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Abstract

Fluoride has a significant impact on our surroundings. Various treatment methodologies are available to reduce the fluoride
level in groundwater and surface water. Water containing fluoride is most likely to affect humans, plants, and animals in
different ways, based on the allowable limits set by the countries. This way, an attempt has been made to review the different
parameters related to fluoride occurrence, effect, and treatment. The aim of this work is to review the literature about the
background of fluoride availability, the source of fluoride, highlight the potential effect of fluoride on the surrounding, and
compile different treatment techniques for fluoride removal. This review will be helpful to the research scholars who work
in the field of water and wastewater treatment from groundwater and surface water.
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1 Introduction

Water is among the primary elements required for the sur-
vival of all life forms; it is abundant in nature and makes up
around three-fourths of the earth's surface [1, 2]. As reported
by the UNEDP, a third of the world's population or 2.4 billion
people, still lack access to safe drinking water. Water quality
is essential for home, agricultural, and industrial uses [3, 4].
In developing nations with arid climates like the South of
Algeria, groundwater is the only available source [5]. The
chemical substances of water are one of the most signifi-
cant factors that affect its utility for different areas all over
the world, so all water is not suitable for drinking, which
contributes to the issue of freshwater scarcity [6]. Even if
industrialization has contributed to a decline in the quality
of natural water, the majority of chemicals substance are of
natural origin [7]. Due to complicated interactions between
precipitants, soil, and subterranean geological strata, these
chemical compounds end up in the water supply. As a result,
the organic and inorganic components of the natural water-
ways are both natural and manmade [8]. The nature and con-
centrations of the compounds dissolved in water determine
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the chemical properties of water. Drinking water typically
has a dissolved solids concentration of 50 to 500 mg/L, but
arid locations can have a concentration of up to 1500 mg/L
[9-11]. While some of the dissolved organic elements have
been found to be carcinogenic, it happens frequently that two
or more dissolved components mix to generate a compound
with properties that are more harmful than the original
component. Bicarbonates, sulfates, chlorides, magnesium
nitrates, and calcium nitrate are the most common dissolved
substances in drinking water, although sodium potassium
concentrations are generally lower. Inorganic elements found
in drinking water include iron, aluminum, and manganese,
there are also many other trace metals and metalloids, some
of which have toxicity-based restrictions [12].

Pollution levels can be found almost everywhere, and
uncontaminated water sources are the exception rather than
the standard. Early drinking water quality standards focused
nearly entirely on bacteriological elements of water quality,
with the bulk of chemical components primarily mentioned
concerning aesthetic properties. However, in the last years,
scientists have paid much attention to hazardous inorganic
compounds like fluoride, cadmium, and arsenic etc. In addi-
tion, limits have been set for each of these substances to
evaluate if the water is safe to drink.

The existence of fluoride in above permissible limit
amounts is a serious issue to human as well as animal
health through the food chain. Like other contaminants,
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fluoride pollution occur naturally or due to human activi-
ties like industry process, such as aluminum and iron
smelting, electronics and steel manufacturing, fertilizer
industry etc. [13, 14]. Numerous minerals, such as fluor-
spar in sedimentary rocks and cryolite in igneous rocks
contain fluoride, which can leach out by rainwater to pol-
lute surface and groundwater. Depending on the concen-
tration and total amount consumed, fluoride can be either
healthy or unhealthy for humans, plants as well as for ani-
mals. The World Health Organization (WHO) recommends
the maximum acceptable concentration of fluoride present
in drinking water between 0.5 and 1.5 mg/L. When the
fluoride content is less than 0.5 mg/L, the relative risk of
dental and skeletal disease rises. Long-term intake of high
fluoride water over than 1.5 mg/L can result in the thyroid,
kidney, joint stiffness, paralysis, dental and skeletal fluo-
rosis [15, 16]. Fluoride level between 1.0 and 1.5 mg/L
in water is advantageous, especially for young children,
as they aid in the calcification of dental enamel. Fluoride
level in drinking water that exceeds WHO recommenda-
tions is an issue in more than 20 nations worldwide, par-
ticularly in China, India, Pakistan, South Africa, Tiirkiye,
Argentina, Mexico, and the Rift Valley countries in Africa
[17]. Fluorosis, which is caused by long-term consumption
of drinking water with high fluoride levels, affects millions
of peoples globally in different ways.

