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Abstract 
In this study, biosorbents were successfully synthesized from Citrus limetta pulp residue, and applied to remove fluoride from an aqueous solution. For the synthesis of biosorbents, raw materials were heated in muffle furnace at two different temperatures i.e. (250oC and 500oC). The prepared biosorbents were characterized through scanning electron microscopy (SEM), Fourier transform infrared (FTIR), and X-ray diffraction (XRD). Batch adsorption studies were performed with varying temperature, dosage, pH, and various initial concentrations and adsorption isotherms, and the reaction kinetics were also analyzed. The results of this study show that the maximum removal achieved was approximately (86 and 82) % of ACP-500 and ACP-250, respectively. The adsorption results show that the Langmuir isotherm model fitted better, with monolayer adsorption capacity of 12.6 mg/g. However, for kinetic study, the pseudo-second-order kinetics fitted well. The synthesized materials at different temperature were highly effective for the removal of fluoride from water, with reusability of three to four times.
Keywords: sweet lime waste; adsorption; fluoride; isotherm; thermodynamic; cost analysis.

1. Introduction
The presence of fluoride in drinking water offerings a severe complication worldwide1. In India, more than 95 % of rural and (30–40) % of the urban population are dependent on groundwater.2 The higher amount of fluoride in groundwater is dangerous for drinking purposes. Normally, fluoride is released in groundwater through the slow leaching of fluorine-containing rock,3 and of several minerals viz., topaz, biotite, fluorite, and their corresponding host rock, such as basalt, syenite, granite, etc.4 Moreover, while the natural geological source contributes fluoride to groundwater, several industries also contribute to fluoride contamination.5 According to Shen et al.6 some industries generate Fluoride in the environment, and discharge higher fluoride concentration than natural geological dissolution, ranging (10–1,000) mg/L.7 More than 200 million people worldwide are affected by higher fluoride concentration that exceeds the WHO guideline of 1.5 mg/L.8 Contamination of fluoride occurs in different parts of India, including Andhra Pradesh, Assam, Gujarat, Haryana, Rajasthan, and Uttar Pradesh. 9 The amount of fluoride in groundwater in some parts of India is above 30 mg/L.10 The impact of fluoride in drinking water depends on the concentration and duration of continuous uptake, and can be useful or harmful to humankind. A small concentration of fluoride in water has a beneficial effect on dental caries, mainly among children.11 An excessive amount of fluoride causes various diseases, such as osteoporosis, arthritis, brittle bones, cancer, infertility, brain damage, Alzheimer syndrome, and thyroid disorder.12 Among these diseases, fluorosis is one of the most common diseases in human who are consuming fluoride regularly, also causing mottling of the teeth, and embrittlement of the bones of human.13 
Many technologies, such as chemical precipitation, coagulation, ion exchange, electrocoagulation, nanofiltration, catalytic ozonation, and electrochemical oxidation14-18 and Donnan dialysis19 have been used for the fluoridation of water. These methods have high operational and maintenance cost, and generation of waste. The adsorptive removal of fluoride has been considered one of the most facile, cost-effective, and eco-friendly techniques among the various defluoridation technologies.14-20 Several adsorbents, including various conventional and non-convention sorbents/biosorbents, such as red mud, bone char, rare earth oxides, zeolite, citrus lemon leaves, rice husk ash, peepal leaf, musambi peel, banana peel, and laterite soils, have been reported for the defluoridation of water.21 However, most biosorbents have low fluoride removal abilities to treat fluoride-contaminated groundwater. Therefore, the development of better adsorbents with superior adsorption capacities for fluoride is still needed. Given the higher cost of production, presented agriculture solid waste is being intensively studied for the production of low-cost activated carbons. Waste materials that are converted into activated carbon improve economic value, reduce the cost of waste disposal, and potentially offer a cheap alternative to the current viable sample.22
In the present study, Citrus limetta pulp was used for the synthesis of biosorbent. It is valuable waste material that is thrown away from the juice industry, and engenders land space occupation and pollution with phenolic compounds, due to the dumping of wastes. Natural biomaterial waste citrus limetta pulp was used as a template, and FeCl3.6H2O was used for the iron precursor source to develop magnetic properties in both the adsorbents for the removal of fluoride from an aqueous solution. Two adsorbents were prepared at two different temperatures of (250 and 500) °C for the potential application for fluoride removal.

