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ABSTRACT: The amount of fluoride adsorbed onto hydroxyapatite increased as the aqueous fluoride
concentration increased. When the aqueous fluoride concentration exceeded 100 ppm, the total amount
of fluoride adsorbed onto hydroxyapatite decreased after being washed off with water three times. It
is postulated that when the aqueous fluoride concentration exceeds 100 ppm, a
multilayer structure  of calcium fluoride formed around hydroxyapatite is washed off,
resulting in the decrease of the fluoride adsorbed onto hydroxyapatite. It is also
postulated that the fluoride multilayer consists of calcium fluoride- complex  whose
interaction force 1is weaker than ionic force created by replacing OH- with F- One can rinse his/her
mouth with fluoride solution of less than 100 ppm, 20 to 30 ppm preferably. And then one should rinse
the mouth with water several times so as to achieve the fluoride concentration of 0.5 to 1 ppm in the
mouth which is the WHO recommended fluoride concentration in drinking water. The thermodynamic
study revealed that Langmuir isotherm can be applied for the adsorption of fluoride onto
hydroxyapatite. The thermodynamic parameters indicated that the adsorption process is spontaneous
and endothermic. The high degree of disorderliness exists between solid — solution interface upon the

adsorption of fluoride onto hydroxyapatite.
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1. INTRODUCTION

Adsorption characteristics

Various types of adsorption phenomena have attracted a special research interest because researchers
observed unusual physico-chemical behaviors in it. [1] A scientific discernment on different
definitions of physical adsorption was reported by Hill.[2] Adsorption is the adhesion phenomenon
of atoms, ions, biomolecules or molecules of gas, liquid, or solids onto a surface of the adsorbent
which can be solids or macromolecules. This process creates a film of the adsorbate, which can be
molecules or atoms being accumulated, on the surface of the adsorbent. It differs from absorption, in
which a fluid, gas or solid diffuses or permeates into a liquid or solid. A term sorption. Adsorption of
adsorbate molecules including fluoride onto the adsorbent materials including hydroxyapatite is an
interesting subject and studies have been conducted from various viewpoints such as adsorption
phenomenon,[3-19] mechanism of adsorption,[20-23] adsorbate and adsorbent characteristics,[24-
40] kinetic and equilibrium studies,[41-43] thermodynamic studies,[44-46] and  synthesis of
adsorbent.[47-49] This is a subject not only of physico-chemical aspects, but also of clinical and
toxicological aspects. In other words, adsorption of fluoride comprehends basic sciences as well as
applied sciences. This is another reason why this issue has attracted particular research interest in our
scientific community.

Dental fluoride and its optimal concentration

It was reported in the 1930’s that certain areas of the United States had an unusually low incidence
of tooth or dental caries and that these same regions had an unusually high
concentration of natural fluoride in the water. Scientists argued that fluoride
could replace the hydroxide ion in hydroxyapatite yielding new mineral which
is intrinsically less soluble. However, it is noted recently that the incidence of
dental caries has declined to a comparable extent both in communities where
fluoridation is practiced and in the area where no fluoride is added to the
water.[50] It might be pointed out that there exit conflicts between the two opposite claims. Many
studies have shown that water fluoridation and dental fluoride treatment
dramatically reduces dental caries,[51] although there are some other studies which
report that there are no substantial association between dental fluoridation and
occurrence of dental decay.[52]. As far as the concentration of fluoride in
saliva is concerned, Featheratone JD reported that low but slightly elevated
levels of fluoride in saliva and plaque help prevent and reverse caries by
inhibiting demineralization and enhancing remineralization.[53] Sub ppm levels of
fluoride in saliva are said to be effective in shifting the balance from
demineralization to  remineralization.[54] On the other hand, whether the systemic fluoride
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provide demineralization or remineralization is another question. Featheratone mentioned

that the effect of systemically ingested fluoride on caries is minimal. Here we
should notice the importance of the fact that one needs to achieve and maintain the optimal
concentration of fluoride in saliva. As our preliminary study an adsorption of fluoride to
hydroxyapatite was investigated. Hydroxyapatite is a main component of enamel. Therefore, it is
assumed that the adsorption experiment of fluoride to hydroxyapatite will well represent the
adsorption nature of fluoride onto enamel. Formation of hydroxyapatite, which exhibits mechanical
properties in the range of those reported for dentin and bone, has been demonstrated. This is
significant for the opportunity it affords to form synthetic analogs in vivo that are compositionally
similar to hard tissue minerals.

Removal of fluoride

The adsorption of fluoride onto hydroxyapatite can applied for the removal and defluoridation of
fluoride from aqueous solutions. There has been a considerable number of reports related to this area
in recent years.[55-63] Sternitzke et al. reported that fluoride uptake on hydroxyapatite can occur
through different mechanisms which are influenced by solution composition.[64] They also stated
that a fluoride surface layer with a thickness of several nanometer is formed on nanosized
hydroxyapatite when the fluoride uptake study was conducted by nano secondary ion mass
spectroscopy. Poinern et al. studied defluoridation behavior of nanostructured hydroxyapatite
synthesized through an ultrasonic and microwave combined technique, and reported that the
intra-particle diffusion process played a significant role in determining the rate of defluoridation.[49]
Dental fluoride and the mechanism of fluoride adsorption onto hydroxyapatite

A large number of studies on the hydroxyapatite in relation to fluoride have
been performed and a model for the mechanism of the fluoride uptake by
hydroxyapatite has been proposed.[49, 65-74] Leamy et al. reported that the extent
of hydroxyl replacement by fluoride ranged from 17 to 72% and correlated it
with the surface area of the parent hydroxyapatite. In addition, there are some
unknown factors as to the extent of the adsorption of fluoride to the teeth
enamel.[69] Thus it is worth carrying out an investigation to study  an interaction of
fluoride to hydroxyapatite as well as the extent of absorption of fluoride to
hydroxyapatite which is one of the major component of the teeth enamel.
Thermodynamics