Fluoride is often removed from water supplies through
chemical precipitation, adsorption, ion exchange, coagula-
tion, filtration, and other treatment methods. Even though
they are both economically and practically feasible, the facil-
ities are typically not present in small towns with staggered
habitats. A low cost, simply designed, abundantly available
materials, urgently are needed for small and dispersed habi-
tats like in the Malwa Belt of Punjab, India [18]. In this
regard, the process of adsorption using ceramic clay based
is inexpensive, ecofriendly and widely accessible materials
everywhere would be more acceptable, especially for small
and rural areas [19]. Therefore, it is a relevant issue glob-
ally to review the different parameters related to fluoride
occurrence, effect, and treatment. Recent literature reviews
focused on the fluoride occurrence, the effect of fluoride on
humans, and defluoridation methods [20-22], but there is
limited work discussed on the effect of fluoride on the sur-
rounding such as plants, animals, and soil.

The aim of this paper is to review the literatures about
the background of fluoride availability, the source of fluo-
ride, highlight the potential effect of fluoride on the sur-
rounding, and compiling different treatment techniques for
fluoride removal which are available today. This unit is the
role of contributing to the development and advancement of
engineering technology by applying current and appropri-
ate approaches, outperforming smaller attempts for practical
usage.
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2 Source of Fluoride

Fluoride is the fluorine anion with the chemical formula
(F"), fluorine element is widely dispersed throughout dif-
ferent geological environments, it is the 13th most preva-
lent element and constitutes between 0.06 and 0.09% by
weight of the earth's crust [23]. Since fluorine is a strong
oxidant, it occurs naturally as the fluoride ion (F") which
is reactive in the environment and found naturally through
the groundwater and surface water [24-27].

2.1 Groundwater

All subterranean water found in saturated and unsaturated
zones is referred to as groundwater (GW). The surface, riv-
ers, and streams provide the water, and precipitation and
snowfall replenish it. It is located at the water table, which
is the depth below the surface [28]. The water table can be
found between one meter and several hundred meters below
the surface. GW infiltrate between the pore spaces of rocks
and soil, cracks, and in a different geological formation. The
hydraulic properties, the quantity as well as the shape of
void space affect how GW infiltrates inside the rocks and
soil. Although water can easily pass through some rocks
and into the subterranean aquifer system, it usually seeps
through fissures, cracks, and other rock bodies [29]. Aqui-
fers, aquitards, and aquicludes are the three main categories
of geological formation GW that in general govern the exist-
ence of GW resources [28]. An aquifer is a highly porous
saturated layer of sand, gravel, conglomerate, or bedrock,
which serves as a substantial GW resource, since it not only
retains water, but which also discharges adequate amounts
of it. The Aquitard is a partially saturated layer (clay) that
allows water to flow through but does not supply enough
readily available water when compared to the aquifer [30].
The aquiclude is an impermeable stratum, that generates a
big amount of water due to its high porosity, but it does
not give a considerable quantity of water. To reach surface
water at low elevations, GW traverses flow routes with var-
ied lengths from recharge zones to discharge zones. The
process of reaching groundwater that may be hundreds of
meters below the surface may interest someone. Naturally,
water is driven to the surface in the form of a spring or by
discharging into rivers or lakes. Nevertheless, usually some-
times, abstraction is the process of bringing water to the
surface that requires drilling wells or boreholes. A borehole
or underground pipe that extends until it hits an aquifer is
called a well. In unconfined aquifers, a pump is necessary
to elevate the water through a borehole and well. In artesian
limited aquifers, the water is under pressure, which causes
it to rise to the surface naturally.
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GW pollution can occur naturally or as a result of
human activity such as waste dumping, industry, and farm-
ing [20]. The three categories of characteristics of ground-
water are physical, chemical, and biological [7]. Physical
characteristics in water are determined by suspended sol-
ids, odor, color, flavor, taste, turbidity, and temperature.
Chemical characteristics are both organic and inorganic;
the properties of groundwater involved by assessing chem-
ical oxygen demand (COD), acidity, pH, carbon dioxide,
alkalinity, sulphur dioxide, sodium, calcium, magnesium,
potassium, chloride, fluoride, bicarbonate, sulfate etc. Bio-
logical characteristics, various changes observed in water
due to organisms, bacteria, coliform, virus, protozoa etc.
High fluoride groundwater (GW) is usually caused by the
dissolution of the fluorine compound. The groundwater
contamination due to fluorite minerals dissolving are men-
tioned below [31]:

CaF, + NayCO; — CaCOs + 2Na™ + 2F~ 60

CaF, + 2NaHCO; — CaCO; + 2Na* + 2F~ + H,0 + CO,

@

The F~ precipitates as CaF, since the concentration of
Ca*" is high.