2. Materials and Methods
2.1 Chemicals 
For the purpose of the research work, analytical grade chemicals were used. These chemicals were anhydrous sodium chloride (NaF), iron chloride hexahydrate (FeCl3. 6H2O), sodium hydroxide (NaOH), hydrochloric acid (HCl), and Ionic Strength Adjustment (ISA) Solution, purchased from Fisher Scientific (a part of Thermos Fisher Scientific).

2.2. Preparation of pulp powder
Citrus limetta (sweet lime) pulp waste was collected from a local juice seller nearby the area of BBAU, Lucknow, India. Tap water was used for the washing of collected pulp to eliminate the dust particles and other adherence. Pulp waste was chopped in small pieces, and then air-dried. The dried pulp was crushed and ground with the help of grinder, and finally, powder forms were obtained by sieving with 250 µm sieve. The sieved powder was used for the preparation of activated carbon (bio-sorbents).

2.3 Synthesis of biosorbents
Biosorbents were prepared according to the method given by Lunge. 23 The details of synthesis are that 15 g of Iron chloride hexahydrate (FeCl3.6H2O) was dissolved in 150 mL of distilled water, and 30 g of fine pulp powder was added and stirred for 4 h, and kept overnight, then, the solid materials were separated by vacuum pump filtration, followed by oven drying at 105 °C for 4 h. The iron-treated material was heated in a muffle furnace (Model No.11C 106B; ICOAN Instruments Company, India) at two different temperatures i.e. (250 and 500) ºC for 2 h. The heated material was washed with double distilled water, and then dried. A black color final product was obtained named as activated carbon of pulp, denoted as ACP-250 and ACP-500. These materials were ground and made uniform using mortar and pestle, and applied for the fluoride removal. Fig. 1 shows the different steps in the synthesis of biosorbents. 
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Figure 1. A flowchart for the synthesis of biosorbents (ACP-250 and ACP-500).

2.4 Determination of fluoride concentration in solution
For the purpose of batch experiment, different concentrations of fluoride solution were prepared by diluting the stock solution of 1,000 mg/L concentration of F- (a stock solution prepared by NaF salt). The concentration of fluoride and pH of the solution was determined by digital Ion-pH meter (EUTECH Handheld Meter Kit; Thermo Scientific).

2.5. Representation of adsorbents
The XRD configuration of the biosorbent was attained by X-ray Diffractometry (PW 30 40/60, PANalytical, Netherlands), which was used to analyze the phase and structure of both biosorbents. Surface morphology, structure, and elemental composition of the biosorbents were obtained with SEM equipped with EDX (JSM 6490-LV, JEOL, Japan). Various functional groups analysis of the adsorbents were analyzed by using FTIR Spectrophotometry (NICOLETTM 6700, Thermo Scientific, USA) with KBr at a ratio of 1:200, and the mixture was pressed, as reference material and spectra were detailed in the region of (400 to 4,000) cm-1. The synthesized biosorbents were analyzed for surface charge i.e. zero point charge (pHzpc), by the method reported by Sharma.10

2.6 Adsorption experiments for fluoride removal
A 50 mL of fluoride solution (10 mg/L) was mixed with 1 g/L dose of biosorbent material, and kept in horizontal water bath shaker (LI-WBIS-20; Labard Instruchem. Pvt. Ltd) at 25 °C for 5 h for shaking at 100 rpm. Samples were collected at different time intervals. The optimum conditions for maximum removal of fluoride using biosorbents have been estimated by observing the effect of contact time of (30–300) min, initial pH of (4–10), adsorbent dose of (0.5–3.0) g/L, temperature of (25–55 °C), and initial fluoride concentrations of (5–30) mg/L at 100 rpm; then the flasks were taken at different time intervals from the water bath shaker, followed by filtration through Whatman 42 filter paper. The filtrate was used for the determination of the remaining fluoride ions using ion selective electrode. The batch study was carried out in duplicate, and average values were calculated, and taken as the final value.
The fluoride removal efficiency using biosorbents (ACP-250 and ACP-500) during adsorption was calculated as follows:

The amount of adsorbed F- per unit mass of adsorbent was obtained using the formula:	
      (2)
      (3)
Where, qe is the adsorption capacity of F- (mg/g); Co is the initial F- concentration (mg/L); Ce is the F- concentration at equilibrium (mg/L); Ct is the F- concentration at particular time (mg/L); qt is the adsorption capacity of F-1 (mg/g) at particular time, W is the adsorbent mass (g), and V is the volume of F- solution (L).

3. Results and discussions
3.1 Characterization of biosorbent 
3.1.1. Zero point charge (pHzpc)
The pHzpc of an adsorbing material is a significant parameter that regulates the pH at which the adsorbent surface has net electrical charge neutral. In the case pH of solution < pHzpc, the adsorbent surface charge is positive to attract negative ions; however, when pH of solution > pHzpc, then the surface charge of adsorbent is negative to attract positive ions.24 The values of (pHzpc) of the prepared materials ACP-250 and ACP-500 were observed at (2.66 and 3.06), respectively. From the results, both biosorbents may have carboxylic, phenolic groups etc., on their surfaces. That the biosorbents show different value may be due to the presence or absences of acidic groups. These groups decrease with increasing carbonization temperature. However, during the burning of adsorbent, acidic metal oxides formed on the adsorbent surface. The pHzpc value of an aqueous solution plays an important role in the surface charge of the biosorbent.

3.1.2. SEM Analysis
Fig. 2 (a)–(d) show the SEM images of ACP-250 and ACP-500, and reveal a rough surface with porous and crystalline structure for both biosorbents, which may be favorable for fluoride adsorption. The morphology of the two biosorbents was different, because of the thermal treatment at different temperatures. Furthermore, the adsorption of fluoride ion onto ACP-250 and ACP-500 was established by EDX analysis. Fig. 2 (e) and (f) show the EDX spectra of ACP-250 and ACP-500, which indicate the higher percentage of carbon in ACP- 500 (57.98 %), as compared to ACP-250 (50.27 %). Iron was present in both materials, and Table S1 shows the weight percentage of ACP. 

3.1.3. FTIR analysis of biosorbent
The FT-IR spectra of ACP-250 and ACP-500 display numerous characteristic peaks. Figures 3 (a) and (b) show the FTIR spectra of ACP before and after fluoride adsorption, which display a number of adsorption peaks in the range (400–4,000) cm-1, which confirm the presence of different function groups on the surface of biosorbents. The broad band peaks at (3,320.0–3,340.0) cm-1 were attributed to stretching vibrations in the hydroxyl group.25 The peaks that occur in the range (2,852.0–3,000.0) cm-1 were attributed to –C–H stretching in the hetero aromatic ring, with both alkyl and ethylene group in the side chain. Symmetric C-H stretching vibration of aliphatic acid is indicated by peaks at 2,921.9 cm-1.26 The peaks located in the range (1,690.0–1,710.0) cm-1 relate to the asymmetric stretching vibration of the ionic carboxylic group (–COO-).27 The sharp peak at (500–800) cm-1 was related to the C–O 28 and metal–oxygen (Fe–O) bonds 29. The presence of Fe–O band spectra before and after adsorption show the Fe3O4 group.
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Figure 2. SEM images of (a) and (b) ACP-250, (c) and (d) ACP-500; and EDX spectra of (e) ACP-250, and (f) ACP-500.
3.1.3 XRD analysis
Figure 3 c shows the X-Diffraction patterns of ACP-250 and ACP-500. Different diffraction peaks are observed on ACP-500, which indicate its crystalline structure; however, in the case of ACP-250, the absence of diffraction peaks is observed, which indicates its amorphous structure. Consequently, the removal of fluoride from water by applying ACP-500 was found to be higher than that by ACP-250. The XRD pattern of ACP-500 reveals peaks at 2θ= (24.55, 33.52, 36.04, 41.23, and 62.77o) that were assignable by their indices (220), (311), (400), (422), and (440), respectively. 23, 30-31 All these peaks are in accord with the database in JCPDS file (82-1533), and represent the iron oxides (for example Fe3O4).  The diffraction peaks at (49.88 and 54.29) corresponding to the (131) and (230) planes, respectively, represent Fe3C. Carbides of iron may be classified into two categories on the basis of the location of carbon atoms present either in trigonal-prismatic interstices (Fe3C and Fe5C2), or octahedral interstices (e.g., Fe2C, Fe2.2C). The formation of the carbides may increase the mechanical strength of the synthesized nano/micro size material.32
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Figure 3. FTIR spectra of (a) and (b) before adsorption and after adsorption of ACP-250 and ACP-500, and (c) XRD spectra of ACP-250 and ACP-500. 