Thermodynamics, equilibrium isotherm, and adsorption mechanism of small and large molecules
including fluoride onto large molecules including hydroxyapatite, aluminum and chitin have been
studied extensively.[20-23, 41-43] Thermodynamics of adsorption of statherin onto hydroxyapatite
crystals have been characterized by isothermal titration calorimetry and equilibrium adsorption
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isotherm analysis by Goobes et al.[46] They found that statherin adsorption is characterized by an

exothermic enthalpy of ~ 3 kcal/mol that diminishes to zero at ~ 25% surface coverage.
Thermodynamics of fluoride adsorption shows different pattern depending upon types of adsorbent.
Goswani et al. pursued the kinetic and equilibrium study for the fluoride adsorption using
pyrophyllite.[75] They reported the negative 4H, value which signified that the adsorption process
is exothermic. The other study referring to the exothermic nature of fluoride adsorption is conducted
by using a new metal ion-loaded (Zr(1V), Al(I11), Fe(ll1)) fibrous protein.[76] On the other hand,
Mourabet et al. investigated the adsorption potential of Brushite for the removal of fluoride from
aqueous solution and reported that the adsorption of fluoride ions on the Brushite is feasible,
spontaneous, and endothermic.[77] The adsorption study using graphene as adsorbent also revealed
that the adsorption process is endothermic in nature.[78]. De Leeuw et al. conducted molecular
dynamics simulations of the interaction of citric acid with the hydroxyapatite and reported that the
calculated average adsorption energies were + 291.4 kJ mol-1 for the hydroxyapatite.[79] Studies
on adsorption dynamics and the effect of temperature of fluoride showed that the adsorption process
is endothermic and occurs spontaneously.[45, 80] Nelson et al. investigated the mechanism of
fluoride uptake by hydroxyapatite from acidic fluoride solutions and found that fluoride and acid
diffuse into the reaction site and phosphate diffuse out as the reaction proceeds.[81]

Equilibrium isotherms

Equilibrium isotherms were studied for the adsorption of various dyes on chitin and theoretical
isotherms have been compared with experimental data. It was then found that a good agreement was
obtained using a composite isotherm of the general form.[82] Sundaram et al. reported that the
fluoride sorption was reasonably explained with Langmuir, Freundlich and Redlich-Peterson
isotherms.[42]

2. MATERIALS AND METHODS

Experimental and Materials

Determination of fluoride concentration

A fluoride stock solution was prepared in the ultra-pure water where ion
resistance was less than 18 mQ. Fluoride solutions of various concentrations were
then prepared in centrifuge tubes which contained 200 mg of hydroxyapatite. At
different  time intervals  fluoride  concentrations were measured by the ion
chromatography after shaking the centrifuge tube for a specific period of time. The ion
chromatograph conditions were as follows:

a) ion chromatograph model: Dionex DX-100

b) eluent solution:  0.1M sodium tetraborate

c¢) flow rate of the eluent solution: 1 ml/min
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d) column used : lonpac AS4-SC

e) detector: an electric conductivity meter
f) the injection port: 0.7 ml

Fluoride in-take to hydroxyapatite

Sodium fluoride was used for making a fluoride solution. Fifty ml of the ultra-pure water
was added to 0.995g of sodium fluoride in order to make 9000 ppm of fluoride
stock solution.. A fluoride solution of different concentration was prepared by
diluting the 9000ppm  fluoride parent solution. Zero point two gram of
hydroxyapatite was placed in the centrifuge test tube, and then ten ml of the
fluoride solution of different concentrations was added. The entire content of
the test tube was shaken in the shaker for a given period of time. At the
specified time interval, the test tube was taken out and the entire solution
was filtered. The remaining filtered hydroxyapatite was washed off by 10 ml of ultra-pure water
for three times. The one filtrate and three washed-off solutions were analyzed to determine the
fluoride concentration by the ion chromatography.

Extent of fluoride adsorption onto hydroxyapatite

Zero point two gram of hydroxyapatite was placed in the test tube and ten
ml of the fluoride solution of different concentrations was added to it.
Fluoride solutions containing hydroxyapatite were kept shaking overnight (12 hours),
one day (24 hours), two days (48 hours) and so on. At the end of each time
interval, the amount of fluoride in the solution was measured by ion
chromatography and the amount of fluoride taken up by hydroxyapatite was
calculated.

Perturbation Experiments

Twelve Erlenmeyer flasks containing 80 ml of 3.46 x 10° M fluoride solution and 80 mg of
hydroxyapatite were agitated in a water bath for 1 h at 30°C, and then the temperature was shifted
from 30°C to 50°C, 40°C, 30°C, and 40°C at one hour interval. At the end of each interval, two flasks
were removed and the contents were assayed for fluoride concentration.

3. RESULTS AND DISCUSSION

Measurement of fluoride by ion chromatography

One of the popular methods to measure the concentration of fluoride in the
aqueous solution is an ion electrode method. However, the minimum concentration
of fluoride measurable by fluoride electrode is about 100 ppm, which is well
above the concentration one needs to know in the dental hygienic setting. An

alternative, convenient and reliable method to measure the fluoride concentration is
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ion chromatography, by which one can measure a concentration of fluoride as low as

0.05 ppm.
Tablel.Percent of fluoride washed off from the hydroxyapatite after mixing fluoride in the aqueous solution

with hydroxyapatite for 24 hours

initial  concentration  of | number of washings(0, 1, 2, 3) and percent (%) of
fluoride (ppm) in the | fluoride washed off

aqueous solution (10 ml) 0 1 2 3

10 9.18 1.73 2.10 2.54
25 6.96 1.32 1.49 1.30
50 7.59 2.43 1.49 1.13
75 18.2 5.13 2.11 1.90
100 30.0 8.26 2.54 1.90
150 50.8 14.0 4.20 2.21
200 59.7 15.6 3.59 1.83
250 65.5 17.0 4.59 2.24
300 70.9 14.7 3.34 2.22
310 70.5 18.6 4.33 2.20
320 72.4 18.9 4.07 1.92
(Note)

1. Two hundred milligram of hydroxyapatite was placed in each test tube to which the different concentration
of fluoride solution (10ml) was added. The entire solution was then shaken for 24 hours.
2. The fluoride concentration of the shaken solution was determined by ionchromatography, and the percent
of fluoride washed off was obtained as follows: .
[ Fluoride concentration of each filtrate (ppm) / the initial fluoride concentration in the aqueous
solution(ppm) ] x 100
Table 1 shows the percent of fluoride washed off from the hydroxyapatite after
shaking the fluoride solution of different concentrations containing hydroxyapatite for
24 hours. When the initial fluoride concentration in the aqueous solution was in the lower
range, less than ten percent of fluoride in the solution was filtered out at the
zero time washing. This means that more than 90 percent of the fluoride
initially  added was adsorbed on the surface of the hydroxyapatite in those
concentration ranges. For example, the percent washed off at the zero time washing for
10 ppm, 25 ppm, and 50 ppm, the concentration of fluoride solutions were in the lower
range, that is, 9.18%, 6.96%, and 7.59%, respectively. On the other hand, when
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the initial fluoride concentration was higher, more than 70% of the fluoride

was washed out. Seventy point nine percent, 70.5% and 72.4% of fluoride adsorbed onto
hydroxyapatite were washed out at the zero washing time for 300 ppm, 310 ppm, and 320 ppm
fluoride solutions respectively. In any case, this result clearly indicated that a
fairly distinctive adsorption took place between fluoride and hydroxyapatite.

