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Abstract – Endemic fluorosis is a worldwide issue affecting potable water security, necessitating the development of economic 
and elementary fluoride remediation techniques. Recent studies have focused significantly on chemically and thermally modified 
bio-sorbents to increase fluoride removal efficiency. The current study investigates the potential of a calcium-rich (Ca), untapped 
biomass Prosopis cineraria (L.) Druce under minimal treatment. Although limited work has explored the remediation of 
contaminants using the proposed adsorbent in different forms, the usage of Prosopis cineraria carbon (PCC) for fluoride elimination 
from an aqueous solution is unexplored. Characterization and water quality index of PCC were studied to corroborate results for 
physical fluoride remediation. Confirming its efficacy as a fluoride scavenger, the synthesized PCC could remove between 79.7 and 
87% of the fluoride from initial concentrations in groundwater. 
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1. Introduction 

Access for all and safe management of water, sanitation, and hygiene services are crucial for achieving Sustainable 
Development Goal 6. Global water consumption has expanded at twice the pace of population growth over the previous 
century, significantly influencing the quality of life [1]. 

As a result of diminishing and polluted surface waterways, groundwater has emerged as a feasible option for meeting 
the water requirements of numerous segments of society. In addition to ensuring a nation's food security, groundwater 
reserves are essential to its economic growth. Although groundwater is often considered cleaner than surface water, it 
contains dissolved salts and ions due to geological interactions and human activities. Fluoride (F-) is one such toxicant 
of concern. The geologic and human sources of F- are calcareous deposits in aquifers, pesticides, and increased industrial 
activities. 

F- consumption above and below the thresholds recommended by the World Health Organization (WHO) causes 
dental and skeletal fluorosis, muscle fiber degradation, low hemoglobin levels, excessive thirst, headaches, skin rashes, 
depression, gastrointestinal problems, urinary tract issues, nausea, and abdominal pains [2]. 

The Indian state of Rajasthan is particularly prone to endemic F- toxicity, with reported concentrations ranging from 
≤1 mg/l to ≥ 20 mg/l [3]. Organically derived and developed biomass/waste materials for removing F- from an aqueous 
solution are emerging study dependent on the adsorption phenomena. Ca-based adsorbents are effective at removing F-
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, attributed to the formation of insoluble compounds such as CaF2 and Ca5(PO4)3F, hence eliminating the related 
health risk of leaching [4], [5]. 

The proposed adsorbent, Prosopis cineraria (common name: Khejri), is a calcium- and phosphorus-rich, 
untapped organic biomass, which makes it an excellent candidate for Ca-based F- sequestration. Due to its tolerance 
to harsh climatic conditions, Khejri forms a vital part of the Indian desert environment, cementing its cultural, 
economic, and ecological dominance in rural Rajasthan [6]. 

The effectiveness of Prosopis cineraria in removing textile dye, lead, and cadmium from water and wastewater 
has been the subject of a few investigations [7]–[10]. In contrast, no study has reported Khejri's F- absorption 
efficiency. The developed adsorbent, Prosopis cineraria carbon (PCC), was characterized using point of zero 
charges, FTIR, XRD, and FESEM in conjunction with EDX to describe the PCC's structural morphology accurately. 
An index-based water quality assessment was performed on the collected water samples from the study area. The 
developed water quality indexes and the after-adsorption surface changes on the PCC corroborated the field 
applicability of PCC. 
 
2. Materials and Methods 
2.1. Preparation of Prosopis cineraria carbon (PCC) 

Khejri leaves, stems, and pods were collected locally from Pilani, Rajasthan, India, during the annual tree 
pruning for maintenance purposes between January to March. After gathering, decaying leaves were physically 
excerpted. The sample was then thoroughly washed under running tap water. A final wash was done with distilled 
water to remove the remaining dirt and dried under the sunlight until all the moisture was evaporated. After drying, 
the leaves were soaked in the 0.1N acetic acid solution for 10 hours. After proper washing until neutral pH, the 
material was air-dried for another 24 hours, then heated at 300° C in a muffle furnace for 6 hours. The resulting 
material was grounded, sieved through a 150 µm sieve, and subsequently placed in an airtight container for further 
use. The reagents used [acetic acid (CH3COOH), sodium hydroxide (NaOH), potassium nitrate (KNO3), hydrogen 
chloride (HCL), F- test kit (catalog number 1.14598.0002] in the study were of analytical grade, and acquired from 
Merck. All the solutions were made with deionized water. 