Ca** +2F~ — CaF, 3)

CaF, + OH™ — Ca(OH), + 2F~ 4)

Equations (1-4) depict geochemical mechanisms that
precipitate Ca’t while releasing Na™ and F~ into the
groundwater.

According to the study of fluoride sources, the occurrence
of fluoride is due to anthropogenic activities and natural fac-
tors as depicted in (Fig. 1) [32]. Natural causes includes
fluorine compounds combined with rock minerals such as
quartz, granites, felsic, and alkaline volcanic have a big
amount of fluoride [33]. Fluoride can enter surface water,
permeate into the soil, and lastly infiltrate underground water
through long term weathering, washing, and dissolving of
fluorine compound minerals by rainwater. This causes a pro-
gressive increase in the fluoride level in groundwater [22,
32, 34]. Furthermore, the enrichment of fluoride is further
increased by the ongoing evapotranspiration of GW, which
causes high fluoride water to occur in the region. Anthro-
pogenic activities include the mining of fluorine compound
ores using outdated techniques and the discharge of high
fluoride waste residue and wastewater from a variety of
industries, which include metallurgical processes, glass and
coke fabrication, semiconductor fabrication, manufactur-
ing of phosphate fertilizer, and the photovoltaic industry.
Fluoride is then leached and washed into GW by rainwater
or surface water.

Coal burning

Fig. 1 Source of fluoride in groundwater

2.2 Surface Water

All water bodies found on the surface of the Earth, from tiny
ponds to enormous oceans, refer to surface water (SW). It
comprises both saltwater water bodies, mostly oceans and
freshwater bodies like lakes, ponds, rivers, etc. Rainfall is
the principal source of SW. Surface water resources are
mostly dependent on local rainfall, and they may be lost by
infiltration via streambeds, layers of moist soil, and fissures
or fractures that interact with the GW sources and the under-
flow zone as an area where the two systems combine [35].
Surface water and groundwater interact in a variety of ways.
If surface water goes toward the groundwater, it is named a
losing stream, whereas water moving the other way is known
as a gaining stream [36].

Surface water is often heavily contaminated with physi-
cal, chemical, and biological pollutants [37]. Surface water
pollution can result from various physical, chemical, and
biological pollutants as discussed. The fluorine component
discharged by human activities like phosphate fertilizers
can reach surface water by deposition and rainfall [38, 39].
Fluoride concentrations in most rivers are normally within
the permitted level of 1.5 mg/L. Usually, the dissolution of
fluorine compounds results in the formation of fluoride in
surface water [40].

2.3 Fluoride Level in Various Locations Globally
The occurrence of fluoride has been reported in numer-

ous surface water and groundwater around the World.
The countries such as India, Pakistan, Afghanistan,
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Brazil, South Africa and Malawi, fluoride concentra- 3 Effect of Fluoride

tion in groundwater is remarkably high as shown in

(Table 1 a and b) [40]. The high concentration of fluo- 3.1 Effect on Human Health

ride in surface water occurs in Ethiopia and Pakistan

[41, 42]. Fluoride plays a significant role in the body construction of a
human being by increasing the hardness of teeth and bones,

Table 1 (a): Fluoride level on various locations globally

S.No Country Cities/ State Groundwater (mg/L) Surface water (mg/L) References
Algeria Tindouf 0.16-3.3 ND [39]
2 India Mumbai ND 0.5 [43]
Delhi 0.2-32 ND [44]
Kolkata 0.3-1.75 0.29-0.52 [45]
Patiala, Punjab 1.5-9.2 ND [34]
Chennai 0.46-0.89 ND [46]
Malwa Belt, Punjab 0.1-17.5 ND [18]
Mahabubnagar, Telangana 0.6-1.8 ND [47]
Uttarakhand 0.47-0.79 ND [48]
Uttar Pradesh 0.43-7.64 ND [48]
Jharkhand 0.30-6.80 ND [48]
Bihar 0.30-1.63 ND [48]
West Bengal 0.37-1.45 ND [48]
3 Nigeria Yobe 0.06-2.28 0.05-2.07 [49]
Bomo 0.02-2.49 0.03-1.39 [ [49]
4 Pakistan Adenzai 0.7-6.4 ND [31]
Naranji/spring ND 13.52 [41]
5 Afghanistan Kandahar Province 0.01-11.03 ND [50]
6 Sweden Lilla Laxemar 0.3-4.2 ND [51]