Figure 1. A total amount of fluoride adsorbed to hydroxyapatite after being washed off with water

three times.
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Figure 1 shows a total amount of fluoride adsorbed onto hydroxyapatite applying
aqueous washing for three times in the mixed solution of fluoride with hydroxyapatite .
When the concentration of fluoride was 100ppm, the total amount of fluoride
absorbed to hydroxyapatite showed the maximum value. When the concentration
of fluoride exceeded 100ppm, the total amount of fluoride adsorbed onto
hydroxyapatite decreased.
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Figure 2. Adsorption of fluoride on hydroxyapatite with time from aqueous solution

Figure 2 shows the time dependent interaction of fluoride with hydroxyapatite. The concentration
of fluoride in the aqueous solution used was 100 ppm which was found to be the
maximum concentration of fluoride up to whose concentration hydroxyapatite keeps adsorbing
fluoride. The result indicates that the adsorption level reached the plateau in about five minutes. When
the adsorption process is ionic and chemical in nature, the interaction of the system should be
irreversible.[83,84] The perturbation method to check whether the system is. The reversible or
irreversible was reported by Ohkura et al.[83,84] and the perturbation experiment for the present
system was conducted by the method described by them.[83,84] When the temperature of fluoride
solutions with hydroxyapatite was shifted from 30°C, to 50, to 40, to 30, and to 40°C, the amount of
fluoride adsorbed to hydroxyapatite was observed to increase as the temperature increases  as shown

in Figure 3.
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Figure 3. Perturbation experiments on the adsorption of fluoride by hydroxyapatite from aqueous
solution = the temperature was shifted at 1=h intervals.
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This result indicates that adsorption process is irreversible and the mechanism of adsorption is of
chemisorption type. The similar type was reported for the aminopurine adsorption study onto
activated carbon.[84]

Adsorption of fluoride to hydroxyapatite and the effect of aqueous washing on the extent of
fluoride adsorption onto hydroxyapatite

When hydroxyapatite is soaked in the sodium fluoride solution, the hydroxyl group is replaced by
fluoride and, fluorapatite is formed. This phenomenon is regarded as F-/OH- exchange process.
After all the hydroxyl group are replaced by the fluoride group on the surface of hydroxyapatite, it is
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assumed that fluorides are adsorbed on the surface of fluorapatite forming the calcium fluoride layers

In other words, at the higher fluoride concentration s calcium fluoride is formed on the surface of
hydroxyapatite by a surface precipitation process.

Calcium Fluoride formation

As far as the effect of aqueous washing over the surface of fluoride-adsorbed
hydroxyapatite is concerned, only small percent, less than two percent, of fluoride
was washed off when the initial aqueous fluoride concentration was in the lower
range. Besides, there was no practical difference in the washed-off percent among
the first, the second and the third washings. This indicates that the adsorption
of fluoride to hydroxyapatite is strong enough to stand for the physical
aqueous washing when the initial aqueous fluoride concentration is inthe lower range.
When the initial aqueous fluoride concentration was in the higher range, the percent of
fluoride washed off at first washing was more than ten times higher than those
in lower concentration range of fluoride in the aqueous solution; 14.7% for 300ppm,
18.6% for 310ppm, and 18.9% for 320ppm, respectively, while 1.7% for 10 ppm,
1.32% for 25 ppm, and 2.43% for 50 ppm, respectively in the lower concentration range of fluoride
in the aqueous solution. The percent of fluoride washed off in the higher concentration range of
fluoride in the aqueous solution decreased to approximately one quarter at the next
washing and to approximately one half at the last washing. This suggests that
more than one layers of adsorbed calcium fluoride were created on the surface
of hydroxyapatite. The second and higher layers of calcium fluoride are apparently
loosely bound on the surface of fluorapatite so that a fairly substantial percent of
fluoride are washed off at the first washing. It is postulated that when the
fluoride concentration is above 100 ppm, more than one layers of calcium fluoride are
formed on the surface of Fluor apatite as  stacking layers which are washed off as
chunks of calcium fluoride. It is also postulated that the binding force between
fluorides in the stacking layer should be weaker than the force formed following F-/OH- ion
exchange process because substantial amounts of fluoride adsorbed on fluorapatite as stacking layers
were washed off.

Incorporation of fluoride onto hydroxyapatite

It is shown that as time goes the extent of fluoride adsorption to hydroxyapatite
increased. This indicates that some kind of time-dependent interaction between
fluoride and hydroxyapatite took place. Hydroxyl group of the hydroxyapatite is
replaced by fluoride in accordance with the increased shaking time. Therefore,
the more fluoride is taken up by hydroxyapatite the more shaking time is spent.
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Elimination of fluoride adsorbed onto hydroxyapatite

Fluoride is certainly adsorbed substantially on hydroxyapatite. A question now comes as
to how fluoride is taken wup on or to hydroxyapatite. It is thought that
interaction between fluoride and hydroxyapatite is created after the ionic displacement
between fluoride and hydroxyl group of hydroxyapatite up to a certain
concentration of fluoride in the aqueous solution which was found to be about 2100ppm.
More than one layers of fluoride are formed creating stacking layers of calcium fluoride
whose binding force should be weaker than that of calcium fluoride and
hydroxyapatite.  Therefore, stacking layers of fluoride are easily washed off. Our finding
indicated that fluoride adsorbed on the surface of the hydroxyapatite as calcium
fluoride stacking layers are washed away quite easily by simple aqueous rinsing.
This finding is very important in the area of dental hygiene, because it indicates
that calcium fluoride does not stay long enough on the surface of teeth enamel
when the fluoride concentration in the aqueous solution exceeds 100 ppm. We previously
noticed that Feather at one found that low but slightly elevated levels of fluoride in saliva help
prevent and reverse the formation of caries by inhibiting demineralization and enhancing
remineralization.[53] He also stated that sub ppm levels of fluoride is effective in shifting the
balance from demineralization to remineralization.  Their findings coincide with our finding.
Besides, our finding is more specific in terms of fluoride concentration needed to prevent dental
caries. Featheratone stated that the effective concentration needed to prevent caries is sub ppm levels,
which is rather ambiguous. We quantitatively found that fluoride concentration of 100 ppm or less is
optimum to prevent caries.

