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ARTICLE INFO ABSTRACT

Drinking of fluoride (F~) contaminated water causes fluorosis and thus providing safe drinking water to the
affected community remains a major challenge. Therefore, defluoridation without disturbing water quality is
imperative. Hydroxyapatite (HAP) is proved to have a potential application for defluoridation; however, its
dissolution during defluoridation is a concern for its implementation. Experiments conducted by suspending
HAP in F~ solution and deionized water without F~ show that former had high residual pH and PO3~ than the
latter with Ca®* being absent in the former. This indicates that Ca®* had participated in defluoridation and
promoted HAP dissolution when Ca®* was unavailable. Hence, HAP dissolution seems to be a governing step for
defluoridation. However, higher residual PO3~ and pH affect drinking water quality, and its usage may pose
additional health problems. Thus, Ca®* deficient defluoridated water is unfit for drinking unless it is treated
further. Hence, the present work proposes a novel method to overcome HAP dissolution by amending aqueous
Ca®" to F~ water. The results show that amending Ca®* efficiently prevents HAP dissolution and enhances
defluoridation capacity as an added feature. Furthermore, speciation using MINEQL+ and FTIR of fluoride-
calcium treated HAPs suggest the possibility of defluoridation by aqueous CaF* adsorption onto HAP besides F~
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ion exchange with OH™.

1. Introduction

Groundwater is one of the primary sources of water for many re-
gions of the world for our daily needs as it is fresh and generally of good
microbial quality than surface water (Schmoll et al., 2006). However,
due to the geological contamination, the higher level of fluoride (F ) in
groundwater has been a major cause of concern for its utilization
(Brindha et al., 2011; Patel et al., 2014; Rafique et al., 2015). Around
200 million people from 25 nations in the world, including most po-
pulated countries like China and India, and a significant population
from Eastern Africa are worst affected by the presence of excess F~ in
their drinking water (Susheela, 2002; Ayoob et al., 2008). The F~
presence in drinking water is providing divergent health effects on
consumers depending on the amount of F~ ingested (Whelton et al.,
2004; Fawell et al., 2006). In a brief, consumption of water containing
0.5mgF ™ /L found to be beneficial in reducing dental decay. But, ex-
posure to excess F~ > 1-1.5mgF~ /L causes a group of diseases called
as “fluorosis,” primarily consisting of dental and skeletal fluorosis.
However, Susheela (2002) and MacDonald et al. (2011) reported the
appearance of fluorosis even below the desirable limit of 1 mgF~ /L

prescribed by the Bureau of Indian Standards (2012). Hence, Susheela
(1999, 2002, 2007) proposes the revision of the guideline value for F~
is required and suggested to avoid consumption of F~ contaminated
water and food.

Considerable research has been done on fluoride removal or de-
fluoridation to provide potable drinking water to fluorosis affected
areas (Meenakshi and Maheshwari, 2006; Ayoob et al.,, 2008;
Mohapatra et al., 2009; Bhatnagar et al., 2011; Izuagie et al., 2016).
Several defluoridation methods have been suggested in the past; how-
ever, Nalgonda technique, use of activated alumina, and reverse os-
mosis are most commonly employed methods. Even though these
methods can successfully remove F~ well below 1 mgF~ /L, the pro-
blem of fluorosis persists (Meenakshi and Maheshwari, 2006; Ayoob
et al., 2008), which is due to their inability to successfully implement
these methods in the fluorosis affected areas (Yadugiri, 2011). The
possible demerits of these defluoridation methods briefly are as follows.
The Nalgonda technique requires careful monitoring of alkalinity, and
residual AI>* and SO?~ concentrations as these parameters may exceed
the desirable limits (Meenakshi and Maheshwari, 2006). Defluoridated
water using activated alumina exceeds the desirable limit for residual
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AIP*, and requires periodic regeneration of saturated alumina and en-
vironmentally acceptable disposal process for exhausted alumina
(Shreyas et al., 2013). Whereas reverse osmosis requires electricity and
pre-treatment of feed to avoid fouling of membrane, and reject water
disposal becomes another issue (Ayoob et al., 2008; Anjaneyulu et al.,
2012; Samrat et al., 2018). Nevertheless, use of these defluoridation
methods will not resolve the problem of safe drinking water unless
combining with an additional treatment method (Anjaneyulu et al.,
2012; Samrat et al., 2018). Even though some of the defluoridation
methods were implemented in the fields; the number of fluorosis af-
fected cases is increasing although the fluorosis problem is quite old
(Ayoob et al., 2008). Hence, health problems may continue to grow if
the issue of F~ contamination in drinking water persists.

To overcome demerits of most commonly used defluoridation
methods and resolve the problem of safe drinking water, researchers
used synthetic (Fan et al., 2003; Sundaram et al., 2008; Nie et al., 2012;
Sani et al., 2016) and natural, in the form of bone char (Medellin-
Castillo et al., 2016; Delgadillo-Velasco et al., 2017), hydroxyapatite
(HAP or Ca;o(PO4)s(OH),) as a defluoridation media. The HAP is
considered as a potential material for defluoridation due to its selective
propensity to uptake F~ and higher defluoridation capacity (He and
Cao, 1996; Fan et al., 2003). However, use of bone char for water
treatment may not be universally accepted due to religious beliefs, and
microbiological and aesthetic problems (Fawell et al., 2006). Therefore,
use of HAP synthesized using locally available and inexpensive raw
materials (MacDonald et al., 2011; Yakub and Soboyejo, 2013; Kanno
et al., 2014) is preferable over bone char. In order to examine its fea-
sibility for defluoridation, few of the previous laboratory studies (He
and Cao, 1996; Lessard, 2007; Sternitzke et al., 2012; Kanno et al.,
2014) reported HAP dissolution during the defluoridation. However,
dissolution of HAP leaches calcium (Ca%™) and phosphate (PO3") ions
and increases the pH of water, which negatively affects the water
quality, particularly when residual PO;~ is present in excess.