 
2.2. Point of zero-charge and Zeta potential 

The point of zero charges is a valuable characterization technique to ascertain the surface affinity of an adsorbent 
towards a specific pollutant in an aqueous medium. It is also described as the pH of net electrical neutrality [11][12]. 
For pH< pHpzc, the adsorbent has a positive surface charge, while for pH > pHpzc, the adsorbent surface has a net negative 
charge. Further, the total charge on the surface and the stability of the aqueous solution of PCC was assessed by zeta 
potential analysis [13]. 

The PCC's point-zero charge (pHpzc) was determined based on the pH drift method. The experiments were 
conducted in 100 ml conical flasks containing 25 ml of 0.1M KNO3 solution. Initially, the pH value was varied from 2 
to 12 at intervals of 1, adjusting with 0.1M NaOH or 0.1M HCl, noted for each flask as the initial pH (pHi). Then 0.2 g 
of PCC was added to each flask, shaken manually, and kept in the dark for 48 hours. After the fixed duration, the final 
pH was measured (pHf). The relation between the initial and final pH was plotted, with pHi on the x-axis and ΔpH (=pHf 
– pHi) on the y-axis. The zeta potential of PCC was measured with a Zetasizer Ver.7.12 (Malvern Instruments Ltd.) with 
the PCC suspended in distilled water.  

Fig. 1 represents the pHpzc curve of PCC. The pHpzc of PCC was determined to be 9, implying appreciable 
defluoridation within the acidic and neutral range (pH < pHpzc). Zeta potential results show that our synthesized adsorbent 
had a net positive surface charge of +11.41 mV. A positively charged surface attracts negatively charged F- ions [14]. 
However, at a higher pH, the surface of the adsorbent changes to negative, impeding fluoride adsorption. 
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Fig.1: The pzc determination curve 

2.3. FTIR 
The surface chemistry covering the functional groups and bonds was determined via Fourier-transform infrared 

spectroscopy (FTIR) spectra acquired using PerkinElmer (Frontier) by mixing samples in KBr and obtaining the spectra 
in the 400 – 4000 cm-1 range. Fig. 2a illustrates a broad range of stretch in the 3800-3000 cm-1 region attributed to the 
water and hydroxyl group [15]. The functional groups of the PCC observed at 1103 cm-1, 1443 cm−1, and 1799 cm−1 
corresponded to the C-O, S=O, and carboxylate stretching vibration, respectively [10], [16]. The bands at 713 cm−1 and 
875 cm−1 are fingerprints of CaCO3, further confirmed in the XRD analysis (2θ: 29.808° and 43.24°) [17]. The general 
shift in the absorption bands for pre-and-post-sorption accredits to F- adsorption onto the PCC [18]. 
 
2.4. XRD 

X-ray diffraction (Rigaku Miniflex II, CuKa, λ= 1.5406 Ǻ, 30 kV, and 15 mA) was performed within the 2θ range 
of 10° to 70o with a scanning rate of 2°/min to find the phase composition and probable chemical composition of the 
prepared adsorbent. The diffraction spectrum was supplemented by the crystallite size calculation using the Scherrer 
equation. 

The XRD phase analysis for 2θ diffraction angles from 10° to 70° is shown in Fig. 2b. Crystalline phases are 
identified accordingly with the Match Software. The peak obtained at 2θ of 35.95° indicates Calcium (C) (PDF- 
9012917). The most substantial peak observed at 29.8° could be indexed as CaCO3 and CaSi2. The diffraction peaks 
observed at 2θ of 43.24° and 47.34° were identified as CaCO3 (PDF- 1010929) and CaSi2 (PDF-1536815), respectively 
[10], [19]. The peak observed at 31.8° on the unspent PCC could be attributed to the existence of  Ca2SiO4 (PDF- 
1546029). A prominent peak at 31.8° on the loaded PCC acknowledges fluorapatite – Ca5(PO4)3F (PDF- 9006955), 
confirming defluoridation [20]. Before and after adsorption, the adsorbent's grain size was determined to be 32.27 nm 
and 45.23 nm at 29.808° and 29.335°, respectively. An increase in grain size substantiates F- deposition on the PCC 
surface. 

