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Abstract Several million people are exposed to
fluoride (F™) via drinking water in the world. Current
review emphasized the elevated level of fluoride
concentrations in the groundwater and associated
potential health risk globally with a special focus on
Pakistan. Millions of people are deeply dependent on
groundwater from different countries of the world
encompassing with an elevated level of fluoride. The
latest estimates suggest that around 200 million
people, from among 25 nations the world over, are
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under the dreadful fate of fluorosis. India and China,
the two most populous countries of the world, are the
worst affected. In Pakistan, fluoride data of 29 major
cities are reviewed and 34% of the cities show fluoride
levels with a mean value greater than 1.5 mg/L where
Lahore, Quetta and Tehsil Mailsi are having the
maximum values of 23.60, 24.48, > 5.5 mg/L,
respectively. In recent years, however, other countries
have minimized, even eliminated its use due to health
issues. High concentration of fluoride for extended
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time period causes adverse effects of health such as
skin lesions, discoloration, cardiovascular disorders,
dental fluorosis and crippling skeletal fluorosis. This
review deliberates comprehensive strategy of drinking
water quality in the global scenario of fluoride
contamination, especially in Pakistan with promi-
nence on major pollutants, mitigation technologies,
sources of pollution and ensuing health problems.
Considering these verities, health authorities urgently
need to establish alternative means of water decon-
tamination in order to prevent associated health
problems.

Keywords Pakistan scenario - Fluoride pollution -
Drinking water - Mechanism - Sources of pollution

Introduction

Fluoridation of water has been a common practice in
various countries like Australia, Brazil, Malaysia,
USA, India and Vietnam. Most European countries do
not fluoridate their water, but different parts of the
world which are subject to high risk of water
contaminant; this technique is most likely the best
option to be implemented. Fluorine belongs to halogen
family in the periodic table being the lightest member
and most electronegative and reactive of all elements
(Rafique et al. 2015). Due to its high reactivity, it does
not found in elemental form and readily reacts to form
an inorganic and an organic compound is known as
fluoride (Manahan 2002). It ranked 13th most abun-
dant element covering 0.06-0.09% of the total earth
crust (Armienta and Segovia 2008). The concentration
of fluoride in surface water reported 0.01-0.3 mg/L,
while on the groundwater it is well under 1 to more
35 mg/L (Msonda et al. 2007). Generally, fluoride can
enter the human body mainly by drinking water (Li
et al. 2014). Ingestion of F below 1.5 mg/L may help
to prevent the incidence of dental carries and enhance
the growth of bone (Harrison 2005). However, the
concentration of fluoride above 1.5 mg/I causes dental
fluorosis or mottled enamel, and concentration above
3.0 mg/L. may cause skeletal fluorosis (Dar et al.
2011). The World Health Organization (WHO) has set
1.5 mg/L as the maximum limit for fluoride in
drinking water (Organization 2011). One cannot
reveal the concentration of fluoride in water unless it
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is tested by employing a proper procedure or method
(De Zuane 1997).

Fluoride pollution of drinking water is a great
challenge for various nations of the world. Both of
these pollutants are recognized as most dangerous
inorganic pollutants (Smedley and Kinniburgh 2002;
Wang et al. 2004; Su et al. 2006). Fluoride poisoning
causes skeletal and dental fluorosis, and even loss of
mobility such as arthritic joints, or more serious
problems whether acute or chronic (Su et al. 2006).
There is a high probability of co-occurrence of fluoride
in groundwater of arid and semiarid regions in the
world, where the aquifer is characterized by calcare-
ous unconsolidated sediments to bedrock or alkaline
groundwater (Semedley and Kinniburg 2002; Pauwels
and Ahmed 2007; Kim et al. 2012). Especially,
fluoride contamination of groundwater in sedimentary
unconsolidated aquifers, most see as Vietnam, USA,
Cambodia, India, Argentina and China (Kim et al.
2012; Smedley and Kinniburgh 2002), while in arid
and semi-arid regions for example, California and
Arizona (Robertson 1989), Yuncheng Basin in China
(Currell et al. 2011) and Pakistan (Farooqi et al.
2007a) which are categorized by oxidizing
environment.

Fluoride is one of the most toxic and ubiquitous
elements in the environment. Groundwater contami-
nation by fluoride is one of the most important and
serious environmental issues for the developing world
due to high toxicity and serious health problems even
at very low concentration (Mandal and Suzuki 2002).
More than 70 countries of the world have drinking
water supplies naturally contaminated with fluoride,
and mostly countries belong to the Southeast Asia and
South Asia (Ravenscroft et al. 2009; Rasool et al.
2015). In several countries of the world such as Chile,
Taiwan, India, Bangladesh, Mexico and Hungary, the
elevated level of fluoride (> 1.5 ppm) has been
reported (Smedley et al. 2002; Ndiaye et al. 2005;
Dolar et al. 2011). Like, other developing countries,
Pakistan are facing a deficiency of water along with
fluoride contamination (PCRWR 2005). Probably 1.1
billion population lack access to safe drinking water,
no entree to proper sanitation about 2.5 billion, and
every year more than 5 million people die of water-
related diseases (Hinrichsen and Tacio 2002; Wagh-
mare et al. 2015). Water quality of rivers, aquifers and
lakes in Pakistan is assumed not good for human
consumption. Drinking water availability in Pakistan
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according to various national reports revealed that
only 57% of the total populations of Pakistan have
access to safe water (Farooq et al. 2007b; Ullah et al.
2009).

Conversely, in accord with the international
reports, only 25.61% of the population has drinkable
water in Pakistan (Rosemann 2005). Drinking water
seems heavily contaminated due to various anthro-
pogenic and natural activities in many large cities of
Pakistan such as Karachi, Islamabad, Lahore, Qasur,
Faisalabad and Rawalpindi (Bhutta et al. 2002).
However, in Pakistan majority of the population is
affected by water-related health problems due to
fluoride contamination in drinking water. The aim of
this review is to highlight the possible sources and to
provide an insight into the available mitigation
technologies for removing fluoride contamination
from drinking water globally, with a special focus on
Pakistan. This analysis is carried out to establish an in-
depth understanding of the impact of fluoride on
health, which can help health authorities in their
policy-making activities concerning fluoridation of
water in the future.

Co-occurrence of fluoride

The coincidental F~ occurrence in the groundwater
suggested a common pathway or source for both of
these pollutants (Farooqi et al. 2007a). Coincidental
occurrence of elevated fluoride in groundwater might
be explained by the coal combustion at brick factories
scattered in air pollutants (Farooqi et al. 2007b) as well
as mineralized coal burning produced toxic elements
(Finkelman et al. 2002). There are various natural and
anthropogenic sources of fluoride responsible for
groundwater contamination throughout the world.
Tahir and Rasheed (2012) analyzed 747 water supply
sources in 16 major cities of Pakistan and explored the
fluoride toxicity. They observed at around 16% of
monitored sources having fluoride value above the
permissible limit. They reported that Punjab and
Baluchistan as having maximum fluoride levels with
ranges less than 0.05 to 19.70 and 0.1 to 24.48 mg/L,
respectively (Tahir and Rasheed 2012). Fluoride
levels in water sources of 29 cities of Pakistan are
summarized in Table 2. Fazlul et al. (2002) reported
that of all fluoride concentration levels in Bangladesh,
groundwater sources had the lowest concentrations as

they ranged from 0.22 to 2.32 mg/L with a mean value
of 0.56 mg/L. The fluoride-bearing minerals are
fluorite, fluorapatite, cryolite and apophyllite, ferro-
magnesium silicates (amphiboles and micas) and clay
minerals (Guo et al. 2007; Dey et al. 2011). Other,
fluoride is anthropogenically sourced from aluminum
refining, fertilizer and semiconductor manufacturing,
glass and ceramic production, coal combustion, brick
manufacturing, nickel, copper and steel smelting
(Pickering 1985; Rahaman et al. 2011).