Presently, no Bureau of Indian Standards for PO3" in drinking water
exist. However, some of the recent studies reported toxicity of PO~ and
its adverse health effects on human (Razzaque, 2011; Ritz et al., 2012;
Jain and Elsayed, 2013; Brown and Razzaque, 2015; Anukam and Agu,
2017). It has been reported that impaired balance of PO, affects
musculoskeletal and cardiovascular systems, excess intake of PO3~ leads
to an increase in mortality and morbidity, accelerates ageing process,
and causes hyperphosphatemia, which further promotes the hypo-
calcemia. A survey by the National Health and Nutrition Education
(2005-2006) reported that estimated PO3~ intake exceeded the esti-
mated average requirement in adults (Moshfegh et al., 2009). The
phosphorus present in the food mostly exists as organic phosphate with
bound form, whereas in drinking water, it is in orthophosphate (in-
organic) form. Thus, intestinal absorption of artificial inorganic phos-
phate present in the drinking water is much more than the natural
phosphate present in the food (Anukam and Agu, 2017). Moreover, the
absorption of PO~ in the intestine is twice of that of Ca* ions
(Razzaque, 2011). Further, the PO}~ present in drinking water reduces
the bioavailability of Ca>* and Mg?* ions present in the diet and water
by forming insoluble salts (Guéguen and Pointillart, 2000; Prasad and
Bhadauria, 2013), which poses an additional problem of cation mi-
nerals deficiency. It is also vital to note that the presence of Ca®* or
Mg?™ ions helps in decreasing the bioavailability of F~ (Heard et al.,
2001). Hence, any reduction in the bioavailability of these divalent
cations due to the presence of PO; in water further increases the
chances of F~ absorption into the gastrointestinal tract. Thus, in-
dividuals drinking water containing both F~ and PO3~ ions might have
a negative impact on their health.

Besides PO} toxicity, the HAP dissolution during the defluoridation
gradually reduces the quantity of HAP. Hence, HAP dissolution is a
primary concern in the defluoridation. Thus, identifying the cause of
HAP dissolution during the defluoridation facilitates the efficient use of
HAP to provide safe drinking water. Hence, in the present work, an
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effort has been made to prevent HAP dissolution to achieve safe
drinking water. A recent study reported that the addition of F~ to HAP
suspension containing Ca®>* and PO}~ ions reduced Ca®>* concentration
(Sternitzke et al., 2012). Another study observed that defluoridation did
not take place in the absence of bone char (natural HAP) even though
solution containing Ca®>* and F~ ions was supersaturated with respect
to fluorite (Jacobsen and Dahi, 1997). Moreover, the addition of Ca?*
salt to F~ water enhanced the defluoridation capacity of bone char
(Jacobsen and Dahi, 1997) and residual Ca?™ in the HAP suspension
decreased only in the presence of F~ (Sternitzke et al., 2012). Thus, by
above adduced facts, we hypothesize that aqueous Ca?* has a role
when we use HAP for defluoridation. Therefore, herein, we have con-
ducted defluoridation experiments by amending aqueous Ca®>* to F~
water before contact with uncalcined HAP. The outcome from the
present study provides the synergistic effect of HAP and aqueous Ca®*
for efficient defluoridation without changing the quality of drinking
water. Further, we have discussed possible mechanisms of defluorida-
tion using HAP for a case when amended Ca®" has a role in the process
of defluoridation.

2. Materials and methods
2.1. Synthesis of uncalcined hydroxyapatite

In this study, HAP was synthesized by the wet chemical precipita-
tion method at room temperature (27 °C). Briefly, diammonium hy-
drogen phosphate ((NH4),HPO,) solution was slowly added to the Ca
(OH), suspension with continuous stirring at 500 rpm. After complete
mixing of both solutions, the suspension was additionally stirred for
10 min at 600-700 rpm. The final concentrations of Ca®>* and PO}~ ions
in the mixture were 777.5 and 465.6 mM, respectively for an ideal Ca/P
molar ratio of 1.67. Additionally, the precipitate was allowed to stand
with the mother solution for 3 h, and then separated the supernatant by
centrifuging at 3300 G-force for 5min. Further, the precipitate was
washed twice using deionized water followed by centrifugation. This
wet HAP paste was dried at 80 °C for overnight using hot air oven.
Further, the dried HAP was ground to a powder using porcelain mortar
and pestle. This uncalcined HAP powder was ground to pass a 45-mesh
(355 um) sieve but retained on a 500-mesh sieve (25 um).

The material characterization of an uncalcined HAP was carried out
by the Fourier transform infrared (FTIR), X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM) with en-
ergy dispersive spectroscopy (EDS), and these details are provided in
the Supplementary material S1.2. The experimental details for the
measurement of the actual Ca/P molar ratio and the specific surface
area of the HAPs are also provided in the Supplementary material S1.3.

2.2. Defluoridation experiments using hydroxyapatite

The defluoridation experiments were conducted at room tempera-
ture (29 + 1 °C) as follows. Accurately weighed 100 mg of HAP powder
was suspended in 100 mL of 10 mg F~ /L solution. However, the pH of
the F~ solution was adjusted to pH 7 using 0.1 M NaOH solution before
suspending HAP into the solution. After suspending HAP into the F~
solution, the bottles were tightly closed and then rotated using the end-
over-end rotor with 60 + 1rpm. At the predetermined time intervals
from 1 to 24 h, HAP was separated from F~ solution by filtration using
glass microfiber filter papers (GF/C, 1.2um). The F~ treated HAPs
collected on filter papers were dried at room temperature. Similar ex-
periments were also conducted by suspending HAP in deionized water;
but without addition of F~, which help in assessing a role of F~ on HAP
dissolution. The pH and concentrations of F~, Ca®>* and PO}~ ions were
measured before and after contact with HAP. The details of chemical
analysis methods adopted for the measurement of F~, Ca* and PO}~
ion concentrations are provided in the Supplementary material S1.4. All
these experiments were conducted in triplicate.
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2.3. Defluoridation using hydroxyapatite and amending aqueous calcium to
fluoride water

Beside the defluoridation and without F~ experiments, additional
defluoridation kinetic experiments were also conducted by amending
aqueous Ca2™" to F~ water. However, the Ca?™ was amended to the F~
solution before suspending HAP into the solution. In these experiments,
aqueous Ca?* was amended to the F~ solution (10 mgF~ /L) in two
ranges of Ca?" concentrations, 1-7 mg Ca2* /L (low calcium amend-
ment) and 10-40 mg Ca2t /L (high calcium amendment). These aqu-
eous calcium amended defluoridation experiments were conducted
using the procedure described in subsection 2.2 to examine the effect
Ca®* amendment on the dissolution of HAP. Further, the fluoride-cal-
cium (F-Ca) treated HAPs were separated from the solution for further
chemical analysis and characterization of treated HAPs. The chemical
speciation and saturation indices (SIs) calculations were done using
MINEQL+ (Version 4.5) chemical equilibrium modeling system
(Schecher and McAvoy, 1992) and the details are provided in subsec-
tion S1.5 of the Supplementary material.

3. Results and discussion

3.1. Characterization of synthesized uncalcined hydroxyapatite

The presence of PO3~ and OH~ groups were confirmed from the
FTIR (Fig. S1a), whereas the HAP phase formation was confirmed from
the XRD (Fig. S1b). Hence, FTIR and XRD characterizations suggest that
the uncalcined synthesized powder was HAP. The TEM image of the
untreated HAP (Fig. S2a) shows that HAP particles are rod-like shape.
The details of these characterization techniques are provided in the
Supplementary material S2.1.

