �� ��1 1  (3)

where qe is the equilibrium uptake capacity of adsorbent 
(mg of fluoride/g of adsorbent). The first-order constant K1 
is indicative of the kinetic rate of the process. A larger value 
of K1 suggests quicker adsorption thus less time to reach 
equilibrium [44,45].

Pseudo-second-order model:

q
K q t
K q tt
e

e

�
�

2
2

21
 (4)

where K2 is the pseudo-second-order rate constant 
(g/mg h). Pseudo-second-order model is tested to ascertain 
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Fig. 6. Effect of BAC doze on removal of F– for initial concentration of F– = 50 mg/L; pHi = 4; at temperature (a) 16°C, (b) 26°C, (c) 36°C, 
and (d) 46°C.
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the chemisorption behavior of the adsorption process. The 
term K2qe

2 gives an idea about the initial sorption rate [45].
Elovich model:

q
b

abtt � �� �1 1ln  (5)

where a (initial adsorption rate) and b (desorption rate) are 
the Elovich constants. Constant 1/b is indicative of available 
sites for adsorption. The Elovich model neglects desorp-
tion but suitability describes kinetic data representing the 
chemisorption mechanism of the adsorption process [46].

Pore diffusion model:

q K t Ct i� �0 5.  (6)

where Ki (mg/g h0.5) is the intraparticle rate constant and 
C (mg/g) is the initial rate of adsorption. The fitness of 
the model to kinetic data validates the involvement of 
intra-particle diffusion in the adsorption process.

The coefficients estimated for various kinetic models are 
shown in Table 1. The R2 and the SSE values presented in 
Table 1 for different kinetic models suggest that the pseudo- 

first-order and Elovich models fit well to the kinetic data. 
The fitness of the pseudo-first-order model indicates the 
involvement of the physical adsorption mechanism in the 

early stages of adsorption while in the later part chemi-
sorption prevails as suggested by the Elovich model [47].

3.8. Adsorption isotherm

Adsorption isotherm models are used to describe the 
relationship between adsorption capacity and equilibrium 
concentration. Langmuir, Freundlich and Temkin isotherms 
are widely used for this [43]. The parameters of the iso-
therm models were estimated through a nonlinear regres-
sion technique, similar to that described in the adsorption 
kinetics study section above.

The nonlinear Langmuir [48] equation has the following 
form:

q q
K C
K Ce m
L e

L e

�
�1

 (7)

where qm is the monolayer adsorption capacity (mg/g of 
adsorbent) and KL is the Langmuir constant related to the 
energy of adsorption (L/mg). An important characteristic 
of Langmuir isotherm is the separation factor RL, a dimen-
sionless quantity calculated using the following equation:

R
K CL
L i

�
�

1
1

 (8)
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Fig. 7. Effect of initial concentration of F– on its removal for pHi = 4, adsorbent dose 5 g/L at temperature (a) 16°C, (b) 26°C, (c) 36°C, 
and (d) 46°C.
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where Ci is the initial concentration of fluoride. For a favor-
able isotherm, the value of RL should be between 0 and 1. 
The RL > 1 and RL = 1 suggest an unfavourable and a linear 
isotherm, respectively [42].

The Freundlich [49] equation is given as:

q K Ce F e
n= 1/  (9)

where KF is a Freundlich constant which indicates the sorp-
tion capacity of the adsorbent (mg/g adsorbent) (L/mg)1/n, 
1/n is a constant which gives the intensity of adsorp-
tion. For favorable adsorption, the value of KF should be 
between 1 and 20 and the constant n must be above 1 [50]. 
The values of these constants are presented in Table 2. As 
the value of n in this study is above 1, as shown in Table 2, 
the adsorption is favorable.

The Temkin isotherm [51] equation is given as:

q B K Ce T T e� � �ln  (10)

where BT = RT/b is a constant related to the heat of adsorp-
tion, b is the variation of adsorption energy (J/mol), KT is 
the Temkin constant which accounts for the interaction 
between the adsorbate and adsorbent (L/mg). The value of 
the constants is reported in Table 2.

The R2 and SSE values reported in Table 2 indicate that 
the isotherm data is fairly represented by the Freundlich 
model at lower temperatures and by the Langmuir model 
at a higher temperature. An easy calculation of RL, using 
Eq. (8) above, showed that RL ranged between 0.43 to 0.13, 
for the concentrations 10, 20, 30, 40 and 50 mg/L, for all 
the temperatures considered here. This suggests a favor-
able adsorption isotherm. It is clear from Fig. 7 that the 
maximum uptake capacity appears to be significantly less 
than that predicted by the Langmuir model. Therefore, in 

the present work Langmuir isotherm could not be consid-
ered as a representative of the experimental isotherm data, 
although the R2 values show reasonably good fitness.