Fluoride controlling factors in groundwater

There are some factors which control enrichment of
fluoride in groundwater. These factors include pH,
temperature, anion exchange capacity (OH™ for F),
the solubility of fluorine-bearing minerals, contact
time of water with rocks, the solubility of fluorine-
bearing minerals, the absence of complexion or
precipitating ions and colloids and type of geological
formation traversed by water (Farooqi 2007a). Cli-
matic conditions (temperature and rainfall) greatly
affect the fluoride concentration in groundwater in arid
and semiarid regions. Arid and semiarid climatic
regions experience to receive low rainfall
(225400 mm per year) and high evaporation
(> 2000 mm per year) and have low groundwater
hydraulic conductivity (Su et al. 2006). The low rate of
groundwater recharge sources such as rainfall in arid
regions lead to prolonging water-rocks interaction
which causes elevation of fluoride content in ground-
water. On the other hand, high evaporation causes
precipitation of lower solubility minerals (CaCOs)
which reduce the availability of calcium ions in
groundwater and promote dissolution of fluorite
minerals (Vithanage and Bhattacharya 2015). pH
value is a major controlling factor for fluoride in
groundwater which increases due to the release of ions
such as Na* and HCO;~ and ultimately favors the
dissolution of fluoride-bearing minerals (Rango et al.
2009). Fluoride at low pH forms complexes with
aluminum and Fe in soil, and its adsorption on clay
minerals (illite, chlorite and smectite mineral) below
pH 4.0 is significantly high, while it decreases above
pH 6.5. Under alkaline conditions (pH > 7), anion
exchange occurs where OH™ can replace F~ from
biotite and muscovite and clay minerals (Ng et al.
2003; Li et al. 2014).
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Fluoride-bearing minerals

(Srivastava and Lohani 2015) reported around 150
fluoride-containing minerals. Of these minerals, some
are silicate some halides, and some are phosphate.
(CaF,), sellaite (MgF,), fluorapatite (Cas(PO4);F),
cryolite (Na3AlFg), villiaumite (NaF) and topaz
(Al(Si04)F,) are major fluoride-bearing minerals. In
addition to these, some other minerals like mica and
amphiboles can also contain F~ which replaces for an
OH" in the mineral structures (Edmunds and Smedley
2013). Certain clay minerals such as illite, chlorite and
smectite characterized as best anion exchange media,
where hydroxyl groups substitute fluoride ion due to
similar ionic radii under alkaline condition (Ayoob
and Gupta 2006). Rock—water interaction causes
disintegration of fluoride-bearing minerals in bedrocks
which result in accumulation of high fluoride in
groundwater (Mamatha and Rao 2010). High concen-
tration of fluoride ions in groundwater has been
noticed in the areas that lie within low plain, whereas
low concentration in the regions located on highland.
This is due to the fact that contact time of water with
aquifer materials in plain places was longer and exists
slow groundwater movement compared to highlands
(Dissanayake 1991). The concentration of fluoride is
proportional to the degree of retention time in the
aquifer and its interaction with geological materials
(Czarnowski et al. 1996).

Hydro-chemical factors anion exchange

Due to anion exchange process, fluoride concentration
in water goes up to 30 mg/L. This occurs largely in the
sedimentary or igneous basin under alkaline condi-
tions, where various types of clay minerals represent
as a medium for replacement of hydroxyl ion (OH™)
with fluorine ion (F™). The substitution of F~ in OH™
position readily occurs during magmatic fractions due
to the similar ionic radius (Farooqi et al. 2007a).
Fluoride ions are adsorbed on the surface of clay
minerals at acidic pH between 5 and 6.5 and desorbed
under alkaline conditions. Thus, an alkaline condition
favors enrichment of fluoride ions in groundwater
(Saxena and Ahmed 2003; Singh et al. 2015). Under
alkaline conditions (pH > 7), anion exchange occurs
where OH™ can replace F~ of fluoride-containing
minerals such as biotite and muscovite (Li et al. 2014).
(Faroogqi et al. 2007a) reported a positive correlation
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between sodium and fluoride in the water with a low
concentration of calcium, where the exchange of Ca®™
for Na™ takes place accelerating the solubility of CaF
to increase releasing high fluoride. The prolong water
retention causes replacement of Ca>* with Na™ which
leads to the formation of soft Na'-rich water that
favors leaching of fluoride in groundwater (Karro and
Uppin 2013). High HCO;™ also promotes dissolution
of fluoride-containing minerals (CaF,) in groundwater
(Handa 1988). The above reaction increases the pH
value of water with increasing other water quality
controlling factors such as EC, TDS and redox
potential (Eh).

Spatial variation of fluoride concentration
in groundwater

The fluoride concentration in recent studies as
reported by Rasool et al. (2015) indicates much higher
values than previously reported studies D. G khan
(Malana and Khosa 2011), Qasur, Lahore (Farooqi
et al. 2007a), Sialkot (Ullah et al. 2009) and Hudiara
drain, Lahore, Punjab (Khattak et al. 2012). PCRWR
has declared 6 cities recently, which are most affected
areas of Pakistan such as Sindh, Bahawalpur, Multan,
Lahore, Vehari and Muzaffargarh (PCRWR 2005).
Spatial and occurrence of fluoride concentration in
groundwater of Pakistan are shown in Table 2; Fig. 1.
The coal burning industries could be a source of high-
fluoride concentrations besides other natural sources.

Mechanisms of fluoride in groundwater

The occurrence of an elevated level of fluoride in
groundwater categorized by a low concentration of
Ca?* and Mg>" and a higher concentration of Na™
(Farooqi et al. 2007b). Fluoride ions are adsorbed on
clay using acidic solution, and they are desorbed in
alkaline solution with high HCO;™ that promotes
precipitation of Ca®* as calcite (Sarma and Rao 1997).
However, alkaline pH is helpful for fluoride dissolu-
tion (Saxena and Ahmed 2003). Two most important
mechanisms were used to explain possible reasons for
increased fluoride level in groundwater, and these
procedures include ion exchange, evaporative con-
centration and dissolution of fluoride-bearing minerals
(Agrawal et al. 1997; Saxena and Ahmed 2003).
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Fig. 1 Distribution of fluoride contaminations in different cities of Pakistan data from

Probably, one of the mechanisms of higher F concen-
tration in water from arid and semiarid regions is the
condensation of soluble components due to evapo-
transpiration and evaporation (Jacks et al. 2005).
However, mechanisms in a recent study by Rasool
et al. (2015 explain oxidative—evaporative processes
due to the dissolution of fluoride-bearing minerals.
There are various natural and anthropogenic sources
responsible for high fluoride levels in water which
include minerals leaching of fluoride bearing (Shah
and Danishwar 2003; Naseem et al. 2010), coal
industries waste, agricultural fertilizer (Siddique
et al. 2006), brick production and coal combustion
into air which goes down due to rain into soil (Farooqi
et al. 2007b). As currently reported, the possible
sources for high-fluoride concentration in groundwa-
ter are agricultural fertilizers, industrial wastes and
soil enrichment with fluoride-bearing minerals, as the
study area is a major agricultural and industrial unit.

Global perspectives of fluoride especially Pakistan

The elevated fluoride concentration in groundwater
globally with exceeding WHO permissible limits of
1.5 ppm is shown in Table 1; Fig. 2. The worldwide
result shows that most affected countries with a high
concentration of fluoride are Tanzania, Germany,
Argentina, China, Kenya, Mexico, India, USA and
Pakistan (Table 1). Fluorides are naturally released
into groundwater though dissolution of F-containing

soils and rocks. In the earth crust, fluoride abundant
(625 mg/kg) which was because of fumarolic gasses,
geography and volcanic activity (Edmunds and Smed-
ley 2013). Likewise, fluoride concentration increased
due to the natural dissolution of minerals, fertilizer
plants, metallurgical industries, semiconductor pro-
duction generated with high-fluoride contents glob-
ally; as well as in the case of phosphate production,
fluoride effluents could reach up t0 3000 ppm (Ndiaye
et al. 2005; Dolar et al. 2011). However, same
situation present in Pakistan, a high concentration of
F have been reported in many areas of Pakistan are
shown in Table 2, Fig. 3.

Although in Khyber Pakhtoonkhwa fluoride con-
centration in spring water recorded can be up to 13.52
ppm as reported by Shah and Danishwar (2003).
Likewise, the Thar Desert in NagarParkar 35.4 ppm
was recorded (Naseem et al. 2010). Farooqi et al.
(2007a) reported that fluoride concentration in Kha-
lanwala, Punjab, is 21.1 ppm, which concluded 75%
of the samples analyzed to be above WHO limits. The
current study in Tehsil Mailsi shows the highest
concentration of fluoride in groundwater around
5.5 ppm (Rasool et al. 2015). The overall representa-
tion of elevated fluoride in groundwater needs man-
agements and monitoring through the world. Fluoride
increased concentration in water creates a harmful
effect on the human body which depends on uptake
duration (Fawell et al. 2006). Detailed studies carried
out in India, China, Tibet and Pakistan indicated
increased instances of skeletal fluorosis and dental
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Table 1 Worldwide distribution of fluoride in groundwater

Locations Fluoride concentration Fluoride sources References

(ppm)
Tehsil Mailsi (Punjab, Pakistan) > 5.5 Groundwater Rasool et al. (2015)
Lahore and Kasure districts (Punjab, Pakistan) 2.47-21.1 Groundwater Farooqi et al. (2007a)

District Tharparkar (Sindh, Pakistan) 13.8-49.3
District Nagarparkar (Sindh, Pakistan) 18.5-35.4
North-West India <19
South India <20
Jilin Province, China >2-< 10
Shanxi province, China <83
Muenster region, Germany < 8.8
Southeast regions, Argentina 3.8-182
Middle and eastern parts, Turkey < 13.7
Rift Valley, Kenya < 180
Ethiopia 10-68
South Africa <40
Shinyanga Region, Tanzania < 250
Arusha Region, Tanzania < 330
Mexico 3.7

USA <43

Brahman et al. (2013)
Brahman et al. (2014)

Underground water

Irrigated surface

water
Groundwater Agarwal et al. (1997)
Groundwater Fawell et al. (2006)
Groundwater Zhang et al. (2003)
Groundwater Wang et al. (2009)
Wells water Queste et al. (2001)

Paoloni et al. (2003)
Azbar and Turkman (2000)
Gaciri and Davies (1993)
Rango et al. (2012)

Wells water
Drinking water
Groundwater
Wells water

Groundwater Muller et al. (1998)
Groundwater Ghiglieri et al. (2012)
Groundwater Ghiglieri et al. (2012)
Groundwater Carrillo-Rivera et al. (1996)
Groundwater Segreto et al. (1984)

fluorosis, due to consumption of an excessive amount
of water (Cao 2005). In Yuncheng Basin, China,
fluorosis is a widespread problem; almost 20% of
people living in the basin are being affected by this
disease during the last two decades (Gao et al. 2007).