3.2. An actual Ca/P molar ratio and BET specific surface area of
hydroxyapatite

The measured actual Ca/P molar ratio of HAP was found to be 1.61
+ 0.05. This measured ratio is comparable with the literature value of
1.60 for HAP, which was prepared using Ca(OH), and H3PO, raw
materials (Smiciklas et al., 2006). The actual Ca/P ratios are less than
the stoichiometric ratio of an ideal HAP, i.e., 1.67, which suggests that
the prepared HAPs were deficient in calcium. The measured BET spe-
cific surface area of uncalcined HAP was 92.69 + 0.06 m?/g, which is
2.2 times higher than that of the calcined HAP (42.09 + 0.05 mz/g) at
700 °C for 3 h. A similar trend in the reduction of the BET surface area
of HAP after calcination was also observed and found be an uncalcined
HAP had higher adsorption capacity (Bahdod et al., 2009). Thus, in this
study an uncalcined HAP was used for defluoridation to utilize the
maximum surface area. Henceforth, the numbers before and after plus-
or-minus signs represent the average values of three replicates and the
95% confidence limits, respectively.

3.3. Defluoridation experiments without amending aqueous calcium

Defluoridation experiments conducted without amending aqueous
Ca®* (F=10mgF /L, Ca = 0 Ca®* /L) from 1 to 24 h of contact time
show that the pH (Fig. 1a) and residual PO3~ (Fig. 1b) increased with an
increase in contact time. However, a very low level of Ca®?™ was ob-
served only at first instance (1h), and the Ca?* concentration was
below the detection limit of 0.05mg Ca* /L for contact time of more
than 1h (Fig. 1c). A similar trend of decrease in the residual Ca%™
during the defluoridation was also reported by Lessard (2007) and
Sternitzke et al. (2012). Additional experiments conducted without F~
(F=0mgF /L, Ca =0 Ca®"/L in Fig. 1c) have higher concentration
of Ca®* (1.13 + 0.04-1.62 + 0.03mg Ca®*/L) than that of the de-
fluoridation experiments with the only F~. However, the values of pH
and residual PO~ are always higher for defluoridation experiments
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Fig. 1. The effect of low amended aqueous calcium (0-7 mg Ca®*/L) on re-
sidual (a) pH, (b) phosphate, and (c) calcium of treated water for 10 mg F~ /L
solution and without fluoride solution with initial pH of 7 and 1 g/L of HAP at
room temperature (29 + 1 °C) for contact time from 1 to 24 h. Data points and
error bars represent average values of three replicates and the 95% confidence
limits, respectively; sometimes error bars are smaller than symbols.

compared to those without F~ (Fig. 1a and b). It has been also reported
that the HAP has higher solubility in the presence of F~ compared to
the pure HAP (Aljerf and Choukaife, 2017; Choukaife and Aljerf, 2017).
Thus, from these results, it is clear that the presence of F~ probably
promoted HAP dissolution. Similar trends of increase in the values of
pH (Nie et al., 2012) and residual PO;~ (Sternitzke et al., 2012) were
also reported in the past when Al-HAP and nano-HAP, respectively were
used for defluoridation.

Precipitation of minerals such as HAP, fluorapatite (Cas(PO,4)sF or
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FAP) or fluorite (CaF,), or adsorption of Ca?" ions and/or Ca-F com-
plex onto HAP likely reduce the residual Ca?* during defluoridation.
The possibility of minerals precipitation in the solution was evaluated
by calculating the SIs using MINEQL + and SIs are presented in Table
S2. The SIs were oversaturated (SI > 0) with respect to HAP for ex-
periments without F~, whereas defluoridation experiments were un-
dersaturated (SI < 0) with respect to all the minerals considered. Thus,
possibly the HAP precipitation occurred in the absence of F~, whereas
precipitation of minerals did not reduce Ca®?* in the defluoridation
experiments. However, residual Ca?* was decreased (Fig. 1c) even
though there was no precipitation of minerals in defluoridation as ob-
served from SIs (Table S2). Hence, it requires an evaluation of the
possibility of re-adsorption of Ca®* ions or its complex in the de-
fluoridation experiments, and it is discussed in subsection 3.7 of de-
fluoridation mechanisms.

3.4. Defluoridation experiments by amending aqueous calcium to the
fluoride water

Results for the further defluoridation experiments conducted with
low level calcium amendment (1-7 mg Ca?*/L) to 10 mg F~ /L solution
are presented in Fig. 1. From Fig. 1a, amending a very low level of
aqueous Ca>" (1 mg Ca®* /L) lowered the increase in the pH from 8.93
+ 0.17 to 8.60 + 0.09 at 24 h of contact time. Increase in the amended
aqueous Ca®* to 7 mg Ca®* /L, further lowered an increase in the pH of
defluoridated water to pH 7.79 + 0.06 (Fig. 1a). Furthermore, increase
in amending aqueous Ca®* from 1 to 7 mg Ca®™ /L reduced the residual
PO}~ concentration from 2.60 + 0.04 to 0.11 + 0.02mg PO} /L
(Fig. 1b). Also, the residual PO}~ values for aqueous Ca?" amended
defluoridation experiments were much lower than that of defluorida-
tion without amended Ca®* (3.58 + 0.06 mg PO}~ /L), and without F~
and Ca%?™ (1.85 + 0.05 mg PO}~ /L) experiments. Thus, it was clear that
amending aqueous Ca®* suppressed the HAP dissolution, which was
increasing the pH and PO}~ values of defluoridated water. It is worth
noting that the residual Ca*>* was always lower than the amended Ca®™*
and it was decreased from 7 to 1.39 + 0.08 mg Ca®” /L for an increase
in contact time from 0 to 24 h (Fig. 1c). In the past, a similar trend for a
decrease in the residual Ca®>* was also reported but by addition of high
amount of F~ (62.7 mgF~ /L) to an equilibrated solution containing
2g/L HAP (Sternitzke et al., 2012). Thus, the decrease in the con-
centration of amended aqueous Ca®* supports the requirement of
aqueous Ca®* ions for defluoridation of water using HAP.

Additional defluoridation experiments conducted by amending a
higher concentration of Ca** (10-40mg Ca®**/L) to F~ solution
(10 mgF~ /L) showed little effect on lowering the increase in the pH
(Table 1). The values of pH of defluoridated water are within the de-
sirable range (pH 6.5-8.5) prescribed by the Bureau of Indian Standards
(2012) for all values of amended Ca®* except for 1 mg Ca®* /L at the
end of 24 h. The residual PO;~ is below the detection limit of 0.03 mg
PO}~ /L for defluoridated water when amended Ca®* was 20 mg Ca®* /L
or more (Table 1) at 24 h. In conclusion, the absence of PO~ in de-
fluoridated water suggests that the use of 20 mg Ca®* /L aqueous cal-
cium efficiently prevented PO;~ leaching from HAP and an increase in
the pH.

