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Summary: One of the biggest challenges of 21 century is to ensure safe drinking water-supplies
and environmental sanitation which are vital for protecting the environment, improving health and
alleviating poverty. Natural contamination of groundwater sources by fluoride, arsenic and dissolved
salts is the main health menace at present in many parts of Pakistan and other countries. Most of the
fluoride in drinking water, either occurring naturally or added will be in the form of the free fluoride
ion. Tt is a big challenge to investigate appropriate, low cost methods and technologies to be applied
in developing countries to make fluoride contaminated water drinkable. In this paper low cost
fluoride removal methods have been discussed and compared for application in developing countries.

Introduction

The consequences of previous exponential
human pepulation growth and industrialization will
have to be faced by present generations. One of the
biggest challenges of 21¥ century is to ensure safer
drinking water-supplies and environmental sanitation
which are vital for protecting the environment,
improving health and alleviating poverty. The
widespread drinking water shortage, gradual
deterioration and aggravated pollution of freshwater
resources in many regions of the World, along with
the progressive encroachment of incompatible
activities demand integrated water resources planning
and management [1-2].

According to the World Water Assessment
Programme issued by United Nations, the average
water availability per person is expected to drop by
one-third over next 20 years [3], so one-third of
humanity (about 2.7 billion) will be under the shadow
of acute water shortage by the year 2025 [4]. The
situation will be too acute in the years to come, as the
world population is expected to increase by 74.8
million every year [5]. The access to “closer and
cleaner drinking water” is still a distant dream for
about one-sixth of humanity on this planet [6]. It is
predicted that this increasing shortage, and
competition over water resources in the first quarter
of the 21* century, will dramatically change the way

we value and use water. The general objective is to
make certain that adequate water supplies of good
quality are maintained for the entire population of
this planet, while preserving the hydrologieal,
biological and chemical functions of ecosystems,
adapting human activities within the capacity limits
of nature and combating vectors of water-related
diseases [7-10]. An estimated 80 per cent of all
diseases and over one third of deaths in developing
countries are caused by the consumption of
contaminated water, and on average as much as one
tenth of each person's productive time is sacrificed to
water-related diseases. To reduce the incidence of
water-borne diseases and make the water suitable for
human consumption, the removal of pathogenic
organisms, fecal matter, suspended solids, algae,
organic matter and harmful chemicals is absolutely
necessary [11]. Among the various undesirable and
naturally occurring pollutants in water, coliform
bacteria, fluoride and arsenic are very important as
these cause serious health problems [12]. On the
contrary, the lower concentration of fluoride in water
like 1mg/L, is even found to be beneficial in
preventing dental caries. However, excessive fluoride
concentration in drinking water causes dental
fluorosis, skeletal fluorosis and crippling skeletai
fluorosis [12-14]. Innovative technologies, including
the improvement of indigenous technologies, are
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needed to fully utilize limited water resources and to
safeguard those resources against pollution.

Pakistan’s current population of 150 million
is expected to grow to about 221 million by the year
2025. This increase in population will have direct
impact on the water sector for meeting the domestic,
industrial and agricultural needs. The per capita water

availability has dropped from 5,600 m® in 1953 to
1,000 m® to present situation. Pakistan has now
essentially exhausted its available water resources
and is on the verge of becoming a water deficit
country [15]. The quality of groundwater and
surface-water is low and is further deteriorating
because of unchecked disposal of untreated
municipal and industrial wastewater and excessive
use of fertilizers and insecticides in agricultural
fields. Water pollution is a serious problem in
Pakistan as almost 70% of its surface water resources
and a growing number of its groundwater reserves
are already contaminated by biological, organic and
inorganic pellutants [16]. In many cases, these
sources have been rendered unsafe for human
consumption as well as for other activities such as
irrigation and industrial needs. This illustrates that
water quality decline in effect contributes to water
scarcity as it limits the availability of water for both
human use and their ecosystem [17-19].

