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A B S T R A C T   

Fluoride (F-) toxicity from contaminated drinking water affects over 200 million people worldwide. While defluoridation with adsorbents such as calcium carbonate, 
is commonly used, most technologies are unsuitable for resource-constrained areas. Coral sand is readily available in tropical regions but is yet to be investigated as a 
potential F- adsorbent. The effectiveness of coral sand at removing F- from drinking water was assessed using acid-enhanced lime defluoridation with two beach 
(Kiribati and Vanuatu) and one commercially available coral sands. Citric acid was selected as it is readily accessible, palatable and safe for human consumption. Mini 
columns with a 5:1 sand-to-fluid ratio, 0.025 M citric acid and a 4-hour residence time, could be used seven times to reduce F- from 10 mg/L to below the World 
Health Organization (WHO) guideline value of 1.5 mg/L. Mini columns packed with coarser grained (1.3 mm) Vanuatu sand could be used at least 10 times. 
Increasing citric acid to 0.050 M reduced removal efficiency. Prototype treatment devices, developed using 1 L polyethylene jerrycans and 1 kg of commercial sand, 
could only be used a maximum of three times with 0.025 M citric acid. All coral sands contained F- as well as other trace elements of human health concern, including 
As, B, Cr, Mn, and Ni that were released into the treated water, resulting in exceedances of drinking water standards. Total Cr concentrations in treated water always 
exceeded the 0.05 mg/L WHO health guideline whereas As exceeded the 0.01 mg/L value in the majority of treated water samples. In addition, B, Na, and Ni 
concentrations exceeded the WHO guidelines in many water samples treated with Kiribati and Vanuatu sands. Treated water samples were also unpalatable as 
potable water based on hardness, total dissolved solids and elevated concentrations of Al, Fe, and Mn. It is recommended that drinking water treated with coral sand 
be analysed for the presence of contaminants of health concern.   

1. Introduction 

Excess fluoride (F-) in drinking water is a global public health issue. 
Fluoride present within volcanic ash, geothermal fluids, and clay min
erals derived from fluorspar (CaF2), fluorapatite ([3Ca3(PO4)2Ca(FCl2)], 
cryolite (Na3AlF6) and sellaite (MgF2), is released into soil pore water, 
which eventually enters drinking water (Alarcón-Herrera et al., 2013; 
Ayoob and Gupta, 2006; Cronin et al., 2003; Mohapatra et al., 2009; 
Saxena, 2018). Chronic consumption of excess F- mainly occurs through 
ingesting food and water with elevated F- concentrations, leading to 
fluorosis, a condition of brittle teeth and bones (Ayoob and Gupta, 2006; 
Allibone et al., 2012; World Health Organization., 2004; Kimambo et al., 
2019). Over 200 million people are affected worldwide (Ayoob and 
Gupta, 2006) and the issue is particularly prevalent in low 
socio-economic groups (Levy, 2005), rural communities lacking central 
treatment systems (Kimambo et al., 2019) and areas with volcanic ac
tivity (D’Alessandro, 2006). 

Where alternate water sources and better nutrition are unavailable, 

defluoridation of drinking water is the only viable solution (Kimambo 
et al., 2019; Keesari et al., 2019; Meenakshi and Maheshwari, 2006). It is 
mainly achieved by precipitation / coagulation, absorption, membrane 
technologies, or electrochemical techniques (Kimambo et al., 2019; Fan, 
2003; Mohapatra et al., 2009; Yadav et al., 2018), however, such tech
nologies are complex and costly. Precipitation is generally used for 
highly concentrated solutions but can only reduce concentrations to 
about 2 mg/L (Fan, 2003; Wang and Reardon, 2001; Yang et al., 1999; 
Nath and Dutta, 2010a). Fluoride may be precipitated with aluminium 
salt but a toxic sludge is generated (Nath and Dutta, 2010b). Sorption is 
more effective than precipitation at reducing F- concentrations to 
1 mg/L (Reardon and Wang, 2000) and is controlled by properties of the 
adsorbent and the physico-chemical conditions of the solution. It re
quires: 1) diffusion of F- to the external surface of the adsorbent (i.e. 
mass transport); 2) adsorption onto the adsorbent surface; and 3) 
diffusion into the inner surfaces of the material (Fan, 2003). Studies 
have demonstrated the effectiveness of calcium carbonate materials, 
which are abundantly available in various forms such as lime or 
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hydroxyapatite, at F- removal from drinking water (Vijayeeswarri et al., 
2019). Though adsorption has advantages over other methods including 
effectiveness, low-cost, potential for reuse, availability of numerous 
adsorbents, and simple operation process and design (Mohapatra et al., 
2009; Yadav et al., 2018; Kanaujia et al., 2015; Vinati et al., 2015), 
research is on-going as no material has been fully successful in resource 
constrained rural regions (Cherukumilli et al., 2018). 