3.2 Fluoride adsorption study 
3.2.1. Effect of contact time 
Figures S1 (a)–(d) show the removal percentage of ACP-250 and ACP-500 toward fluoride ion with time. It was observed that in the first 30 minute of contact time, about (35 and 58.5) % fluoride adsorption was observed by ACP-250 and ACP-500, respectively; and afterward, the adsorption rate slowed down with contact time. During the early stage of the adsorption experiment, many vacant sites are available on the surface of the adsorbent for the removal of fluoride. After a certain period of time, fluoride ion is difficult to attach to the surface of the adsorbent, because of the repulsive force between the adsorbed fluoride ion on the surface, and fluoride ion in the aqueous solution. The removal of fluoride increased along with time, and then progressively reached equilibrium at 180 min. Therefore, 180 min is considered the minimum contact time to remove fluoride from the water. A similar result was also reported by Dwivedi 33 and Singh and Majumder.34

3.2.2. Effect of the amount of biosorbents 
The removal of fluoride ions by ACP-250 and ACP-500 was performed at different adsorbent doses i.e. (0.5, 1.0, 2.0, and 3.0) g/L, while keeping all other parameters constant, such as pH (6.6±0.5), initial fluoride concentration 10 mg/L, temperature 25 °C, with different time intervals i.e. 30, 60, 120, 180, 240, and 300 min. Figures S1 (c) and (d) indicates the removal percentage of fluoride of both of the adsorbents. The adsorption of fluoride by adsorbent was detected to firstly increase from (32.5 to 47) % and (65 to 70) % in the case of (0.5–1.0) g/L dose, and then gradually decrease from (41 to 29.5) % and (49.2 to 39) % in the case of (2.0–3.0) g/L dose of both of the biosorbents. The highest removal percentage was shown for both biosorbents with dose at 1.0 g/L. The increase of the percentage of fluoride removal with increasing biosorbent dose might be due to the availability of more active site on the adsorbents surface for the binding of fluoride ions with the increased surface area 35, While further increase of the biosorbent dose, the removal percentage was not increased, because of the partial aggregation of biomass, which resulted in decrease in the active surface area of both biosorbents for the adsorption.36

3.2.3. The effect of pH values
The pH of a solution is a critical aspect that affects the adsorption process, due to its close relationship with the surface charge of the biosorbents, and the ionization potential of fluoride ion; therefore fluoride adsorption on adsorbent was performed at different pH values ranging (4–10), while keeping all other parameters constant. The required pH was adjusted by adding 0.1 N NaOH or 0.1 N HCl. Fig. S1 (b) shows the effect of pH on the removal of fluoride. The result showed that the adsorption of fluoride on ACP-250 and ACP-500 observed a maximum of (76.5 and 74) %, respectively at pH 4. It was perceived that the removal of fluoride is extremely sensitive to the change in pH of the solution. It was also observed that fluoride adsorption decreased approximately (44 and 26.4) % for ACP-250 and ACP-500, respectively, with increasing pH of the solution from (4 to 10). Fluoride adsorption decreases may be due to the following facts: (i) the negative charge present on the surface of adsorbent, which reduces adsorption of the fluoride ions due to electrostatic repulsion; and (ii) enhancement of OH- ions reduces the adsorption of fluoride ions, as it increases the competition for adsorption sites.37