Nitrate and fluoride, and other pollutants
concentrations in ground water exceed the
recommended levels at various places throughout the
world. Water quality monitoring and information
management is lacking in Pakistan which is crucial to
any water quality improvement program. One
hundred million cases of diarrhea are being registered
for treatment in hospitals of Pakistan each year. A
survey conducted by Pakistan Council for Research
on Water Resources (PCRWR) showed that 81,996
cases of water related diseases were registered in
Basic Health Units of Rawalpindi division in
Pakistan alone [18]. Chemical composition of surface
or subsurface water is one of the prime factors on
which the suitability of water for domestic, industrial
or agricultural purpose depends [18].

Fluoride in Nature and its Pollution

Fluoride is recognized as the thirteenth most
common element in the earth’s crust. It is widely
distributed in the lithosphere mainly as fluorspar,
fluorapatite and cryolite. The emissions of volcanoes,
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marine aerosols, weathering and dissolution of rock
minerals release fluorides into the environment
naturally [20-21]. Fluoride pollution of drinking
water is very common in subcontinent and other parts
of Asia [22-26]. The major source of fluoride
pollution is the natural weathering process. As per a
conservative estimate, populations to the tune of 200
million from more than 35 nations appear to be at
risk of different forms of “fluorosis” due to excess
fluoride in drinking water [19, 27]. The World Health
Organization  has  stipulated the  minimum
concentration of fluoride in drinking water as 1 mg/L

to prevent dental decay, though this is still a subject
of intense scientific debate. Hence, the development
of sustainable defluoridation technologies has been a
critical problem confronting the global scientific
community for long [20, 28].

Fluoride contaminates water by weathering
of fluoride-bearing mineral rocks from volcanic and
fumarolic activities, from industrial emissions, and
by precipitation from snow, or dry fall-out. It is found
in seawater at a concentration of around 1.2-1.4
mg/L, in groundwater at concentrations up to 67
mg/L, and in most surface waters at concentrations
less than 0.1 mg/L {28-29]. Fluoride is also found in
foods particularly in fish and tea whilst almost all
foodstuffs contain at least traces of fluoride.
Generally, higher proportions of dissolved
constituents are found in groundwater than in surface
water because of the greater exposure to soluble
materials in geologic strata. Soluble salts found in
groundwater originate primarily from solution of
rock materials. Fluoride is also a common geogenic
contaminant of drinking water and it has deleterious
effect on the health of human being. There are more
than 20 developed and developing nations that are
endemic for fluorosis. These are Argentina, UJ.S5.A.,
Morocco, Algeria, Libya, Egypt, Jordan, Turkey,
Iran, Iraq, Kenya, Tanzania, S. Africa, China,
Australia, New Zealand, Japan, Thailand, Canada,
Saudi Arabia, Pakistan, Persian Gulf, Sri Lanka,
Syria, [ndia, efc [30].

The absence of fluoride in drinking water
causes a disease called “Osteoporosis” in which
bones and teeth degenerate with increasing age [31].
However, its excessive intake may result in slow,
progressive crippling scourge known as fluorosis.
Under normal conditions, when fluoride is present in
water supply, most of the ingested fluoride ions get
incorporated into the appetite crystal lattice of
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calciferous tissue enamel during its formatien. The
hydroxyl ion gets substituted by fluoride ion since
fluorapatite is more stable than hydroxyl appetite [32,
33). Thus, a large amount of fluoride gets bound in
these tissues and only a small amount is excreted
through sweat, urine and stool [34]. The intensity of
fluorosis is not merely dependent on the fluoride
content in water, but also on the fluoride from other
sources, physical activity and dietary habits [26].

Fluorine is highly reactive and is found
naturally as CaF,. It is an essential constituent in
minerals like topaz, fluorite, fluorapatite, cryolite,
phosphorite, theorapatite, etc. [35]. The fluoride is
found in the atmosphere, soil and water. It enters the
soil through weathering of rocks, precipitation or
waste run off. Surface waters generally do not
contain more than 0.3 mg/L of fluoride unless they
are polluted from external sources. Though drinking
water is the major contributor (75-90% of daily
intake), other sources of fluoride poisoning are food,
industrial exposure, drugs, cosmetics, etc. [36].
Fluorine being a highly electronegative element has
extraordinary tendency to get attracted by positively
charged ions like calcium. Hence the effects of
fluoride on mineralized tissues like bones and teeth
leading to develop mental abnormalities are of
clinical significance as they have highest amount of
calcium and thus attract the maximum amount of
fluoride that gets deposited as calcium—fluorapatite
crystals [37].