In calcite systems, both adsorption and precipitation occurs (Nath 
and Dutta, 2010a; Turner et al., 2005), which enables F- removal in low 
concentrated solutions (Nath and Dutta, 2012), essential for generating 
safe drinking water. The reaction is heavily pH dependent (Yadav et al., 
2018; Turner et al., 2005). Low pH in acid-enhanced lime defluoridation 
(AELD) increases calcium ion concentration in solution available for CaF 
precipitation (Nath and Dutta, 2010b; Gogoi and Dutta, 2016a) and 
protonates the adsorbent which increases its electrostatic attraction to F- 

(Yadav et al., 2018). Edible acids (phosphoric, acetic and citric) are 
generally preferred and citric acid was used herein due to enhanced 
safety and accessibility. 

Coral sand, a calcium carbonate material from coral reefs, is abun
dant between the latitudes of 30◦N and 30◦S and readily available in the 
Pacific Region where volcanic and geothermal activity are prevalent and 
consequentially, elevated F- concentrations are common (Cronin et al., 
2003; Allibone et al., 2012; Mallik, 1999). Given prior successes at F- 

removal using limestone and the use of coral sand as a filtering medium 
for pathogen removal (Burbery et al., 2015; Humphries et al., 2016), we 
hypothesised that this material may also be a low-cost solution to 
remedy F- contaminated drinking water. We aimed to utilise coral sand 
to develop low-cost water treatment devices to remove F- from house
hold drinking water. Specifically, we sought to determine: 1) the ability 
of coral sand to reduce F- concentration in water using a filtration sys
tem, 2) the number of times the system could be reused before losing 
efficiency, and 3) the safety of treated water according to the World 
Health Organisation (World Health Organization, 2017) drinking water 
guidelines. 

2. Materials and methods 

2.1. Materials 

Two grades of ‘Natural Colour’ coral sands (0.8–1.0 and 1–2 mm) 
were purchased from Living Reef (livingreef.co.nz). Coral sands were 
obtained from Bikenibeu beach, South Tarawa, Kiribati (1.367◦N, 
173.126◦ E) and Port Villa, Vanuatu (17.44◦S, 168.18◦E). Large particles 
were removed and the sand was oven dried at 60–65 ◦C for a minimum 
of 24 hours prior to use. 

Plasticware was obtained from Stowers Containment Solutions 
(stower.co.nz). All chemicals used were analytical grade (≥ 99 % purity) 
with the exception of ‘VALUE’ brand food-grade citric acid purchased 
from a supermarket. Sodium fluoride (NaF) was oven dried at 60 ◦C for a 
minimum of 8 hours and stored in a dessicator until use. Solutions and 
reagents were made using ultrapure water (< 18.2 MΩ.cm). 

Stock F- solutions and calibration standards (0.25, 0.5, 2, 5, 10, 15 and 
25 mg/L) were prepared gravimetrically. Laboratory control (LCS) and 
calibration curve verification (CCV) samples were prepared from a sec
ond batch of NaF. The Fluoride Standard for Ion Chromatography (1 g/L) 
was diluted to make spike solutions of 50, 100, 200, and 250 mg/L. Total 
ionic strength adjustment buffer (TISAB) was prepared from of 0.05 M 
disodium EDTA dihydrate, 1 M sodium chloride, 0.5 M glacial acetic acid 
and the pH was adjusted between 5 and 5.5 with NaOH. 

2.2. Particle density and size distribution 

The particle density of each sand type was determined according to 
the method described by Sarkar (Sarkar and Haldar, 2005). The particle 
size distribution (PSD) was determined by sieving according to the 
Wentworth (Wentworth, 1922) Scale classification and used to calculate 

mean particle size (refer supplementary data). 

2.3. Scanning Electron Microscopy (SEM-EDX) 

Triplicate samples of each sand type were carbon-coated using an 
EMS150T ES Quorum Carbon Coater and imaged (down to 1500 X) with 
backscatter and secondary electron detection using a JEOL JSM-IT300 
EMS-SEM. 

Table 1 
Characteristics of the coral sands used in this study.  

Characteristics Commercial Sands Pacific Beach Sands 

(Average ± 2 SD) Fine Coarse Kiribati Vanuatu  

(0.8–1 mm) (1–2 mm) 

Particle size distribution Wentworth scale (% w/w) (Wentworth, 1922) 
Sieve Diameter 

(mm) 
4+ — — * 

removed 
* 

removed 
2 0 ± 0 0.04 ± 0.1 0.105 * 

removed 
1 25 ± 5 0.6 ± 0.2 76.9 7.53 

0.5 64 ± 2 47 ± 2 22.5 46.7 
0.25 10 ± 5 48 ± 2 0.488 35.1 
0.125 0.4 ± 0.3 4.1 ± 0.2 0.035 10.6 
0.063 0.07 ± 0.1 0.18 ±

0.03 
0 0.059 

<0.063 0.02 ± 0.04 0.058 ±
0.003 

0 0 

Mean particle size (mm) 0.55 ± 0.01 
(n=3) 

0.90 ±
0.03 

(n=3) 

0.615 
(n=1) 

1.327 
(n=1) 

Particle density (g/cm3, 
n=4) 

2.82 ± 0.06 2.81 ±
0.02 

2.78 ±
0.01 

2.81 ±
0.03 

Mineral composition 
Aragonite: Calcite (% 
weight) 

72:28 ± 4 68:32 ± 4 44:56 ±
1 

49:51 ±
8 

Elemental 
composition 
(% weight) 

O: 45 ± 2 Not done 46 ± 1 44 ± 10 
Ca: 32 ± 2 29 ± 2 26 ± 13 
C: 20 ± 1 22 ± 3 25 ± 10 

Mg: 1 ± 3 2 ± 3 1 ± 1  

* Sand had been sieved prior to experimental trials. Mineral composition by X- 
ray Powder Diffraction, n=2 (n=4 for Vanuatu). Elemental composition by 
Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (n=3). 