3.5. Particle size analysis and Ca/P atomic ratios of hydroxyapatites

The particle size analysis was carried out to assess the effect of F~
on HAP's size after defluoridation using TEM images (Fig. S2). The
particle size analysis shows that treating of HAP in F~ solution reduces
the size of HAP (Table S1), which was due to the dissolution of HAP as
noted in subsection 3.3. It is noteworthy to highlight here that the size
of F~ treated HAP (F-HAP) is smaller than those of untreated (HAP),
treated in deionized water (DI-HAP) and F-Ca treated (F-Ca-HAP)
HAPs, which supports the presence of F~ promotes the dissolution of
HAP. The order of the particle size of HAPs is as follows: F-HAP < DI-
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Table 1

The effect of high aqueous calcium (10-40 mg Ca?* /L) on residual values of (i)
pH, (ii) calcium, and (iii) phosphate of defluoridated water using hydro-
xyapatite.

Time (h) Aqueous calcium amended (mg Ca®* /L)

10 20 30 40
@) pH
1 7.44 £ 0.14 7.30 + 0.10 7.19 + 0.06 7.19 + 0.03
6 7.45 + 0.01 7.38 + 0.05 7.25 + 0.03 7.22 + 0.02
12 7.52 + 0.20 7.36 + 0.09 7.29 + 0.08 7.19 + 0.06
18 7.24 £ 0.10 7.34 £ 0.01 7.23 + 0.02 7.19 + 0.05
24 7.35+ 0.11 7.49 + 0.03 7.34 + 0.05 7.28 + 0.07
(ii) residual calcium (mg Ca®* /L)
1 5.41 + 0.03 141 + 0.2 23.0+ 0.3 326+ 0.1
6 4.08 + 0.05 12.8 + 0.1 21.3+ 0.2 30.7 £ 0.4
12 3.6+ 0.2 12.0 + 0.2 20.8 +£ 0.2 29.8+ 0.1
18 3.35 + 0.06 11.5+ 0.2 20.28 + 0.08 29.55 + 0.05
24 3.15+ 0.06 11.12 + 0.08 19.8 + 0.2 29.2+ 0.2
(iii) residual phosphate (mg PO43'/L)
1 0.13 + 0.02 0.05 + 0.01 < 0.03 < 0.03
6 0.06 + 0.01 0.05 + 0.02 < 0.03 < 0.03
12 0.14 + 0.06 < 0.03 < 0.03 < 0.03
18 0.13 + 0.03 < 0.03 < 0.03 < 0.03
24 0.10 + 0.05 < 0.03 < 0.03 < 0.03

HAP < F-Ca-HAP < HAP. The Ca/P atomic ratios measured using EDS
(Table S1) show that F-Ca-HAP has higher ratio than other HAPs. The
atomic ratios follow the order: DI-HAP < HAP < F-HAP < F-Ca-HAP.
The higher atomic ratios for F-Ca-HAP and F-HAP compared to the
untreated HAP were observed, which were due to the adsorption of
Ca®* or its complex from the amended aqueous Ca®>* and F~ solution
for F~Ca-HAP; whereas it is due to the readsorption of Ca2™ or its
complex from F~ solution and/or leaching of PO}~ ions from the HAP
for F-HAP.

3.6. The effect of amending aqueous calcium on the defluoridation capacity

In addition to the results of prevention of PO}~ leaching and pH
increase, the effect of amended aqueous Ca®* on defluoridation capa-
city is also presented in Fig. 2. From Fig. 2, the addition of a small
amount of calcium (7 mg Ca?*/L) to F~ water enhanced the de-
fluoridation capacity 1.58 times (i.e., 2.07 mg/g) of that of without
amended Ca®* at the end of 24 h contact time. It is also observed that
the defluoridation kinetics enhanced as indicated by an increase in the
defluoridation capacity from 3.82 + 0.03 to 5.63 + 0.03mg/g when
contact time was increased from 1 to 24h for initial 7 mg Ca®*/L

B F=10mg/L,Ca=0
> F=10mg/L, Ca=3 mg/L
-©-F=10mg/L, Ca=7 mg/L

& F=10mg/L, Ca=1mg/L
K- F=10mg/L, Ca=5mg/L

Defluoridation capacity (mg F-/g)

0 E T T T T
0 5 10 15 20
Contact time (h)

25

Fig. 2. Effect of low amended aqueous calcium (0-7mg Ca®*/L) on de-
fluoridation capacity. Data points and error bars represent average values of
three replicates and the 95% confidence limits, respectively; sometimes error
bars are smaller than symbols.
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Table 2
The effect of high amended aqueous calcium (10-40 mg Ca**/L) on the de-
fluoridation capacity of hydroxyapatite.

Time (h) Aqueous calcium amended (mg Ca®* /L)
10 20 30 40
Defluoridation capacity (mg F/g of HAP)
1 4.03 + 0.05 4.75 + 0.03 4.99 + 0.03 5.19 + 0.01
6 5.17 + 0.03 6.05 + 0.02 6.42 + 0.05 6.54 + 0.02
12 57+ 0.1 6.46 + 0.02 6.76 + 0.02 6.99 + 0.05
18 5.99 + 0.03 6.76 + 0.04 7.20 + 0.07 7.34 + 0.03
24 6.21 + 0.05 6.94 + 0.04 7.34 £ 0.07 7.48 + 0.02

solution. A previous study by Jacobsen and Dahi (1997) also reported
an increase in the defluoridation capacity from 0.9 to 2.8 mg/g at 48 h
when F~ -saturated bone char (2 g/L) was used for defluoridation of
10 mg F~ /L solution by amending 360 mg Ca®* /L. Nevertheless, in the
previous work, amending a high amount of Ca®* to F~ water exceeds
the desirable (75 mg Ca%* /L) and permissible (200 mg Ca?* /L) limits
of Ca®* in the defluoridated water.

Further defluoridation experiments conducted by amending a
higher concentration of Ca®>* (10-40mg Ca®*/L) are presented in
Table 2. These experiments show that defluoridation capacity was
further enhanced from 6.21 + 0.05 to 7.48 + 0.02 mg/g when amended
Ca®* was increased from 10 to 40 mg Ca®* /L at the end of 24 h. It is
encouraging to note that we have observed 3.92mg/g additional re-
moval capacity for 40 mg Ca®* /L with 24 h contact time, which is twice
compared to the previous work, even we have used 9 times lower Ca®*
with half of the contact time used in the previous study by Jacobsen and
Dahi (1997). Thus, synthetic HAP can be used efficiently for de-
fluoridation without altering the quality of drinking water by amending
20 mg Ca®* /L of aqueous calcium to 10 mg F~ /L water.

