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Abstract

Excess fluoride in water causes health hazards to the natural environment.

The removal of fluoride was attempted using natural materials such as red soil, charcoal, brick, fly-ash and serpentine.
Each material was set up in a column for a known volume and the defluoridation capacities of these materials were studied
with respect to time. According to the maximum defluoridation capacity these materials were added proportionately to
the vertical column. Ten mg+¢-'of fluoride was passed through the column and the variation of fluoride removal for a known
rate of flow was studied. Correlation analysis of defluoridation capacity with time was done and an attempt has been made
to classify them accordingly. The study reveals that red soil has good fluoride removal capacity followed by brick, fly-ash,

serpentine and charcoal.
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Introduction

Fluorine, a fairly common element of the earth’s crust, is present in
the form of fluorides in a number of minerals and in many rocks.
Excess fluoride in drinking-water causes harmful effects such as
dental fluorosis and skeletal fluorosis. The permissible limit of
fluoride level is generally 1 mg-¢"'. The high fluoride levels in
drinking-water and its impact on human health in many parts of India
have increased the importance of defluoridation studies. The fluo-
ride -bearing minerals or fluoride-rich minerals in the rocks and soils
are the cause of high fluoride content in the groundwater, which is
the main source of drinking-water in India. The present study aimed
to find a suitable low-cost environmentally friendly method for the
removal of fluoride in the groundwater that is used by common man.
Therefore, few natural materials such as red soil, untreated charcoal,
local powdered brick, fly-ash from Neyveli (thermal power plant)
and mineral serpentine were used. The ability of soil to absorb
fluorine from solution has been studied by earlier researchers
(Bower and Hatcher,1967; Fluker et al., 1982; Gupta et al.,1982).
The capacity of fluoride removal by the individual materials was
studied and accordingly two columns were set up and studied for
their defluoridation capacities. The results obtained may indicate
a possible solution for the removal of fluoride from a rural water
supply scheme.

Methodology

Fluoride removal was done by passing water through columns, as
carlier studies on stirring methods had confirmed that an increase in
stirring rate increases the fluoride removal for a given temperature
(Killader and Bhargava, 1993) .This study is an attempt to remove
fluoride by column methods using local materials. The removal rate
of fluoride was tested using 25 g of the material (red soil, charcoal,
brick powder, fly-ash and serpentine) collected in different flasks.
The fly-ash of Neyveli has oxides of Si, Al, Fe, Ti, Ca, MgSO, and
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alkalies along with mixed oxides (Srinivasamorthy, 1996). The red
soilused s ferruginous lateritic clay. The composition of the mineral
serpentine closely corresponds to Mg Si, O, (OH), All the mate-
rials used for defluoridation were not pretreated and the size
fractions taken were of 2.5¢ mesh fraction . The surface character of
the solid material is not considered here. The standard solution of
10 mg-¢' fluoride was prepared by using DDW (pH 7.2; HCO, 2.2
mg¢'; Cal.l mge¢'; SO, 0.46 mg¢"). The stopper was adjusted at
astandardrate of 1.5 m¢/min. The samples were collected atintervals
of0-15,15-30,30-60,60-90 and 90-120 min. The collected solution
was analysed for fluoride using an Orion fluoride ion electrode and
TISAB III. According to fluoride removal capacity, two columns
were set up in proportion with the adsorption capacity of these five
materials and the eluent was collected at a rate of 1.5 m¢min
(discussed later with figures). The removal rate of the collected
solution and their fluoride content was determined (Table 1). The
flow rate was found to be satisfactory during preliminary trials.
Larger flow rates gave high fluoride in the effluent water. Fluctuation
in the flow rate was within £20%. Hence the 1.5 m¢/min flow rate
was maintained for this study. The validity of maintaining this flow
rate needs further investigation.

