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Abstract: Fluorosis due to consuming an elevated amount of fluoride-containing groundwater is 

believed to be a serious public health-related issue. A calcium pretreated wood of Pinus roxburghii was 

converted into biochar and examined for fluoride uptake from an aqueous solution. Further 

characterization of biochar was performed using FT-IR and SEM EDAX analysis. Results suggested 

the involvement of different functional groups of biochar in the sorption process. Scanning microscopy 

and elemental analysis showed the porous structure of biochar with an appreciably high loading of 

fluoride ions. Sorption of fluoride occurred due to chemical interaction between functional groups that 

existed over the surface of biochar. Sorption was found to be spontaneous and exothermic. The prepared 

adsorbent holds good promises to be used as an agent for defluoridation. 
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1. Introduction 

Water is one of the essential natural resources on earth for sustaining life and the 

environment, which we have thought to be available in profusion and everlasting [1]. When 

present in high or sometimes even in low amounts, certain ions are a serious issue as their 

presence makes the groundwater inappropriate for drinking as well as other purposes [2]. 

Fluoride is a strongly electronegative ion, commonly found in combination with calcium or 

sodium, forming naturally occurring compounds in soil and water [3]. Fluoride beyond the 

threshold concentrations (0.6 to 1.5mgL-1) has been a major setback in several parts of the 

world [4]. Considerable increase in fluoride concentrations in surface and groundwater has 

been reported from several regions of India and its neighboring country, Bangladesh, over the 

past few years [5]. Fluoride is believed to be the chief pollutant of groundwater worldwide. 

Including India, about 25 countries worldwide are suffering from high fluoride content in the 

groundwater [6]. Similar or larger problems are anticipated in other countries, including China, 

Ethiopia, and Uzbekistan  [7]. Fluoride levels in regions of Ethiopia are as high as 33 mg L-1 

[8], and levels of up to 2800 mgL-1 have been measured in soda lakes in Kenya [9] and Tanzania 

[10]. 
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Fluorine is the most electronegative and most reactive. Owing to its high reactivity, 

fluorine is not found in nature in its elemental state and exists as fluorides [11,12] Fluoride-

bearing rocks such as fluorite, fluorapatite, fluorspar, cryolite, and hydroxylapatite are the 

major source of fluoride in groundwater [13]. 

Various methods have been reported for the removal of fluoride from water; 

consequently, different sorbent materials such as natural, synthetic, and biomass have been 

investigated to remove fluoride from aqueous solutions [14]. Lately, a number of new 

adsorbents have been investigated for fluoride adsorption[15]. For example, La(II) and Y(III)-

impregnated alumina, aluminum-impregnated carbon and lanthanum-impregnated silica-gel 

[16], Fe(III)-Al (III) hydroxide floc [17], Kaolinite [18], La-Ce modified alumina [19], Si 

modified with rice husk [20], raw rice husk [21] have been utilized for fluoride adsorption. 

Chai et al. (2013) developed a novel adsorbent of sulfate-doped Fe3O4/Al2O3 nanoparticles 

with magnetic separability to remove fluoride from drinking water. A novel magnetic 

nanosized adsorbent using hydrous aluminum oxide embedded with Fe3O4 nanoparticle 

(Fe3O4.Al(OH)3) NPs were prepared and studied to remove excess fluoride from the aqueous 

solution. The Langmuir equation evaluated the adsorption capacity and found it to be 88.48 

mgg-1 at pH 6.5 [22].  

Biochar is considered a potential carbon-rich adsorbent due to its high specific surface 

area and high ion exchange capacity[23]. Lignocellulosic biomass is thermally treated and 

activated by steaming and subsequently used for several studies to deal with water and 

wastewaters pollutants removal[24][25]. Pyrolysis technology for converting lignocellulosic 

biomass into biochar and its modification by treating different chemicals, waste valorization 

[26] has emerged as a frontier research domain for removing pollutants[27, 28]. Raw biochar, 

as well as modified biochar, as cost-effective defluoridation agents, are being investigated 

lately. Thermally treated at 800°C, Mytilus coruscus shells (MCS) with fluoride adsorption 

capacity from 0 to 12.28 mgg-1 [29], magnetized corn stover biochar with adsorption capacity 