3.7. Mechanism of defluoridation using hydroxyapatite in the presence of
aqueous calcium

The facts adduced above show that the likely participation of aqu-
eous Ca®* in defluoridation. Hence, defluoridation by HAP is not only
just by the adsorption of F~ ion onto HAP (Sundaram et al., 2008) and
F~ ion exchange with OH™ ion (Fan et al.,, 2003; Sundaram et al.,
2008) mechanisms as reported earlier. Therefore, possible mechanisms
involved in the defluoridation process when amended aqueous Ca®* to
F~ water are as follows:

(i) precipitation of CaF, in the F-Ca solution,
(ii) precipitation of F~ containing minerals such as FAP and CaF,
when HAP dissolves,
(iii) adsorption of F~ ion or F~ -complex onto the HAP surface, and
(iv) the ion exchange of F~ ion with OH™ ion into the HAP

The SIs of the solution containing both F~ (10 mg F~ /L) and Ca2*
(1, 3, and 5mg Ca®* /L) at pH 7 before suspending HAP were under-
saturated with respect to CaF, mineral (Table S3); hence, CaF, pre-
cipitation did not occur for Ca?* < 5mg Ca®" /L. Whereas, the feed
solution containing 7 mg Ca®*/L and 10 mg F~ /L was supersaturated
with respect to CaF, (SI = 0.037). However, no change in the F~
concentration was observed after filtration of 24 h equilibrated CaF,
supersaturated feed solution using 0.2 um membrane filter. Jacobsen
and Dahi (1997) also reported that the addition of a high level of CaZ*
(360 mg Ca%?* /L) to F~ water (10 mgF~ /L) did not reduce the con-
centration of F~ even after 48 h of contact time. Hence, it seems that a
simple addition of Ca®** to F~ water cannot remove F~ instantly.
Therefore, it is believed that the defluoridation did not occur by the
precipitation of CaF, mineral in the absence of HAP. Hence, the
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mechanism (i) will not be considered for further discussion.

Precipitation of potential minerals such as HAP, FAP, S-tricalcium
phosphate (Caz(PO4)», and CaF, could decrease the concentrations of
Ca®* and PO}~ ions in the defluoridated solution if it is supersaturated
with respect to these potential minerals. However, defluoridated water
was undersaturated with respect to all minerals considered for F~
=10mgF~ /L and Ca®* = 1-5mg Ca®" /L (Table $3). But when 7 mg
Ca®* /L was amended, it was supersaturated with respect to only FAP at
1h, and undersaturated with respect to all minerals considered for
higher contact times (Table S3). Hence, possibly a defluoridation oc-
curred by FAP precipitation between 1 and 6 h of contact time for 7 mg
Ca%" /L, and it is indicated by the decrease in the residual PO}~ con-
centration from 0.26 + 0.02 to 0.156 + 0.004 mg PO?{/L (Fig. 1b).
According to the MINEQL +model, 23.05 pg/L of FAP can precipitate
for the sample collected at 1 h for initial Ca®>* = 7 mg Ca®* /L. How-
ever, this FAP precipitation can only remove 0.87 ug F~ /L between 1
and 6 h, which is much lower than the actual F~ removed (0.98 mgF ™/
L). Thus, a huge difference is observed between the actual F~ removed
in the system and that calculated removal for the FAP precipitation,
which suggests a possible contribution by other mechanism(s). Con-
trary to these results, Sternitzke et al. (2012) did not observe the de-
crease in the concentration of PO}~ over 28 d of the equilibrium period,
even though the solution was supersaturated with respect to FAP.
However, a study by the same research group reported the presence of
like apatite minerals such as HAP and/or FAP onto strontium sub-
stituted HAP surface (Sternitzke et al., 2014). In the later study, authors
soaked an apatite in a solution containing Ca>* and PO}~ ions for 3d in
the presence and absence of F~ ion. Hence, there is a possibility of FAP
precipitation onto HAP surface in the presence of solid minerals.
However, further study is required to examine whether the precipita-
tion of FAP can also occur in the absence of HAP for same ambient
conditions. Thus, it is considered that the mechanism (ii) was con-
tributed for the defluoridation at 1 h when amended 7 mg Ca®* /L.

As discussed earlier, the reduction of residual Ca®* and enhance-
ment of defluoridation capacity indicated the participation of aqueous
Ca®* in defluoridation. The speciation of the feed solution containing
F~ and Ca®™ ions at pH 7 shows the presence of trace concentrations of
CaF™ species. Hence, the decrease in the concentration of Ca?* can be
attributed either to the adsorption of only Ca®* ions or its species,
CaF* onto the HAP surface. Additional experiments conducted by
suspending HAP in Ca®* solution (0, 1, 5, and 20 mg Ca?* /L) without
F~ are presented in Fig. 3. It is clear from Fig. 3a that the dissolution of
HAP occurred for Ca®?* = 0,1and5 mg Ca®* /L, whereas adsorption of
Ca®* occurred for Ca®* = 20mg Ca®*/L. Hence, the reduction in
Ca®™ concentration for amended 20 mg Ca®* /L indicates the possibility
of adsorption of aqueous Ca®>* from the solution. However, an increase
in the pH (Fig. 3b) and the presence of PO3~ (Fig. 3c) ions in treated
water showed that the HAP dissolved for all values of Ca2*. Thus,
adsorption of Ca®* ion onto the HAP surface for Ca>* =1 and 5mg
Ca®" /L cannot be observed clearly due to the dissolution of HAP also
leaches Ca?™ ions to the solution. Hence, the amount of Ca®* leached
by HAP dissolution was calculated using the value of PO}~ concentra-
tion by assuming that the HAP dissolves with the ideal Ca/P molar ratio
of 1.67. When HAP dissolution was considered, re-adsorption of Ca®*
ions occurred when the initial Ca>* = 5 and 20 mg Ca®* /L (Fig. 3d).
However, the readsorption of Ca®* did not occur for initial Ca®*
= 1 mg Ca®* /L, which might be because of low concentration of Ca*™.
Additionally, an increase in the value of amended aqueous Ca®* from 0
to 20 mg Ca®* /L lowered the increase in the residual values of pH and
PO}~ concentration (Fig. 3b and c). Hence, it suggests that the values of
pH and PO3}~ increased when Ca®* was unavailable or low in the water
solution. It is evident from these results that the presence of aqueous
Ca®™ reduced the dissolution of HAP. From Figs. 1c and 3d, the re-
duction of aqueous Ca®>* (0.30 + 0.03 mg Ca®* /L) in the absence of F~
is much lower than that in the presence of F~ (4.47 + 0.05mg Ca?* /L)
at the end of 24 h of contact time when 5mg Ca®" /L aqueous calcium



