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bstract

Investigations were carried out on the defluoridation of fluoride-spiked ground water in domestic defluoridation units (DDU) with activated
lumina (AA). Specific safe water yield (SSY) was determined as a function of AA amount and adsorbent depth. Reuse potential of exhausted AA
as assessed by regenerating and reusing AA in multiple defluoridation cycles. High fluoride uptake capacity (FUC) from ground water matrix
s well as retaining ≈95% FUC up to five cycles showed the suitability of AA for defluoridation in DDU. SSY, liters of safe water/kg AA, was
ependent on the AA amount and its depth. There was a significant decrease in SSY with the decrease in AA depth in different DDUs, even though
he amount was maintained constant. The derived data from four DDUs, with 3–5 kg AA and depth ranging from 5 to 13 cm, showed that DDU
esign is one of the most important parameter to be considered for optimizing SSY.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fluorosis is a chronic disease resulting from the consump-
ion of excess fluoride, mainly through drinking water. India is
mong 23 nations in the world, where fluorosis is prevalent. It is
stimated that around 62 million people in 19 states of India are
ffected with various forms of fluorosis, which include dental,
keletal and non-skeletal manifestations [1]. Excess fluoride is
enerally encountered in ground water and more than 80% of
ural population in India depends on ground water as their drink-
ng water source. Taking health effects into consideration, the

orld Health Organization has set a guideline value of 1.5 mg/L
s the maximum permissible level of fluoride for drinking water
2]. BIS standards, for fluoride in drinking water, are 1.0 mg/L as
ermissible and 1.5 mg/L as maximum permissible level, respec-
ively [3].

Remedial measures have to be considered for the prevention
f fluorosis, if fluoride concentration in a water source exceeds
he permissible level. A wide range of treatment procedures has

een reported for the removal of excess fluoride from water.
hese can be broadly divided into three categories: precipitation,
dsorption and membrane based. Precipitation methods involve

∗ Corresponding author.
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he addition of soluble chemicals to water. Fluoride is removed
ither by precipitation, co-precipitation or adsorption onto the
ormed precipitate [4–6]. Adsorption processes involve the pas-
age of raw water through an adsorbent bed, where fluoride is
emoved by physical, ion exchange or surface chemical reac-
ions with the solid matrix. A wide range of adsorbents, such as
ctivated alumina, bone char, clay, zeolites, flyash, brick and spe-
ific ion exchange resins, have been reported for fluoride removal
7–14]. Other defluoridation methods include membrane based
everse osmosis and nanofiltration as well as electrodialysis and
lectrocoagulation [15–19].

Among these methods, activated alumina (AA) seems to be
etter suited for large-scale defluoridation due to its specificity
nd affinity towards fluoride, chemical/physical properties and
ulk availability. There have been many reports on the use of
A for fluoride removal [20–26]. Among different modes of

pplication of AA technology in the field, “point of use” domes-
ic defluoridation units (DDU) may be more appropriate in the
ural areas of developing countries, where the settlements are
cattered.

The objective of the present study was to investigate the
erformance of domestic defluoridation units, with varying

mounts of adsorbent and the bed depth, with an aim to arrive
t design specifications. Reuse potential of AA was assessed by
egenerating exhausted AA and reusing in subsequent defluori-
ation cycles.

mailto:leela@iitk.ac.in
dx.doi.org/10.1016/j.jhazmat.2006.06.014
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Table 1
Properties of activated alumina

Serial no. Characteristics Value

1 Particle form Spheres
2 Particle size (mm) 0.4–1.2
3 Surface area (minimum) (m2/g) 310
4 Pore volume (cm3/g) 0.41
5 Bulk density (g/cm3) 0.86
6 Loss on attrition (maximum) (wt.%) 0.1
7
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. Materials and methods

.1. Sorbent

An indigenous manufactured AA grade was used in this study.
t was supplied in the particle size range of 0.4–1.2 mm. Prop-
rties of AA as provided by the manufacturers, are given in
able 1.