Environmental sources of fluoride

Fluoride enters the environment via both anthro-
pogenic and natural sources (Table 3). In the majority
of cases, natural sources have been identified as the
main cause for high levels of F in groundwater (Gaciri
and Davies 1993). Natural sources which cause
fluoride contamination of groundwater include vol-
canic eruption, weathering and erosion of fluoride-
bearing rocks (Brindha and Elango 2011). There are
some common fluorine-bearing minerals which con-
tribute fluoride in groundwater include fluorite
(CaF2), sellaite (MgF2), fluorapatite (Ca5(PO4)3F),
cryolite (Na3AlF6), villiaumite (NaF) and topaz
(Al12(SiO4)F2). Some other minerals like mica and
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amphiboles can also contain F~ which replaces for
OH" in the mineral structures (Edmunds and Smedley
2013). On the other hand, coal combustion and waste
production by various industries, including steel,
aluminum, copper and nickel smelting, and the
production of glass, phosphate fertilizers, brick and
tile are worth mentioning anthropogenic sources
(Fig. 4) of fluoride in groundwater (Farooqi et al.
2007a). The main natural source of fluoride in
groundwater is weathering of rocks bearing minerals,
leaching rock contamination in groundwater reserves
(Hem 1985). Probably, most reactive fluorine natu-
rally found as calcium fluoride (CaF2) (Handa 1988),
which include topaz, fluorite, fluorapatite, phospho-
rite, cryolite and chlorapatite. Mostly, higher concen-
trations of fluoride are present in shale than limestone
and sandstone, while a high concentration of fluoride
found in alkaline rocks (1200 to 8500 mg/kg) (Dey
et al. 2011).
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Table 2 Special distribution of fluoride in Pakistan
Locations Province Max. concentration (ppm) References
District D.G. Khan Southern Punjab 1.5 Malana and Khosa (2011)
Lahore and Kasur districts East Punjab 22.8 Farooqi et al. (2007b)
Lahore and Kasur districts East Punjab 21.1 Farooqi et al. (2007a)
District Sialkot Punjab 0.99 Ullah et al. (2009)
District Tharparkar Sindh 49.3 Brahman et al. (2013)
District Nagarparkar Sindh 354 Brahman et al. (2014)
District Khairpur Mir Sindh 5 Baig et al. (2012)
Manchar lake, district Jamshoro Sindh 1.14 Kazi et al. (2009)
Tehsil Mailsi Punjab >55 Rasool et al. (2015)

Geological and anthropogenic contamination
of fluoride in groundwater: Pakistan scenario

Varying concentrations of fluoride pollutant has been
found in groundwater from different places of Pakistan
(Azizullah et al. 2011). Pakistan Council for Research

in Water Resources (PCRWR) carried out a detailed
study to explore the possibility of fluoride toxicity in
the drinking water of 16 major cities of four provinces,
and they found fluoride concentration beyond the
permissible limit (Tahir and Rasheed 2012). Study
conducted by Naseem et al. (2010) in Sindh area of
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Fig. 3 Spatial distribution of fluoride in groundwater of
Pakistan published in the literature (Reproduced with permis-
sion from Rasool et al. 2015; Arain et al. 2009; Azizullah et al.
2011; Baig et al. 2009, 2011; Brahman et al. 2013; Farooqi et al.

2012a; b; Haque et al. 2008; Igbal et al. 2001; Malana and Khosa
2011; Muhammad et al. 2010; Nickson et al. 2005; Rafique et al.
2015; Rahman et al. 2011)

Table 3 Natural and anthropogenic sources of fluoride in groundwater

Sources of arsenic

Natural sources
Fluoride-bearing minerals
Hydrothermal mineral deposits

Fluorite (CaF2), sellaite (MgF2), fluorapatite (Ca5(PO4)3F), cryolite

(Na3AIFG6), villiaumite (NaF) and topaz (A12(SiO4)F2)

Anthropogenic sources
Mining activity, household waste, industrial activities

Agricultural chemicals like algaecides, desiccants used in
mechanical cotton harvesting and in herbicides

Fluoride trioxide may be found in pesticides and defoliants
and as a contaminant of moonshine whiskey

Glass manufacturing industries, brick industries, coal
industries, electronic industry

NagarParker discovered granite rocks containing an
average fluoride concentration of 1939 mg/kg, while
fluoride in kaolin deposits between 468 and 1722 mg/
kg and secondary deposits have 270 mg/kg. (Farooqi
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et al. 2007b) reported that in Pakistan more than 2
million people are being affected by high fluoride. The
highest fluoride contents have been observed from
Khalanwala, east Punjab, where the maximum
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Fig. 4 Existing sources of fluoride (Reproduced with permission from Vithanage and Bhattacharya 2015)

concentration recorded as high as 21.1 mg/L. The
major sources mainly comprise of phosphate fertilizer,
containing leachable fluoride (52-25 mg/kg) and coal-
containing fluoride (5-20 mg/kg) was noticed to
pollute water with fluoride. Fluoride contamination
of groundwater has also been reported in Union
Council Gander, district Nowshera, Khyber Pakh-
tunkhwa. The analysis of water samples (n = 49) for
fluoride shown that 17 samples exhibit higher con-
centration above the permissible limits (F > 1.5 mg/
L) recommended by World Health Organization.

The study area is covered with lacustrine, deltaic,
fluvial, alluvial, flood plain and loess which caused a
high amount of fluoride content in groundwater source
(Shah and Danishwar 2003). Higher-fluoride concen-
tration up to 6.3 mg/L has been observed in ground-
water of Karachi city from the industrial zone site,
while the sample from tap water shown the fluoride
concentration in the range between 0.60 and 3.64 mg/
L. The high-fluoride content in the samples collected
from industrial zone was due to the input of glass, tiles
and ceramic industries (Fig. 4) which use fluoride in
the manufacturing process (Siddique et al. 2006).

Geological sources of fluoride contamination
in groundwater: worldwide scenario

Fluoride cases in drinking water have been reported
from different parts of the world (Table 3). Depending

on geographical location, fluoride concentration varies
around the world (Vithanage and Bhattacharya 2015).
(Teotia and Teotia 1994) reported that 85 million tons
of 12 million fluoride deposits are found in India.
Some regions of India such as Nalgonda district,
Andhra Pradesh, composed of granitic rocks with
325-3200 mg/kg which contributed to higher-fluoride
content in groundwater of the region. (Jacks et al.
2005) observed that high-fluoride content in different
parts of India was due to natural factors mainly
evapotranspiration which caused contamination of
groundwater with fluoride. In New Delhi, about 50%
of the groundwater has found contaminated with
fluoride (Datta et al. 1996). A study conducted in
different parts of Sri Lanka shows a high concentration
of F even more than 4 mg/L in groundwater (Young
et al. 2010). Higher concentrations of fluoride have
largely been observed in plain areas where due to slow
water movement and prolong rocks—water interaction
caused elevation of fluoride (Dharmagunawardhane
and Dissanayake 1993). In Japan, volcanic explosion
may cause groundwater contamination of fluoride
through ash. Ash from Sakurajima volcano explosion
of Japan reported to contain an average concentration
of 788.1 mg/kg fluoride (Nogami et al. 2006). Abdel-
gawad et al. (2009) noticed that high saturation of
groundwater with fluoride in Mizunami area of Japan
was due to weathering and alteration of granite rocks.
The reported study on Taiyuan basin of China revealed
that interaction between fluoride-bearing minerals and
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groundwater in recharge area contributed high fluoride
while in the discharge area mixing of karst water and
evaporation caused high fluoride (Gao et al. 2007).