3.2.4. Effect of various fluoride concentrations on the adsorption process
The effects of various fluoride concentrations on its removal were studied at different concentrations in the range (1–30) mg/L with keeping all the other parameters constant, such as pH (6.6±1), temperature (25±1) °C, with different time intervals i.e. 30, 60, 120,180, 240, and 300 min, and shaking speed 100 rpm. Fig. 4 (a) and (b) show the removal percentage of fluoride. The results show that when an initial concentration of fluoride increased from (1 to 30) mg/L, the removal percentage decreased from (80 to 24) % for ACP-250, and (86 to 38.33) % for ACP-500. This might have happened because of the fixed number of active sites of the adsorbent, which might be saturated at a certain concentration.

3.2.5. Effect of temperature
Temperature is an essential parameter for the adsorption mechanism. Temperature determines the type of relations between the biosorbent and fluoride ions. If the removal percentage decreases with enhancing the temperature, this may represent physical adsorption or exothermic process2. In the present study, the impact of temperature on fluoride adsorption by ACP-250 and ACP-500 was studied at four different temperatures of (25, 35, 45, and 55) °C, while keeping all the other parameters constant. Fig. 4 (c) and (d) show the removal percentage of fluoride. The removal percentage of fluoride was observed to decrease with increase of the temperature of the solution. This represents that the fluoride removal from aqueous solution by both biosorbents is an exothermic process.38
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Figure 4. Effect of various parameters (a) and (b) initial fluoride concentration, (c) and (d) temperature of ACP-250 and ACP-500 for the removal of fluoride. 

3.3 Adsorption isotherm studies
An adsorption isotherm defines the interaction between pollutant and adsorbent with adsorption properties and equilibrium information at equilibrium, a point where no further adsorption take place. To understand the nature of the interaction between the adsorbent and amount of adsorbate at a constant temperature, the adsorption isotherm is applied.21 In the present work, to understand the adsorption behavior, the Langmuir and Freundlich isotherm model were applied.39-40

3.3.1. Langmuir isotherm model
The Langmuir adsorption isotherm model describes a monolayer with homogeneous adsorption, in which all sites of the adsorbent hold an equal affinity for the pollutant.41 This model also describes an equilibrium saturation point, where no further adsorption can take place.42-43 The monolayer adsorption model is given as Eq. (4).
where, qe is the amount of F- adsorbed per unit mass of adsorbent (mg g-1); Q0 and b are the Langmuir constant concerning the adsorption capacity (mg/g) and the binding energy constant (L/ mg), respectively. The values of Q0 and b can be obtained using linear plot between Ce/qe and 1/Ce at different fluoride concentrations (Figs. 5a and b). The Langmuir isotherm is stated as a dimensionless constant (RL), and also denoted as a separation factor that can be calculated by applying the following equation.

Where, Co is the initial fluoride concentration (mg L-1), and the value of RL indicates the adsorption process i.e. if the value of RL lies between 0 and 1, then the adsorption process is favorable, RL=1 signifies linear adsorption; if RL=0, the adsorption process is irreversible; and RL > 1 represents uncomplimentary adsorption, while favorable (0 < RL < 1). Table 1 shows the RL values (0 < RL < 1) for both materials.

3.3.2. Freundlich isotherm model
The Freundlich adsorption isotherm describes the reversible, as well as non-ideal, adsorption. This model has been used only for multilayer adsorption with different binding energy spectra. The linear form of the Freundlich isotherm equation is given below:

Where, Kf and n are the Freundlich isotherm constants that represent the adsorption capacity and adsorption intensity of the fluoride ions on the biosorbents. These values can be obtained from the linear plot of ln qe vs. ln Ce. The values of the Freundlich constants Kf are (3.5886 and 4.2833) for ACP-250 and ACP-500, respectively. Table 1 shows that the values of 1/n are (5.4347 and 2.7593) for ACP- 250 and ACP-500, respectively. The results show that fluoride adsorption follows the monolayer Langmuir isotherms (R2= 0.9772 for ACP-250, and 0.9963 for ACP-500).
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Figure 5. Adsorption kinetics of fluoride onto ACP-250 and ACP-500 for (a) and (b) the Langmuir isotherm, and (c) and (d) second order kinetics.