The severe fluoride pollution has been
identified in three cities of Pakistan ie. Kasur,
Loralai and Quetta. However, fluoride in drinking
water has been observed in some isolated places of
Bahawalpur, Faisalabad Karachi and Ziarat.
According to PCRWR 2002-2003 fluoride hazard in
water, the cities are (in descending order of
percentage  sample  found  with  fluoride
contamination) Quetta (29%), Kasur (20%), Karachi
(14%), Loralai (10%), Faisalabad (8%) and
Bahawalpur (4%) [38].

[t is a big challenge to investigate low cost
appropriate methods and technologies to be applied
to make fluoride contaminated water drinkable. In
this paper few of the low cost and appropriate
methods & technologies are discussed and compared
for potential application in developing countries with
special reference to Pakistan.
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Defluoridation Technologies

It is highly desirable to explore both
technically and economically feasible fluoride
removal techniques for the regions having high
fluoride concentration in their water supplies [39,
40]. Defluoridation techniques have been extensively
studied in many countries. During the years
following the discovery of fluoride as the cause of
fluorosis, extensive research was done on various
methods for removal of fluoride from water and
wastewater [41]. Following are the methods used for
defluoridation of contaminated waters

Use of alternate water sources

Adsorption

Ion-exchange

Coagulation and precipitation

Membrane process

Biological treatment or integrated biological
and physiochemical treatment

[~ Al o e

Processes such as desalination will virtually
remove all fluoride from wastewater. In terms of
using such sources for drinking water, the
implications for public health will strongly depend on
local circumstances. However, the public health
requirement is to maximize the beneficial effects of
fluoride in drinking water supplies for caries
prevention, whilst minimizing the unwanted dental
and potential general health effects [42].

Use of Alternative Water Sources

It is common practice of general public that
they ignorantly use drinking water containing higher
fluoride contents. It is highly desirable that ground
water that is used for drinking should be
characterized throughout the Pakistan and other
developing countries. The Governments should
develop baseline data regarding the drinking water
quality in the developing nations. More emphasis
should be placed on the use of surface waters like
freshwater rivers and streams after purification. Even
sea water can be use for drinking after desalination.
Since surface water is often heavily contaminated
with biological and chemical peliutants, it cannot be
used for drinking purposes without treatment and
disinfection that make the process too expensive and
complex for application in poor communities [43].
The rain water may be harvested and purified for
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drinking purpose in the regions with high fluoride
contents in groundwater. Harvesting the rainwater is
usually a much cleaner water source and may provide
a low-cost simple solution to the problem [44].
However, the un-even distribution of rain, limited
amount and expensive storage capacity in
communities or households are big bottlenecks in
harvesting rain water for drinking purposes. The fact
that fluoride is unevenly distributed in groundwater
and its concentration keeps on changing with time
both vertically and horizontally demands the testing
of every well and regular monitoring which are not
always possible in rural areas [45]. Vitamin C
safeguards against the fluoride risk though measures
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already known that ion exchange, coagulation with
alum, and softening of water are also suitable for
defluoridation purposes [58-59].

fon-Exchange

Fluoride can be removed from water
supplies with a strongly basic anion-exchange resin
containing quaternary ammonium functional groups.
The removal takes place according to the following
reaction [60-65].

Matrix-NR;" CI” + F~ — Matrix-NR; " F~ + CI”

to improve the nufritional status of an attected
population might be an effective supplement to the
technical solutions of the problem.