.2. Test water

Test water for this study was prepared by spiking sodium
uoride to IIT tap water (borewell water) so as to maintain fluo-
ide concentration of 10.5 ± 0.5 mg/L. Characteristics of IIT tap
ater, used for preparing test water, was periodically monitored

nd average values are presented as follows: pH 7.9–8.0; alkalin-
ty, hardness, fluoride and sulphate of raw water were 325 mg/L
s CaCO3, 360 mg/L as CaCO3, 0.8 and 55 mg/L, respectively.

.3. Domestic defluoridation units (DDU)

Four domestic defluoridation units were used in this study.
mount of AA was varied from 3 to 5 kg and AA depth ranged

rom 5.0 to 13.0 cm (Table 2). Plastic microfilter assembly (slot
pening <0.2 mm), with a 1.5 mm diameter hole in the threaded
lug, was used to control raw water flow rate. With this device,
round 9–10 L water could flow through the AA bed in an hour.
hese units were operated intermittently (so as to simulate field

onditions) and around 40 L of raw water was passed through the
nits per day. Treated water samples were periodically collected
or fluoride analysis.

p
a
w

able 2
pecifications of domestic defluoridation units

ilters S1 S2

iameter (cm) (top/bottom) 22/22 24/2
eight (cm) 23 26

A bed depth
3 kg 9.0 cm (0.023) 6.5
4 kg 11.5 cm (0.030) 9.0
5 kg 13.0 cm (0.034) 11.0

alues in the bracket represent AA depth/DDU cross-sectional area.
a Bucket type unit.
s Materials B139 (2007) 103–107

.4. Regeneration of exhausted AA

Exhausted AA was transferred from DDU to a fine mesh
ylon bag. The bag was placed in a plastic bucket with flow
ontrol device (4 mm aperture). Ten liters of 1% NaOH was
assed through AA bed. After washing once with raw water
o remove excess alkali, 1% H2SO4 was passed through the
lkali treated AA. After washing with water, AA was dried in
he oven at 120 ◦C overnight and was reused for subsequent
efluoridation cycle.

.5. Fluoride analysis

Fluoride was analysed using combination fluoride electrode
Orion 96-09), which was connected to Orion meter (290A).
he meter was calibrated with multiple standards in the range of
.5–10 mg/L. Two milliliters TISAB III (Orion cat. no. 940911),
ecommended for samples having aluminium, was added to
0 mL sample. Concentration of fluoride was measured after
0 min.

. Results and discussion

.1. Performance of DDU

DDU S1, with 3 kg AA, was used for this study. Fluoride con-
entration was determined in treated water periodically. Fig. 1
resents the plot of treated water volume versus F− concentra-
ion. Fluoride level in treated water was more or less constant
t around 0.4 mg/L up to 350 L. This was equivalent to ≈96.2%
uoride removal. Thereafter, fluoride concentration increased
apidly and around 550 L of test water (F−, ≤1.5 mg/L) could
e treated with 3 kg AA. This was equivalent to around 167
ed volumes and fluoride uptake capacity (FUC) of 1788 mg
− removed/kg AA. AA surface is amphoteric in nature and
an exist as AlOH+, AlOH, and AlO−. Fluoride binding to AA
s proposed to be due to exchange of surface hydroxyl groups,
hich can be represented by the following reactions.

IOH+
2 + F− = AIF + H2O, AIOH + F− = AIF + OH−
erature and pH effects on zeta potential and fluoride adsorption
t the �-Al2O3/aqueous solution interface, are also in agreement
ith the above proposed mechanism. Further it was shown that

S3 S4
a

4 25.5/25.5 36/30
24 36

cm (0.014) 6.0 cm (0.011) 5.0 cm (0.005)
cm (0.019) 7.5 cm (0.014) 6.5 cm (0.007)

cm (0.024) 9.5 cm (0.018) 8.5 cm (0.009)



V.S. Chauhan et al. / Journal of Hazardou

F
c
c

a
a
n
c

A
a
w
b
c
a

a
u
o
r
d
i
u
fl
i
d
n

o
o
(
a
o
t

3

c
p
i

o
w
fl
w
p

i
d
u
w
t
3
c
p
A

i
p
a
i
b

3

a
f
i
v
F
f
b
p
t
I
u
o
fl
G
o
i
t

3.4. Effect of bed depth on safe water yield

Bed depth for the same amount of AA can be varied by chang-
ing DDU specifications. In the present study, bed depth for 3 kg