 
2.5. FESEM, EDX, and EDS dot mapping 

The surface morphology of PCC (before & after adsorption) is depicted in Fig. 3a and b. As depicted from the 
FESEM plan images and insert frequency distribution graph, sorbent particle sizes have increased from 30-40 nm to 50-
80 nm for the loaded adsorbent. The presence of F- in the spent PCC is validated with the EDS elemental mapping, as 
shown in Fig. 4a. It is to be acknowledged that the particle ranges are approximately in terms of the size determined 
from the Scherrer equation. A similar discrepancy observed in an earlier study was attributed to small agglomerations 
of the particles during PCC's synthesis [10]. As observed in Fig. 4b, the main elements in the EDX spectrum data 
corresponded to Ca, C, O, and P, along with Si and Mg. The detected essential elements have been reported in an earlier 
study by Nodushan et al. (2020) on Prosopis cineraria, including leaves, branches, and stems [21]. 
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a) b)  
Fig.2: a) FTIR spectrum of PCC before and after adsorption b) XRD spectrum of PCC before and after adsorption 

 

a)  b)  
Fig.3: FESEM images of PCC and Frequency distribution of PCC particles a) before and b) after adsorption 
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b)  
Fig.4: EDS dot mapping of PCC a) after adsorption b) EDX spectrum of PCC after adsorption 

 
2.6. Evaluation of water quality index 

Field groundwater samples were collected from localized villages around the study region and treated with the 
adsorbents to verify the PCC's field applicability and practical effectiveness. Physio-chemical parameters such as pH, 
Total dissolved solids (TDS), Total hardness (TH), and F- were recorded before and after defluoridation. For ease of 
comprehensibility, the water quality level was represented as a single number, also known as the weighted arithmetic 
water quality index (WQI). The WAWQI index methodology uses the most measured water quality variables and 
incorporates those into a mathematical equation [22]. The index is then used to evaluate and classify water quality for 
domestic usage [23]. 

The calculation of WAWQI is performed using equation 1: 
 
WAWQI = ∑ 𝑞𝑞𝑛𝑛 𝑤𝑤𝑛𝑛

𝑛𝑛
𝑛𝑛=1
∑ 𝑤𝑤𝑛𝑛
𝑛𝑛
𝑛𝑛=1

        (1) 
 
Where,  
n = the number of parameters, qn = quality rating of the nth parameter, and wn = relative weight of the nth parameter 
 
qn = 100[ 𝑉𝑉𝑛𝑛− 𝑉𝑉𝑖𝑖𝑖𝑖

𝑆𝑆𝑛𝑛− 𝑉𝑉𝑖𝑖𝑖𝑖
 ]         (2) 

 
where, 
Sn = standard value of nth water quality parameter, Vn = observed value of nth water quality parameter, and Vid = 

ideal value of nth water quality parameter 
 
Wn = 𝐾𝐾

𝑆𝑆𝑖𝑖
           (3) 

 
Where K = constant proportionality, calculated from equation 4: 
 
K = 1

∑ 1
𝑆𝑆𝑖𝑖

𝑛𝑛
𝑖𝑖=1

          (4) 

 
⸫ In equation 2, Vid is considered as 7 for pH, and Vid = 0 for the remaining parameters. 
The calculated WAWQI values were classified as excellent, good, fair, poor, very poor, inadequate, or unsuitable 

for human consumption represented in Table 1. The WHO standard values for drinking water quality are as follows: pH 
– 8.5; TDS – 1000 mg/l; TH – 200 mg/l; and Fluoride: 1 mg/l. 
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Table 1: Water quality rating as per the WAWQI method 
WQI value Grading Rating of water quality 

0-25 A Excellent 
26-50 B Good 
51-75 C Fair 

76-100 D Poor 
101-150 E Very poor 

Above 150 F Unfit for drinking purposes 
 
2.7. Field study and evaluated WAWQI 

The PCC bio-adsorbent developed was tested with five field groundwater samples collected from the Jhunjhunu 
district, Rajasthan, India. 