R. Sankannavar and S. Chaudhari

-©-F=0, Ca=0mg/L
& F=0,Ca=5mg/L

-©-F=0,Ca=1mg/L
-4-F=0,Ca=20mg/L

(a)

————— -y

Ca? adsorbed (mg/L) Ca?* leached (mg/L)

'3 T T T T
0 5 10 15 20 25
Contact time (h)
9.0
(b) -©-F=0, Ca=0mg/L ~©-F=0,Ca=1mg/lL
8.5 8 F=0,Ca=5mg/L 4 F=0,Ca=20mg/L

6.5

6.0 T T T T
10 15 20
Contact time (h)

25

Journal of Environmental Management 245 (2019) 230-237

2.5
© ©F=0,Ca=0mgl.  ~-F=0,Ca=1mg/L

- B F=0,Ca=5mg/L 4 F=0,Ca=20mg/L
g
= & 2 o
o 1" D
A~ 1.5
=
&
o
g 1.04
=
9]
B 0.5-( £ = -

0 5 10 15 20 25
Contact time (h)

3.0
—_ (d) -©-F=0, Ca=0mg/L -©-F=0,Ca=1mglL
= 237 5 F=0.Ca=5mg/l. -AF=0,Ca=20mg/lL
8
of)
)
3
<
(3]
B
2
S
<
<
]
&

-1.0 T T T T

0 5 10 15 20 25

Contact time (h)

Fig. 3. The effect of amended aqueous calcium (0, 1, 5, and 20 mg Ca>* /L) without fluoride on residual (a) calcium, here values of positive and negative ordinates
represent Ca®" leached by HAP dissolution, and that adsorbed onto the HAP, respectively, (b) pH, (c) phosphate, and (d) the total calcium adsorbed onto HAP surface
when calcium leaching by HAP dissolution is considered, here positive and negative values on the ordinates represent total Ca>* adsorbed and that leached from
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was used. Therefore, the large difference in Ca®>* adsorbed suggests
that the defluoridation also occurred by the adsorption of CaF* species
onto the HAP surface. Hence, any competitive anions which form bond
with Ca®* can affect the formation of CaF" in the solution, which
further negatively impact on the defluoridation kinetics. Tang et al.
(2018) reported the presence of PO}~ anion significantly reduced the
defluoridation capacity of HAPs, which was due to the fact that PO}~
can easily form bond with Ca®" in competition with F~ (Nie et al.,
2012), which supports the fact that the presence any anions which form
complex with Ca?* can reduce the defluoridation. Bengtsson and
Sjoberg (2009) and Bengtsson et al. (2009) reported the presence of
=CaF sites on the apatite surfaces. Hence, possibly adsorption of CaF*
species from the solution containing F~ and Ca®* ions formed =CaF
sites onto the HAP surface. Thus, these results reveal the possible
contribution of the adsorption of CaF* complex onto the HAP surface
(i.e., mechanism (iii)) for defluoridation.

Adsorption of CaF* complex could reduce the Ca®** and F~ con-
centrations in the molar ratio of 1:1. However, in the present study, Ca/
F molar ratio for removal is always less than 1 for all values of aqueous
Ca®™ (Fig. 4). This molar Ca/F < 1 suggests the contribution of other
mechanisms, i.e., by the ion exchange (IE) and/or adsorption of CaF ™,
which could be formed by Ca?" leached from the HAP dissolution. As
discussed earlier in subsection 3.4, HAP did not dissolve for Ca®>* = 30
and 40 mg Ca®* /L, hence, CaF ™" could not be formed by leached Ca®*.
However, the pH of the defluoridated water was increased from 7 to
7.28 + 0.07 at 24 h even though the HAP dissolution did not occur in
these experiments. Thus, the increase in the pH of defluoridated water
can be attributed to the IE (mechanism (iv)), in which exchange of F~
with OH™ ion increases the pH.

The natural dissolution of HAP exposed to F~ solution in the ab-
sence of aqueous Ca?* complicates the analysis of defluoridation by the
IE. Defluoridation occurred by IE forms FAP into the F~ treated HAPs.
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Fig. 4. Removal of Ca/F molar ratio from aqueous solution when aqueous
calcium (1-40 mg Ca?* /L) was amended to 10 mgF~ /L solution. Data points
and error bars represent average values of three replicates and the 95% con-
fidence limits, respectively; sometimes error bars are smaller than symbols.

Previous studies (Sternitzke et al., 2012; Kanno et al., 2014) reported
the formation of FAP when HAP was used for defluoridation. However,
in the present study, the increase in the concentration of aqueous Ca®*
reduces the availability of free F~ ions by forming Ca-F complex in the
F-Ca solution. Hence, an increase in the amended aqueous Ca?* con-
centration may affect the defluoridation by IE mechanism. The amount
of FAP formed in F-Ca treated HAPs was examined using the method
reported by Sternitzke et al. (2012) with the help of FTIR data.

HAP samples treated in F~ and F-Ca solutions were calcined at
700 °C for 3 h and used for the FTIR spectra. The substitution of the F~
ion by IE mechanism decreases the intensity of an OH™ peak at
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12h, and (c) 24h contact time. Here the quantity of FAP (%) formed was
measured using the FTIR spectra of HAPs.

630 cm ™! (Sternitzke et al., 2012). From Fig. 5, the formation of FAP
declined as an increase in the initial concentration of amended Ca®*
from 0 to 40mg Ca®* /L for a contact time of 1, 12, and 24 h. This
indicates the degree of defluoridation by IE mechanism was decreased
with the increase in the concentration of amended aqueous Ca®*.
Hence, the reduction in the degree of IE is probably because of a decline
in the availability of free F~ ions as an increase in amended Ca®* forms
more CaF* species.

In conclusion, the defluoridation was occurred by mechanisms (iii)
and (iv), when aqueous Ca®* was 0-5 and 20-40 mg Ca®>* /L, and by
mechanisms (ii) to (iv) occurred when Ca?* =7 and 10 mg Ca?* /L
were used. The results from the present study suggest that the me-
chanism of defluoridation by HAP varies based on ionic composition.
Further study is required to quantify the contribution of each me-
chanism, which is outside the scope of the present study.