Table 3
Value of safe water (F− ≤ 1.5 mg/L) in domestic defluoridation units

S1 (L) S2 (L) S3 (L) S4 (L)

3 kg 550 450 400 282
ig. 1. Fluoride concentration in treated water during a typical defluoridation
ycle in DDU S1 having AA: 3 kg; raw water pH: 7.9–8.0; initial fluoride con-
entration: 10.5 ± 0.5 mg/L; flow rate: ≈9.5 L/h.

t a concentration of 10 mg F−/L, F− chemisorbs onto �-Al2O3
s adsorption takes place even though the surface is electrically
egative [27]. This indicates some amount of fluoride uptake
an take place even when the surface is in the form of AlO−.

Reported FUC of AA has ranged from 1000 to 9000 mg/kg
A depending on adsorption conditions [20,25]. Higher FUC

re generally reported either from distilled water or when raw
ater pH is 5–6. Under these conditions, aluminium surface will
e in the form, which is conducive for fluoride exchange. Further
ompetitive ions such as HCO3

−, which can bind to AA surface,
re either absent or their effects are minimized [20,28].

Observed FUC in the present study, even at pH 7.8–8.0 and
lkalinity of 325 mg/L, is higher than previously reported values
nder such conditions [20]. This could be due to high influent flu-
ride concentration or intermittent mode of operation. Fluoride
emoval by AA has been shown to be highly concentration-
ependent and uptake capacity increased with the increase in
nitial fluoride concentration [20,23]. However, percent removal
nder batch conditions decreased with the increase in initial
uoride concentration [24]. Our observations are also similar

n DDU with respect to FUC. Safe water volume, however,
ecreased with the increase in initial fluoride concentration (data
ot shown).

Higher FUC can also be due to the intermittent mode of
peration of DDU. Under these conditions, the solid-phase flu-
ride concentration gradient has a chance to relax completely
approaching equilibrium) during the off periods. This leads to
high concentration gradient between the liquid and the surface
f the solid, thus resulting in improved fluoride removal when
he unit is used again [23].

.2. Reuse potential of AA for multiple defluoridation cycles
Defluoridation of drinking water with AA in developing
ountries can only be cost effective when AA is reused for multi-
le cycles. The objective of regeneration is to remove all fluoride
ons from AA surface, so that it can be effectively reused. Flu-

4
5

S
g

s Materials B139 (2007) 103–107 105

ride ions lose their attraction and become repelled by alumina,
hen the pH is >10.5. Alkali treatment results in stripping the
uoride from AA surface. pH of the media after this treatment
ill be around 12. Acid treatment restores the fluoride binding
otential of AA.

Regeneration procedure should be simple so that it can be eas-
ly performed in rural environment. With this in view, procedure
escribed in 2.4 was developed. Exhausted AA was regenerated
sing 1% NaOH followed by acid treatment. Regenerated AA
as reused in subsequent defluoridation cycles. Results showed

hat the volume of the safe water per cycle in DDU S1 (with
kg AA) was 550 L in the first cycle and remained more or less
onstant up to five cycles. This showed that the regeneration
rocedure used is very effective in stripping fluoride ions from
A surface.
Earlier reports with Alcoa F-1, an extensively used AA grade

n many laboratory studies as well as in full-scale defluoridation
lants, have shown that regeneration is essentially complete by
lkali and acid treatment [23,27]. Present study has shown that
ndigenously manufactured AA grade used in this study can also
e effectively regenerated using a simple procedure.