The groundwater treatment process maintained the optimum operating conditions of contact time (120 minutes) 
and dosage (5 g/l). The pH of the collected sample was unaltered to observe PCC performance under neutral 
conditions. The operating parameters were derived from the isotherm studies (the adsorption process follows the 
Langmuir-2 and Freundlich's isotherm models). 

The physio-chemical parameters of the studied water samples are represented in Table 2. pH was reduced by 
4.21% to 12.02% for Villages 1 and 2. Villages 3, 4, and 5 had pH decreases in a similar range at 7.76, 7.45, and 
7.72%, respectively. TDS for the village samples decreased by 40.92, 59.53, 49.03, 60.99, and 55 % for the villages 
sequentially. The recorded TH value increased by 33.33% for village 1. However, a decrease in TH value was 
observed at 22.857,13.04, 13.04, and 8.64% across villages 2, 3, 4, and 5, respectively. It is further evident from 
these observations that the PCC synthesized could remove the fluoride in the range of 79.7 to 87 % of its initial 
concentrations, confirming its potential as an effective fluoride scavenger. 

All previously obtained groundwater samples were deemed unfit for consumption with a WAWQI >150, as 
shown in Fig. 5. The primary contaminant of concern was F-. While villages 2 through 4 had an F- concentration 
beyond the permissible threshold of 1.5 mg/l, only Village 1 had a concentration of F- within the range of 1 to 1.5 
mg/l. Besides lowering the concentration of fluoride, the study's novel adsorbent positively impacted the remaining 
qualitative parameters. The total WAWQI of the water samples decreased following defluoridation at the optimum 
dose and duration, keeping pH neutral. The groundwater samples were subsequently put into the good and fair 
categories following treatment. 

 
Table 2: Physio-chemical parameters observed for water samples before and after treatment. 

Water 
Quality 

Parameters 

Before 
Treatment Village 1 Village 2 Village 3 Village 4 Village 5 

pH 8.4 7.83 8.11 8.59 8.29 
TDS (mg/l) 452 598 720 685 856 
TH (mg/l) 120 140 322 230 185 
F- (mg/L) 1.2 1.53 1.75 2.05 1.91 

After 
Treatment Village 1 Village 2 Village 3 Village 4 Village 5 

pH 7.39 7.5 7.48 7.95 7.65 
TDS (mg/l) 267 242 367 267.2 385.2 
TH (mg/l) 160 108 280 200 169 
F- (mg/L) 0.18 0.31 0.32 0.34 0.25 

 



 
 

 
 

 
 

 
142-7 

 
Fig.5: WAWQI of village water samples after treatment with PCC 

 
4. Conclusion 

Studies focusing on fluoride remediation have witnessed an increasing trend, with the underlying challenges being 
the development of low-cost, readily available, and mildly treated high-performing adsorbents. For the current study, 
the authors evaluated low-cost and readily available calcium-rich biomass, PCC, with a facile synthesis method as an 
alternative for Fluoride remediation. The synthesized adsorbent was characterized using pHpzc, zeta potential, XRD, 
FTIR, FESEM, EDS, and EDX. 

The PCC surface exhibited a favorable charge distribution and performed best at pH< 9. The negatively charged 
adsorbate was drawn to the positive adsorbent. The PCC successfully removed fluoride in the 79 to 87% range from the 
study area's water samples collected from the villages. PCC had no degrading effect on the collected water samples 
established from the WAWQI values. Further, previously classified as unsuitable for human consumption, water samples 
were considered potable after treatment. The findings of this study revealed that PCC had effectively adsorbed fluoride 
from aqueous solutions under neutral conditions. With modified preparation methods, PCC can be combined with 
additional filter-making raw materials and advanced into low-cost and energy-efficient water filters to achieve fluoride-
free water. 
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