Langmuir equilibrium and thermodynamic characteristics---

Ll o

Equation (1) represents Langmuir equation, where M (mg/g) is the amount of fluoride adsorbed,;
¢ (g/L), equilibrium concentration; a, Langmuir constant for the amount adsorbed at saturation; and
b, Langmuir equilibrium constant. A plot of c/M versus ¢ should give a straight line with a slope of
1/a and an intercept of 1/ab (Figure 4).Since adsorption is often an irreversible process, affinity
constants derived from the Langmuir equation should only be considered as apparent values. For
the same reason, any thermodynamic parameters derived from the apparent affinity constant should
also be considered as apparent values. The thermodynamic equilibrium constant, Ko, can be
obtained by plotting In(M/c) versus M and extrapolating the curve to M being zero.as shown in Figure

5 .44
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Fiere 4. Largrrur isotherm plots for the adsorption of fluoride on hydroxyapatite
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Figure 5. Plots of Ln(M/c) versus M of Langmuir equation for the adsorption of fluoride on hydroxyapatite

y = -6E-07x+ 7.2338 (25°C)

45
y = =6E-07x+ 7.3765(31°C)

£
2
L 715
=
i
S
P
£ 7
c
o
o
z - \\\ y = -6E-07x+ 7.9802 (43°C) ¢ 25°C
5 6 s
2 " 31°C
ug 37°C
6
s 43°C
..E =Linear (25°C)
§ =Linear (31°C)
8 =Linear (37°C)
S = _inear (43°C)
8
.—5'
T
o
2
L
0
o
=
e
|

>

1 1 1 Il 1 | | 1 1 )

0 500000 1000000 1500000 2000000 2500000 3000000 3500000 4000000 4500000 5000000

amount of fluoride adsorbed on hydroxyaptite, M (mg/gm)

It is said that the endothermic nature of adsorption is indicated by an increase in KO with rise in
temperature.[80] Our result showed the increase of Ko from the value of 7.23 to 7.98 as the
temperature rises from 25 °C 43 °C  representing that the system is endothermic. Plaut et al.
reported that the standard enthalpy associated with the sorption process of fluoride digluconate from
aqueous solution by PHEM (poly (2-hydroxyethyl methacrylate) powder was zero over the
temperature range of 20 ~ 50°C.[85, 86] They concluded that the sorption process of this system
was associated with ion exchange interaction whose standard enthalpies are generally zero or very
small. To make this type of thermodynamic assumption for the sorption process of fluoride onto
hydroxyapatite in the present system, the following equations were applied.

AG=-RTxLnKo =+ = = = - (2)

AH =d(AG/T)A(L/T) = =« = = 3)
AS=(AH-AG)T = + + « - 4)

Ln Ko = 4S0/R - 4HO/RT ~ + « + + (5)

AG is free energy change; AH, enthalpy change; T, absolute temperature; and AS, entropy change. A
plot of LnKo versus 1/T by applying equation (5) was linear. Therefore, 4S and 4H were determined
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from Y axis intercept and the slope of the line as shown in Table 2.

Birch et al. reported that the standard enthalpies of ion exchange interaction are generally within the
range of 0.0 to 10 KJ/mol or -0.024 to 2.4 Kcal/mol.[87] The enthalpy change (4H) in the present
study was obtained by plotting Ln Ko vs 1/T which was linear (Figure 6). 4H and 4S (entropy
change) were determined from the slope and intercept of the plot, and 4H was 4.23 Kcal/mol which
is a little larger than the range reported by Birch et al.  Plaut et al. also calculated the entropy by
using poly (2-hydroxyethyl methacrylate) instead of hydroxyapatite, obtained the value of 5.02 e.u.,
and referred it as the driving force behind ionic interactions associated with the disruption of the
hydration shells of the ions.[85,86,88] In the present system, the entropy value was 30.5e.u. This
is probably because the hydration shells of the ions in the present system is more randomly formed
than the system reported by Plaut et al.[85,86,88] The small enthalpy value and the positive entropy
values of 30.5 e. u. in the present system suggests that the interaction of fluoride with
hydroxyapatite was mainly ionic interaction in nature.[33-35, 85,86,88]

Figure 6 Plot for Ln(Ko) versus 1/T to determine thermodynamic parameters
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Table 2 shows the results of apparent thermodynamic functions of the adsorption of fluoride onto
hydroxyapatite. The negative value of the standard free energy changes (4G) indicates that the
adsorption of fluoride onto hydroxyapatite is spontaneous. The value of 4Ho is positive and this is
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characteristic to the endothermic reaction. It agreed with the previous argument in that the

endothermic reaction represents an increase in Ko with rise in temperature. The value of entropy
change was 30.5 e. u. suggesting that the high degree of disorderliness exists at the solid-solution
interface during the adsorption of fluoride onto hydroxyapatite as is previously delineated.

Table 2. Thermodynamic functions of adsorption of hydroxyl apatite from aqueous solution

containing fluoride

Ko AG AH AS(e.u.)
Temperature(°C) (Kcal/mol) (Kcal/mol) J/ mol x k
25 7.23 -4.90 4.23 30.5
31 7.38 -5.05 — —
37 7.60 -5.22 — —
43 7.98 -5.45 — —

Fluoride in the mouth and in the drinking water

An excess amount of fluoride in drinking water, which is reported in India, Brazil, and other countries,
causes various detrimental effects such as dental, skeletal fluorosis, fluoride enamel opacity, bone
fracture, decreased birth rates, child birth with insufficient weight, Down’s syndrome, and other
bone-related damages.[89,90] When one wants to use fluoride solution for hygienic purpose,
he/she can rinse his/her mouth with fluoride solution of less than 100 ppm keeping it as less as
possible, preferably to 20 to 30 ppm. And then one should rinse the mouth with water several times
so as to achieve the fluoride concentration of 0.5 to 1 ppm in the mouth which is the WHO
recommended fluoride concentration in drinking water.[91-95]