Anthropogenic sources of fluoride contamination
in groundwater: worldwide scenario

Cronin et al. (2000) noticed industrial plants such as
the manufacture of hydrofluoric acid, aluminum and
superphosphate; bricks are the main source polluting
the atmosphere with fluorine. In Tamil Nadu, South
India (Kumar 2013) observed impact of leather
industry on F mobilization. He found that disposal of
untreated effluent enriched with TDS, NaCl and
sulfide is responsible factors to raise fluoride contents.
The high concentration of sodium and TDS favored
elevation of fluoride in groundwater. The quality of
groundwater in Poland was investigated with respect
to fluoride pollutant by Czarnowski et al. (1996) and
noted that they were within the limit in most of the
places. Though, around 1.38 mg/L of fluoride was
observed in the locality of disposal site of a phosphate
industry. Around 16.5 million people in China are at
risk of fluorosis due to coal combustion and coal bricks
(Chaoke et al. 1997). It is established that more than 26
million people suffer from chronic fluorosis due to
indoor combustion and brick tea. Another study
conducted in 2003 by Anderson and Stevenson
(1930) identified coal burning and coal bricks as the
major source of gaseous and aerosol fluoride in rural
areas of China. A large number of people exposed to
fluoride were due to consumption of contaminated
food items, i.e., potatoes, chilies and corn. A study on
airborne fluoride was carried out by Mirlean and
Rosenberg (2007), in rainwater, groundwater and
surface soil samples along the gradient of emission of
phosphate fertilizer factory in Brazil. They observed
fluoride concentration 3 mg/L in the rain and 5 mg/L
in groundwater. Also, fluoride accumulated in a
superficial horizon of soil from the emission of
industry was in quantities comparable to those in the
manufactured end products.

Health impacts of fluoride
Fluoride contaminated groundwater in the environ-

ment creates a serious public health problem in many
parts of the world (Table 4). Around 28 developed and
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developing countries, including India, China, Pak-
istan, Sri Lanka, Turkey, Iran, East Africa’s Rift
Valley, Scandinavia, Algeria, Libya, Iraq, USA,
Canada, Thailand, New Zealand and Japan, are
fluoride endemic suffering 200 million people in the
world (Rafique et al. 2015). Fluoride is an essential
micronutrient necessary in low quantity in drinking
water for the human body. Ingestion of 1 mg/L of
fluoride in drinking water reduces the dental carries
and strengthening the apatite matrix tissues (Naseem
et al. 2010; Reddy et al. 2010). When concentration of
fluoride exceeds the 1.5 mg/L in drinking water, it
causes different disorders of teeth and bones at a
different degree of concentration which is as follows:
skeletal fluorosis and crippling disease afflicted by
over-mineralization of joints and bones which occur
because of persisting exposure to high fluoride (F™)
exceeding (4-10 mg/L) in drinking water (Phan et al.
2010). Around 2.7 million cases of acute to chronic
skeletal fluorosis are reported in China and India
(Shemirani et al. 2005; Wade et al. 2009; Phan et al.
2010; McClintock et al. 2012; Tahir and Rasheed
2013; Tsuji et al. 2014). Dental fluorosis takes place
when fluoride concentrations exceed 1.5 mg/L. In the
initial stage of dental fluorosis, the tooth becomes
yellow to brown and then turns into black. In addition
to fluorosis (dental and skeletal), fluoride has been
known to cause impacts on kidney, muscular system
and levels of erythrocyte due to a high level of fluoride
in drinking water (Barringer and Reilly 2013; Bashir
et al. 2013).

Another study was conducted by Wade et al. (2009)
in Mongolia which announced that approximately
12,600 peoples have a risk of heart disease due to
increasing concentraion of fluoride in well water. In
Cambodia, about 98.6% population at risk of non-
cancer health effects and 33.7% highly threatened
toward cancer by consumption of fluoride contami-
nated water (Phan et al. 2010). In Bangladesh,
hyperkeratosis and hyper-pigmentation are mostly
common symptoms of disease in local residents that
lead to cancer (Nguyen et al. 2009). In Pakistan, study
was conducted by Kazi et al. (2009); their finding
showed that 61-73% people residing on the bank of
Manchar Lake suffered from the chronic fluoride
toxicity melanosis and keratosis was found common
disease. Another study was conducted in Bobak
village near Manchar Lake; according to study, there
is about 30-40% resident of the study area suffering
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Table 4 Chronic Effects of fluoride on human health in groundwater

System Effects on health

Cardiovascular Effects on thinking of blood vessels, increased the risk of heart attack, hypertension, Cardiac arrhythmias,
system decreased in blood circulation that cause gangrene of extremities

Dermal

Gastrointestinal

Thickening of skin, the hyper-pigmentation, size decrease in small arteries that cause numbness known as
Reynaud’s disease, basal cell cancer and squamous

The effects on abdominal pain, nausea and heartburn, dental fluorosis

Hepatic Effects that cause abnormal cell growth known as neoplasia, and cirrhosis

Hematological Decreased white blood cell count known as leukopenia and anemia

Neurological Effects on memory loss, coma, brain malfunction, the hallucinations, seizures and neuropathy
Pulmonary Dental carries, dental fluorosis, long time cough and restrictive lungs

Renal Skeletal fluorosis, crippling fluorosis, dehydration and the cortical necrosis

Respiratory
septum and laryngitis
Reproductive
spontaneous abortions

Effects on tracheal bronchitis that cause shortness of breath, rhinitis, pharyngitis, perforation of the nasal

Highly effects on the congenital malformations of fetus, low bright weight, still birth and increase the risk of

from the skin lesions diseases, dental disease, back-
bone pain and rough skin which may cause due to
consumption of fluoride contaminated water (Arain
et al. 2009). The recent study was reported in Tehsil
Mailsi, according to this study there are about 40-50%
people suffering from lung cancer, hepatitis, dental
problem, blood pressure diseases cause due to con-
sumption of polluted drinking water through fluoride
(Rasool et al. 2015).

Mitigation technologies for removing fluoride
from water

Numerous alternative water supply technologies have
been identified and tested in different areas of Pakistan
and worldwide to reduce the concentration of fluoride
in water. Various technologies of fluoride removal
usually based on six principles are as follows:
adsorption, membrane tools, filtration and oxidation
and biological oxidation. Mostly, simple and cost-
effective method reverse osmosis (Viswanathan and
Meenakshi 2009) and ion exchange (Meenakshi and
Viswanathan 2007) have been used for removal of
fluoride from drinking water. However, in some
developing countries, commonly Nalgonda technique
has been used for water defluoridation (Waghmare
et al. 2015). In this method, probably lime, alum and
bleaching powder have been added in polluted water

for rapid mixing, sedimentation, filtration and floccu-
lation. The impenetrable sediment of aluminum
hydroxide flocks along with fluoride precipitation,
whereas bleaching powder performance as a disinfec-
tant. Nevertheless, in the treated water residual
aluminum high concentration (2-7 mg/L), which
was greater than WHO standard (0.2 mg/L; Mahesh-
wari 2006; Ayoob et al. 2008), is the highest disad-
vantage of this process. Similarly, natural materials
which are found easily in large quantity are being
examined for fluoride contaminated water (Biswas
et al. 2010). Usually, a simple method has been carried
out for the removal of fluoride with help of low-quality
coal (Borah and Dey 2009).

In basic to accomplish agent of fluoride removal
with low-cost, bentonite clay was amended chemically
by MgCl, (Thakre et al. 2010). Most cost-effective
and economical method is agricultural waste used for
removal of fluoride and its easy availability. Calcium
chloride and aluminum chloride were used to treat
corn cobs powder for defluoridaion of water (Parmar
et al. 2006). Removal of fluoride using Al/Ca cobs
showed excellent results (Parmar et al. 2006). Simi-
larly, some other agricultural materials include shell
fibers, coconut shell and rice husk in order to remove
pollutants that are fluoride (Mohan et al. 2008).
Coconut shell of carbon provides the good adsorbent.
Similarly, palm seed coat charcoal utilizing fluoride
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adsorbent to expel fluoride from water (Sivabalan
et al. 2003).

Many fluoride treatment tools need pH modifica-
tion for good performance, which openly affects
fluoride in freshwater (Bissen and Frimmel 2003).
Mostly, chemical oxidation, the fluoride oxidative
procedure, could be catalyzed via some types of
bacteria which were useful in drinking water (Jain and
Singh 2012). This process would be realistic normally
to reduce aquifer situation holding manganese and
iron (Jain and Singh 2012). The productivity of
fluoride elimination is indomitable over fluoride and
iron portion as well as early iron concentration. In
definite suitcases, ferric coagulant was auxiliary for
effective fluoride removal, and then, this process has
liberated the range of pH 5.5-8.5 (Bibi et al. 2015;
Violante and Pigna 2009). Many lesions also labeled
fluoride sorption on chemical oxidation and man-
ganese oxides (Tournassat et al. 2002).