(b): Fluoride level on various
location countries wise

S.No Country Cities/ State Groundwater (mg/L) Surface water (mg/L) References
1 Italy Sicily 0.023-3.28 ND [52]
2 Brazil Karstic of West Bahia 0.05-9.16 ND [53]
3 Canada Manitoba Max 15.1 ND [54]
4 China Huaibei 0.42-3.65 ND [55]
Shandong 0.01-4.68 ND [56]
5 Ethiopia Bilate river 0.5-5.6 ND [57]
Ziway—Shala ND 1.9-97 [42]
6 Rwanda Gihaya-Island, Rusizi 0.13-0.14 1.63-1.79 [58]
7 Kenya Turkana county 0.15-5.87 ND [59]
8 USA Wisconsin 0.01-7.60 ND [60]
9 Japan Kumamoto 0.1-1.57 ND [61]
10 South Africa Waterberg 4.5-7.8 ND [16]
11 Egypt Luxor 0.11-0.45 ND [62]
12 Eritrea Keren 0.68-3.73 ND [63]
13 Tiirkiye Bolu/Golcuk lake ND 0.18-2.25 [64]
14 Morocco Casablanca Settat 0.2-6.58 ND [65]
15 Malawi Lilongwe 0.5-7.02 ND [66]
16 Argentine Santiago del Estero 0.01-2.80 ND [67]

ND- Not determined
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Table 2 Concentration of fluoride and effects

S.No  Concentration of  Effects
fluoride (mg/L)
1 >1.5 Dental/skeletal fluorosis
2 1.5-4 High incidence of dental fluorosis
3 4-10 Dental/skeletal fluorosis and hip fracture
4 10< Crippling fluorosis

the acceptable limit in drinking water is 1-1.5 mg/L as per
WHO. If beyond the level consumed it may cause dental
and skeletal fluorosis [22]. Globally an estimated 200 mil-
lion people from 35 different countries suffer the dangerous
effect of fluoride concentrations beyond the recommended
limits in groundwater [68], among those countries India and
China are the most affected by fluorosis [69]. The intake of
fluoride contaminated water is a major health issue in 62
million Indians, including 6 million children [70]. In East
African countries, 80 million people are facing the issue
of fluorosis due to excessive drinking water with fluoride
level higher than the permissible limit [71]. The severity
increases as the fluoride level in the water rise as shown in
(Table 2) [72, 73], and the occurrence varies from place to
place [74, 75].

Dental fluorosis is an enamel developing abnormality
brought on by repeatedly consuming water containing high
levels of fluoride above the permissible limit. The danger of
fluoride overexposure leading to dental fluorosis is very high
in children of young ages while teeth and bone maturation
are taking place because it happens most actively during
tooth development. Dental fluorosis in its milder variants
first appears unremarkable, with hardly perceptible white
streaks on tooth enamel. However, the brown color spoils
the aesthetic of teeth as it worsens. Teeth get tougher to
clean when the tooth enamel gets more abrasive. Permanent
fluorosis pits and spots on teeth tend to grow darker and
nastier with time. Too much fluoride in bones causes skeletal
fluorosis. Fluoride concentration in the bone rises because
of structural changes that weaken the bone. This disease can
present with torn ligaments, instability, muscle wasting, and
neurological issues linked to spinal compression. Fluoro-
sis happens when ionic compounds of hydroxyapatite Cas
(PO,);0H, the main component of human bones is replaced
by fluoride ion to form fluorapatite Cas (PO,);F [22].

Other effects of high concentrations of fluoride on human
health are non-skeletal fluorosis due to the interaction of
fluoride with other organs and soft tissue. The linked disor-
ders due to high concentrations of fluoride are serious issue
to human health such as anemia, hypertension, thyroid gland
anomalies, and myosin filament leading to the weakness of
the muscles [76]. In addition, too much fluoride can affect
brain tissue as Alzheimer’s disease [17], and infertility by

reducing the level of testosterone [77]. A study has shown
that excessive fluoride exposure during pregnancy and in
youth hampered the development of a child's 1Q. Addi-
tionally, children exposed to fluoride during pregnancy
had poorer 1Q scores compared to children who were not
exposed to it during pregnancy; therefore, the decline in
1Q scores at greater levels of fluoride in drinking water in
childhood does not come as a surprise [78]. The poison-
ous fluoride effect caused by consuming water with high a
concentration of fluoride have two effects, acute poisoning
and chronic poisoning (Fig. 2) [27]. Acute poisoning effect
generally occurs occasionally, for short time, and sometimes
can cause death. The symptoms depend on the concentra-
tion of fluoride, time, and age of humans. Over 80% of
cases of acute poisoning effect reported, were in children
less than 6 years old [79]. Chronic poisoning of fluoride
is more known than acute poisoning. Its effects depend on
time, concentration, humility, and nutrition of individual.