Fig. 1. Experimental mini column set-up. Syringe outer diameter of 29.4 mm 
and 133 mm length (Thermo Fisher Scientific, 2020). 
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2.4. X-ray diffraction (XRD) 

Duplicate 1–2 g portions of dried untreated sand were ground using a 
mortar and pestle. Samples were mounted as a 0.5 mm layer on glass 
slides. Scans were made in 1D mode using a D-Tex detector from 5 – 65 ◦

at 5 ◦/min using a Cu Kβ filter and 5 ◦ soller slits. Data were processed on 
the Rigaku PDXL2 software, subtracting a polynomial background and 
calculating the relative amounts of phases using the RIR method. The 
ICDD (PDF4+ 2021) library was used for compound search. 

2.5. Sand characterisation 

The composition and particle size distribution of the sands used are 
listed in Table 1. SEM micrograms (refer Results) confirmed the high 
micro-porosity and surface area available for sorption of the coral sand, 
supporting its choice as a potentially good adsorbent. 

2.6. Reactor preparation and experimental design 

The experimental design conducted herein was in part modelled on 
published AELD studies conducted on limestone using various acids 
(Nath and Dutta, 2010a, 2010b, 2012; Gogoi and Dutta, 2016a). Pre
liminary trials conducted by the authors indicated high sand-to-fluid 
ratios were more effective at F- removal as was moderate (0.025 or 
0.050 M) citric acid concentrations and no remarkable improvements 
were noted by increasing contact time from four to eight hours (data not 
shown). An initial F- concentration of 10 mg/L was selected as concen
trations of F- in drinking water sources in volcanic areas can exceed 
4–5 mg/L (Rubio et al., 2020; Cordeiro et al., 2012). 

Sand mini columns: The mini columns prepared from a Thermo Fisher 
Scientific 50 mL polypropylene syringe body and a 26-gauge needle 
were inserted into a rubber bung to impede fluid loss (Fig. 1). Initial 
solutions of 10.0 ± 0.2 mg/L (F-) with 0.050 M or 0.025 M (± 4 %) citric 
acid were made daily, from a 1:1 dilution of stock 20.0 mg F- /L solution 
and 0.10 M or 0.050 M citric acid, respectively. To test F- removal, 
triplicate mini columns with 75 g of sand were filled with 25 mL of initial 

solution, equating to a sand-to-fluid ratio of 3:1. These were left to stand 
at room temperature for four hours prior to collecting the treated water. 
For subsequent refills, 15 mL of fluoride solution was added (5:1 ratio) 
to the top of the syringe as some water remained in the mini column. 
Mini columns were tested twice daily (morning and midday) to replicate 
use within a household, until F- concentrations in the treated water 
exceeded 1.5 mg/L. A single, mini column with no sand was also pro
cessed with initial solution as a control. 

Prototypes with fine & coarse commercial sand: Pilot treatment devices 
were prepared from 1 L high density polyethylene jerrycan by inserting 
a ¾ inch BSP tap and back nut, through a hole approximately 0.7–1.0 cm 
from the bottom of the jerrycan (Fig. 2). Metal mesh of approximately 
150–200 μm size was placed inside the tap and a ‘Fix-a-loo’ washer 
(fixatap.com.au) fitted to the exterior. Prototypes were thoroughly 
soaked and rinsed with dH2O and ultrapure water prior to use. Triplicate 
prototypes containing 1000 g of commercial sand were loaded and 
emptied twice daily (morning and midday) with the same sand-to-fluid 
ratio as per the mini columns (i.e. 333.3 mL ± 0.5 % of initial solution 
containing 10.0 mg F-/L and 0.025 M food-grade citric acid; 200 mL in 
subsequent fillings). The experiment was conducted with fine and coarse 
commercial sand. A single replicate with fine commercial sand was also 
processed as above using analytical grade citric acid (as opposed to food- 
grade). A single, no acid prototype was run alongside and a blank (no 
sand) prototype was also processed on day 1. Samples of the initial so
lutions were also analysed. 

Sample collection and processing: Treated water was extracted by 
gravity by removing the needle assembly from mini columns or tilting 
prototypes at an angle of roughly 30 degrees into polystyrene 25 mL 
vials or 250 mL jars, respectively. The extracted treated water was 
homogenised and subsamples syringe-filtered (0.2 µm Ahlstrom 
Reliaprep™). Electrical conductivity of water treated with prototype 
devices was measured using a Hach HQ440d multimeter with a CDC401 
conductivity probe and converted to estimated total dissolved solids 
(TDS) according to Eq. (1) (Taylor et al., 2018).  

TDS = CF x EC                                                                              (1) 

Where, 
EC = Electrical conductivity readings (μS/cm), 
TDS = Total dissolved solids in mg/L, 
CF = conversion factor (0.64) for high salinity samples (HACH, 

2021). 