4. The practical implications of the aqueous calcium amended-
hydroxyapatite defluoridation method

Inexpensive and readily available raw materials such as limestone
and diammonium phosphate fertilizer can be used for the synthesis of
HAP media at fluorosis affected villages. However, the defluoridation
using HAP without amending Ca®* provides Ca®*-deficient drinking
water with high values of pH and residual PO3~. Moreover, the con-
centration of Ca®* has a negative correlation with F~ concentration in
groundwater (Brindha et al., 2011; Rafique et al., 2015). Further, the
defluoridation of field water using nano-HAP reduced the total hardness
from 70 mg CaCO3/L to zero in spite of defluoridation (Sundaram et al.,
2008). Hence, drinking of this Ca®*-deficit and PO}~ containing de-
fluoridated water may pose a problem of osteoporosis as PO3~ presence
consumes Ca>* for precipitation of insoluble calcium phosphate. Thus,
drinking of defluoridated water using HAP may pose an adverse impact
on the health of individuals. The defluoridation method suggested in
this study, i.e., amending aqueous Ca®>* to F~ water not only removes
excess F~ but also provides Ca™ enriched alkaline drinking water with
no contamination of PO3~. Few studies (Gupta et al., 1996; Susheela
and Bhatnagar, 2002) reported the possibility of reversal of fluorosis
when supplied Ca®™* diet to the fluorosis affected children. Notably, the
presence of Ca®* also reduces the bioavailability of F~ ion by forming
an insoluble Ca-F complex, which decreases the absorption of F~ in the
body (Cerklewski, 1997). Accumulation of F~ into the body takes place
through the absorption of HF and its formation decreases with the in-
crease in pH (Sharma et al., 2010). Hence, drinking alkaline water re-
duces the chances of F~ absorption into the body. Thus, amending
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aqueous Ca*>* to F~ contaminated water not just only efficiently re-
moves F~ but may also help in reducing the risk of Ca®>* deficiency and
F~ toxicity. Further, amending Ca®>* may also assist in the reversal of
fluorosis and improves the life of HAP. Hence, it believes that de-
fluoridation using “aqueous calcium amended - hydroxyapatite” method
can be a sustainable option to provide potable drinking water to the
fluorosis affected areas without compromising the quality of drinking
water.

5. Conclusions

The present study suggests the defluoridation method for fluorosis
affected rural areas where fluoride removal media can be synthesized in
the field. The material used, i.e., hydroxyapatite and amending aqueous
calcium to fluoride contaminated water can efficiently remove fluoride
from drinking water. Briefly, the conclusions drawn from this study are
summarized below:

Use of hydroxyapatite without amending aqueous Ca®* for de-
fluoridation provides drinking water containing PO~ and high pH, and
without Ca®*. Hence, amending aqueous Ca®* to F~ contaminated
water successfully suppressed the dissolution of hydroxyapatite, and it
also enhanced the rate of defluoridation kinetics, which is one of the
key findings from the present study. The results suggested the possible
contribution of adsorption of aqueous CaF* species onto the hydro-
xyapatite for defluoridation when amended aqueous Ca®* to F~ water
in addition to the ion exchange of F~ with OH™ ion. It is noteworthy
that the defluoridation method suggested in this study, i.e., using HAP
and amending aqueous Ca®* to F~ water, did not add any toxic che-
micals, which would affect the quality of defluoridated water.
Therefore, a simple HAP preparation method and efficient defluorida-
tion reveals its future potential application for alleviating fluorosis by
providing potable Ca®*-enriched and alkaline drinking water with a
relatively low level of F~.
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S1. Materials and methods

S1.1. Chemicals and materials

The deionized water (EASYpure® RoDI, resistivity of 18 QM-cm) was used for preparation
of reagents and synthetic F~ and Ca?* solutions. The polyethylene bottles were used for batch
experiments and storing samples. The bottles were washed with dilute hydrochloric acid (1:1)
solution, followed by washing with tap water, and then rinsed thrice with deionized water. All

chemicals used in this study were of at least analytical grade and used without further purification.

S1.2. Characterizations of uncalcined hydroxyapatite

The powder dried at 80 °C was characterized by the Fourier transform infrared (FTIR) spec-
troscopy and powder X-ray diffraction (XRD), and were used for identification of functional bands
present and phase formed in the uncalcined powder, respectively. The FTIR spectra of the synthe-
sized powder was obtained using a microscope (3000 Hyperion, Bruker). The KBr pellet method
was used for FTIR and acquired the spectra over the range 4000 - 400 cm™!. The powder X-ray
diffraction (EMPYREAN, PANalytical) with Cu Ka (30 mA and 40 kV) used with a scanning
rate of 0.017° (26)/20 s and for the range of 10 - 90° (26) to examine the formation of HAP. The
size, shape, and Ca/P atomic ratio of HAPs (a) untreated (HAP), (b) treated in deionized water
without F~ and Ca** (DI-HAP), (c) treated only in 10 mg F~/L solution (F-HAP), and (d) treated
in 10 mg F~/L and 40 mg Ca**/L solution (F-Ca-HAP) for 24 h were analysed by the transmission
electron microscopy (TEM). The samples for TEM analysis were prepared by suspending 1 mg
of HAP samples in 1 mL of ethanol and sonicated for around 2 min. The suspension of this HAP

was drop-casted onto a copper TEM grids and dried under IR-lamp for 5 min. The imaging and
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energy dispersive spectroscopy (EDS) of HAP samples were carried out in a JEOL 2100 HRTEM
equipped with INCAx-Sight EDS detector (Oxford Instruments), which was operated at 200 kV

at room temperature (23 °C).

S1.3. Measurement of Ca/P molar ratio and the specific surface area

The actual Ca/P molar ratio of HAP was measured by dissolving 20 mg HAP in 1 mL of 35 %
HCI solution. This HAP solution was diluted to 100 mL with deionized water and measured the
concentrations of Ca** and PO;" ions. The specific surface areas were measured by a single point
Brunauer-Emmet-Teller (BET) theory using a Micrometrics ASAP-2020 (V3.00 H) surface area
analyser at 77.6 K. First, samples (0.31 g) were de-gasified at room temperature (25 °C) for 500
min and then used for analysis. The effect of calcination on the surface area of HAP was examined
by measuring the BET surface area of HAPs dried at 80 °C (uncalcined) and heat-treated at 700

°C for 3 h (calcined). However, only uncalcined HAP was used for defluoridation experiments.

S1.4. Aqueous solution analysis

Aqueous solutions were analysed before and after experiments by measuring the pH and con-
centrations of F~, Ca**, and PO?“ ions. Immediately after filtration, the pH of treated water was
measured using a glass combination pH electrode (Orion 8102BNUWP, Thermo Scientific) cou-
pled with a pH benchtop meter (Orion 3 Star, Thermo Scientific). The F~ concentration was
measured using a F~ ion selective electrode (Orion 9609BNWP, Thermo Scientific) coupled with
a pH/ISE benchtop meter (Orion Star A214, Thermo Scientific). This ISE meter was calibrated
using F~ standards (0.1, 1, and 10 mg F~/L) containing 50 % of TISAB II (Orion 940909, Thermo

Scientific) by volume. Hence, TISAB II was added to the samples to be analysed. The POi‘ and
S3



Ca’* concentrations were measured using the stannous chloride method (4500-P D) and EDTA

titrimetric method (3500-Ca B) of Eaton et al. (2005), respectively.