TABLE1
Fluoride removed in time intravels

Time |Red soil | Charcoal [Fly-ash| Brick | Serpentine

15 0.64 9.05 3.4 4.7 3.7

30 0.09 9.05 3.7 4 4.1

60 0.06 9.1 4.7 3.7 4.6

90 0.035 9.05 6 4 4.8

120 0.029 9 7.1 3.9 5.8
Results

Every solid material is a potential adsorbent. It is also reasonable to
utilise the naturally occurring fluoride-seeking minerals since the
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mineral can provide anumber of fluoride-seeking
cations such as Ca(Il), Mg(II), Al(I), etc. Besides
these cations, exchangeable anions suchas OH-are
present in many minerals and the proxy of F- for
OH- would serve as one of the principal contrib-
uting factors for defluoridation due to the similar
charge and size of these two anions. Therefore,
such natural materials were used to remove the
excess fluoride concentration in the natural
freshwaters and were found to be effective.

Untreated charcoal (Fig. 1) seems to have no
effect on the concentrations of fluoride with time
and itadsorbs 0.5 mg-¢! of fluoride. The brick and
fly-ash show typically a sudden removal of fluo-
ride from 10 mg-¢' to 5 mg-¢'. 50% reduction of
concentration takes place within 30 min. Red soil
adsorbs 9 mg-¢! of fluoride immediately after 15
min. After 30 min the fluoride decreases from 1.0
to 0.1 mg-¢! and keeps on reducing with time up
t0 0.02 mg-¢' in 90 to 120 min. In serpentine the
fluoride removal is maximalin O to 15 min, i.e. 3.7
mg-¢'; later the defluoridation capacity increases
to 5.8 mg-¢! at 90 to 120 min gradually. But the
defluoridation capacity is less when compared to
red soil.

A functional relationship

—B— Red soil
—t— Charcoal
—o— Flyash
—>— Brick

—&— Serpentine

common to most treatment of
inter-particle diffusion is that
uptake varies almost proportion-
ately with halfthe power of time

't (min), rather than t. Figure 2
shows the amount of fluoride (in
moles) removed per gram of the material. It clearly
shows thatin the case of fly-ash and serpentine the
amountremoved per gram progressively decreases
with halfthe power of time. The removal capacity
of charcoal remains almost constant. But in the
case of red soil and brick the initial time fraction
shows a progressive increase of the fluoride re-
moved per gram but later it remains constant. The
maximum removal per gram is therefore at the
beginning and later there is a gradual movement
towards equilibrium. Many linear variations of
amounts absorbed with Vt are predicted for large
initial fractions of reaction, which might be con-
trolled by rates of inter-particulate diffusion.
Specific reaction rate K/h was calculated and
therate constant was plotted against

—8—red soil
—+—charcoal
—>—Flyash
—o— Brick

fraction of time measured (h)
(Fig. 3), from the beginning of the
experiment for a constant pH and
$=0.4x10?mg/mg (ratio of fluoride

—A— Serpentine

ion concentration initially present

to the amount of material used).

The value of reaction time increased
beyond 0.5 hand K decreased progressively fora
given condition. This ismore significantin the case
ofred soil and for the other materials the variation
is gradual.

The plot against ratio Ct/Co and reaction time
in minutes (Fig. 4), shows that the raw charcoal
shows weak fluoride removal capacity and it is
almost constant over time. In the case of fly-ash
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and serpentine the removal is initially !
strong and at the later stages fluoride 09 =— =
removal progressively decreases. This
is evident from the increase of the C l/C0 0.8 1
ratio towards the maximum time frac-
tions. Brick and red soil show similar 0.7 1
trends exhibitinga maximumremoval of
up to 30 min whereafter the ratio tends 061
tomove gradually towards equilibrium. é 05
o
Discussion 041
The observations reveal that after a 0.3 1
period of 30 min removal of fluoride is
reduced, perhaps due to saturation of 021
the anion-exchange sites and hence the o1 1
concentration of fluoride shoots up. \
Thisisalso evidentin the increase of the 0 ‘
HCO, contentin water, whichincreases 10 30

along with pH (Kulkarni et al., 1974).