2.7. FISE methodology and analysis 

A calibration curve was prepared daily using standards diluted 1:1 
with TISAB. The measured potential was entered into Excel to calculate 
the slope (S), intercept (E0) and R value. Curves were deemed acceptable 
if: R Value ≥ 0.999; slope within − 54 to − 59; and standards within 10 % 
of prepared value. 

For the filtered treated water samples, 2.5 mL was diluted 1:1 with 
TISAB and decomplexed for a minimum of 30 minutes. The pH was 
adjusted between 5.0 and 5.5 with 10 M NaOH as required and the 
electrode potential measured according to manufacturer recommenda
tions (EDT, 2021) and ASTM standard (American Society for Testing and 
Materials International, 2016). Sample potential (E, in mV) was con
verted to F- concentration in mg F-/L based on the Nernst equation 
(International Organization for Standardization, 1992), according to Eq. 
(2):  

[F-] = 0.18998 ×10 (E-E0)/S                                                             (2) 

Duplicates were ≤ 6 % different for F- concentrations above 0.5 mg/ 
L and ≤ 15 % for concentrations below 0.5 mg/L. Laboratory control 
samples were ≤ 15 % error. Ultrapure water was used as a reagent 
blank. A matrix spike and comparative standard (i.e. spiked reagent 
blank) was performed on one replicate per treatment type and the 

Fig. 2. Prototype assembly of 1 litre jerrycan with 1 kg of sand. A) parts dis
assembled; B) location and size of hand-made hole for tap; C) jerrycan assem
bled (side view); D) jerrycan assembled with no sand (top view). Outer 
measurements of the jerrycan are 123 mm deep x 67 mm wide x 168 mm high. 

M.H. Lecompte et al.                                                                                                                                                                                                                           



Cleaner Water 2 (2024) 100025

4

percent recovery (P) calculated according to Eq. 1 in the standard test 
method for fluoride (American Society for Testing and Materials Inter
national, 2016). The standardised percent recovery (P’) of the spiked 
sample was calculated as per Eq. 3:  

P’ = 100 x Psp / Pstn                                                                     (3) 

Where, 
Pstn = Percent recovery of the comparative standard, 
Psp = Percent recovery of the spiked sample. 

To improve analytical results for samples where matrix interference 
was identified (i.e. P’ outside the 80–120 % range), dilute FISE samples 
prepared from 1.25 mL treated water, 1.25 mL ultrapure water, and 
2.5 mL TISAB were analysed as necessary (i.e. until P’ of non-dilute FISE 
samples > 85 %). Additional details regarding the method performance 
is included in the supplementary data. 

2.8. Trace elements in treated water and coral sands 

Aliquots of filtered treated water were acidified with concentrated 
HNO3 to pH <2 and refrigerated until analysis. Triplicate sand samples 
were acid digested in a microwave digestion system according to 

Method 3051 A (United States Environmental Protection Agency, 2007), 
along with two reagent blanks and a Certified Marine Sediment 2702 
reference material (National Institute of Standards and Technology, 
2019). The recoveries for trace elements were acceptable (refer Table 4). 
The treated water samples and sand digests were diluted with 2 % HNO3 
for trace element analysis (Al27, As75 & 75–91, B11, Ca44, Cr52, Cu63, 
Fe56–72, Mg24, Mn55, Na23, and Ni60) by ICP-MS/MS (Agilent 8900) using 
He as a collision gas and O2 as a reaction gas with Rh added online as an 
internal standard. Recoveries for relevant elements from the Trace Ele
ments in Water Certified Reference Material (CRM) run daily measured 
between 85 – 115 % of reported values (National Institute of Standards 
and Technology, 2015). Trace element concentrations from initial so
lutions or blank columns/prototypes, whichever was highest, were 
deducted from the treated water samples concentrations and the 
control-deducted concentrations reported herein. 

3. Results and discussion 

SEM micrograms (example included in Fig. 3) did not reveal obvious 
differences in surface morphology before and after AELD treatment, nor 
between sand types which is in-line with findings from Nath et al. (Nath 

Fig. 3. General unmagnified and scanning electron microscopy (SEM) imaging of three coral sands, pre- and post- acid enhanced lime defluoridation: A) fine 
commercial, B) Kiribati, C) Vanuatu. Backspatter electron detection used at 150 X and 1500 X. White bars = 100 μm and 10 μm, respectively. Scale in unmagnified 
images in mm. Red box = magnified area at 1500 X. 
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et al., 2011), who concluded that citric acid had no notable morpho
logical effect on limestone, which suggests that coral sands could 
potentially be regenerated. 

3.1. Sand mini column fluoride removal 

The most likely fluoride removal mechanisms using calcium car
bonate and acid are adsorption and precipitation, as previously docu
mented (Nath and Dutta, 2010a; Turner et al., 2005; Nath and Dutta, 
2012). Treatment with coral sand mini columns reduced the F- con
centration from 10 mg/L to below 1.5 mg/L over a period of 3.5–5 days 
(Fig. 4). These results are comparable to those of Nath and Dutta (Nath 
and Dutta, 2010a) who could reuse their reactor for an estimated nine 
days using 0.1 M citric acid and 12-hour contact. 