Hug et al. (2001) introduced a simple method for
fluoride removal which was solar oxidation through
locally accessible resources at neutral pH, without
using any additional chemicals, but in Bangladesh
drinking water pH adjustment that provides the issue
of fluoride during removal process (Ahmed et al.
2004). Phytoremediation study was convoyed to
estimate the fluoride uptake potential of two Cyper-
aceous species such as Eleocharismacrostachya and
Schoenoplectusamericanus, composed nearby Chi-
huahua State, Mexico (Bundschuh et al. 2010). As
well as invented both species were capable of living at
the high arsenic level and should be used for rhizofil-
traion via plant bear 97% of the arsenic with no clear
effect on plant growth. Bundschuh et al. (2010)
discovered dried macroalgae (Spyrogiraspp) for fluo-
ride removal from acid mine drainage and successfully
remove fluoride up to 80 to 90% with four days
consumed. Marine plant species, like Ranunculus
peltatus spp. Saniculifolius, Ranunculus trichohyllus,
and leaves of Juncus effuses and Azollacaroliniana,
had very high latent for fluoride phytofiltration,
although they were confirmed for fabricated natural
water bodies and wetlands treatment (Parmar and
Singh 2015).

Three chemical precipitation processes were used
for removing fluoride from drinking water which
includes lime softening, the gravity of coagulation
filtration and microfiltration (Chwirka et al. 2000;
Sancha 2006). Lime softening was used to remove the
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hardness from water, for enhancing lime addition to
increase pH level above 10.5 to remove fluoride,
which was not cost-effective or economical. Coagu-
lation depends on microfiltration with modification of
granular media filtration, to remove fluoride (Thir-
unavukkarasu et al. 2003). Most probably, adsorption
media used for removing fluoride from water included
activated alumina, iron-coated sand, granular ferric
hydroxide, filters and some other mixed adsorbent.
Mostly used adsorption media for removal of fluoride
included activated alumina, granular ferric hydroxide,
iron-coated sand, filters and other mixed adsorbents
(Thirunavukkarasu et al. 2003). The precipitation and
coagulation processes with iron (III), used for removal
of the fluoride (Tressaud 2006), alumina invigorated
(Ghorai and Pant 2005) and calcium (Yin et al.
2015a, b), usually have been studied worldwide.

Conclusion and recommendations

Summarily, based on the discussion, it is safe to say
that fluoridated water contributes to various health
issues. Globally, the strong similarities between the
sediments type and groundwater geochemical condi-
tions associated with high F~ concentration in Pak-
istan and other semiarid regions, such as Argentina,
China, Bangladesh, and Mexico, indicate that certain
groundwater chemistry (Na-rich, bicarbonate-rich,
high pH) favors the augmentation of F~ in ground-
water oxidizing condition. The current review reveals
the latest state of the skill on an understanding of
various interdisciplinary faces of the problem of
fluoride in the environmental land, mechanisms of
mobilization in groundwater, biogeochemical rela-
tions and the measure for remediation. In numerous
parts of the world, biogeochemical processes have
resulted in the dissolution of naturally occurring
fluoride into groundwater. We have reviewed in
different parts of the world, the problem of fluoride
contamination charted by broad viewpoint in epi-
demiology and toxicity mechanism of fluoride in
humans as well as animals. In order to apprehend the
fluoride threat, several remediation methods based on
modern, conventional and hybrid technologies for
fluoride removal in many parts of the world have been
carefully reviewed. Fluoride toxicity affects millions
of people in the world but amazingly still remains a
neglected public health concern. Administrative,
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financial and logistic supports may be essential to
reduce fluorosis. Further, extensive research should be
taken to address the understanding of the occurrence,
origin and distribution pattern of fluoride. The gov-
ernment should monitor industrial and agricultural
activities leading to fluoride pollution. The Govern-
ment of Pakistan should provide drinking water
alternatives to these areas in recognition of the
potential health risks associated with fluoride. In
future, this present study is very helpful with regard to
diverse fluoride mitigation measures in use at both
regional and national level and for better understand-
ing, categorization of hydrological controls and
mobilization of fluoride in groundwater and surface
water.

Acknowledgements The authors thankfully acknowledge the
valuable comments received from kind teachers and friends
which were helpful to improve the manuscript.

Compliance with ethical standards

Conlflict of interest The authors have no conflict of interest.

References

Abdelgawad, A. M., Watanabe, K., & Takeuchi, S. (2009).
Water-rock interaction study on the occurrence of fluoride-
rich groundwater at Mizunami area, Japan. Environment
Asia, 2(2), 20-29.

Agrawal, V., Vaish, A., & Vaish, P. (1997). Groundwater
quality: Focus on fluoride and fluorosis in Rajasthan.
Current Science, 73, T43-746.

Ahmed, K. M., Bhattacharya, P., & Hasan, M. A. (2004).
Arsenic contamination in groundwater of alluvial aquifers
in Bangladesh: An overview. Applied Geochemistry, 19,
181-200.

Anderson, B. G., & Stevenson, P. H. (1930). The occurrence of
mottled enamel among the Chinese. Journal of Dental
Research, 10, 233-238.

Arain, M., Kazi, T., Baig, J., Jamali, M., Afridi, H., Shah, A.,
et al. (2009). Determination of arsenic levels in lake water,
sediment, and foodstuff from selected area of Sindh, Pak-
istan: Estimation of daily dietary intake. Food and Chem-
ical Toxicology, 47, 242-248.

Armienta, M., & Segovia, N. (2008). Arsenic and fluoride in the
groundwater of Mexico. Environmental Geochemistry and
Health, 30, 345-353.

Ayoob, S., & Gupta, A. K. (2006). Fluoride in drinking water: A
review on the status and stress effects. Critical Reviews in
Environmental Science and Technology, 36, 433-487.

Ayoob, S., Gupta, A., & Bhat, V. T. (2008). A conceptual
overview on sustainable technologies for the defluoridation
of drinking water. Critical Reviews in Environmental Sci-
ence and Technology, 38, 401-470.

Azbar, N., & Turkman, A. (2000). Defluoridation in drinking
waters. Water Science and Technology, 42, 403—407.
Azizullah, A., Khattak, M. N. K., Richter, P., & Hider, D. P.
(2011). Water pollution in Pakistan and its impact on
public health—A review. Environment International,

37(2), 479-497.

Baig, J. A, Kazi, T. G., Arain, M. B., Afridi, H. 1., Kandhro, G.
A., Sarfraz, R. A., et al. (2009). Evaluation of arsenic and
other physico-chemical parameters of surface and ground
water of Jamshoro, Pakistan. Journal of Hazardous Mate-
rials, 166, 662—669.

Baig, J. A., Kazi, T. G., Shah, A. Q., Afridi, H. I., Kandhro, G.
A., Khan, S., et al. (2011). Evaluation of arsenic levels in
grain crops samples, irrigated by tube well and canal water.
Food and Chemical Toxicology, 49, 265-270.

Baig, S. A., Xu, X., & Khan, R. (2012). Microbial water quality
risks to public health: Potable water assessment for a flood-
affected town in northern Pakistan. Rural and Remote
Health, 12, 2196-2203.

Barringer, J. L., & Reilly, P. A. (2013). Arsenic in groundwater:
A summary of sources and the biogeochemical and
hydrogeologic factors affecting arsenic occurrence and
mobility. Rijeka: INTECH Open Access Publisher.

Bashir, M. T., Ali, S. B., Adris, A., & Haroon, R. (2013). Health
effects associated with fluoridated water sources—A
review of central Asia. Asian Journal of Water, Environ-
ment and Pollution, 10, 29-37.

Bhutta, M. N., Ramzan, M., & Hafeez, C. A. (2002). Ground
water quality and availability in Pakistan. Islamabad:
Pakistan Council for Research in Water Resources,
PCRWR.

Bibi, S., Farooqi, A., Hussain, K., & Haider, N. (2015). Evalu-
ation of industrial based adsorbents for simultaneous
removal of arsenic and fluoride from drinking water.
Journal of Cleaner Production, 87, 882-896.

Bissen, M., & Frimmel, F. H. (2003). Arsenic-a review. Part I:
Occurrence,  toxicity, speciation, mobility. Acta
Hydrochimica et Hydrobiologica, 31, 9-18.

Biswas, K., Gupta, K., Goswami, A., & Ghosh, U. C. (2010).
Fluoride removal efficiency from aqueous solution by
synthetic iron(III)-aluminum(III)-chromium(IIl) ternary
mixed oxide. Desalination, 255, 44-51.

Borah, L., & Dey, N. C. (2009). Removal of fluoride from low
TDS water using low grade coal. Indian Journal of
Chemical Technology, 16, 361-363.

Brahman, K. D., Kazi, T. G., Afridi, H. 1., Naseem, S., Arain, S.
S., Wadhwa, S. K., et al. (2013). Simultaneously evaluate
the toxic levels of fluoride and arsenic species in under-
groundwater of Tharparkar and possible contaminant
sources: A multivariate study. Ecotoxicology and envi-
ronmental safety, 89, 95-107.

Brahman, K. D., Kazi, T. G., Baig, J. A., Afridi, H. I., Khan, A.,
Arain, S. S., et al. (2014). Fluoride and arsenic exposure
through water and grain crops in Nagarparkar, Pakistan.
Chemosphere, 100, 182—189.