6.42 mg/g [30], Douglas fir biochar (BC) with adsorption capacity 9.0 mgg-1  [31] aluminum-

modified corn stalk biochar (AlCl3-BC) with adsorption capacity 81.65 mgg-1 [32], Zirconium-

impregnated  Camellia oleifera seed shell biochar [33] thermal (torrefaction/pyrolysis) and 

chemical (iron/zinc) activation of rice husk-derived biochar with adsorption capacity 4.45 mgg-

1  [34], aluminum-impregnated biochar derived from food waste (Al-FWB) with adsorption 

capacity 123.4 mgg-1 [35], MgAl-mBC biochar with adsorption capacity 21.59 mgg-1  [36], 

Watermelon rind (Citrullus lanatus) biochar with adsorption capacity 9.5 mgg-1  [37]. The 

present study investigates the role of biochar derived from Pinus wood for defluoridation.  

2. Materials and Methods 

2.1. Chemical reagents and adsorbent preparation. 

Sodium fluoride was purchased from Sigma Aldrich(St. Louis, Missouri, United 

States). All chemicals used were of analytical grade unless mentioned otherwise. The Pinus 

roxburghii wood was used as feedstock for biochar (PBC) production. The dried stem was 

collected from the botanical garden of the university campus, followed by their cutting into 

fine pieces.  Calcium modified biochar (CPBC) was prepared by incubating 50 gm of dried 

biomass for 24hr in 200 ml, 100mM CaCl2solution. The wet biomass was removed from the 

calcium solution and sun-dried. The dried biomass was subjected to pyrolysis at high 

temperature (>400℃) in a muffle furnace and grounded into a fine powder using mortar and 
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pestle. Control biochar was also prepared in order to investigate the comparative removal of 

fluoride after calcium modification.  

2.2. FT-IR, SEM-EDAX, and fluoride analysis. 

ATR-FTIR spectra of the biomass and its modified form were recorded by 

FTIRspectrometer (Nicolet 6700, Thermo Scientific, MA, USA) at a resolution of 4 cm−1to 

determine the presence and involvement of functional groups that might be present on the 

surface. The dried powder of biochar was subjected to elemental analysis using a scanning 

electron microscope (Philips, Netherlands) equipped with Energy Dispersive X-ray System 

EDAX XL-30, operating at 15-25 KV. Stock solutions of fluoride were prepared by dissolving 

sodium fluoride in Mili-Q water. Ion chromatography (Metrohm Eco IC, Switzerland) was 

used to determine the concentration of fluoride. An-ion exchange column and a guard column 

with a conductivity detector and MSM (Metrohm Suppressor Module) suppressor were used 

in chromatography. Carbonate (340 mgL-1) and bicarbonate (140mgL-1) were used as the 

mobile phase, while a rinsing solution of sulphuric acid (5mlL-1) was meant to wash the column 

after each successive run. In order to load the sample into the column, the injection loop was 

filled with 10µL of analyte at a flow rate of 0.5 mLmin-1. A calibration curve was obtained 

using sodium fluoride, standard solutions with different concentrations ranging from 2.5 to 10 

mgL-1.  

2.3. Adsorption experiments. 

A batch adsorption experiment was performed in a 200 ml conical Erlenmeyer flask for 

a comparative study on Pinus biochar (PBC) and calcium modified biochar (CPBC) to remove 

fluoride. Different parameters influencing adsorption, such as pH, biomass doses, and contact 

time to optimize fluoride removal, have been carried out. Biomass and analyte were placed at 

a rotatory orbital shaker operating at 220 rpm at various temperatures. Fluoride solution pH 

was adjusted by the addition of respective buffer to final concentration 20 mM. Sodium borate 

buffer was used to maintain pH 2.0 & 3.0, glycine-HCl, pH 4.0 and 5.0, acetate buffer, pH 6.0, 

citrate buffer, pH 7.0, and phosphate buffer saline for pH 8.0. In order to determine the capacity 

of adsorption onto PBC and CPBC, 2g of the biochar was placed in 50 mL of fluoride solutions 

of known concentrations (20mgL-1 to 100mgL-1).  While, in kinetic studies, fluoride removal 

by biochar was carried out as a function of contact time with a different initial concentration of 

sorbate (20, 40, 60, 80, and 100mgL-1) and keeping the adsorbent concentration of 2gL-1. At 

the end of each adsorption aliquot of the filtrate was obtained using filter paper, Whatman No.1 

with pore size 11 µm. Samples were analyzed at certain time intervals between 5 to 60 minutes. 