3.9. Thermodynamics study

The thermodynamic parameters, namely, the standard 
Gibbs energy change (ΔG°), enthalpy change (ΔH°), and 
entropy change (ΔS°) of the adsorption of fluoride ions 
over BAC were determined by using the Eqs. (11) and (12) 
and the values for these parameters are presented in Table 3.

�G RT Kd� � � ln  (11)

� � �G RT K H T Sd� � � � � � �ln  (12)

ln  K H
RT

S
Rd � �

�
�

�� �  (13)

where T = temperature (K), R = universal gas constant 
(8.314 J/mol K), Kd = distribution coefficient, a function of 
temperature, calculated as, qe/Ce. The value of ΔH° and ΔS°, 
reported in Table 3, were calculated from the slope and 
intercept of the plot between lnKd vs. 1/T, shown in Fig. 8.

The positive values of ΔG° in Table 3, suggest that 
adsorption was not spontaneous. Also, the increase in the 

Table 2
Isotherm parameters for adsorption of F– on BAC

Temperature (°C) Langmuir Freundlich Temkin

qm (mg/g) KL (L/mg) R2 SSE n KF (mg/g)/(L/mg)1/n R2 SSE BT (J/mol) KT (L/mg) R2 SSE

16 16.02 0.118 0.979 0.643 1.54 2.062 0.992 0.220 2.48 2.391 0.919 2.184
26 14.19 0.133 0.983 0.476 1.65 2.059 0.989 0.290 2.49 2.131 0.940 1.534
36 11.23 0.117 0.992 0.168 1.78 1.608 0.971 0.532 2.40 1.232 0.981 0.363
46 9.66 0.102 0.904 1.267 1.89 1.372 0.831 2.350 2.46 0.738 0.937 0.971

Table 1
Kinetic parameters for F– removal by BAC (pH = 4.0; T = 289 K; BAC = 5.0 g/L; adsorbent size = 0.225 mm; Fi = 50 mg/L)

Temperature (°C) Pseudo-first-order Pseudo-second-order Elovich model Pore diffusion model

K1 R2 SSE K2 R2 SSE a b R2 SSE Ki R2 SSE

16 0.909 0.997 0.169 0.239 0.921 3.821 12.610 0.341 0.998 0.189 4.276 0.982 1.110
26 0.772 0.994 0.297 0.196 0.901 4.411 8.291 0.286 0.999 0.076 4.203 0.992 0.444
36 0.734 0.988 0.481 0.206 0.865 4.664 5.811 0.277 0.994 0.274 3.624 0.980 0.883
46 0.667 0.979 0.612 0.211 0.843 3.957 3.952 0.266 0.996 0.134 3.018 0.972 0.847

Table 3
Thermodynamic parameters for adsorption of fluoride on BAC

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)

16°C 26°C 36°C 46°C

0.158 0.457 1.830 2.891 –30.30 –0.104
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positive value of ΔG° with the increase in temperature 
indicates that adsorption of F– over BAC is less favorable 
at higher temperatures [17]. This adsorption trend was 
also confirmed by observing the values of Kd (Fig. 7) that 
decreased with the increase in temperature, indicating 

less distribution of sorbate between solid and solution 
phases. The plot between ln(Kd) and 1/T, (K–1) was fitted 
with a linear equation (R2 = 0.9419) giving slope (–ΔH°/R) 
and intercept (ΔS°/R) as 3,646.7 and –12.57. The estimated 
value of enthalpy ΔH° and entropy ΔS° are reported in 

 

y = 3.6467x - 12.569
R² = 0.9419
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Fig. 8. Effect of temperature over distribution coefficient (Kd) for fluoride concentration of 50 mg/L, pH = 4 and adsorbent dose = 5 g/L.

Table 4
Comparison of BAC with other bisorbent studies on fluoride removal

Adsorbent Initial fluoride 
concentration 
(mg/L)

Maximum 
adsorption 
capacity (mg/g)

Contact 
time (h)

Adsorbent 
dose (g/L)

% fluoride 
removal

Reference

Sugarcane bagasse 8 4.12 1 1 26 [19]
Activated KOH treated jamun seed 10 3.65 2 0.4 50 [17]
Activated carbon from barks of Ficus racemosa 5 1.65 1 4 88 [34]
Bael (Aegle marmelos) shell-activated 8 2.4 1 2 46 [16]
Tea waste-Al–Fe 10 18.52 2 2 90 [55]
KMnO4 modified activated carbon of rice straw 5 15.9 3 1.5 70 [56]
Wheat straw raw 5 1.9 2 4.0 40.2 [18]
Activated bagasse carbon 5 1.15 2 4.0 56.4 [18]
Biochar from waste peanut shell powder 10 3.67 2 8 88.21 [57]
Zr loaded grape pomace 20 7.54 1 6 92 [58]
Citrus limetta residue – 12.6 – – 80–86 [59]
Zirconium impregnated camellia seed biochar 70 11.04 3 1.6 – [60]
Modified material developed from 
Ficus benghalensis leaf