4. CONCLUSION

The amount of fluoride taken up by the hydroxyapatite increased up until
about 150umoles of fluoride per gram of hydroxyapatite and then it decreased as the
concentration ~ of  fluoride increased. One hundred ppm was the maximum aqueous
concentration of fluoride in order for the fluoride to be  taken up by hydroxyapatite. ~ Adsorption
of fluoride to hydroxyapatite was time dependent, when the fluoride concentration
of 100 ppm was applied. It is postulated that ion exchange takes place
between fluoride and hydroxyl group of hydroxyapatite when the concentration
of fluoride solution, in which fluorapatite is held, is 100 ppm or less. This
ion-exchange complex fairly well stands for a regular aqueous washing and
most of fluoride in the fluorapatite is kept as intact. As the concentration of
fluoride solution, in which hydroxyapatite is held and shaken, increases, fluoride
forms more than one layers of calcium fluoride around fluorapatite as stacking layers. This
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fluoride stacking layers should hold together by fluoride-fluoride interaction. These stacking

layers of fluoride are easily scaled off by an aqueous washing especially when the
fluoride concentration in an aqueous solution is 100 ppm or more . An excess amount of fluoride in
drinking water causes various harmful effects-- |t is reported that fluoride in drinking water should
be kept in the range of 0.5 — 1.0 ppm, and to provide safe drinking water an excess amount of fluoride
in water has to be removed by some physical methods including adsorption techniques which is most
widely used.[91-95]. The value of the standard free energy changes (4G) was negative and the
adsorption process of fluoride on hydroxyapatite is considered to be spontaneous. A positive value
of 4Ho and an increase in Ko with rise in temperature are characteristic to the endothermic reaction.
The value of entropy change was 30.5 e. u. suggesting that high degree of disorderliness exists at the
solid-solution interface during the adsorption of fluoride onto hydroxyapatite. For the dental
hygienic purpose, the concentration of fluoride should be kept at 100 ppm or
less. If it exceeds 100 ppm, the fluoride will be scaled off extensively and
comprehensively by rinsing the mouth with water. Since the experiment in aqueous media
represents a homogeneous environment, and our study was designed to investigate the adsorption
nature of fluoride to hydroxyapatite in this aqueous homogeneous environment. We hope that this
result will further promote a study in saliva or other physiological heterogeneous media.
CONFLICT OF INTEREST

The authors declare that they have no competing financial or non-financial interest.
ACKNOWLEDGEMENT

We thank Ms. Oku Yumiko and Ms. Aki Yamamoto, former students of Kobe Gakuin University for
assisting us with the laboratory work in this project. We are grateful to Dr. Kohichi Mori of Kobe
Gakuin University for a useful advice. We also would like to express our gratitude to Dr, Kazuo Suwa
for his contribution to collect valuable data. This project was supported in part by the Research Grant
of Ministry of Science and Education (Grant No. 15590474), and also funded in part by the
Collaboration Grant A of Kobe Gakuin University.

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.138


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
REFERENCES

[1]. ZhouL, ZhouY, Li M, Chen P, Wang Y. Experimental and modeling study of the adsorption
of supercritical methane on a high surface activated carbon. Langmuir 2000; 16: 5955-5959
[2]. Hill TL. Relations between Different Definitions of Physical Adsorption. J Phys Chem
1959; 63(4):456-460
[3]. Friedman M, Solouki S, Gurevitz S, Gedalia I, Onisi M. Fluoride concentrations in tea.
Its uptake by hydroxyapatite and effect on dissolution rate. Clin Prev Dent 1984; 6(1): 20-22
[4]. Hall R, Embery G, R. Waddington R, Gilmour. The influence of fluoride on the adsorption
of proteoglycans and glycosaminoglycans to hydroxyapatite. Calcif Tissue Int. 1995; 56: 236-239
[5]. Madellin-Castillo NA , Leyva-Ramos R, Ocampo-Perez R, Garcia de la Cruz RF ,7
Antonio Aragon-Pina A, Martinez-Rosales JM, Guerrero-Coronado RM, Laura Fuentes-Rubio
L. Adsorption of Fluoride from Water Solution on Bone Char. Ind Eng Chem Res. 2007; 46(26):
9205-9212
[6]. Zhang XY, JiaY. Fluoride adsorption onto amorphous aluminum hydroxide: Role of surface
acetate anions. J Coloid Interface Sci. 2616; 483: 295-306
[7]. Mouelhi M, Giraudet S, Amrane A, Hamrouni B. Competitive adsorption of fluoride and
natural organic matter onto activated alumina. Environ Technol, 20016; 37(18): 2326-2336
[8]. Lu R, Li Q, Nguyen TH. Random sequential adsorption of human adenovirus 2 onto
polyvinylidene fluoride surface influenced by extracellular polymeric substances. J Colloid

Interface Sci 2016; 466: 120-127

[9]. Sahin R, Tapadia K. Comparison of linear and non-linear models for the adsorption of

fluoride onto geo-material: limonite. Water Sci Technol. 2015; 72(12):2262-9.

[10]. Sehaqui H, Mautner A, Perez de Larraya U, Pfenninger N, Tingaut P, Zimmermann T.

Cationic cellulose nanofibers from waste pulp residues and their nitrate, fluoride, sulphate and

phosphate adsorption properties. Carbohydr Polym. 2016; 135:334-40.
[11]. Lin KY, Liu YT, Chen SY. Adsorption of fluoride to UiO-66-NH2 in water: Stability,
kinetic, isotherm and thermodynamic studies. J Colloid Interface Sci. 2016; 461:79-87
[12].  Jayarathna L, Bandara A, Ng WJ, Weerasooriya R. Fluoride adsorption on y-Fe203
nanoparticles. J Environ Health Sci Eng. 2015 24;13-54.

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.139


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[13]. Rehman MA, Yusoff I, Alias Y. Fluoride adsorption by doped and un-doped magnetic

ferrites CuCe(x)Fe(2-x)O4: Preparation, characterization, optimization and modeling for
effectual remediation technologies. J Hazard Mater. 2015;299:316-324
[14]. Kanaki E, Sansone G, Maschio L, Paulus B. The effect of electron correlation on the
adsorption of hydrogen fluoride and water on magnesium fluoride surfaces. Phys Chem Chem
Phys. 2015; 17(28):18722-18728.
[15]. Liang W, Couperthwaite SJ, Kaur G, Yan C, Johnstone DW, Millar GJ. Effect of strong
acids on red mud structural and fluoride adsorption properties. J Colloid Interface Sci.
2014;423:158-165
[16].  Prabhu SM, Meenakshi S. A dendrimer-like hyper branched chitosan beads toward
fluoride adsorption from water. Int J Biol Macromol. 2015; 78:280-286
[17]. YuY, Wang C, Guo X, Paul Chen J. Modification of carbon derived from Sargassum sp.
by lanthanum for enhanced adsorption of fluoride. J Colloid Interface Sci. 2015; 441:113-120