3.2 Effect on Animals

High concentration of fluoride is not harm only to human
health but also it is a threat to animal health. The symptoms
of fluoride effect on animals and human health tend to be
the same means if animals consume water or plants with
high concentrations of fluoride, dental and skeletal fluorosis
appear [80]. The appearance of the symptoms of fluoride
toxicity depends on concentrations, time, age, and health
status of animals. Many research studies showed that fluo-
ride also could affect the reproduction, thyroid hormones,
and growth of animals [81] as presented in (Table 3). A male
rat was exposed to water containing different concentrations
of fluoride 2,4 and 6 ppm, after six months the fertility was
decreased by 44% and the sperm motility was reduced by
19.94%, 31.65%, 42.53% respectively [81]. A study was
performed in Rajasthan, India where the concentration
of fluoride in fodder and water was 401-875 mg/kg and
0.271-2.46 mg/L respectively due to fume and gas released
from the phosphate fertilizer plant available in this loca-
tion. In 25 buffalos and 141 cattle examined, 72% of buffalo

[ Effect of fluoride poisonous

|
Acute
poisoning

Nausea, Vomiting, Hypocalcemia, Tetany
especially of hand and feet Hypotension,
hyper salivation, Mixed metabolic and
respiratory acidosis due to failure of
renal/respiratory system Coma and
convulsions leading to death.

Chronic
poisoning

Dental fluorosis, skeletal fluorosis.
Hypersensitivity
reactions Dyspepsia, gastric irritation
Insufficiency of renal system Numbness,
muscular spasm, Birth defects and cancer

Fig.2 Classification of fluoride poisonous effect
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Table 3 The effect of high F concentration exposed to animals

S.No Animals Study area Concentration Results References

1 Hy-Line Gray hens Hangzhou, China 0, 400, 800, and 1200 mg/kg The group consumed diet at 800 and 1200 levels of [84]
F showed a decrease of laying rate and eggs weight
compared to the control group

2 Sheep Rajasthan, India >3 mg/L Sheep consuming water in this area, 18.5% and 8% of [85]
670 sheep examined had chronic dental and skeletal
fluorosis respectively

3 Goats Rajasthan, India >3 mg/L Goats consuming water in this area 17% and 10% of  [85]
646 goats examined had chronic dental and skeletal
fluorosis respectively

4 Freshwater snails ~ Experimental 50,20 and 40 mg/L Snails exposed to 40 level of F had high mortality [86]
than control snails after 14 days

5 Rats Experimental Approximate 2,4 and 6 mg/L.  After 6 months of consuming this water, the fertility ~ [81]
and sperm motility decreased

6 Pigs Experimental 0,50,100 and 150 mg/kg Pigs consumed food with 100 and 150 F levels had [83]
low growth performance

7 Buffalos Udaipur, India F in fodder was 401— 18 buffalos in 25 showed chronic fluorosis [82]

875 mg/kg and 0.271-
2.46 mg/L in water
9 Cattles Udaipur, India F in fodder is 401-875 mg/  46% of 141 cattle had chronic fluorosis [82]

kg and 0.271-2.46 mg/L

in water

and 46.8% of cattle resulted from chronic fluorosis [82]. In
another study done on the effect of fluoride consumed by
pigs [83], a fluorine supplement was prepared with different
fluoride concentrations 0, 50, 100, and 150 mg/kg. It resulted
that after 12 weeks, the 96 pigs by consuming foods with
100 and 150 mg/kg fluoride concentration had low growth
capacity by 5.29% and 8.60% respectively. Additionally the
study done Miao et al. [84] in China, Hy-Line Gray hens
were exposed to food with different F concentrations at 0,
400, 800, and 1200 mg/kg. After 49 days, it resulted that the
concentration of 800 and 1200 mg/kg reduced the laying rate
of Hy-Line Gray hens by 33.49% and 57.95%, and it show
a decrease in eggs weight by 5.70% and 6.19% respectively
compared to the control groups.