Overall, the Vanuatu sand performed best, regardless of the citric 
acid concentration used. Mini columns could be reused for at least five 
days compared to 3 or 3.5 and 4 days using the Kiribati and finer 
commercial sand, respectively. This equates to approximately 
90–105 mL of acidified water per 75 g of fine grained sands (0.55 and 
0.62 mm) and a minimum of 150 mL with larger grained sand 
(1.33 mm). In essence, 0.01–0.02 mg of F- was removed per g of sand 
before the treated water exceeded the 1.5 mg/L WHO drinking water 
guideline. The mineral composition of the sands is unlikely to have 
contributed to this enhanced F- removal. The commercial sand had the 
lowest aragonite content of the three sands, ruling out that the enhanced 
F- removal was due to a higher content of aragonite, which is more 
soluble than calcite (Stenzel, 1963) (refer Table 1). 

3.1.1. Effect of particle size 
There was an inverse relationship between particle size and F- 

removal. It seems counterintuitive that larger particles (1.33 mm in 
Vanuatu sand) removed F- better than smaller particles (0.55 and 
0.62 mm for fine commercial and Kiribati sands) since larger particles 
have lower surface area (Mavura et al., 2004). Most authors have re
ported no appreciable difference or increased F- removal with smaller 
particles (Nath and Dutta, 2010a; Mondal et al., 2016; Wong and 
Stenstrom, 2018). Particle size does, however, affect pore volume. It is 
hypothesised that Vanuatu mini columns could be reused more often 
because the larger particles resulted in more sand volume and pore 
space, leaving a lower head-volume of water in the columns. As head
water is not in close contact with the absorbent, it remained effectively 
untreated and would contain F- at or near the initial concentration of 
10.0 mg/L. Finer sand mini columns contained more of this headwater, 
accounting for the higher F- concentration of the resultant treated water. 

3.1.2. Effect of citric acid concentration on fluoride removal 
Reducing the acid strength from 0.050 M to 0.025 M (or 0.15 N to 

0.075 N given citric acid is triprotic) improved F- removal, though not 
substantially so for all sands as the 2-standard error overlapped (Fig. 4 – 
error not shown). This contradicts findings from published AELD studies 
using oxalic, acetic or citric acids, whereby increasing acid concentra
tion enhanced F- removal (Nath and Dutta, 2010b, 2012). These results 
may be due to the pre-existing F- content of coral sand. Preliminary 
matrix recovery experiments (refer supplementary data) indicated F- 

was present in the coral sand naturally, and desorbed into solutions of 
low or zero F- concentration. In contrast, limestone used by other re
searchers did not appear to contain appreciable concentrations of F- 

Fig. 4. Final F- concentration of treated water vs. column use according to sand type and acid concentration used. Mini columns were used twice daily with 4-hour 
contact time. Average of n=3 (n=1 or n=2 on day 1, use 1); 2-per-moving-average trendline added. Errors omitted for clarity. Standardised percent recovery (P’) of 
some treated water on days 1–3 were < 80 %. WHO HG drinking water guidelines for health (World Health Organization, 2017). 

Fig. 5. Comparison of final F- concentration and pH of treated water following repeated use of fine vs. coarse sand prototypes. Initial solution of 10 mg F-/L and 
0.025 M food grade citric acid used twice daily with 5:1 sand-fluid ratio. Average ± 2 SD (n=3, n=2 fine sand on day 3.5). WHO HG drinking water guidelines for 
health (World Health Organization, 2017). 
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(Turner et al., 2005; Labastida et al., 2017). The addition of acid to the 
calcite carbonate sand produced CO2 gas. It was noted that increasing 
the acid altered the volume of water able to be extracted as well as the 
sand packing of the mini columns thereby increasing the pore volume 
and lowering the head volume. This was only noted in hindsight and not 
specifically quantified throughout the study. The additional extracted 
volume resided in the head-volume where little to no F- removal could 
occur, thus an increase in total volume extracted was observed to be 
related to a higher final F- concentration of treated water. 

3.2. Fluoride removal in prototype treatment system 

Results from the sand prototype experiment with 0.025 M food grade 
acid are summarised in Fig. 5. The prototypes containing fine (0.55 mm) 
coral sand could only reduce F- to below 1.5 mg/L for three uses, which 
equates to approximately 600 mL of treated water per kg of sand. Unlike 
with the mini columns, increasing the particle size did not increase F- 

removal. The particle size increase in prototypes (0.55 mm to 0.90 mm) 
was not as large as in the mini columns (0.61 mm to 1.32 mm) and may 
not have been sufficient to create a measurable effect in F- removal. As 
expected, the pH in fine vs. coarse sand treated water was similar and 
not an indication of concern. The same batch of analytical grade (AR) 
acid used in the mini columns was used in a prototype, resulting in only 
slightly lower final F- concentrations. This prototype could also only be 
used three times to reduce F- below 1.5 mg/L (data not shown), indi
cating the difference in performance between mini columns and pro
totypes is unlikely due to different grade or batch of acid. 