Brindha, K., & Elango, L. (2011). Fluoride in groundwater:
Causes, implications and mitigation measures. Fluoride
Properties, Applications and Environmental Management,
1, 111-136.

Bundschuh, J., Litter, M., Ciminelli, V. S., Morgada, M. E.,
Cornejo, L., & Hoyos, S. G. (2010). Emerging mitigation

@ Springer



Environ Geochem Health

needs and sustainable options for solving the arsenic
problems of rural and isolated urban areas in Latin Amer-
ica: A critical analysis. Water Research, 44, 5828-5845.

Cao, X. H. (2005). Study of the confined groundwater system of
middledeep layers in Sushui Catchment. Shanxi
Hydrotechnics Bull, 3, 41-43. (in Chinese).

Carrillo-Rivera, J. J., Cardona, A., & Edmundo, W. M. (1996).
Use of abstraction regime and knowledge of hydrogeo-
logical conditions to control high fluoride concentration in
abstracted groundwater San Luis Potosy basin, Mexico.
Hydrogeology Journal, 261, 24-47.

Chaoke, L., Rongdi, J., & Shouren, C. (1997). Epidemiological
analysis of endemic fluorosis in China. Journal of Envi-
ronmental Science and Health Part C, 15, 123-138.

Chwirka, J., Thompson, B. M., & Stomp, J. M. (2000).
Removing arsenic from groundwater. Journal American
Water Works Association, 92, 79-88.

Cronin, S., Manoharan, V., Hedley, M., & Loganathan, P.
(2000). Fluoride: A review of its fate, bioavailability, and
risks of fluorosis in grazed-pasture systems in New Zeal-
and. New Zealand Journal of Agricultural Research, 43,
295-321.

Currell, M., Cartwright, 1., Raveggi, M., & Han, D. (2011).
Controls on elevated fluoride and arsenic concentrations in
groundwater from the Yuncheng Basin, China. Applied
Geochemistry, 26, 540-552.

Czarnowski, W., WrzeSniowska, K., & Krechniak, J. (1996).
Fluoride in drinking water and human urine in Northern
and Central Poland. The science of the Total Environment,
191, 177-184.

Dar, M. A., Sankar, K., & Dar, I. A. (2011). Fluorine contami-
nation in groundwater: A major challenge. Environmental
Monitoring and Assessment, 173, 955-968.

Datta, P., Deb, D., & Tyagi, S. (1996). Stable isotope (18 O)
investigations on the processes controlling fluoride con-
tamination of groundwater. Journal of Contaminant
Hydrology, 24, 85-96.

De Zuane, J. (1997). Handbook of drinking water quality.
Toronto: Wiley.

Dey, R. K., Swain, S. K., Sulagna, M., Prachi, S., Tanushree, P.,
et al. (2011). Hydrogeochemical processes controlling the
high fluoride concentration in groundwater: A case study at
the Boden block area, Orissa, India. Environmental Mon-
itoring and Assessment. https://doi.org/10.1007/s10661-
011-2188-2.

Dharmagunawardhane, H., & Dissanayake, C. (1993). Fluoride
problems in Sri Lanka. Environmental Management and
Health, 4, 9-16.

Dissanayake, C. B. (1991). The fluoride problem in the
groundwater of Sri Lanka-environmental management and
health. International Journal of Environmental Studies, 38,
137-156.

Dolar, D., Kosutic, K., & Vucic, B. (2011). RO/NF treatment of
wastewater from fertilizer factory removal of fluoride and
phosphate. Desalination, 265, 237-241.

Edmunds, W. M., & Smedley, P. L. (2013). Fluoride in natural
waters, essentials of medical geology (pp. 311-336). Ber-
lin: Springer.

Farooqi, A., Masuda, H., & Firdous, N. (2007a). Toxic fluoride
and arsenic contaminated groundwater in the Lahore and

@ Springer

Kasur districts, Punjab, Pakistan and possible contaminant
sources. Environmental Pollution, 145, 839—-849.

Farooqi, A., Masuda, H., Kusakabe, M., Naseem, M., & Firdous,
N. (2007b). Distribution of highly arsenic and fluoride
contaminated groundwater from East Punjab, Pakistan, and
the controlling role of anthropogenic pollutants in the
natural hydrological cycle. Geochemical Journal, 1,
213-234.

Fawell, J., Bailey, K., Chilton, J., Dahi, E., Fewtrell, L., &
Magara, Y. (2006). Fluoride in drinking water. World
Health Organization (WHO), IWA Publishing, London,
pp 97-117.

Fazlul Hoque, A. K. M., Khaliquzzaman, M., Hossain, M. D., &
Khan, A. H. (2002). Determination of fluoride in water
residues by proton induced gamma emission measure-
ments. Fluoride, 35(3), 1-9.

Finkelman, R. B., Orem, W., Castranova, V., Tatu, C. A,
Belkin, H. E., Zheng, B., et al. (2002). Health impacts of
coal and coal use: Possible solutions. International Journal
of Coal Geology, 50, 425-443.

Gaciri, S., & Davies, T. (1993). The occurrence and geochem-
istry of fluoride in some natural waters of Kenya. Journal of
Hydrology, 143, 395-412.

Gao, X., Wang, Y., Li, Y., & Guo, Q. (2007). Enrichment of
fluoride in groundwater under the impact of saline water
intrusion in the salt lake area of Yuncheng basin, northern
China. Environmental Geology, 53, 795-803.

Ghiglieri, G., Pittalis, D., Cerri, G., & Oggiano, G. (2012).
Hydrogeology and hydrogeochemistry of an alkaline vol-
canic area: The NE Mt. Meru slope (East African Rift-
Northern Tanzania). Hydrology and Earth System Sci-
ences, 16, 529-541.

Ghorai, S., & Pant, K. (2005). Equilibrium, kinetics and
breakthrough studies for adsorption of fluoride on activated
alumina. Separation and Purification Technology, 42,
265-271.

Guo, Q., Wang, Y., Ma, T., & Ma, R. (2007). Geochemical
processes controlling the elevated fluoride concentrations
in groundwaters of the Taiyuan Basin, Northern China.
Journal of Geochemical Exploration, 93, 1-12.

Handa, B. (1988). Fluoride occurrence in natural waters in India
and its significance. Bhu-Jal News, 3, 31-37.

Haque, M. N., Morrison, G. M., Perrusquia, G., Gutierrez, M.,
Aguilera, A. F., Cano-Aguilera, 1., et al. (2008). Charac-
teristics of arsenic adsorption to sorghum biomass. Journal
of Hazardous Materials, 145, 30-35.

Harrison, P. T. (2005). Fluoride in water: A UK perspective.
Journal of Fluorine Chemistry, 126, 1448-1456.

Hem, J.D. (1985). Study and interpretation of the chemical
characteristics of natural water (3rd ed.) US Geological
survey water supply, paper 2254, pp. 117-120.

Hinrichsen, D., & Tacio, H. (2002). The coming freshwater
crisis is already here. The linkages between population and
water. Washington, DC: Woodrow Wilson International
Center for Scholars. Retrieved from http://www.
wilsoncenter.org/topics/pubs/popwawa2.pdf.

Hug, S. J., Canonica, L., Wegelin, M., Gechter, D., & von
Gunten, U. (2001). Solar oxidation and removal of arsenic
at circumneutral pH in iron-containing waters. Environ-
mental Science and Technology, 35, 2114-2121.


https://doi.org/10.1007/s10661-011-2188-2
https://doi.org/10.1007/s10661-011-2188-2
http://www.wilsoncenter.org/topics/pubs/popwawa2.pdf
http://www.wilsoncenter.org/topics/pubs/popwawa2.pdf

Environ Geochem Health

Igbal, J., Kim, H. J., Yang, J. S., Baek, K., & Yang, J. W. (2001).
Removal of arsenic from groundwater by micellar-en-
hanced ultrafiltration (MEUF). Chemosphere, 66,
970-976.

Jacks, G., Bhattacharya, P., Chaudhary, V., & Singh, K. (2005).
Controls on the genesis of some high-fluoride groundwa-
ters in India. Applied Geochemistry, 20, 221-228.

Jain, C., & Singh, R. (2012). Technological options for the
removal of arsenic with special reference to South East
Asia. Journal of Environmental Management, 107, 1-18.

Karro, E., & Uppin, M. (2013). The occurrence and hydro-
chemistry of fluoride and boron in carbonate aquifer sys-
tem, central and western Estonia. Environmental
Monitoring and Assessment, 185, 3735-3748.

Kazi, T. G., Arain, M. B., Baig, J. A, Jamali, M. K., Afridi, H. L.,
Jalbani, N., et al. (2009). The correlation of arsenic levels
in drinking water with the biological samples of skin dis-
orders. Science of the Total Environment, 407, 1019-1026.