[18]. DuanY, Wang C, Li X, Xu W. Fluoride adsorption properties of three modified forms of

activated alumina in drinking water. J Water Health. 2014; 12(4):715-721
[19]. Santra D, Joarder R, Sarkar M. Taguchi design and equilibrium modeling for fluoride
adsorption on cerium loaded cellulose nanocomposite bead. Carbohydr Polym. 2014;111:813-821
[20].  Zhang J, Chen N, Tang Z, Yu Y, Hu Q, Feng C. A study of the mechanism of fluoride
adsorption from aqueous solutions onto Fe-impregnated chitosan. Phys Chem Chem Phys. 2015;
17(18): 12041-12050

[21]. Kuang L, Liu Y, Fu D, Zhao Y. FeOOH-graphene oxide nanocomposites for fluoride

removal from water: Acetate mediated nano FeOOH growth and adsorption mechanism. J Colloid

Interface Sci. 2016 ;490:259-269.
[22].  Lin J, Raghavan S, Fuerstenau DW. The adsorption of fluoride ions by hydroxyapatite
from aqueous solution. Colloids and Surfaces. 1981; 3(4): 357-370
[23].  Velazquez-Jimenez LH, Hurt RH, Matos J, Rangel-Mendez JR. Zirconium-carbon hybrid
sorbent for removal of fluoride from water: oxalic acid mediated Zr(IV) assembly and adsorption

mechanism. Environ Sci Technol. 2014;48(2):1166-1174

[24]. Zhou CY, Guan DX, Williams PN, Luo J, Ma LQ. Novel DGT method with tri-metal oxide

adsorbent for in situ spatiotemporal flux measurement of fluoride in waters and sediments. Water

Res. 2016;99:200-208

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.140


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[25]. Zhang K, Wu S, He J, Chen L, Cai X, Chen K, LiY, Sun B, Lin D, Liu G, Kong L, Liu

J. Development of a nanosphere adsorbent for the removal of fluoride from water. J Colloid
Interface Sci. 2016;475:17-25
[26]. WuS, Zhang K, He J, Cai X, Chen K, LiY, Sun B, Kong L, Liu J. High efficient removal
of fluoride from aqueous solution by a novel hydroxyl aluminum oxalate adsorbent. J Colloid
Interface Sci. 2016;464:238-245
[27]. Karmakar S, Dechnik J, Janiak C, De S. Aluminum fumarate metal-organic framework:
A super adsorbent for fluoride from water. J] Hazard Mater. 2016;303:10-20
[28]. Vences-Alvarez E, Velazquez-Jimenez LH, Chazaro-Ruiz LF, Diaz-Flores PE, Rangel-
Mendez JR. Fluoride removal in water by a hybrid adsorbent lanthanum-carbon. J Colloid
Interface Sci. 2015;455:194-202
[29]. Zhang K, Wu S, Wang X, He J, Sun B, JiaY, Luo T, Meng F, Jin Z, Lin D, Shen W, Kong
L, Liu J. Wide pH range for fluoride removal from water by MHS-MgO/MgCO; adsorbent:
kinetic, thermodynamic and mechanism studies. J Colloid Interface Sci. 2015;446:194-202
10.1016/j.jcis.2015.01.049.
[30]. Wan Z, Chen W, Liu C, Liu Y, Dong C. Preparation and characterization of y-AIOOH
@CS magnetic nanoparticle as a novel adsorbent for removing fluoride from drinking water. J
Colloid Interface Sci. 2015;443:115-124
[31]. Hong J, Lin B, Hong GB, Chang CT. Study on the methylene blue adsorption from
wastewaters by pore-expanded calcium fluoride sludge adsorbent. J Nanosci Nanotechnol.
2014;14(4):3247-51
[32]. Deng S, Liu H, Zhou W, Huang J, Yu G. Mn-Ce oxide as a high-capacity adsorbent for
fluoride removal from water. ] Hazard Mater. 2011;186(2-3):1360-1366.
[33]. Chai L, Wang Y, Zhao N, Yang W, You X. Sulfate-doped Fe304/A1203 nanoparticles
as a novel adsorbent for fluoride removal from drinking water. Water Res. 2013;47(12):4040-9
[34]. He ZL, Zhang GK, Xu W. Enhanced adsorption of fluoride from aqueous solution using
an iron-modified attapulgite adsorbent. Water Environ Res. 2013;85(2):167-74.
[35].  Sivasankar V, Rajkumar S, Murugesh S, Darchen A. Tamarind (Tamarindus indica) fruit
shell carbon: A calcium-rich promising adsorbent for fluoride removal from groundwater. J

Hazard Mater. 2012;225-226:164-172

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.141


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[36]. Jing C, Cui J, Huang Y, Li A. Fabrication, characterization, and application of a

composite adsorbent for simultaneous removal of arsenic and fluoride. ACS Appl Mater
Interfaces. 2012;4(2):714-720
[37]. Deng S, Liu H, Zhou W, Huang J, Yu G. Mn-Ce oxide as a high-capacity adsorbent for
fluoride removal from water. ] Hazard Mater. 2011;186(2-3):1360-1366
[38]. Chai L, Wang Y, Zhao N, Yang W, You X. Sulfate-doped Fe304/A1203 nanoparticles as
a novel adsorbent for fluoride removal from drinking water. Water Res. 2013;47(12):4040-4049
[39]. McIntosh GJ, Agbenyegah GE, Hyland MM, Metson JB. 10.101 Adsorptive capacity and
evolution of the pore structure of alumina on reaction with gaseous hydrogen fluoride. Langmuir.
2015 ;31(19):5387-5397
[40].  Daifullah AA, Yakout SM, Elreefy SA. Adsorption of fluoride in aqueous solutions using
KMnO4-modified activated carbon derived from steam pyrolysis of rice straw. J Hazard Mater.
2007 ;147(1-2):633-643.
[41]. Daouda FB, Kaddoura S, Sadounb T. Adsorption of cellulase Aspergillus niger on a
commercial activated carbon: Kinetics and equilibrium studies. Colloids and Surfaces B:
Biointerfaces. 2010; 75(1): 93-99
[42]. Sundarama CS, Viswanathanb N, Meenakshib S. Defluoridation chemistry of synthetic
hydroxyapatite at nano scale: Equilibrium and kinetic studies. J Hazard Mater. 2008; 155(1-2):
2007 ;155(1-2): 206-215