3.4.1. Kinetics studies 
Adsorption kinetics studies describe the adsorption rate and mechanism of fluoride adsorption on biosorbents. Two different types of kinetics model viz, the Lagergren first-order kinetics model and the pseudo second kinetics model were applied to understand the kinetics of fluoride adsorption. The Lagergren pseudo- first-order by Ho and McKay 44 and pseudo second kinetics model 45 are expressed as Eqs. (7) and (8), respectively. 




where, k1 and k2 are the rate constants of the pseudo first order and pseudo second order kinetics, respectively; qe (mg g-1) is the adsorption capacity of the biosorbent at equilibrium, and qt (mg g 1) is the amount of fluoride adsorbed on the adsorbent surface at time t (min-1). The values of k1, k2, and qe were obtained from the linear plot of log (qe-qt) vs. t and t/qt vs. t.  

Table 1: Isotherms Parameters for adsorption of fluoride on the ACP-250 and ACP-500
	Isotherms
	Parameters
	Values

	

Langmuir
	
	ACP-250
	ACP-500

	
	QO(mg/g)
	7.5757
	12.6262

	
	b(L/mg)
	0.4404
	0.4634

	
	RL
	0.6942
	0.6833

	

Freundlich
	R2
	0.9772
	0.9963

	
	kf(mg/g)
	2.2344
	3.2433

	
	n
	2.4324
	1.9531

	
	R2
	0.9353
	0.9513




Table 2 lists the results of the Lagergren first-order kinetics and pseudo second kinetics model (Figures 5 (c and d)) and their regression coefficient (R2). Pseudo-First-order theoretical adsorption capacity (mg/g) of fluoride was increased from 0.83 mg/g to 7.3 mg/g for ACP-250 and from 0.57 mg/g to 11.6 mg/g for ACP-500 with increasing concentration of fluoride from 1 mg/L to 30 mg/L. However, pseudo-second-order theoretical adsorption capacity (mg/g) of fluoride was also increased for both adsorbents ACP-250 and ACP-500, adsorption capacity for ACP-250 was almost similar to pseudo-first-order theoretical adsorption capacity. However, it was increased from 0.89 mg/g to 14.3 mg/g for ACP-500 with increasing concentration of fluoride from 1 mg/L to 30 mg/L. In comparison of the two models, the pseudo-second-order kinetics model fitted well with the adsorption data, as compared to the pseudo-first order kinetics model. 

Table 2: Kinetics parameters of Pseudo first, Pseudo second and Intraparticle diffusion model for fluoride adsorption on ACP-250 and ACP-500
	Pseudo First Order