S1.5. Calculation of saturation indices using MINEQL+

The propensity of any solids could be precipitated and chemical speciation were carried out us-
ing the MINEQL+ (Version 4.5) chemical equilibrium modeling system (Schecher and McAvoy,
1992) for each experiment conducted. The saturation indices (SIs) of solids were calculated us-
ing the equation, SI = log (IAP/K,,), where IAP and K, are the ion activity product and the
solubility product, respectively for solid considered. Solubility products of solids considered are
1074331072892 1071039 and 1073%!2 for hydroxyapatite (Cas(PO4);OH), B-tricalcium phosphate
(Caz(PQy), or B-TCP), fluorite (CaF,), and fluorapatite (Cas(PO,);F or FAP), respectively. Total
dissolved concentrations of Ca**, POi‘ and F~ ions, final pH, and ionic strength were used during
the calculations. Values of SI > 0 indicate supersaturation, SI < 0 indicate undersaturated, and SI

= 0 indicate equilibrium with respect to a solid considered.

S2. Results and discussion

S2.1. Characterization of synthesized uncalcined hydroxyapatite

The FTIR spectrum of synthesized uncalcined HAP is presented in Fig. S1(a). The functional
groups present in the FTIR are in good agreement with FTIR data reported in the literature (Kumar

et al., 2004) and the functional groups present in the sample are shown in Fig. S1(a). However,

1 1

O-H liberation mode at around 630 cm™" is not present. The absence of a peak at 630 cm™" was

due to a lower degree of HAP crystallinity, and this peak is sensitive to the heating temperature
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(Berzina-Cimdina and Borodajenko, 2012). Thus, HAPs treated at high temperature (Kumar et al.,
2004) and commercial HAPs (Sternitzke et al., 2012) have this O-H liberation mode.

The XRD pattern of synthesized powder in the present study is shown in Fig. S1(b) along with
a reference pattern. The crystalline peaks at 26 = 26.02, 31.98, 32.34, 33.25, 34.30, and 49.63°
were compared and agreed with those of synthetic HAP (ICDD card 01-086-0740) with no trace
minerals. Thus, the presence of HAP phase from XRD, and PO;~ and O-H groups from FTIR
confirm that the uncalcined synthesized powder in this study was HAP.

The shape of HAPs are presented in Fig. S2 and found to be rod-like shape. The sizes of HAP
particles were measured using ImagelJ software and typically considered 120 - 150 particles. The
Ca/P atomic ratios of HAPs were also measured using EDS, and are presented in Table S1 along

with the particle size analysis.

Table S1: The Ca/P atomic ratio of HAPs (a) untreated (HAP), (b) treated in deionized water without F~ and Ca**
ions (DI-HAP), (c) treated in only F~ solution (F-HAP), and (d) treated in F-Ca solution (F-Ca-HAP), which were
measured using EDS and the particle size analysis was done using HRTEM. Here mean and S.D. represent the mean
of 120 - 150 particles and standard deviation, respectively.

HAP Ca/P atomic Particle size (nm)
ratio Mean S.D. range
(a) HAP 1.57 80 15 52-119
(b) DI-HAP 1.52 71 17 37-108
(c) F-HAP 1.59 59 14 32-102
(d) F-Ca-HAP 1.67 78 17 41-121
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Fig. S1. (a) Fourier transform infrared spectroscopy and (b) X-ray diffraction pattern of uncalcined hydroxyapatite
with the ICDD reference card 01-086-0740.
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Fig. S2. HRTEM images of hydroxyapatites (a) untreated, (b) treated in deionized water without F~ and Ca®* ions,
(c) treated in only F~ solution, and (d) treated in F-Ca solution.
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Table S2: Saturation indices for experiments conducted by suspending HAP in a solution with 10 mg F~/L and without
fluoride (F~). Here HAP, B-TCP, FAP, and CaF, represent hydroxyapatite, S-tricalcium phosphate, fluorapatite, and
fluorite, respectively.

Saturation index
Time (h) 1 6 12 18 24
Mineral FF=0mgF/L
HAP 1.0+£0.2 20+04 1.6 £ 0.1 22+0.2 22+0.2
B-TCP -38+0.1 -32+02 -339+005 -3.09+0.08 -3.07+0.09
F =10mgF /L
HAP -22+08 -23+08 -25+04 -1.9+09 -04+0.7
B-TCP -59+05 -59+04 -59+0.5 -5.7+£0.5 -5.0+£0.3
FAP -22+08 -24+0.6 -26+£0.3 -22+0.7 -1.0£0.5
CaF, -21+02 -238+0.01 -243+001 -244+0.01 -247=+0.01

S8



Table S3: The saturation indices of defluoridation experiments conducted by amending low aqueous calcium (1 - 7 mg
Ca?/L) to 10 mg F~/L solution. Here HAP, 8-TCP, FAP, and CaF, represent hydroxyapatite, S-tricalcium phosphate,
fluorapatite, and fluorite, respectively.

Saturation index

Time (h) 1 6 12 18 24
Mineral Ca’* = 1 mg Ca**/L
HAP -0.6+0.6 -5+£2 -3+1 -4+2 -20+0.5
B-TCP -48+0.3 -72+0.9 -6.3+0.7 -T7T+x1 -59+0.2
FAP -04+0.5 -4+1 -3+1 -4+2 -24+04

CaF, -1.60£0.09 -240+0.01 -22+02 -247+001 -2.49+0.01
Ca** = 3 mg Ca**/L

HAP -05+0.3 -34+£09 -23+09 -5+2 -40+0.5
B-TCP -47+£0.1 -6.4+0.5 -5.8+0.5 -73+09 -70+£0.3
FAP -001+£02 -27+£07 -1.8+0.8 -4+1 -41+05

CaF, -1.16 +0.03 -1.61+003 -1.63+0.08 -22+02 -249+0.07
Ca’** =5 mg Ca*/L

HAP -0.7+£0.2 -2+1 -22+0.6 -3.6+0.1 -3.0+0.8
p-TCP  -481+009 -58+0.7 -59+£0.7 -6.61+£006 -64+05
FAP -0.1£0.1 -2+1 -1.6+£05 -3.00+002 -27+0.7

CaF, -0.87+0.01 -120+002 -14+0.1 -156+0.02 -1.73+0.04
Ca** = 7 mg Ca**/L
HAP -02+0.8 -3+1 -3.1+0.3 -3.7+0.5 -2.6+0.6
B-TCP -482+006 -6.1+0.6 -64+0.2 -6.7+03 -62+03
FAP 0.11 £ 0.09 -2.0=x+0.9 -24+03 -3.0+0.5 -22+05
CaF, -0.69+0.01 -097+003 -1.12+0.01 -126+0.05 -1.36+0.03
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