[43].  Ghorai S, Pant KK. Equilibrium, kinetics and breakthrough studies for adsorption of

fluoride on activated alumina. Separa Purif Technol. 2005; 42(3): 265-271
[44]. Zhang YX, Jia Y. Fluoride adsorption onto amorphous aluminum hydroxide: Roles of the
surface acetate anions. J Colloid Interface Sci. 2016;483:295-306

[45].  Sahin R, Tapadia K. Comparison of linear and non-linear models for the adsorption of

fluoride onto geo-material: limonite. Water Sci Technol. 2015; 72(12):2262-2269.
[46]. Lin KY, Liu YT, Chen SY. Adsorption of fluoride to UiO-66-NH2 in water: Stability,
kinetic, isotherm and thermodynamic studies. J Colloid Interface Sci. 2016;461:79-87.
[47]. Chen L, He B, Shuai He S, Ting-Jie Wang T, Su C, Jin Y. Fe—Ti oxide nano-adsorbent
synthesized by co-precipitation for fluoride removal from drinking water and its adsorption

mechanism. Powder Technol. 2012; 227: 3-8

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.142


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[48]. Tchomgui-Kamgaa E, Alonzoa V, Nanseu-Njikib CP, Audebrandc N, Ngamenib E,

Darchena A. Preparation and characterization of charcoals that contain dispersed aluminum oxide

as adsorbents for removal of fluoride from drinking water. Carbon. 2010; 48(2): 333-343

[49]. Poinern GE1, Ghosh MK, Ng YJ, Issa TB, Anand S, Singh P. Defluoridation behavior of

nanostructured hydroxyapatite synthesized through an ultrasonic and microwave combined
technique. J Hazard Mater. 2011;185(1):29-37.
[50]. Leverett DH. Fluorides and the changing prevalence of dental caries. Science. 1982;
217(4556): 26-30
[51]. Riley JC, M A Lennon MA, R P Ellwood RP. The effect of water fluoridation and social
inequalities on dental caries in 5-year-old children. Int J Epidemiol. 2016; 45(5): 300-305
[52]. Wang NJ, Riordan PJ. Fluoride supplements and caries in a non-fluoridated child
population. Community Dent Oral Epidemiol. 1999; 27(2): 117-123
[53]. Featherstone JDB. Prevention and reversal of dental caries: role of low level fluoride.
Community Dent Oral Epidemiol. 1999; 27(1): 31-40
[54]. Oonishi H, Hench LL, Wilson J, Sugihara F, Tsuji E, Matsuura M, Kin S, Yamamoto
T, S. Mizokawa , ] Biomed Mater Res. 2000; 51: 37-46
[55]. Tang W, Kovalsky P, Cao B, He D, Waite TD. Fluoride Removal from Brackish
Groundwater by Constant Current Capacitive Deionization (CDI). Environ Sci Technol. 2016;
50(19):10570-10579.
[56]. LiC, Chen N, Zhao Y, Li R, Feng C. Polypyrrole-grafted peanut shell biological carbon
as a potential sorbent for fluoride removal: Sorption capability and mechanism. Chemosphere.
2016;163:81-9
[57]. Ramesh MV, Naveenkumar PG, Prashant GM, Sakeenabi B, Allamaprabhu, Vijetha K.

Evaluation of Effect of Brushite-Calcite and Two Indigenous Herbs in Removal of Fluoride from

Water. J Clin Diagn Res. 2016;10(6):ZC83-85
[58]. Zeng G, He Y, Zhan Y, Zhang L, Pan Y, Zhang C, Yu Z. Novel polyvinylidene fluoride

nanofiltration membrane blended with functionalized halloysite nanotubes for dye and heavy

metal ions removal. ] Hazard Mater. 2016;317:60-72

[59]. Parashar K, Ballav N, Debnath S, Pillay K, Maity A. Rapid and efficient removal of

fluoride ions from aqueous solution using a polypyrole coated hydrous tin oxide nanocomposite.

J Colloid Interface Sci. 2016;476:103-118

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.143


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[60]. Tang W, Kovalsky P, Cao B, Waite TD. Investigation of fluoride removal from low-

salinity groundwater by single-pass constant-voltage capacitive deionization. Water Res.
2016;99:112-121
[61]. Brahman KD, Kazi TG, Baig JA, Afridi HI, Arain SS, Saraj S, Arain MB, Arain SA.
Biosorptive removal of inorganic arsenic species and fluoride from aqueous medium by the stem
of Tecomella undulate. Chemosphere. 2016;150:320-328
[62]. Biswas G, Dutta M, Dutta S, Adhikari K. A comparative study of removal of fluoride
from contaminated water using shale collected from different coal mines in India. Environ Sci
Pollut Res Int. 2016;23(10):9418-9431
[63]. Dong S, Wang Y. Characterization and adsorption properties of a lanthanum-loaded

magnetic cationic hydrogel composite for fluoride removal. Water Res. 2016;88:852-860

[64]. Sternitzke V1, Kaegi R, Audinot JN, Lewin E, Hering JG, Johnson CA. Uptake of

fluoride from aqueous solution on nano-sized hydroxyapatite: examination of a fluoridated

surface layer. Environ Sci Technol. 2012;46(2):802-809

[65]. Liu Y, Hsu CY, Teo CM, Teoh SH. Potential mechanism for the laser-fluoride effect on

enamel demineralization. J Dent Res. 2013;92(1):71-75

[66]. Charig AJ, Thong S, Flores F, Gupta S, Major E, Winston AE. Mechanism of action of

a desensitizing fluoride toothpaste delivering calcium and phosphate ingredients in the treatment
of dental hypersensitivity. Part II: comparison with a professional treatment for tooth
hypersensitivity. Compend Contin Educ Dent. 2009 ;30(9):622-624, 626, 628
[67]. HallR, Embery G, Waddington R, Gilmour A. The influence of fluoride on the adsorption
of proteoglycans and glycosaminoglycans to hydroxyapatite. Calcif Tissue Int. 1995;56(3):236-
239.

[68]. Boink AB, Wemer J, Meulenbelt J, Vaessen HA, de Wildt DJ. The mechanism of

fluoride-induced hypocalcaemia. Hum Exp Toxicol. 1994 Mar;13(3):149-155.
[69] Hoppenbrouwers PM, Driessens FC, Borggreven JM. The demineralization of human
dental roots in the presence of fluoride. J Dent Res. 1987;66(8):1370-1374.
[70] Aoba T, Collins J, Moreno EC. Possible function of matrix proteins in fluoride
incorporation into enamel mineral during porcine amylogenesis. J Dent Res. 1989;68(7):1162-

1168.