Further, the effect of the temperature was investigated by conducting the experiments at six 

different temperatures (28, 32, 36, 40, 42, and 48°C) in order to obtain thermodynamic 

parameters. 

The percentage sorption of fluoride was calculated by the following equation: 

% 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑖−𝐶𝑒

𝐶𝑖
× 100    (1) 

The sorption capacity is the calculated amount of fluoride adsorbed per gram of biochar 

(mgg-1) as follows:  

   𝑞𝑒 (
𝑚𝑔

𝑔
) =

𝐶𝑖−𝐶𝑒

𝑀
× 𝑉    (2) 
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where Ciand Cfare the initial and final concentrations of fluoride in the aqueous solution (mgL-

1). V is the volume (L) of the test solution, and M(g) is the mass of biochar, PBC, and CPBC.  

3. Results and Discussion 

3.1. FT-IR, SEM and EDAX studies. 

FT-IR analysis was carried out to identify the interaction among a functional group of 

biochar and fluoride ions. Figure 1a shows the spectrum of the biochar before adsorption, 

Figure 1b shows the spectrum of calcium-treated biochar, and Figure 1c shows the spectrum 

of fluoride-loaded biochar. The peak at 3350 cm-1 in untreated biochar was shifted at 3300 in 

calcium treated biochar, and it further shifts to 3275 cm-1 after F- ion sorption with reduced 

peak intensity indicating the involvement of –OH stretch of the polymeric group. Peak 

positioned at 1560 cm-1 in biochar is shifted with reduced height 1550 in case of calcium treated 

biochar. It shifts again to 1545 cm-1 in case of fluoride-loaded biomass suggested the 

involvement of secondary amine >NH functional occurring on to the surface of calcium treated 

biochar. A similar finding, e.g., involvement of –OH and the amino group, has been reported 

in the case of fluoride adsorption by biochar derived from waste peanut hull [38]. Similarly, 

the peak at 1325 was is found to be almost diminished in the case of calcium treatment and 

shifted to 1345 cm-1 after sorption of fluoride ions. This change in intensity and shift of peaks 

can be attributed to aromatic nitro –NO2 group involvement. The peak at 692 cm-1 in calcium 

treated biochar was shifted 705 cm-1, which can be attributed to the involvement of alkyne (C-

H) bend of the biochar after F- ions adsorption.  

 
Figure 1. FT-IR spectra of biochar from P. roxburghii: (a), the spectrum of untreated biochar; (b) after calcium 

pretreatment and (c) and after sorption of fluoride ions.  

SEM analysis of calcium treated biochar, as well as fluoride, sorbed biochar, is shown 

in Figures 2a and 2b. The result indicated a porous structure of biochar char. The image clearly 

reveals the porosity and surface texture, providing adsorbents with large surface areas and high 

adsorption capacity. The elemental compositions of calcium treated biochar CPBC, and 

fluoride sorbed CPBC was determined using EDAX analysis (Fig. 2c and d). The result clearly 

shows the adsorption of fluoride ions onto CPBC with a proportion of F (6%) in nanoparticles 

followed by carbon (72%), oxygen (20%), and calcium (2%).  
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Figure2. (a)SEM image of CPBC, showing a highly porous structure of the biochar. Image of biochar after the 

adsorption of fluoride ions; (b) EDAX spectrum showing incorporation of Ca in biochar; (c) EDAX spectrum 

obtained after fluoride sorption onto CPBC. 

3.2. Effect of pH, contact time, and adsorbent doses on adsorption. 

Fluoride ion sorption was studied for the determination of maximum removal at 

different pH. The maximum percentage removal was found to be at pH 4.5 (Figure 3a). At low 

pH surface of calcium modified biochar are positively charged and attracted towards negatively 

charged fluoride ions.  