Adsorption

Defluoridation of drinking water is the only
practicable option to overcome the excessive fluoride
in drinking water, where aiternate source is not
available [9, 46]. One of the promising option for
defluoridation of drinking water is the use of various
adsorbents. Following adsorption techniques were
used by various workers for defluoridation of
drinking and mineral water.

e  Adsorption by powdered activated carbon

e  Adsorption by activated alumina and locally
produced raw alumina

e  Adsorption by tricalcium phosphate

s  Adsorption by bone char

e Adsorption by anionic exchange resin [26,
47-49]

The other approach is to filter water down
through a column packed with a strong adsorbent,
such as activated alumina {(Al,O3), activated charcoal,
or ion exchange resins. Adsorbents such as alumina
fly ash and carbon are used to adsorb fluoride from
wastewater {26, 50-53]. When the adsorbent becomes
saturated with fluoride ions, the filter material has to
be backwashed with a mild acid or alkali solution to
clean and regenerate it [54-56}]. It has been reported
that passing contaminated water with high fluoride
content through columns containing different
adsorbents {e.g. calcium three phosphate, activated
alumina, bone flour and activated carbon) is an
efficient method of fluoride removal [57]. It is

The fluoride ions replaced the chloride ions
of the resin [66]. This process continues until all the
sites on the resin are occupied [67-68]. The resin is
then backwashed with water that is supersaturated
with dissolved sodium chloride salt. New chloride
ions then replace the fluoride ions leading to recharge
the resin and starting the process again. The driving
force for the replacement of chloride ions from the
resin is the stronger electro negativity of the fluoride
ions [69-70].

Coagulation and Precipitation

Lime and alum silicate the most commonly
used coagulants. Addition of lime leads to.
precipitation of fluoride as insoluble calcium fluoride
and raises the pH value of water upto 11-12 [71-72].

Ca(OH), + 2F — CaF, + 20H

As lime leaves a residue of 8.0 mg/L, it is
used only in conjunction with alum treatment to
ensure the proper fluoride removal. As a first step,
precipitation occurs by lime dosing which is followed
by a second step in which alum is added to cause
coagulation. When alum is added to water, essentially
two reactions occur [22, 73-75]. In the first reaction,
alum reacts with some of the alkali to produce
insoluble aluminium hydroxide [Al (OHY]. In the
second reaction, alum reacts with fluoride ions
present in water. The best fluoride removal is
accomplished at pH range of 5.5-7.5 [8-9, 76-31].
Due to use of aluminium sulfate as coagulant, the
sulfate ion concentration increases tremendously and
in few cases; it crosses the maximum permissible
limit of 400 mg/L, which causes cathartic effects in
human beings and the residual aluminum in excess of
0.2 mg/L in treated water causes dangerous disease of
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dementia as well as physiological path, neuronal
behavior, structural and biochemical changes. It also
affects musculo-skeletal, respiratory, cardiovascular,
endocrine and reproductive systems [82-84].

Membrane Process

Although various conventional techniques
like membrane process of water purification are
being used at present to solve the problem of
groundwater pollution none of them is user-friendly
and cost-effective technique due to some or the other
limitation and may have very long pay back period.
In the recent years, reverse osmosis (RO) through

alternative to provide safe drinking water without
causing the problems associated with other
conventional methods [85-89]. RO is a physical
process in which the contaminants are removed by
applying pressure on the feed water to direct it
through a semi permeable membrane. The process is
the reverse of natural osmosis as a result of the
applied pressure to the concentrated side of the
membrane, which overcomes the natural osmotic
pressure. RO membrane rejects ions based on size
and electrical charges. The factors that influencing
the membrane selection are cost, recovery, rejection,
raw water characteristics and pretreatment [90].

Efficiency of the process is governed by
different factors such as raw water characteristics,
pressure, temperature and regular monitoring and

* maintenance, etc. In the past, the use of membrane
technology for water treatment, particularly for
drinking water production had been considered un-
economical in comparison with conventional means,
but in the recent years the increased demrand and
contamination of water, rise in water quality
standards and the problems associated with other
methods have led to reconsideration of membrane
technology for water purification. The progressive
technical improvements in design and materials of
the membranes have made the water treatment
process economically competitive and highly
reliable. Also, the capital and operational costs of RO
plant go on decreasing with increasing plant capacity
[91-94].