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.144


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications

[71]. Rolla G. On the role of calcium fluoride in the cariostatic mechanism of fluoride. Acta
Odontol Scand. 1988 ;46(6):341-345.
[72]. Liang ZS, Higuchi WI. Kinetics and mechanism of the reaction between hydroxyapatite
and fluoride in aqueous acidic media. J Phys Chem. 1973
+-02..0;77(13):1704-1710

[73]. Spinelli MA, Brudevold F, Moreno E. Mechanism of fluoride uptake by hydroxyapatite.
Arch Oral Biol. 1971;16(2):187-203
[74]. Rolla G. On the role of calcium fluoride in the cariostatic mechanism of fluoride. Acta
Odontol Scand. 1988;46(6):341-345
[75]. Goswami A, Purkait MK. Kinetic and equilibrium study for the fluoride adsorption

using pyrophyllite. Separation Science and Technology. 2011 ; 46: 1797- 1807.

[76]. Deng H, Yu X. Fluoride Sorption by Metal lon-Loaded Fibrous Protein. Ind. Eng. Chem.

Res. 2012; 51 (5): 24192427
[77]. Mourabet M, Boujaady HE, A. El Rhilassi AE, H. Ramdane H, M. Bennani-Ziatni MB,
Hamri RE, A. Taitai A. Defluoridation of water using Brushite: Equilibrium, kinetic and
thermodynamic studies. Desalination. 2011; 278(1-3): 1-9
[78]. LiY, Zhang P, Du Q, Peng X, Liu T, Wang Z, Xia Y, Zhang W, Wang K, Zhu H, Wu D.
Adsorption of fluoride from aqueous solution by graphene. Original. J Colloid Interf Sci, 2011;
363(1): 348-354

[79]. De Leeuw NH, Raboneab JAL. Molecular dynamics simulations of the interaction of

citric acid with the hydroxyapatite (0001) and (01170) surfaces in an aqueous environment.
CrystEngComm, 2007; ,9: 1178-1186
[80]. Karthikeyan G, Shunmuga Sundarraj A, Meenakshi S, Elango KP. Adsorption dynamics
and the effect of temperature of fluoride at alumina-solution interface. J Indian Chem Soc. 2004;
81(6): 461-466
[81]. Nelson KG, Higuchi WI. Mechanism of fluoride uptake by hydroxyapatite from acidic
fluoride solutions. I. Theoretical considerations. J Dent Res. 1970 ;49(6):Suppl:1541-1548.
[82] McKay G, Blair HS, Gardner R. Adsorption of dyes on chitin. I. Equilibrium studies.
Journal of Applied Polymer Science. 1982; 27(8): 3043-3057

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.145


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications

[83]. Urzua M1, Leiva A, Espinoza-Beltran FJ, Briones X, Saldias C, Pino M.  Spontaneous
adsorption of gold nanoparticles by polyelectrolyte thin films. J Nanosci Nanotechnol.
2012 ;12(11):8382-8390.

[84] Ohkura T, Ueda H, Nambu N, Nagai T, Relationship between competitive adsorption
by carbon black from aqueous solution and formation of molecular compounds in the solid phase
for aminopyrine and barbituric acid derivatives. Chem Pharm Bull. 1980; 28(2): 612-618

[85].  Plaut BS, Davies DJ, Meakin BJ, Richardson NE. The mechanism of interaction between
chlorhexidine digluconate and poly(2-hydroxyethyl methacrylate). J Pharm Pharmacol.
1981;33(2):82-88.

[86]. Plaut BS, Meakin BJ, Davies DJ. On the anomalous sorption behavior of chlorhexidine
with poly(2-hydroxyethyl methacrylate). J Pharm Pharmacol. 1980;32(8):525-532.

[87]. Birch BL, Inczedy J, Irving RJ, Redfern JP, Salmon JE. Thermodynamic studies of some
anion-exchange equilibria. Part 3.—Determination of standard enthalpy changes of uni-bivalent
exchange processes. Trans Faraday Soc. 1969; 65: 2886-2891

[88].  Plaut BS, Meakin BJ, Davies DJ. The influence of various counter ions on the interaction
of chlorhexidine with the hydrophilic contact lens polymer, poly(2-hydroxyethyl methacrylate).
J Pharm Pharmacol. 1980;32(7):453-9.

[89]. Ayoob S, Gupta AK. Fluoride in Drinking Water: A Review on the Status and Stress
Effects.

Critical Reviews in Environmental Science and Technology. 1969; 65: 433-487.

[90]. Harrison PTC. Fluoride in water: A UK Perspective. 2005; 126(11-12): 1448-1456
[91]. Chowdhury CR, Shahnawaz K, Kumari D, Chowdhury A, Bedi R, Lynch E, Harding S,
Grootveld M. Spatial distribution mapping of drinking water fluoride levels in Karnataka, India:
fluoride-related health effects. Perspect Public Health. 2016;136(6):353-360

[92]. Akhavan G, Dobaradaran S, Borazjani JM. Data on fluoride concentration level in
villages of Asara (Alborz, Iran) and daily fluoride intake based on drinking water consumption.
Data Brief. 2016;9:625-628.

[93]. Chowdhury CR, Shahnawaz K, Kumari D, Chowdhury A, Bedi R, Lynch E, Harding S,
Grootveld M. Drinking water quality and chronic kidney disease of unknown etiology (CKDu):
synergic effects of fluoride, cadmium and hardness of water. Environ Geochem Health.
2016;38(1):157-168

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.146


http://www.rjlbpcs.com/

Eiichi Akaho & Masaki Kambara RILBPCS 2017 www.rjlbpcs.comLife Science Informatics Publications
[94]. Pérez-Pérez N, Torres-Mendoza N, Borges-Yanez A, Irigoyen-Camacho ME. Dental

fluorosis: concentration of fluoride in drinking water and consumption of bottled beverages in
school children.J Clin Pediatr Dent. 2014;38(4):338-344.

[95]. .Wang B, Zheng B, Shaya C, Yua G, Liu Z. Relation between fluoride in drinking water
and dental health of residents in some large cities in China. Environ Internat. 2004; 30(8): 1067-

1073

© 2017 Life Science Informatics Publication All rights reserved

Peer review under responsibility of Life Science Informatics Publications
2017 March- April RILBPCS 2(6) Page No.147


http://www.rjlbpcs.com/