The removal of fluoride ion with pH variation was found to be very
effective by various workers (Bulusu and Nawlakhe ,1998) at lower
ranges. As the decrease of pH probably results in the reduction of
negative charges which are more at the surface of the material,
adsorption is enhanced. It is interesting to note that red soil has the
highest capacity to remove fluoride. The main factors here are the
dominance of very fine clays, organic matter and rich in iron
aluminum oxide in composition and has good anion exchange
capacity. In general aluminium compounds are found to be good
fluoride removers because of the reaction between Al and F mol-
ecules. Several fluoride removal methods were carried out using the
aluminium-based compounds (Bulusu and Nawlakhe, 1998) natrolite,
stilbite, aphophyllite (Maruthamuthu and Sivasamy, 1994) and
aluminophosphate (Zhang Qianile, 1992). Adsorption studies car-
ried out by Bower and Hatcher (1967) and Romo (1954) attributed
the release of OH- (ionic radii of 1.40°A), release to the exchange of
clay mineral lattice by F (ionic radii 1.36°A). The exchange of F for
OH-ions hasbeen studied in detail by Romo and Roy, 1957; Gillberg,
1964; Stormer and Carmichael, 1974; Munoz and Ludington, 1974.
Samson (1952) hasreported fluoride removal, when the F ion attacks
the lattice Al of clay minerals causing mineral decomposition,
formation of complex solid F phases and release of (OH") into the
solution. Since the soil is lateritic, fluoride brings Aland Fe ions into
solution with the stoichiometric release of OH". But the replacement
of OH- by F is of minor significance (Huang and Jackson, 1996). pH
shoots up to 8.5 with the HCO, concentration going to 300 mg/e.
The surfacesites in the Fe-rich materials can enter into complexation
reactions (Jinadasa et al., 1993) with ion in solution:

Fe(OH),tM"/A™  +mH,0
= FeO-M(OH), ™) +(m+DH"

M and A represent cationic and anionic adsorbates, respectively.
M(OH)_®™refers to the hydrolytic species of the metal. In general
the positively charged sites and negatively charged F ion can form
surface complexes and the exchange with similar size ions is also
possible. Red soil has good removal capacity because it contains
both the oxides of iron and aluminium which are good fluoride
removers. Brick hasamoderate-to-good fluoride -removal capacity,
since the brick used was also manufactured from the locally available
lateritic soil. The red soil is very easily available and is also cheap.

Itis evident from Fig. 4 that the rapid rate of removal of fluoride
decreases markedly within 30 min or so to gradually approach
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Thickness of layers in different columns

equilibrium which is attained almost completely after 90 min of
contact between the solution and the material. The rate of adsorp-
tion/absorption orion exchange is controlled by the rate of diffusion
of fluoride in the inter-capillary pores of the particles. The math-
ematical treatment of inter-particulate diffusion does not lead to a
simple algebraic relationship between the external solute concentra-
tion and time of the reaction event when a constant saturated external
layer is maintained.