The prototypes were only able to lower F- below 1.5 mg/L for a 
maximum of three uses compared with a minimum of seven for the mini 
columns, regardless of particle size (using the same experimental pro
tocols). The observed difference in removal of F- may be due to the shape 
of the different treatment systems altering processes such as fluid me
chanics, retention, preferential flow, sand compaction, and/or capillary 
forces. It was observed that, mini columns generally retained slightly 
more fluid than the prototypes, enabling a longer contact time with the 
absorbent which would enhance F- removal in subsequent filter uses. 
Higher efficiency of fluoride removal in columns compared to bucket 
filters has been previously noted for bone charcoal filters (Fawell et al., 
2006). Filter shape appears critical in enhancing F- removal with coral 
sand, and future design may benefit from two successive filters or more 
elongated dimensions. 

3.3. Comparison of treated water to drinking water guidelines 

Trace element concentrations in water treated with mini sand col
umns (refer Table 2) exceeded WHO (World Health Organization, 2017) 

drinking water guidelines for health (As, B, Cr, Mn, Ni) and aesthetic 
acceptability (Al, Ca, Fe, Mg, Mn, Na and hardness as determined from 
the concentration of Mg and Ca). Generally, trace element concentra
tions in the treated water decreased with usage, with the highest con
centrations measured during the first 1–3 uses of the mini column 
(Table 2 and Fig. 6). For most trace elements, higher concentrations 
were measured in the beach sand-treated water, particularly with sand 
which had been reused less often, compared with the commercial sand 
(Fig. 6 and Table 2). 

The number of consecutive days the treated water exceeded the 
WHO guidelines varied between trace elements from 1 to 5 days. 
Chromium concentrations were of most concern, as the WHO health 
guideline was exceeded for all sand types and over the duration of the 
up-to 5-day trial. Similarly, As was persistently above guidelines in 
water treated with the beach sands, particularly so for the Kiribati sand, 
but only exceeded the guideline in commercial sand for 2–3 days. Nickel 
exceeded health guidelines for the first day of usage with beach sands 
only. Manganese was above the health guideline in the water treated 
with 0.050 M acid and Vanuatu sand on day 1 only, and above aesthetic 
acceptability for all sands throughout the trial (Fig. 6). Sodium and B 
were above WHO aesthetic and health guideline, respectively, in beach 
sand-treated water during the first 2–3 days of usage. Increasing acid 
concentration, for the most part, increased trace elements released, most 
likely as a results of sand dissolution (Table 2). The persistent presence 
of elevated Al and Fe concentrations in all treated water explain the 
matrix interference issues encountered as both elements are well- 
documented electrode interferents, as are B and OH- (American Soci
ety for Testing and Materials International, 2016; Baird and Bridge
water, 2017; EDT DirectION, 2021). The presence of Ca above guideline 
is expected as acid reacts with sand releasing the ion. All treated water 
samples also exceeded WHO aesthetic acceptability with regards to 
hardness and total dissolved solids. 

Fewer elements of health and aesthetic concern exceeded WHO 
drinking water guidelines in prototype treated water (Table 3). 
Aluminium, Ca, Cr, Fe, Mg, and Mn exceeded guidelines for all water 
samples where F- was lowered from 10 to below 1.5 mg/L (up to 1.5 
days or 3 uses) with fine or coarse sand and 0.025 M acid. Though As 
exceeded health guideline for all tested water samples treated with fine 
sand and 0.025 M acid, values remained below guideline after day 1 of 
treatment with coarse sand. Analysis of the initial solutions and ‘no 
sand’ controls confirmed that the F- and citric acid were not a source of 
the trace elements. Our findings for trace elements contradict other 
AELD studies performed with limestone and oxalic or citric acid where 
trace elements were not of concern (Nath and Dutta, 2010a, 2012). 

Of those above WHO health guidelines, As is the element of most 
concern in natural water sources and a documented carcinogen (World 

Table 2 
Trace elements above WHO (World Health Organization, 2017) health guideline (HG) and aesthetic acceptability (AA) in treated water following repeated use of mini 
columns prepared from three sand types with 0.025 or 0.050 M citric acid.  

Element Guidelines Units LOQ Commercial (fine) Sand Kiribati Sand Vanuatu 

HG AA 0.025 M 0.050 M 0.025 M 0.050 M 0.025 M 0.050 M 

As 10  µg/L 2.9 Day 1–2 (31) Day 1–3 (39) All (570) All (640) All (99) All (110) 
B 2.4  mg/L 0.21 — — Day 1–2 (6.5) Day 1–2 (7.1) Day 1–3 (8.4) Day 1–3 (9.8) 
Cr 50  µg/L 29 All (160) All (250) All (190*) All (250) All (540) All (930) 
Ni 70  µg/L 2.9 — — Day 1 (170) Day 1 (180) Day 1 (92) Day 1 (140) 
Al  0.1–0.2 mg/L 0.29 All (2.4) All (2.4) All (1.3) All (1.3) All (2.5) All (3.2) 
Ca  100–500 mg/L 21 All (1400) All (1600) All (1500*) All (2200) All (1300) All (2400) 
Fe  0.3 mg/L 0.21 All (1.9) All (2.3) All (6.2*) All (6.7) All (2.5) All (3.4) 
Mg  100–500 mg/L 21 All (140) All (210) All (670) All (730) All (780) All (830) 
Mn 400 100 µg/L 29 All (150) All (240) All (180*) All (260) All (280) All** (490) 
Na  200 mg/L 2.1 — — Day 1–2 (3300) Day 1–2 (3000) Day 1–3 (7800) Day 1–3 (7000) 
Hardness 100–500 mg/L 42 All (1500) All (1800) All (1800) All (3000) All (2000) All (3100) 