3.3 Effect on Plants

Plants get fluoride contaminants through diverse ways like
air, soil, and water. The appearance of the symptoms due
to fluoride poisoning depends on concentration, exposure
time, temperature, and the maturity of the plant [87]. Plants
may accumulate fluoride via stomata or by roots through soil
diffusion, transported to the transpiration organs of plants
then kept in leaves [88, 89]. Fluoride has a negative effect
on plant leaves in some instances due to its high solubility.
It has the potential to disrupt photosynthesis and other vital
plant functions [90]. The earliest sign of fluoride harm in
plant leaves is marginal, tip necrosis, and chlorosis. Nev-
ertheless, the same symptom may also occur during dry-
ness or stress, which may be the same as fluoride harm.

@ Springer

In many plants, fluoride affects growth, germination, yield,
and photosynthesis by inhibiting the membranes and stro-
mal enzymes involved in carbon dioxide fixing, resulting in
decreased chlorophyll amounts [91]. The poisoning of fluo-
ride decreases shoots and root length because of the unstable
nutrients of the seeds. A study conducted Lima et al. [92]
by exposing the beans to different fluoride concentrations
of 20 mg/L and 30 mg/L for 7 days, proved that the bean
seedlings tolerated fluoride concentrations up to 20 mg/L
and were sensitive when exposed to the concentration of
30 mg/L. It reduced the germination index and the root
length of beans. A laboratory experiment was conducted to
study the effect of fluoride on phytotoxicity and germination
of rice by applying NaF solution of different concentrations
of fluoride 5 mg/L, 10 mg/L, and 20 mg/L, after 28 days the
result showed a gradual reduction of germination with rising
in concentration of fluoride. At 5 mg/L, the reduction was
between 1-7%, at 10 mg/L the reduction was 6-14% and at
20 mg/L was 12—-19%. Fluoride phytotoxicity was seen in
the rice seedlings after 28 days of exposure to a 20 mg/L
of fluoride solution as inter-vein chlorosis and leaf-margin
necrosis [93]. A significant decrease in the growth of corn
and soybean is observed while exposed to a concentration
of fluoride over 2 ppm, contrary sorghum may be resistant
to the such an amount [94]. In addition, the experimental
study showed that the yield of soybean decreased by 30% at
a fluoride concentrations of 375 mg/L and above [95]. The
phytotoxicity level in onion shoots calculated while exposed
to different F concentration in soil 0, 100, 200, 400, 600,
and 800 mg/kg. At 55 mg/L concentration of fluoride in
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soil, resulting in a 50% yield decrease [96]. Moreover, the F
toxicity occurs from 400 mg/kg concentration in soil. There
is no permissible limit concentration of fluoride in plants
established by any pollution board. Table 4 summarizes the
effect of high fluoride concentration exposed to plants.

3.4 Effecton Soil

The fluoride in the soil is present in the parent rock and its
mode of dispersion reflects the mechanism of soil forma-
tion [23]. There are four types of soil (sandy, silt, clay, and
loamy) classified mostly by their structure, proportions, vari-
ous organic, and mineral components [97]. Most fluorine
compounds found in soil are associated with clay and other
minerals [98]. The fluoride level is typically much higher on
the top soil layer than on the deeper soil layer [99]. The low-
est concentration of fluoride appears in sandy soil in mostly
wet condition, whereas the highest fluoride concentration is
found in weathered mafic rock soil and heavy clay soil [88].
The inorganic component (Al, Ca) of the soil and pH are
principally important for fluoride accumulation in soil. In
general, soil minerals absorb fluoride between pH 6 and pH
7, which is considered an acidic pH. Silt, clay, and loamy
soils all contain more fluoride than sandy soil accomplishes
[98, 100].

According to a study done Wang et al. [101], black soil
has a better potential to absorb fluoride than other soils
including red soil and dark brown soil. This is because black
soil contains clay particles, high iron, alumina as well as
calcium and magnesia content, which has a high adsorption
capacity. The results indicate that the adsorption of fluoride
in soils reduces from wet to dry regions and from acid to
alkaline soils. In the region where there is no natural phos-
phate and fluoride disposal, the organic soils are typically
low. The fluoride level in soil parent rock range between 180
and 1000 pg/g [102]. High concentrations of fluoride occur
in the soil where there is the use of phosphate fertilizers, and

Table 4 The effect of high F concentration exposed to plants

different industries releasing fluoride such as coal burning,
aluminum smelting, glass industry, and in the area of hazard-
ous waste disposal [103-105].