	ACP-250
	ACP-500

	Co(mg/L)
	Qe (mg g-1)
	k1 ads (min-1)
	R2
	Qe (mg g-1)
	k1 ads (min-1)
	R2

	1
	0.825
	-0.00326
		0.9091
	0.5757
	-0.0039
	0.8007

	2.5
	0.825
	-0.00287
	0.6926
	1.8513
	-0.0024
	0.8405

	5
	3.6
	-0.00243
	6608
	2.5153
	-0.003
	0.7729

	10
		4.7



	-0.00408
	0.8914
	3.8010
	-0.0053
	0.8425

	15
	5.2
	-0.00126
	0.3642
	10.0855
	-0.0034
	0.9923

	20
	6.3
	-0.00343
	0.7567
	9.4566
	-0.0026
	0.9901

	30
	7.3
	-0.0076
	0.9957
	11.6064
	-0.0019
	0.9787

	Pseudo Second Order

	ACP-250
	ACP-500

	Co(mg/L)
	Qe (mg g-1)
	K2 ads (min-1)
	R2
	Qe (mg g-1)
	K2 ads (min-1)
	R2

	1
	0.825
	0.3755
	0.9452
	0.8858
	0.1288
	0.9974

	2.5
	1.865
	0.04817
	0.9941
	2.3889
	0.0135
	0.9699

	5
	3.6
	0.07282
	0.9992
	4.1220
	0.00473
	0.9963

	10
	4.7
	0.03008
	0.9986
	7.1022
	0.04044
	0.9996

	15
	5.2
	0.01738
	0.9952
	10.2040
	0.00204
	0.9391

	20
	6.3
	0.05227
	0.9984
	11.2612
	0.00293
	0.9765

	30
	7.3
	0.02057
	0.9978
	14.3061
	0.00095
	0.8763

	Intraparticle Diffusion

	ACP-250
	ACP-500

	Co(mg/L)
	Kid(mg g 1min-1)
	C(mg-1)
	R2
	Kid(mg g 1min-1)
	C(mg-1)
	R2

	1
	0.0478
	0.076
	0.9302
	0.0456
	0.2146
	0.7769

	2.5
	0.0998
	0.4898
	0.7837
	0.1299
	0.2019
	0.9157

	5
	0.1774
	1.1369
	0.6774
	0.2088
	1.0068
	0.7863

	10
	0.2429
	1.2854
	0.7534
	0.3452
	2.2925
	0.6642

	15
	0.2459
	1.4985
	0.6932
	0.5522
	0.2456
	0.9445

	20
	0.3027
	2.1699
	0.6187
	0.6149
	0.9012
	0.6645

	30
	0.3894
	1.8909
	0.7581
	0.7478
	0.2924
	0.9547



3.4.2 Intra-particle diffusion model (IPDM)
IPDM represents the three steps for the adsorption of contaminant on to the surface of adsorbent46, in the first step, adsorbate is adsorb onto the surface of adsorbent through the external surface or prompt adsorption process; in the second step steady adsorption step which shows the controlled intraparticle diffusion, and in the third step, adsorbate transfers from largere pore to micropores consequently decrease in adsorption rate and finally attaining equilibrium step. Another kinetics model including IPDM has also described the mechanism of fluoride adsorption by the adsorbent. The IPDM was proposed by Weber and Morris 47 by Eq. (9):
qt= Kid t ½ + C					(9)
Where, Kid (mg g-1 min-1) is the Intraparticle diffusion rate constant, C (mg g-1) is the thickness of the boundary layer, and the values of Kid and C are calculated from the slope and intercept of qt vs.t1/2 plots (Figs. S2 (a) and (b)), respectively. Table 2 shows the obtained value. According to IPDM, if the adsorption of a solute is controlled by the intra-particle diffusion process, a plot of qt versus t1/2 passes through the origin. Therefore, it was concluded that intraparticle diffusion are involved in the adsorption of Fluoride onto ACP-250 and ACP-500.


3.5 Study of adsorption thermodynamics
The thermodynamics parameters could be responsible for comprehensive information about the essential energy and structural change after adsorption. The thermodynamics parameters were calculated as Eqs. (10)– (12): the change in Gibbs free energy (ΔG) (KJ mol -1), where ΔH is the change in enthalpy and ΔS is the change in entropy.

                              (10)
  
                 (12)
where, Kc is the equilibrium constant, qe is the quantity (mg/g) of fluoride adsorbed on the surface of biosorbent  at equilibrium, Ce represents the equilibrium concentration of fluoride in a solution (mg/L), and R denotes the universal gas constant (8.314 J/mol K), while T is the absolute temperature (K) respectively. Fluoride adsorption experiments were completed at different temperatures of (25, 35, 45, and 55) °C, and showed that the removal percentage of fluoride decreased with increased absolute temperature. The changes in enthalpy and entropy were calculated from the plot of ln Kc vs. 1/T, which is shown in Figs. S2 (c) and (d), and Table S2 gives the obtained values. The results show that the adsorption of fluoride depends on temperature. The positive value of ΔG for ACP-250 represents a non-spontaneous process; however, the negative value of ΔG for ACP-500 specifies that the adsorption process is spontaneous, and favorable at (25 and 35) °C temperature.48 The opportunity for favorable adsorption can be represented by the negative value of ΔS°.49