Khattak, M. A., Ahmed, N., Qazi, M. A., Izhar, A., Ilyas, S.,
et al. (2012). Evaluation of groundwater quality for irri-
gation and drinking purpose of the area adjacent to Hudiara
industrial drain Lahore, Pakistan. Pakistan Journal of
Agricultural Science, 49(4), 549-556.

Kim, S. H., Kim, K., Ko, K. S., Kim, Y., & Lee, K. S. (2012).
Co-contamination of arsenic and fluoride in the ground-
water of unconsolidated aquifers under reducing environ-
ments. Chemosphere, 87, 851-856.

Kumar, P. S. (2013). Impact of leather industries on fluoride
dynamics in groundwater around a tannery cluster in South
India. Bulletin of Environmental Contamination and Tox-
icology, 90, 338-343.

Li, P., Qian, H., Wu, J., Chen, J., Zhang, Y., & Zhang, H. (2014).
Occurrence and hydrogeochemistry of fluoride in alluvial
aquifer of Weihe River, China. Environmental Earth Sci-
ences, 71, 3133-3145.

Maheshwari, R. (2006). Fluoride in drinking water and its
removal. Journal of Hazardous Materials, 137(1),
456-463.

Malana, M. A., & Khosa, M. A. (2011). Groundwater pollution
with a special focus on arsenic, Dera Ghazi Khan-Pakistan.
Journal of Saudi Chemical Society, 15(1), 39—47.

Mamatha, P., & Rao, S. M. (2010). Geochemistry of fluoride-
rich groundwater in Kolar and Tumkur Districts of Kar-
nataka. Environmental Earth Sciences, 61, 131-142.

Manahan, S. E. (2002). Toxicological chemistry and biochem-
istry. Boca Raton: CRC Press.

Mandal, B. K., & Suzuki, K. T. (2002). Arsenic round the world:
A review. Talanta, 58, 201-235.

McClintock, T. R., Chen, Y., Bundschuh, J., Oliver, J. T.,
Navoni, J., Olmos, V., et al. (2012). Arsenic exposure in
Latin America: Biomarkers, risk assessments, and related
health effects. The science of the Total Environment, 429,
76-91.

Meenakshi, S., & Viswanathan, N. (2007). Identification of
selective ion exchange resin for fluoride sorption. Journal
of Colloid and Interface Science, 308, 438-450.

Mirlean, N., & Rosenberg, A. (2007). Fluoride distribution in
the environment along the gradient of a phosphate-fertil-
izer production emission (southern Brazil). Environmental
Geochemistry and Health, 29, 179-187.

Mohan, D., Singh, K. P., & Singh, V. K. (2008). Wastewater
treatment using low-cost activated carbons derived from
agricultural by-products a case study. Journal of Hazar-
dous Materials, 152, 1045-1053.

Msonda, K. W. M., Masamba, W. R. L., & Fabiano, E. (2007). A
study of fluoride groundwater occurrence in Nathenji,
Lilongwe, Malawi. Physics and Chemistry of the Earth, 32,
1178-1184.

Muhammad, S., Shah, M. T., & Khan, S. (2010). Arsenic health
risk assessment in drinking water and source apportion-
ment using multivariate statistical techniques in Kohistan
region, northern Pakistan. Food and Chemical Toxicology,
48, 2855-2864.

Muller, W. J., Heath, R. G. M., & Villet, M. H. (1998). Finding
the optimum: Fluoridation of potable water in South
Africa. Water SA, 24, 21-27.

Naseem, S., Rafique, T., Bashir, E., Bhanger, M. 1., Laghari, A.,
& Usmani, T. H. (2010). Lithological influences on the
occurrence of high-fluoride groundwater in Nagar Parkar
area, Thar Desert, Pakistan. Chemosphere, 78, 1313-1321.

Ndiaye, P. 1., Moulin, P., Dominguez, L., Millet, J. C., &
Charbit, F. (2005). Removal of fluoride from electronic
industrial effluent by RO membrane separation. Desali-
nation, 173, 25-32.

Ng, J. C., Wang, J., & Shraim, A. (2003). A global health
problem caused by arsenic from natural sources. Chemo-
sphere, 52, 1353-1359.

Nguyen, V. A, Bang, S., Viet, P. H., & Kim, K. W. (2009).
Contamination of groundwater and risk assessment for
arsenic exposure in Ha Nam province, Vietnam. Environ-
ment International, 35(3), 466-472.

Nickson, R., McArthur, J., Shrestha, B., Kyaw-Myint, T., &
Lowry, D. (2005). Arsenic and other drinking water quality
issues, Muzaffargarh District, Pakistan. Applied Geo-
chemistry, 20, 55-68.

Nogami, K., Iguchi, M., Ishihara, K., Hirabayashi, J.-1., & Miki,
D. (2006). Behavior of fluorine and chlorine in volcanic ash
of Sakurajima volcano, Japan in the sequence of its erup-
tive activity. Earth, Planets and Space, 58, 595—600.

Paoloni, J. D., Fiorentino, C. E., & Sequeira, M. E. (2003).
Fluoride contamination of aquifers in the southeast sub-
humid pampa, Argentina. Environmental Toxicology, 18,
317-320.

Parmar, H. S., Patel, J. B., Sudhakar, P., & Koshy, V. (2006).
Removal of fluoride from water with powdered corn cobs.
Journal of Environmental Science and Engineering, 48,
135-138.

Parmar, S., & Singh, V. (2015). Phytoremediation approaches
for heavy metal pollution: A review. J Plant Science
Research, 2015, 2—-139.

Pauwels, H., & Ahmed, S. (2007). Fluoride in groundwater:
Origin and health impacts. Geosciences, 5, 68-73.

PCRWR (2005). National Water Quality Monitoring Pro-
gramme. Water Quality Report 2003-2004, Islamabad,
Pakistan. Pakistan Council for Research in Water
Resources.  http://www.pcrwr.gov.pk/wq_phase3_report/
TOC.html. Accessed 13 Nov 2012.

Phan, K., Sthiannopkao, S., Kim, K. W., Wong, M. H., Sao, V.,
Hashim, J. H., et al. (2010). Health risk assessment of
inorganic arsenic intake of Cambodia residents through

@ Springer


http://www.pcrwr.gov.pk/wq_phase3_report/TOC.html
http://www.pcrwr.gov.pk/wq_phase3_report/TOC.html

Environ Geochem Health

groundwater drinking pathway. Water Research, 44(19),
5777-5788.

Pickering, W. F. (1985). The mobility of soluble fluoride in
soils. Environmental Pollution Series B, Chemical and
Physical, 9, 281-308.

Queste, A., Lacombe, M., Hellmeier, W., Hillermann, F., Bortu-
lussi, B., Kaup, M., et al. (2001). High concentrations of flu-
oride and boron in drinking water wells in the Muenster
region-results of a preliminary investigation. International
Journal of Hygiene and Environmental Health, 203, 221-224.

Rafique, T., Naseem, S., Ozsvath, D., Hussain, R., Bhanger, M.
I., & Usmani, T. H. (2015). Geochemical controls of high
fluoride groundwater in Umarkot Sub-District, Thar
Desert, Pakistan. The science of the Total Environment,
530, 271-278.

Rahman, I. M., Begum, Z. A., Nakano, M., Furusho, Y., Maki,
T., & Hasegawa, H. (2011). Selective separation of arsenic
species from aqueous solutions with immobilized macro-
cyclic material containing solid phase extraction columns.
Chemosphere, 82, 549-556.

Rango, T., Bianchini, G., Beccaluva, L., Ayenew, T., &
Colombani, N. (2009). A hydrogeochemical study in the
Main Ethiopian Rift: New insights into the source and
enrichment mechanism of fluoride. Environmental Geol-
ogy, 58, 109-118.

Rango, T., Kravchenko, J., Atlaw, B., McCornick, P. G., Jeu-
land, M., Merola. B., et al. (2012). Groundwater quality
and its health impact: An assessment of dental fluorosis in
rural inhabitants of the main Ethiopian rift. Environment
International, 43, 37-47.

Rasool, A., Xiao, T., Baig, Z. T., Masood, S., Mostafa, K. M. G.,
& Igbal, M. (2015). Co-occurrence of arsenic and fluoride
in the groundwater of Punjab, Pakistan: Source discrimi-
nation and health risk assessment. Environmental Science
and Pollution Research, 22, 19729-19746.

Ravenscroft, P., Brammer, H., & Richards, K. (2009). Arsenic in
North America and Europe. Arsenic pollution: A global
synthesis, (RGS-IBG Book Series) (pp. 387-454). Chich-
ester: Wiley-Blackwell.

Reddy, A., Reddy, D., Rao, P., & Prasad, K. M. (2010).
Hydrogeochemical characterization of fluoride-rich
groundwater of Wailpalli watershed, Nalgonda District,
Andhra Pradesh, India. Environmental Monitoring and
Assessment, 171, 561-577.