Number of days where treated water samples were above limit is listed (mini columns used twice daily with an initial solution of 10 mg F-/L). All = all sampled tested 
(where [F-]/L was below 1.5 mg/L). Bracketed number is highest average value (n=2, *n=1) with control deducted. **Mn above WHO HG on day 1, and above AA for 
remainder of experiment. Hardness calculated from [Ca] + [Mg]. LOQ = Limit of Quantitation 
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Health Organization, 2017). Consumption of As-contaminated waters 
has been associated with various health issues including: peripheral 
vascular disease and neuropathy; skin lesions; bladder, lung, and skin 
cancers; problematic child and foetal developmental (World Health 
Organization, 2017; Vahter et al., 2020), to name a few. Though Cr (III) 

is an essential element with no apparent adverse long-term effects 
through oral consumption (World Health Organization, 2020), Cr (VI) is 
carcinogenic (World Health Organization, 2020; Georgaki et al., 2023) 
and has been associated with various human respiratory, immune, 
reproductive, digestive and GI dysfunctions (Georgaki and 

Fig. 6. Concentration of trace elements above WHO (World Health Organization, 2017) drinking water guidelines in treated water vs. repeated column use using 
0.025 or 0.050 M citric acid: a) Arsenic, b) Boron, c) Chromium, d) Manganese and e) Nickel. Initial solution of 10 mg F-/L treated with mini columns prepared from 
varied sand types using a 5:1 sand-to-fluid ratio, mini columns used twice daily. LOQ = Limit of Quantitation. AA = aesthetic acceptability. HG = health guideline. 

Table 3 
Trace elements above WHO (World Health Organization, 2017) health guideline (HG) and aesthetic acceptability (AA) in sand treated water following repeated use of 
prototypes (fine or coarse commercial sand) with 0.025 M citric acid.  

Element Guidelines Units LOQ Fine Sand Coarse Sand  

HG AA   0 M 0.025 M 0 M 0.025 M 

As 10  µg/L 2.1 — All (23) — Day 1 (12) 
Cr 50  µg/L 2.1 — All (128) Use 1 (85) All (130) 
Al  100–200 µg/L 210 — All (1700) Day 1 (1300) All (1700) 
Ca  100–500 mg/L 212 — All (1600) — All (1700) 
Fe  300 µg/L 21 — All (1300) Use 1 (900) All (1200) 
Mg  100–500 mg/L 2.1 — All (110) — All (120) 
Mn 400 100 µg/L 21 — All (120) — All (100) 
Hardness 100–500 mg/L 215 — All (4500) — All (5000) 
TDS  1 g/L  — All (1.5) — All (1.5) 

Initial solution of 10 mg F-/L treated with 5:1 sand-fluid ratio prototypes, used twice daily. Number of days above limit is listed. All = all sampled tested which 
included up to Day 2, use 1. Number in brackets is highest average value measured (n=3, n=1 for 0 M), with control deducted. Hardness calculated from [Ca] + [Mg]. 
TDS = total dissolved solids. LOQ = Limit of Quantitation. 
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Charalambous, 2023; Pellerin and Booker, 2000). 

3.4. Trace elements in coral sands 

Analysis of the sand for trace elements confirmed the presence of 
electrode interferents (Al, B, and Fe) and elements of health and 
aesthetic concern (notably Al, As, Cr, Fe, Mn, and Ni) (Table 4). The 
most likely source of these trace elements is the geographical origins of 
the sands. Arsenic is prevalent in regions with volcanic and hydrother
mal activity (Bundschuh et al., 2010; Masuda, 2018). Additionally, 
Ambae (Vanuatu) lava contains a notable amount of Cr 
(500–1600 mg/kg), Mn (1100–1200 mg/kg), and Ni (100 – 600 mg/kg) 
(Park et al., 2012). This presence of trace elements has implications for 
the use of coral sand in drinking water treatment. Firstly, additional 
treatment would be required to reduce trace elements from treated 
water to acceptable concentrations. Potential options for remediation of 
elevated As and Cr could include sorption on bioadsorbents, activated 
carbon, metal oxide coated on sands, zero-valent iron (Chowdhury, 
2012; Cornejo et al., 2008; Garcia Ferreira et al., 2023; Rahidul Hassan, 
2023; Chen et al., 2018), to name a few. Activated carbon could 
potentially resolve any aesthetic issues as well (Chowdhury, 2012). 
Pre-treating the sand to flush out trace contaminants present prior to 
defluoridation is a potential alternative. Secondly, water quality moni
toring following coral sand treatment is advisable and could be as simple 
as employing commercially available test strips for arsenic (camlab.co. 
uk; coleparmer.com) and drinking water test kits (amazon.com; alibaba. 
com). 