Biological and Physiochemical Treatment

Integrated biological and physiochemical
water treatment process for nitrate and fluoride
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removal has been evaluated and it was concluded that
the conventional processes of fluoride removal has
been limited because of their expensive operation and
subsequent problem of disposing of the waste being
generated. Eichhornia crassipes and the activated
carbon were tested for removal of fluoride from
wastewater by batch techniques. Systematic batch
studies were conducted on fluoride adsorption
equilibrium and kinetics by E. crassipes and low-cost
activated carbons prepared from E  crassipes.
Different parameters were studied at different
temperature, pH, time dose and size of adsorbent.
The adsorption of fluoride on noncarbonized and
carbonized E. crassipes increased with increasing
the process was endothermic in nature in all of the
cases examined. Carbonized E. crassipes showed
better removal efficiency than the noncarbonized
plant. The activation temperatures in the preparation
of activated carbon played an important role. Carbon
activated at 600 °C exhibited better performance than
activated at 300 °C. Column studies were also
performed with an initial concentration of 15 ppm.
The effluent volume at breakthrough was found to be
100 bed volumes, and the column capacity was
calculated as 4.4 mg/g [95].

Drawbacks and advantages of different
defluoridation processes are given in Table-1.

The major techniques which are used for
defluoridiation of water include coagulation,
adsorption and/or ion exchange, electrochemical
methods, and membrane techniques. Adsorption and
precipitation methods are mostly used defluoridation
techniques all over the worlds. Magnesium oxide,
calcium oxide, alum and lime are cheap and more
efficiently remove soluble fluorides in the form of
fluoride  precipitates.  Fluoride removal s
accomplished through solids separation from liquid.
Various other chemicals involved in the precipitation
process are polyaluminium chloride, polyaluminium
hydroxy sulphate and polyelectrolytes. Chemical
coagulants are effective in removing a broad range of
impurities from water, including colloidal particles
and  dissolved organic  substances. Though
coagulation methods are generally effective in
defluoridation, they are unsuccessfill in bringing
fluoride to desired concentration levels. lon exchange
and/or adsorption and sorption methods are more
effective in reducing fluoride concentration than
precipitation methods; in which adsorbents like
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Table-1: Drawbacks and advantages of different defluoridation process.

Process

Advantages

Drawbacks

Adsorption

lon-exchange.

Coagulation—
precipitation

Fluoride removal is up to 90%.
Treatment is cost-effective.

Removes fluoride removal is up to
0-95%.

Retains the taste and color of water
intact,

Most effective technique for fluoride
removal based on combined use of
alum and lime

Highly depeadent on pH. The pH range require(5-6). High concentration of total
dissolved salts (TDS) results, Presence of sulfate, phosphate or carbonate results in
ionic competition. Pretreatment require Because of low adsorption capacity, poor
integrity. The regeneration is required after every 45 months amd effectiveness of
adsarbent for flueride removal reduces after regeneration each time,

Efficiency is reduced in presence of other ions like sulfate,

carbonate, phosphate and aikalinity. Regeneration of resin is a problem because it
leads to flueride rich waste, which require proper {reatment. The technique is
expensive because of the cost of resin, pretreatment required to maintain the pH,
Treated water has a very low pH and high levels of chloride.

Large amount of sulfate ion produce due to use of aluminium sulfate as coagulant.
Due to organcleptic reasons, users do not like the taste of treated water. Mainfenance
cost of plant is very high. Large space is required for drying of sludge. Temperature
also affects the defluoridation capacity.

Membrane Highly effective for fluoride removal.
process One step process and it ensures

constant water quality. It works
under wide pH range. No interference

It removes all the ions present in water, though seme minerals are essential for
proper growth, remineralization is required after treatment. The process is expensive
in comparison to other options. The water becomes acidic and needs pH cerrection.
Lot of water gets wasted as brine. Disposal of brine is a problem.
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