The correlation coefficient (Table 2) between the materials and
time indicates a good positive correlation between fly-ash, serpen-
tine and time which indicates that with the increase of time, the
amount of F in the treated waters increases. Good negative corre-
lation exists between red soil and brick, indicating that the amount
of fluorine in treated waters decreases with an increase in time. But
the variation of charcoal with time is less significant as it remains
almost constant throughout the process with some amount of
defluoridation during the initial time. Hence the materials used in this
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first column is 1.0858775. The ratio of the
TABLE2 second column is greater than the first. The
Correlation matrix of the materials used with time F removal rate (Fig. 6 ) is greater in Column
II. It is differentiated from the 1% column by
Brick | Charcoal | Fly-ash | Red soil |Serpentine| Time the excess amount of brick and serpentine.
In the second column the amount of fly-
Brick 1 ash and red soil was reduced, in order to
Charcoal -0.187 1 increase the amount of good F removers in
Fly-ash -0.5226 | -0.5435 1 the 2"and 3" place in chosen columns. Since
Red soil 0.9434 0.0416 -0.636 1 the raw charcoal had a meager effect on
Serpentine | -0.6222 -0.5324 0.9667 -0.6899 defluoridation, only a small amount of it was
Time -0.591 -0.4939 0.9966 -0.691 0.9751 1 used inboth the columns withoutany change.
The untreated freshwater of 10 mg-¢-!
was passed through both the columns at the
0.11 same time and the collected effluent was
o coumm tested for fluoride ions. Column II was
01 —o— Columndi found to be more effective than Column 1.
Equilibrium was attained in Column Il earlier
£ 009 ] than in Column I. When the amount of
g material used varies, the capacity of fluoride
£ removal also varies along with the equilib-
5 0.08 1 rium time. The quantity of the materials was
§ used inthe order of removal capacities to get
g 0.07 good results.
o
§ 0.06 Conclusion
o
£ 0.05 1 The study reveals that of the five materials
used for defluoridation red soil has a good
0.04 - defluoridation capacity followed by brick,
serpentine, fly-ash and charcoal. Near equi-
0.03 ‘ ‘ ‘ ‘ ‘ ‘ librium is attained after about 30 min of the
0 20 40 60 80 100 120 140 experiment. Maximum defluoridation oc-

Time in min ----- >

Figure 6
Fluoride removal capacities of columns

experiment can be classified into three groups:

* Materials having a negative correlation with time (red soil and
brick) - GOOD

*  Materials having a positive correlation with time (fly-ash and
serpentine) - MODERATE

*  Materials with less significant correlation with time (charcoal)
- POOR

The dilution methods can be adopted to reduce the F concentration
in groundwater but lack of water resources is the main constraint.
Our preliminary experiments indicate thatalmostall of the naturally
occurring materials used here to remove excess fluoride in water are
suitable. Some have the ability toremove F over short periods of time
andneed regeneration immediately after 15 min. So, approximately
25 m¢ can be treated within 30 min using 25 g volume of material.
After this, new material has to be added again. Based on the above
observations, two cylindrical columns each 25 cm in height were set
up containing a combination of different materials in order to
determine the efficiency of F removal by these materials. Two
columns were setup to determine the fluoride removal capacities for
different anisotropic ratios (Leonard, 1962) for a layered sequence
of'same materials of different thickness. The thickness of the layers
in the different columns is displayed in Fig 5. Of the two columns
prepared, the second column has a higher F removal rate than the
other. It has a Kx/Kz ratio of 1.2844771. The Kx/Kz ratio for the
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curs immediately after the experiment has

started. The molarity of fluoride removed

per gram is more in red soil when compared

to the other materials. Red lateritic soil has

the highest fluoride removal capacity be-
cause it has oxide of aluminum and iron as its major components.
Bothare good removers of fluoride but the red soil is found to be very
effective. The column study reveals that use of the amount of
materials according to fluoride removal capacity seems to be very
effective. This study lacked detailed monitoring of data over a
periodic time interval of 1 min, where sequential changes can occur
rapidly; further, the soils are not studied in detail for textural
character and are not pretreated. Nevertheless, our study gives hope
for using low-cost locally available natural material for removing
excess fluoride from drinking and domestic water especially for the
rural population in Asian and other developing countries. In order
to improve on these techniques, further detailed investigations are
needed and are being undertaken. In spite of certain technical
drawbacks application of the column technique is going to be very
significant since most of the rural populations live below the
poverty line and cannot afford treated or bottled water for daily
consumption. In this respect our study will be of great reliefto those
drinking-water supply systems where F is reported to be very high.
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