4. Regeneration test
The adsorption and desorption efficiency are the significant characteristics of an adsorbent. The reproducibility of an adsorbent decreases its overall cost, hence increases its value in the continuous batch experiment. The desorption of fluoride from ACP- 250 and ACP-500 for the regeneration of active site was performance in 0.1 M sodium hydroxide (NaOH) solution as a desorbing agent for two hours; the adsorbent was then washed with distilled water, until the solution pH became neutral. The regenerated adsorbents (ACP-250 and ACP-500) were tested for fluoride removal from aqueous solution. The regeneration experiment was conducted with a concentration of 5.0 mg L-1 of aqueous fluoride solution during the beginning of every cycle. Fig. 6 shows the results of reusability. For the (1st 2nd, 3rd, and 4th) cycle, the removal efficiencies of ACP-500 were (80, 76.3, 70.81, and 68.08) %; however for ACP-250, they were (80, 67.3, 60.8, and 50) %, respectively. The results clearly show that both biosorbents can be reused effectively to remove fluoride ion from water. However, ACP-500 has higher regeneration efficiency, as compared to ACP-250.
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Figure 6. Reusability potential of the synthesized biosorbents (ACP-250 and ACP-500). 

6. Comparison of the fluoride adsorption capacity of ACP and other biomass-based absorbents
Comparisons of the maximum fluoride adsorption capacity of ACP-250 and ACP-500 with a wide variety of adsorbent have been reported. Table 3 shows that the Langmuir adsorption capacity of fluoride was (7.58 and 12.63) mg/g) using ACP-250 and ACP-500, respectively, which values are higher than those of activated alumina, wheat straw raw, original tea, Moringa indica based activated carbon, activated bagasse carbon, biomass carbon at 300 °C, and biomass carbon at 600 °C based adsorbents. 

Table 3 Comparison of the defluoridation capacities of different biomass based sorbents
	Adsorbent
	Adsorption capacity (mg/g)
	References

	Activated alumina
	7.6
	(Ku and Chiou, 2002)50

	Wheat straw raw
	1.9
	(Yadav et al., 2013) 51

	Original tea
	3.83
	            (Caia et al., 2015)52 

	Tea–Fe
	10.47
	(Caia et al., 2015)52

	Moringa indica based activated carbon
	0.23
	      (Karthikeyan et al., 2007)53 

	Wheat straw raw
	1.93
	(Yadav et al., 2013)51 

	Activated bagasse carbon
	1.15
	(Yadav et al., 2013)51 

	Biomass carbon at 300 ◦C
	0.52
	             (Sinha et al., 2003)54 

	Biomass carbon at 600 ◦C
	1.54
	(Sinha et al., 2003)54 

	Pine wood biochar
	7.66
	   (Mohan et al., 2012)55 

	ACP-250
	7.8247
	This  study

	ACP-500
	13.0039
	This study





6. Cost Analysis for fluoride removal
The cost of the fluoride treatment by applying biosorbents is dependent on various factors, such as the adsorption efficiency of the adsorbent, reuse capability scale of the application, etc. The present study showed some important efforts of the regeneration and reuse of ACPs in successive cycles, which indicate that ACP-250 and ACP-500 were used to remove fluoride up to four cycles. Table S3 summarizes the cost of some of the material that is used for the removal of fluoride. The cost of activated carbon prepared from pulp was calculated on the basis of raw material cost and process cost.

7. Conclusion
Low-cost highly efficient biosorbents (ACP-250 and ACP-500) were synthesized from Citrus limetta pulp waste, and applied for the removal of fluoride ions from aqueous solution. FTIR analysis of ACP-250 and ACP-500 confirmed that fluoride-adsorbing groups were present on the surface of biosorbents. EDX results show that carbon was the dominant element in both biosorbents (Carbon content of 58 % in ACP-500 and 50.3% in ACP-250. XRD results show that iron was present in the form of oxides and carbide. Slightly acidic pH and 25 °C temperature were favorable for the removal of fluoride from an aqueous solution using magnetically active resource materials. Adsorption of fluoride followed the monolayer Langmuir isotherm model and pseudo-second-order kinetics. This study confirmed that ACP-500 showed higher removal efficiency of fluoride than ACP-250. Therefore, waste biomass of Citrus limetta could be applied as highly proficient material for the removal of fluoride from the water. 
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