Robertson, F. N. (1989). Arsenic in ground-water under oxi-
dizing conditions, southwest United States. Environmental
Geochemistry and Health, 11, 171-185.

Rosemann, N. (2005). Drinking water crisis in Pakistan and the
issue of bottled water. The case of Nestlé’s ‘Pure Life’.
Pakistan: Swiss Coalition of Development Organisations
and Actionaid. http://www.alliancesud.ch/en/policy/water/
downloads/nestle-pakistan.pdf. Accessed 14 July 2012.

Sancha, A. M. (2006). Review of coagulation technology for
removal of arsenic: The case of Chile. Journal of Health,
Population, and Nutrition, 2006, 254-267.

Sarma, D., & Rao, S. (1997). Fluoride concentrations in ground
waters of Visakhapatnam, India. Bulletin of Environment
Contamination and Toxicology, 58, 241-247.

Saxena, V., & Ahmed, S. (2003). Inferring the chemical
parameters for the dissolution of fluoride in groundwater.
Environmental Geology, 43, 731-736.

@ Springer

Segreto, V. A., Collins, E. M., Camann, D., & Smith, C. T.
(1984). A current study of mottled enamel in Texas.
Journal of the American Dental Association, 108, 56-59.

Shah, M. T., & Danishwar, S. (2003). Potential fluoride con-
tamination in the drinking water of Naranji area, northwest
frontier province, Pakistan. Environmental Geochemistry
and Health, 25, 475-481.

Shemirani, F., Baghdadi, M., & Ramezani, M. (2005). Precon-
centration and determination of ultra-trace amounts of
arsenic (III) and arsenic (V) in tap water and total arsenic in
biological samples by cloud point extraction and elec-
trothermal atomic absorption spectrometry. Talanta, 65(4),
882-887.

Siddique, A., Mumtaz, M., Saied, S., Karim, Z., & Zaigham, N.
A. (2006). Fluoride concentration in drinking water of
Karachi City (Pakistan). Environmental Monitoring and
Assessment, 120, 177-185.

Singh, R., Singh, S., Parihar, P., Singh, V. P., & Prasad, S. M.
(2015). Arsenic contamination, consequences and reme-
diation techniques: A review. Ecotoxicology and Envi-
ronmental Safety, 112, 247-270.

Sivabalan, R., Rengaraj, S., Arabindoo, B., & Murugesan, V.
(2003). Cashewnut sheath carbon: A new sorbent for
defluoridation of water. Indian Journal of Chemical
Technology, 10, 217-222.

Smedley, P., & Kinniburgh, D. (2002). A review of the source,
behavior and distribution of arsenic in natural waters. Ap-
plied Geochemistry, 17, 517-568.

Smedley, P. L., Nicolli, H. B., Macdonald, D. M. J., Barros, A.
J., & Tullio, J. O. (2002). Hydrogeochemistry of arsenic
and other inorganic constituents in groundwaters from La-
Pampa, Argentina. Applied Geochemistry, 17, 259-284.

Srivastava, A., & Lohani, M. (2015). Fluorine, a Dreaded ele-
ment: A review on occurrence of fluorine in environment
and its standard methods of analysis. International Journal
of Environment Research and Development, 5, 7-21.

Su, C., Wang, Y., Xie, X., & Li, J. (2006). Aqueous geochem-
istry of high-fluoride groundwater in Datong Basin,
Northern China. Journal of Geochemical Exploration, 135,
79-92.

Tahir, M., & Rasheed, H. (2012). Fluoride in the drinking water
of Pakistan and the possible the risk of crippling fluorosis.
Drinking Water Engineering and Science, 5, 495-514.

Tahir, M., & Rasheed, H. (2013). Fluoride in the drinking water
of Pakistan and the possible the risk of crippling fluorosis.
Drinking Water Engineering and Science, 6, 17-23.

Teotia, S., & Teotia, M. (1994). Dental caries: A disorder of high
fluoride and low dietary calcium interactions (30 years of
personal research). Fluoride, 27, 59.

Thakre, D., Rayalu, S., Kawade, R., Meshram, S., Subrt, J., &
Labhsetwar, N. (2010). Magnesium incorporated bentonite
clay for defluoridation of drinking water. Journal of
Hazardous Materials, 180, 122—130.

Thirunavukkarasu, O. S., Viraghavan, T., & Suramanian, K. S.
(2003). Arsenic removal from drinking water using iron-
oxide coated sand. Water Air Soil Pollution, 142, 95-111.

Tournassat, C., Charlet, L., Bosbach, D., & Manceau, A. (2002).
Arsenic(Il) oxidation by birnessite and precipitation of
manganese(Il) arsenate. Environmental Science and
Technology, 36, 493-500.


http://www.alliancesud.ch/en/policy/water/downloads/nestle-pakistan.pdf
http://www.alliancesud.ch/en/policy/water/downloads/nestle-pakistan.pdf

Environ Geochem Health

Tressaud, A. (2006). Fluorine and the environment: Agro-
chemicals, archaeology, green chemistry and water (Vol.
2). Amsterdam: Elsevier.

Tsuji, J. S., Perez, V., Garry, M. R., & Alexander, D. D. (2014).
Association of low-level arsenic exposure in drinking
water with cardiovascular disease: A systematic review
and risk assessment. Toxicology, 323, 78-94.

Ullah, R., Malik, R. N., & Qadir, A. (2009). Assessment of
groundwater contamination in an industrial city, Sialkot,
Pakistan. African Journal of Environmental Science and
Technology, 3, 429-436.

Violante, A., & Pigna, M. (2009). Coprecipitation of arsenate
with metal oxides. 3. Nature, mineralogy, and reactivity of
iron (III): Aluminum precipitates. Environmental Science
and Technology, 43, 1515-1521.

Viswanathan, N., & Meenakshi, S. (2009). Role of metal ion
incorporation in ion exchange resin on the selectivity of
fluoride. Journal of Hazardous Materials, 162, 920-930.

Vithanage, M., & Bhattacharya, P. (2015). Fluoride in the
environment: Sources, distribution and defluoridation.
Environmental Chemistry Letters, 13, 131-147.

W. H. Organization. (2011). Guidelines for drinking water
quality. Geneva: World Health Organization.

Wade, T. J., Xia, Y., Wu, K., Li, Y., Ning, Z., Le, X. C., et al.
(2009). Increased mortality associated with well-water
arsenic exposure in Inner Mongolia, China. International
Jjournal of environmental research and public health, 6(3),
1107-1123.

Waghmare, S. S., Arfin, T., Manwar, N., Lataye, D. H., Labh-
setwar, N., & Rayalu, S. (2015). Preparation and

characterization of polyalthia long folio based alumina as a
novel adsorbent for removing fluoride from drinking water.
Asian Journal of Advanced Basic Science, 4, 12-24.

Wang, L., Condit, W. E., Chen, A. S., & Sorg, T. J. (2004).
Technology selection and system design US EPA arsenic
removal technology demonstration program round 1.
National Risk Management Research Laboratory, Office of
Research and Development, US Environmental.

Wang, S., et al. (2009). Shallow groundwater dynamics in North
China Plain. Journal of Geographical Sciences, 19(2),
175-188.

Yin, H., Kong, M., & Tang, W. (2015a). Removal of fluoride
from contaminated water using natural calcium-rich atta-
pulgite as a low-cost adsorbent. Water Air Soil Pollution,
226, 111.

Yin, H., Kong, M., & Tang, W. (2015b). Removal of fluoride
from contaminated water using natural calcium-rich atta-
pulgite as a low-cost adsorbent. Water Air Soil Pollution,
226, 1-11.

Young, S. M., Pitawala, A., & Ishiga, H. (2010). Factors con-
trolling fluoride contents of groundwater in north-central
and northwestern Sri Lanka. Environmental Earth Sci-
ences. https://doi.org/10.1007/s12665-010-0804-z.

Zhang, B., Hong, M., Zhao, Y., Lin, X., Zhang, X., & Dong, J.
(2003). Distribution and risk assessment of fluoride in
drinking water in the west plain region of Jilin Province,
China. Environmental Geochemistry and Health, 25,
421-431.

@ Springer


https://doi.org/10.1007/s12665-010-0804-z

	A review of global outlook on fluoride contamination in groundwater with prominence on the Pakistan current situation
	Abstract
	Introduction
	Co-occurrence of fluoride
	Fluoride controlling factors in groundwater
	Fluoride-bearing minerals
	Hydro-chemical factors anion exchange

	Spatial variation of fluoride concentration in groundwater
	Mechanisms of fluoride in groundwater
	Global perspectives of fluoride especially Pakistan
	Environmental sources of fluoride
	Geological and anthropogenic contamination of fluoride in groundwater: Pakistan scenario
	Geological sources of fluoride contamination in groundwater: worldwide scenario
	Anthropogenic sources of fluoride contamination in groundwater: worldwide scenario

	Health impacts of fluoride
	Mitigation technologies for removing fluoride from water
	Conclusion and recommendations
	Acknowledgements
	References