4 De-Fluoridation Technology

De-fluoridation is the process of reducing the level of fluo-
ride ions in drinking water to the permissible level. De-fluor-
idation can be carried out either at the source of groundwater
(boreholes, well) or at the point of use (domestic level). The
choice of a particular de-fluoridation technique is influenced
by several criteria, particularly in developing nations. These
include the cost, efficiency, and simplicity of the procedure,
the accessibility of materials, and the acceptability of the
flavor and odor of the treated water. The development of dif-
ferent treatment technology to remove fluoride from ground-
water has been a focus of study over the past few decades.
The de-fluoridation techniques were divided into three cat-
egories: physical, biological, and advanced methods.

4.1 Physical Treatment Method
4.1.1 Coagulation-Flocculation method

Coagulation and flocculation are two procedures that are
utilized in combination to eliminate suspended solids and
other contaminants during the treatment of groundwater,
surface water, and wastewater [106]. These methods help to
destabilize particles by adding coagulants and flocculants to
improve particles aggregation [107]. Coagulants are chemi-
cal compounds applied to neutralize the surface charge of
suspended particles, allowing them to develop into bigger
particles known as flocs. That means the coagulation method
is the process used in water treatment to eliminate suspended
solids by adding soluble metal cations in water to accumu-
late particulates and cause the particle to stick together to

S.no Plants  Study area Concentration Result References
1 Beans  Experimental 20 and 30 mg/L After 7 days of exposing beans to 30 F concentration, it resulted the in reduc-  [92]
tion of the germination index and the root length of beans
2 Rice Experimental 5, 10 and, 20 mg/L.  The rice was exposed to a solution of F after 28 days, which resulted in a [93]
gradual decrease in germination. In addition, fluoride phytotoxicity has
occurred in the rice seedlings after 28 days of exposure to a 20 mg/L
3 Maize  Experimental >2 ppm The significant decrease in growth of maize was observed while exposed to F [94]

concentration over 2 ppm

4 Soybean Experimental 375 mg/kg

After exposing soybean to the soil fluoride of 375 mg/kg and over, it showed  [94]

that the yield of soybean decreased by 30%

5 Onions  Experimental 0, 100, 200,
400, 600, and

800 mg/kg

While exposed to 55 mg/kg concentration of fluoride in soil, resulting in a [96]
50% yield decrease
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form insoluble aggregates (micro flocs). Flocculation is the
process that occurs after coagulation as shown in (Fig. 3).
During a gradual and gentle mixing process, tiny particles
called microflocs are made to clump together into larger sus-
pended aggregates known as macroflocs. This is achieved
by adding flocculants and other commercial polymers to
increase the size of the microflocs. Once the macroflocs are
formed, they can be removed from the mixture through sedi-
mentation and filtration.

Then these aggregates form flocculate which has a high
sorbent surface for fluoride ions. The most used coagulant
in this method is alum (Al,(SO,);.14H,0). During coagula-
tion, adsorption and coprecipitation are the main processes
for de-fluoridation using alum Eq. (6) and (7) [108]. This
aluminum salt reacts with hydroxide ions and gives the for-
mation of AI(OH); flocs as shown in Eq. (5) [109].

AL(50,);.14H,0 + 3Ca(HCO5), — 2AI(OH),

+3CaS0, + 14H,0 + 6CO, )

Adsorption of fluoride ion on Al (OH),
AL(OH)y,(s) + F~(aq) = AlF,,(OH),,_,(s) + mOH™(aq)

most frequently employed in this process. To prevent excess
concentrations of these contaminants in water over the
acceptable range, the salt is chosen according to the level of
sulfate and chloride contents in the water being treated. The
Nalgonda technology is exceedingly adaptable and has been
used to successfully treat water at both the domestic and
community levels in different countries like India, Ethiopia,
Kenya, and Tanzania [111]. However, it has been demon-
strated that this technique requires a high dose of alum, and
has issues with disposing of huge amounts of sludge [112].

The most factors that affect this process are the chemi-
cal composition of groundwater like pH, the concentration
of contaminants, coagulant characteristics, and flocculants
characteristics (Fig. 4). Considering the relationship of these
factors is essential for the proper utilization of coagulation
and flocculation techniques, as well as in the selection of
coagulants [113, 114]. The pH of the groundwater has a con-
siderable impact on de-fluoridation. If the alkalinity of the
groundwater is high, the same amount of coagulant doesn’t
have a big effect on fluoride removal minimal. To accom-
plish the best elimination of fluoride and other contaminants