 
Figure3.(a) Effect of pH, where optimum pH was found to be 4.5; (b) Effect of contact time on sorption of 

fluoride onto sorbent (F-1 50 mg/L, sorbate concentration: 2g/L at 30°C);(c) The effect of biochar doses and (d) 

effect of fluoride concentration on overall sorption processes at 30°C. 
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Low pH has been found to be favorable for fluoride adsorption [29]. Contact time's 

effect on fluoride ions' sorption onto CPBC was studied using sorbent doses 2.0 gL-1 and 

sorbate 50 mg L-1 at room temperature (Figure 3b). The maximum sorption of fluoride 

(86.52%) was observed after mixing sorbate and sorbent for a period of 25 min. Figure 3c, 

shows the pattern for absorption of fluoride for a different dose of sorbent. Maximum sorption 

occurred when 2 gL-1 of CPBC was subjected to sorption studies. An increase in fluoride 

concentration to more than 50 m L-1, when sorbent doses were2g/L, did not enhance overall 

sorption in the batch sorption model (Figure 3d).In a study, Al-impregnated food waste biochar 

removed fluoride 91.4% [35]. Rice husk biochar has been reported to defluoridation solution 

to the extent of 95.4% [34]. 

3.3. Adsorption isotherms. 

Three equilibrium models, namely Langmuir, Freundlich, and Dubinin-Radushkevich 

(D-R) isotherm models, have been applied to investigate the sorption studies. The Langmuir 

model hypothesizes a monolayer adsorption process without any interaction between sorbed 

ions. A none linear Langmuir isotherm is described by the following formula: 

qe =
qmKLCe

1+KLCe
    (3) 

where qe is the equilibrium fluoride ion concentration on the CPBC (mg/g), Ce is the 

equilibrium metal ion concentration in the solution (mgL-1), qm is the monolayer biosorption 

capacity of the adsorbent (mgg-1), and KL is the Langmuir biosorption constant (Lmg-1), 

relating the free energy of sorption. A nonlinear relationship of F- ions were sorbed per unit 

sorbent. The coefficient of determination (R2) was found to be 0.914 for F- ion sorption (Figure 

4a). The maximum sorption capacity (qm) of the sorbent was found to be 16.72 mgg-1, while 

KL value was calculated as 0.0125 Lmg-1 for F-ions. The Freundlich model assumes a 

heterogeneous adsorption surface and active sites with different energy. This isotherm can be 

explained by the following formula:  

q𝑒 = KfCe
1/n

    (4) 

where Kf is a constant relating to the fluoride sorption capacity, and 1/n is an empirical 

parameter relating to fluoride sorption intensity depending upon the heterogeneity of the 

material. A Freundlich isotherm was obtained by plotting qeVs. Ce values, which showing a 

nonlinear relationship. The 0.885 R2 value indicated that the Freundlich model could not 

describe the relationship between the amounts of sorbed fluoride ions adequately to their 

equilibrium concentration in the solution. The Langmuir isotherm model best fitted the 

equilibrium with a higher R2 value than the Freundlich model. The physical or chemical nature 

of fluoride sorption processes was examined by analyzing the D-R isotherm model's 

equilibrium data. The linear form of D-R isotherm model is presented by the following 

equation:  

ln qe𝐴 = lnqm − βɛ2  (5) 

where β is the activity coefficient related to mean sorption energy (mol2/J2) and ɛ is the Polanyi 

potential ɛ = RT ln (1 + 1/Ce). The D-R isotherm model well fitted the equilibrium data since 

the R2 value was found to be 0.997 for F- ions sorption (Figure 4b). Sorption means free energy 

(E; kJ/mol) gives adsorption's physical or chemical nature. The mean sorption energy (E; 

kJ/mol) is expressed as follows:  

E =
1

√2β
               (6) 
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When values lie between 8 and 16 kJ/mol, the adsorption process is regarded as 

chemical. Similarly, adsorption is physical when Evalue is less than 8 kJ/mol. The mean 

sorption energy was calculated as 9.27 for fluoride ions suggesting a chemisorptions type of 

sorption.  