2 5 5 86.5 [61]

Al embedded Thuja occidentalis leaves carbon 10 0.625 1.5 20 92 [62]
Activated carbon derived from iron infused 
Pisum sativum peel

5 4.717 7 4 99 [63]

Artemia eggshell-zirconium nanocomposite 10 4.95 0.5 8 93 [64]
Tamarindus indica activated seed coat 5 1.79 1 0.3 92 [65]

Bagasse activated carbon 50 8.24 (16°C) 4 5 82.4
Present 
study

Bagasse activated carbon 50 8.04 (26°C) 4 5 80.4
Present 
study
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Table 3. The negative value of ΔH° suggests the exother-
mic nature of the adsorption process [19]. According to 
the ranges of energy of adsorption for different forces; 
van der Waal forces 4–10 kJ/mol, hydrophobic bond forces 
about 5 kJ/mol, hydrogen bond forces 2–40 kJ/mol, coor-
dination exchange about 40 kJ/mol, dipole bond forces 
2–29 kJ/mol, chemical bond forces >60 kJ/mol, thus, it can 
be inferred that in the present adsorption process all the 
mechanisms except coordination exchange and chemical 
bond forces are possible [46,47,52,53]. However, the value 
obtained for ΔH° (–30.30 kJ/mol) suggests the dominance 
of physisorption over chemisorption [48,54]. The negative 
entropy ΔS° value shows that randomness in the aqueous 
phase was more compared to the solid phase [25].

3.10. Regeneration and reuse of BAC

The activated carbon was filtered and dried at 110°C 
for 6 h and again used for adsorption of F–. For 10, 20 30, 
40 and 50 mg/L F– concentration in the solution, at pH 
4, 26°C and 5 g/L of adsorbent dose. The final value of 
F– concentration in the solution were 0.95, 3.1, 5.9, 7.9 and 
11.1 mg/L. Whereas, the value of final F– for fresh bagasse 
activated carbon was 0.8, 2.5, 4.7, 6.8 and 9.8 mg/L for the 
same condition of the adsorption process. Thus, a 14% to 
25% decrease in adsorption efficiency was observed.

3.11. Performance of BAC compared to other biomass-based 
adsorbents for fluoride removal

A comparison of the performance of BAC with other 
biomass-derived adsorbents is presented in Table 4. A fair 
comparison is difficult due to a variety of process condi-
tions, however, while comparing the performance of adsor-
bents the, initial concentration, adsorbent dose and contact 
time must be given sufficient weightage. A good adsorbent 
is expected to give significant fluoride removal within a 
reasonable contact time. Table 4 indicates that the contact 
time of 4 h in the present study is higher compared to other 
reported results but this may be attributed to the higher 
concentration of fluoride considered in the present work. 
The maximum adsorption capacity of BAC in this work, 
that is, 8.24 mg/g at 16°C, appears to be quite competitive 
with the capacity of the other adsorbents as reported in 
Table 4 reported. It also shows that the maximum adsorp-
tion capacity of the BAC in the present study is compa-
rable to the other biosorbents.

4. Conclusion

Activated carbon was prepared from sugarcane bagasse 
to remove fluoride from synthetic fluoride-containing 
water. The study revealed that for an initial fluoride con-
centration of 10 mg/L, the final fluoride concentration can 
be reduced to 0.7 mg/L, that is, adsorption capacity equal 
to 1.86 mg/g, (within the limit prescribed by WHO) for 
initial pH value 4, adsorbent dose of 5 mg/L, temperature 
16°C with 4 h of contact time, while that for 20 mg/L ini-
tial fluoride concentration it could be reduced to less than 
4 mg/L final concentration (fluoride concentration limit set 
by USEPA) for 16°C, 26°C and 36°C temperatures, that is, 

adsorption capacity equal to 3.21 mg/g. The highest adsorp-
tion capacity was observed as 8.24 mg/g for 50 mg/L ini-
tial fluoride concentration at 16°C. The kinetic data fitted 
well with pseudo-first-order, pseudo-second-order, Elovich 
model and IPD models. The isothermal study showed a 
monolayer and multilayer adsorption mechanisms based on 
estimated coefficients and fitness of Langmuir, Freundlich 
and Temkin models. From the Langmuir model, it was 
observed that the maximum adsorption capacity of BAC 
was about 8–12 mg/g for a temperature range of 16°C–46°C, 
which appears very promising to make use of BAC in flu-
oride removal. Thermodynamic analysis showed that the 
present adsorption process was not spontaneous and exo-
thermic as the value of ΔG° and ΔH° were positive and 
negative respectively. It can be concluded that BAC could 
be used as an inexpensive and benign adsorbent for the 
removal of fluoride from water.
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