.3. AA amount in DDU and safe water yield

Four DDUs, S1 to S4 (Table 2), were evaluated with 3, 4,
nd 5 kg AA in the units. This resulted in AA depth increase
rom 9.0 to 13 cm for 3 and 5 kg AA in S1 (Table 1). Similar
ncrease was also observed in S2 to S4. As expected, treated water
olume (<1.5 mg/L) increased with the AA amount in the unit.
or example, volume of safe water increased from 550 to 1050 L
or 3–5 kg AA in S1 (Table 3). Flow rate was mainly controlled
y the orifice of flow control device, 9–10 L raw water could be
assed through these units. Thus, calculated empty bed contact
ime (EBCT) with AA varied from 20 to 33 min for 3–5 kg AA.
t has been reported that 5 min EBCT is sufficient for fluoride
ptake if pH of raw water is around 6 [23]. At this pH, effect
f bicarbonate, which is one of the major competing anion for
uoride binding to AA surface, is eliminated due to protonation.
round water pH is generally in the range of 7.5–8.5. In a “point
f use” unit such as DDU, pH decrease prior to defluoridation
s not possible. Thus a longer EBCT may be beneficial under
hese conditions.
kg 825 600 500 376
kg 1050 875 700 665

pecifications of domestic defluoridation units and raw water characteristics are
iven in Table 2 and Section 2.2, respectively.
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type. Adsorbent depths in these units are determined by their
dimensions, which in turn determine SSY. It has been generally
observed that AA amount is increased in DDU with an aim to
lengthen the defluoridation cycle, without giving due consider-
ig. 2. Specific safe water yield with varying amount of AA in different DDUs
aving amount of activated alumina was varied from 3 to 5 kg; raw water pH:
.9–8.0; initial fluoride concentration: 10.5 ± 0.5 mg/L; flow rate: ≈9.5 L/h.

A was in the range of 5–9 cm in different DDU (S1 to S4).
hen AA amount was increased to 4 kg, depth ranged from 6.5

o 11.5 cm (Table 2). Performance of these units would reflect
he specific effect of AA depth on safe water yield, as all other
onditions are constant.

Specific safe water yield (SSY), expressed as litres of treated
ater with F− concentration ≤1.5 mg/L per kg AA, ranged from
17 to 183 L in different DDUs with 3 kg AA (Fig. 2). Observed
SY, with 4 kg AA, increased from 94 to 206 L (Fig. 2) as the AA
epth was increased from 6.5 cm (DDU S4) to 11.5 cm (DDU
1). Similar enhancement in SSY with depth was observed with
kg AA.

Adsorption of fluoride onto AA depends on various factors
uch as raw water characteristics as well as AA grade, particle
ize, flow rate and adsorbent depth. If the bed depth is decreased,
ven though the other conditions are maintained constant, con-
entration of the solute in treated water will rise sharply from
he time the effluent is first discharged from the adsorber [29].
hus there exists a critical minimum depth, which is to be main-

ained. Cylindrical column unit is considered as the best shape
or adsorption. Hence a column unit (diameter 6.5 cm) was oper-
ted with 1 kg AA (depth 36 cm). Observed SSY 240 L was
onsidered as the maximum possible for the raw water used in
he present study. Efficiencies of domestic defluoridation units
ere calculated as the percent of that observed in the column
nit.

Results showed that efficiency decreased as AA depth
ecreased. Seventy six percent efficiency could be achieved in
DU S1 (Table 2; 3 kg AA), where AA depth was 9 cm and

t was reduced to 49% in DDU S4 (Table 2; 3 kg AA), where
A depth was only 5 cm. Maximum efficiency of 87.5% was
bserved with 5 kg AA in DDU S1 with a depth of 13 cm.

Variation in SSY with 3–5 kg AA, where average depth was

.0 cm, is shown in Fig. 3. Total volume of safe water increased
ith the increase in AA amount. However, SSY (L/kg AA)
ecreased even though the depth was same. This could be due
o following reasons: (a) 9 cm is still not the minimum depth

F
v
1

ig. 3. Specific safe water yield with varying amounts of AA at adsorbent depth
f 9.0 cm having AA: 3–5 kg; raw water pH: 7.9–8.0; initial fluoride concentra-
ion: 10.5 ± 0.5 mg/L; flow rate: ≈9.5 L/h.

equired; (b) depth is not the only factor, which determines the
reakthrough when the efficiency of two different units having
ifferent diameters is compared. As can be seen from Fig. 2,
hen AA depth was in the range of 11.5–13 cm in S1 (Table 2)
SY was more or less similar. However, SSY in DDU S2 with

arger cross-sectional area was lower even though AA depth was
1.0 cm. These observations indicate that SSY may depend on
epth as well as DDU cross-sectional area.