 
Figure 4. (a)Langmuir isotherm plots for sorption of fluoride onto CPBC;(b) D-R isotherm plots for sorption of 

fluoride;(c) Second-order sorption kinetic models for fluoride ions uptake;(d) Plot of ln KD Vs. 1/T for the 

estimation of thermodynamic parameters. 

3.4. Adsorption kinetic models. 

Pseudo-first order and Pseudo-second order kinetic models were used to analyze the 

sorption rate of fluoride ions onto CPBC biochar. The pseudo-first-order rate equation is given 

as follows: 

log (qe − qt) =
logqe−ktt

2.303
 (7) 

where qe (mgg-1) is the amount of metal ions sorbed at equilibrium and qt is the amount of 

metal sorbed at any time (mgg-1), and k1 is the rate constant of the equation (min-1). The 

biosorption rate constant k1can be can be determined experimentally by plotting log (qe-qt) 

versus t. Experimental data were also tested by pseudo-second-order equation. 
t

qt
=

1

k2qe
2 + (

1

qe
)t     (8) 

where k2 is the equilibrium rate constant (gmg-1min-1). The values of the correlation coefficient 

of the pseudo-second-order model were found to be 0.968 for F-1 ions, which is higher than the 

pseudo-first-order model i.e., 0.832 (Figure 4c). The pseudo-second-order model can explain 

the kinetic behavior of F-1ions onto CPBC satisfactorily with a good correlation coefficient. 
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3.5. Biosorption thermodynamics. 

The thermodynamic parameters including the change in free energy (ΔG°), enthalpy 

(ΔH°) and entropy (ΔS°) by analyzing D-R isotherm plotting. The change in free energy (ΔG°) 

was calculated from the following equations: 

𝐺° = −RTln KD                (9) 

where, Ris the universal gas constant (8.314 J/mol K), T is the temperature (K), and KD (qe/Ce) 

is the distribution coefficient. The enthalpy (ΔH°) and entropy (ΔS°) parameters were 

estimated from the following equation:  

ln KD = (
ΔSo

T
) − (

ΔHo

RT
)      (10) 

The slope and intercept of the plot of ln KD versus 1/T give a value of ΔH° and ΔS°. 

Gibbs free energy change (ΔG°) was found to be -15.34, -15.05, -14.98, and −14.23 kJ/mol for 

fluoride adsorption at 20, 30, 40, and 50°C, respectively (fig.4d). The thermodynamically 

feasible and spontaneous nature of the sorption is denoted by negative ΔG°values. Lesser 

feasibility of sorption at high temperatures is found as there is a decrease in ΔG° values with 

increased temperature. The enthalpy of biosorption ΔH° parameter was found to be −21.44 in 

the case of fluoride sorption on CPBC. The negative ΔH° indicates the exothermic nature of 

sorption at 20 to 50°C. The enthalpy or the heat of sorption ranging from 2.1 to 20.9 KJ/mol 

corresponds to physical sorption, whereas ranging from 20.9 to 418 KJ/mol is regarded as 

chemical sorption. Therefore the ΔH° value suggested that the sorption process of F-1 occurred 

due to chemisorptions. The ΔS°parameter was found to be −15.34J/molK for fluoride sorption, 

suggested a decrease in the randomness at the solid/solution interface during the sorption 

process. 

4. Conclusions 

Calcium pretreated Pinus roxburghii biochar was employed as an adsorbent for the 

removal of F-1 ions from an aqueous solution. In batch sorption studies maximum sorption 

capacity of prepared sorbent was found to be 16.72 mgg-1for fluoride ions at optimal 

experimental conditions. The FT-IR analysis indicated the involvement of functional groups (-

OH, >NH2, -NO2, C-F, and C-H) in fluoride sorption processes. Langmuir model was well 

fitted, suggesting monolayer adsorption while experimental adsorption data followed pseudo-

second-order kinetics. The free energy from the D-R isotherm model indicated that the sorption 

of fluoride ions onto CPBC primarily occurred due to chemisorptions. This low-cost biochar 

can be used for the removal of fluoride from potable water.   
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