3.5. Cost-effectiveness, defluoridation capacity and reuse of the limestone 

The proposed method is low-cost and hence potentially suitable in 
resource constrained settings. As sand may be collected from coral bea
ches and no power is required for treatment, the ongoing cost of fluoride 
removal is governed by the local price of citric acid. Using 0.025 M acid 
(4.8 g/L), and assuming an inflated purchased price of 5 $/kg, treatment 
costs less than 0.025 $/L. This estimate does not factor in pre- or post- 
treatment to remedy elevated trace contaminants. 

Though not undertaken in this study, regeneration of the coral sands 
could be attempted with scrubbing or soaking in alkaline solution (El 
Messaoudi et al., 2024; Gogoi et al., 2015; Nath and Dutta, 2010a). Care 
would need to be taken with regeneration of sands as it could further 
mobilise trace elements. Given ease of access, replacement as opposed to 

regeneration of sand may be simpler. The environmental impact of 
returning the F- saturated coral sand into the sea would be negligeable 
given the high geogenic levels of F- in the tropical region and the 
excessive volume of sea water. 

The operational defluoridation capacity of the coral sands using 
0.025 M citric acid, to decreased F- concentration from 10 mg/L to 
below 1.5 mg/L in mini columns of fine and coarse sands was estimated 
to be 1.4 L/kg and >2 L/kg respectively, whereas the prototypes ca
pacity was limited to 0.6 L/kg of sand, regardless of particle size. This 
equates to 0.011–0.020 mg/g in mini columns vs. 0.007 mg/g in pro
totypes. Various treatments applied to adsorbents (e.g. thermal, chem
ical coating) (Gogoi and Dutta, 2016b; Lee et al., 2021; Chang et al., 
2019; He et al., 2020) have significantly enhanced their adsorption ca
pacity and could be explored with coral sands. 

4. Conclusions 

AELD treatment with coral sands reduced 10 mg/L fluoride solution 
to below the WHO 1.5 mg/L limit for drinking water, with mini columns 
more successful than 1 L polyethylene prototypes. In mini columns, 
approximately 100 mL of acidified water could be treated with 75 g of 
fine grained sands (0.55 and 0.62 mm) and a minimum of 150 mL could 
be treated with larger grained sand (1.33 mm). One kg of fine sand (0.55 
and 0.90 mm) in 1 L prototype devices could only successfully reduce 
fluoride below 1.5 mg/L in approximately 600 mL of acidified water. 
Key findings of this study are that a ‘goldilocks’ range of particle size 
exists and filter shape are significant factors in optimizing F- removal. 
Determining this range and optimising filter design should be the focus 
of future research. Due to the presence of trace elements in the sands, 
trace element concentrations in the treated water exceeded WHO 
drinking water guidelines for human health (As, B, Cr, Ni, Mn) and 
aesthetic acceptability (Al, Ca, Fe, Mg, Mn, Na). Further work is required 
to include a second treatment stage to remove trace elements from water 
or remove trace metal contaminants from coral sand prior to use as a 
water filtering medium. 
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Table 4 
Trace element concentrations in the sands used to make the mini columns and prototype treatment devices.  

Element Elemental Composition (in mg/kg) LOQ SRM %  

Vanuatu Kiribati Commercial (fine) Commercial (coarse)  Recovery 

Al 800 ± 1300 60 ± 20 150 ± 10 100 ± 20 3.5 88 
As 2.5 ± 0.7 3 ± 1 1.6 ± 0.2 1.9 ± 0.2 0.35 77 
B 50 ± 8 76 ± 8 71 ± 9 58 ± 6 3.5 n/a 
Cd <LOQ 0.084 ± 0.008 <LOQ 0.05 ± 0.01 0.035 93 
Co 0.1 ± 0.1 0.2 ± 0.4 0.044 ± 0.008 <LOQ 0.035 87 
Cr 8 ± 5 3 ± 3 2.1 ± 0.3 2.3 ± 0.4 0.035 80 
Cu 0.67 ± 0.07 3 ± 5 0.21 ± 0.07 0.14 ± 0.01 0.035 87 
Fe 200 ± 300 6000 ± 12000 120 ± 80 30 ± 10 0.35 68 
Mn 10 ± 4 30 ± 30 9 ± 2 11 ± 4 3.5 96 
Ni 0.4 ± 0.2 1 ± 2 0.38 ± 0.04 0.29 ± 0.04 0.035 84 
Pb 1.9 ± 0.3 40 ± 110 0.4 ± 0.07 0.4 ± 0.06 0.035 85 
Zn 1.3 ± 0.9 7.2 ± 2. 1.4 ± 0.4 1.5 ± 0.4 0.35 120  

Elemental Composition (in g/kg)   

Ca 340 ± 20 330 ± 40 330 ± 40 330 ± 20 0.035 73 
Mg 14 ± 4 17 ± 2 6.3 ± 0.6 9 ± 4 0.0035 88 
Na 4.4 ± 0.5 4.3 ± 0.2 3.4 ± 0.1 3.1 ± 0.2 0.00035 72 
S 1.6 ± 0.3 1.7 ± 0.3 1.4 ± 0.1 1.4 ± 0.3 0.035 62 

Average ± 2 SD (n=3) with average of two blanks deducted. LOQ = Limit of Quantitation; SRM = Standard Reference Material (National Institute of Standards and 
Technology, 2019). 
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