.5. A simple model for prediction of SSY

FUC of AA depends on the raw water characteristics as
ell as AA grade, its particle size, depth and EBCT. There

re many reports on the effect of these parameters in batch or
xed bed adsorption system in continuously fed column units
21,23,26].

Models have been proposed for fluoride uptake and for the
rediction of length of the adsorption cycle. Such studies with
DU are scarce. Although it is known that cylindrical column
nits are the most suitable for adsorption system, preferred
esign for DDU is either bucket or conventional water filter
ig. 4. Relationship between depth/surface area vs. specific safe water yield with
arying amount of AA; raw water pH: 7.9–8.0; initial fluoride concentration:
0.5 ± 0.5 mg/L; flow rate: ≈9.5 L/h.
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tion to its specifications. Hence there is a need for an empirical
elationship between SSY and DDU dimensions.

The data derived in this study was fitted to the following
elationship.

= mX + C

here Y is SSY and X is (depth/DDU cross-sectional area).
Fig. 4 shows that the experimentally observed SSY can be

ell represented by the above relationship. Performance of two
rototype DDUs distributed by NGO’s, in rural areas, were eval-
ated in the laboratory with the same raw water used in this
tudy. These units had 5 kg AA and AA depth/cross-sectional
rea was 0.013 and 0.019. Observed SSY were 110 and 145 L,
espectively, as against the predicted values of 130 and 155 L.
A grades in these units were different from that used in our lab-
ratory studies. Although SSY depends on various parameters,
hese results have shown that adsorbent depth/cross-sectional
rea of DDU is one of the critical factors to be considered in its
esign.

. Conclusions

Activated alumina exhibited a maximum fluoride uptake
apacity of 2045 mg/L from ground water matrix under the
xperimental conditions used in this study. Exhausted AA could
e regenerated and reused for five defluoridation cycles with-
ut much loss in efficiency. Safe water yield in DDU increased
ith the amount of AA. However, significant decrease in spe-

ific safe water yield was observed, when the adsorbent depth
as decreased, for the same amount of AA, by changing the
iameter of DDU. The variation of SSY with AA depth/DDU
ross-sectional area was well represented by a linear relation-
hip.

cknowledgement

Authors gratefully acknowledge the financial assistance from
NICEF, New Delhi, India, for conducting these studies.

eferences

[1] A.K. Susheela, Fluorosis management programme in India, Curr. Sci. 77
(1999) 1250–1256.

[2] W.H.O. Fluoride, Guidelines for Drinking Water Quality, vol. II, 2nd ed.,
World Health Organization, Geneva, 1996, pp. 231–237.

[3] Bureau of Indian Standards, IS 10500.1991.
[4] R.L. Culp, H.A. Stotlenberg, Fluoride reduction at La cross, Kansas, J. Am.
Water Works Assoc. 50 (1958) 423–443.
[5] W.G. Nawlakhe, D.N. Kulkarni, B.N. Pathak, K.R. Bulusu, Defluoridation

of water by Nalgonda technique, Ind. J. Environ. Health 17 (1975) 26–65.
[6] S. Saha, Treatment of aqueous effluent for fluoride removal, Water Res. 27

(1993) 1347–1350.

[

[

s Materials B139 (2007) 103–107 107

[7] F.J. Maier, Defluoridation of municipal water supplies, J. Am. Water Works
Assoc. 45 (1953) 879–888.

[8] D.S. Bhargava, D.J. Killedar, Fluoride adsorption on fishbone char-
coal through a moving media adsorber, Water Res. 26 (1992) 188–
781.

[9] A.K. Chaturvedi, K.C. Pathak, V.N. Singh, Fluoride removal from water
by adsorption on China clay, Appl. Clay Sci. 3 (1988) 337–346.

10] A.K. Chaturvedi, K.C. Yadav, K.C. Pathak, V.N. Singh, Defluoridation of
water by adsorption on fly ash, water, air, soil, Pollution 49 (1990) 51–
56.

11] J.P. Padmasiri, C.B. Dissanayaki, A simple defluoridation for removing
excess fluorides from fluoride-rich drinking water, Int. J. Environ. Health
Res. 5 (1995) 153–160.

12] G. Kartikeyan, S. Meenakshi, B.V. Apparao, Defluoridation technology
based on activated alumina, in: Proceedings of the 20th WEDC Conference,
1994, pp. 278–280.

13] X. Fan, D.J. Parker, M.D. Smith, Adsorption kinetics of fluoride on low
cost materials, Water Res. 37 (2003) 4929–4937.

14] K.R. Fox, T.J. Sorg, Controlling arsenic, fluoride and uranium by point-of-
use treatment, J. Am. Water Works Assoc. (1987) 81–84.

15] R. Simons, trace element removal from ash dam waters by nanofiltration
and diffusion dialysis, Desalination 89 (1993) 325–341.

16] T. Ruiz, M. Persin, M. Hichour, J. Sandeaux, Modilization of fluoride
removal in donnan dialysis, J. Membr. Sci. 212 (1989) 113–121.

17] S.K. Adhikary, U.K. Tipnis, W.P. Harkare, K.P. Govindan, Defluorida-
tion during desalination of brackish water by electrolysis, Desalination
71 (1989) 301–312.

18] N. Mameri, A.R. Yeddou, H. Lounici, D. Belhocine, H. Grib, B. Bariou,
Defluoridation of serpentrional Sahara water of North Africa by electro-
coagulation process using bipolar aluminium electrodes, Water Res. 32
(1998).

19] F. Rubel, R.D. Woosley, The removal of excess fluoride from drinking water
by activated alumina, J. Am. Water Works Assoc. 71 (1979) 45–49.

20] Y.C. Wu, A. Nitya, Water defluoridation by activated alumina, J. Environ.
Eng. (ASCE) 105 (1979) 357–367.

21] F. Rubel Jr., Design manual. Removal of fluoride from drinking water sup-
plies by activated alumina, USEPA, EPA-600/2-84-134 (1984).

22] O.J. Hao, C.P. Huang, Adsorption characteristics of fluoride onto
hydrous alumina, J. Environ. Eng. (ASCE) 112 (1986) 1054–
1068.

23] D.A. Clifford, F.W. Pontius, Ion exchange and inorganic adsorption, water
quality and treatment, in: A Handbook of Community Water Supplies
AWWA, 4th ed., McGraw-Hill Inc., New York, USA, 1990, pp. 561–
639.

24] S. Ghorai, K.K. Pant, Investigations on the column performance of fluoride
adsorption by activated alumina in a fixed-bed, Chem. Eng. J. 98 (2004)
165–173.

25] S. Ghorai, K.K. Pant, Equilibrium kinetics and breakthrough studies for
adsorption of fluoride on activated alumina, Sep. Purif. Technol. 42 (2005)
265–271.

26] E.A. Savinelli, A.P. Black, Defluoridation of water with activated alumina,
J. Am. Water Works Assoc. 50 (1958) 34–44.

27] A.L. Valdivieso, J.L.R. Bahena, S. Song, R.H. Urbina, Temperature effect
on the zeta potential and fluoride adsorption at the �-Al2O3/aqueous solu-
tion interface, J. Colloid. Interf. Sci. 298 (2006) 1–5.
28] P.L. Bishop, G. Sansoucy, Fluoride removal from drinking water by flu-
idized activated alumina, J. Am. Water Works Assoc. 70 (1978) 554–
559.

29] W.J. Weber, Adsorption, Physicochemical Process For Water Quality Con-
trol, Wiley–Interscience, 1972, pp. 199–259.


	Investigations on activated alumina based domestic defluoridation units
	Introduction
	Materials and methods
	Sorbent
	Test water
	Domestic defluoridation units (DDU)
	Regeneration of exhausted AA
	Fluoride analysis

	Results and discussion
	Performance of DDU
	Reuse potential of AA for multiple defluoridation cycles
	AA amount in DDU and safe water yield
	Effect of bed depth on safe water yield
	A simple model for prediction of SSY

	Conclusions
	Acknowledgement
	References