(6)
TSP Factors affecting
Co-precipitation: .
AP*(aq) + (3n — m)OH™ (aq) + mF~(aq) — AL,F,(OH),,_,(s)
9 [ E— 1
) ( ( \
A well-known illustration of the coagulation method is ck‘j:aglﬂény ‘ Cha:Wawf ' ChmFlocs '
the Nalgonda technique established by NEERI in India. The (S ) == W e innls |
following chemicals must be added in the correct order for ‘
this method to work (aluminum salt, Ca(OH),, Ca(Cl0O),) pH Type
then quick mixing followed by sedimentation, filtration, as i el Size
well as disinfection [13, 110]. The quantity of fluoride or pH Temperature S];’;‘,fj}‘f
alkalinity in the water being treated determines how much coié:ﬁﬁ:;n Strength
these chemicals should be added. Aluminum sulfate (alum)
and aluminum chloride are the two types of aluminum salts
Fig.4 Factors affecting coagulation
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process
)
)
®eoe
® e
)
Contaminated ° ©
water @ & 8 &
= M e e ——| g 8 —
@
° o % 8 FN Y
Coagulation Flocculation Sedimentation/settlement of flocs

@ Springer



Chemistry Africa (2023) 6:2737-2768

2745

in groundwater via coagulation, the coagulant dose must
be increased significantly [115]. On the contrary, when the
water has high alkalinity, it is very important to add strong
acid in water to balance the pH. Furthermore, the pH of the
ideal coagulation method effect on different target contami-
nants for the specific groundwater is different, since the pH
influences the existing state of the coagulant's hydrolysis
process [116].

Several investigations have been done on the use of
various metal salts as coagulants to remove fluoride from
water with a pH adjustment. As presented in (Table 5), the
results of the experiments showed that aluminum cations
were more effective than iron cations [117]. Fluoride levels
decrease significantly as aluminum content increases. The
initial pH of the solution has a significant impact on the
removal efficiency. It was shown that the pH range for initi-
ating operations should be between 6 and 7. Moreover, other
experimental findings indicate the removal effectiveness of
fluoride by ferric chloride, aluminum sulfate, titanium sul-
fate, and titanium dioxide as a function of final solution pH
[118]. The pH has a substantial impact on fluoride elimi-
nation from water. For aluminum sulfate, the optimal pH
for de-fluoridation was about 6.5 which is in the range of
other reported aluminum salts coagulant that optimum pH
is between 6 and 9 [6, 119]. It should be highlighted that
at a pH range of 3-5 titanium dioxide removed more fluo-
ride than the other coagulant. The main problem with the
coagulation and flocculation process in fluoride removal is
that some toxic polyvalent ions, like AI**, can remain in the
water and constitute a danger to public health [21].

4.1.2 Precipitation Method

The precipitation method is the technology used to remove
the ionic toxic elements from water, it is the transformation

of substances dissolved in water into insoluble solid par-
ticulates during the treatment of water by chemical reaction
[128]. The precipitation technique involves adding the right
chemicals, known as precipitants, to react with the fluoride
molecule dissolved in water and then produce solid parti-
cles or precipitates, which are insoluble salts [129]. The
precipitate that has formed is able to be eliminated from the
water using filtering or sedimentation. Additionally, metallic
cations and other anions including cyanide, phosphate, and
organic molecules can be eliminated using the precipita-
tion method [130]. The chemical compounds utilized most
frequently in the precipitation process are calcium salts
like CaCO3, Ca (OH), and CaCl2. These substances can be
used independently or together with magnesium salts and
a coagulant aid. The mechanism of fluoride precipitation
in water is represented by the equations below [109]. The
lime reacts with soluble calcium bicarbonate to precipitate
insoluble calcium carbonate as shown in Eq. (8):

Ca(HCO3),(aq) + Ca(OH),(aq) — 2CaCO5(s) + 2H,O0(l)
®)
Moreover, in the water containing fluoride, a portion of

lime precipitates and eliminates insoluble fluorite, as shown
by Eq. (9):

Ca(OH),(aq) + 2F (ag) — CaF,(s) + 20H™ (aq) )

The de-fluoridation by lime is enhanced in the existence
of dissolved Mg* and precipitate as magnesium hydroxide
as shown by Eq. (10):

Mg**(aq) + 20H™ (aq) = Mg(OH),(s) (10)

The efficiency of the precipitation method is reliant
on different influences, such as the concentration of fluo-
ride present in water, temperature, the condition of the

I:::}Iledse gg?;i?;oiozgi?:rfz S.No Coagulants Level of Fluoride De-fluoridation pH References
and optimum pH y before (mg/L) efficiency (%)
1 Aluminum chloride 10 52.52 7 [120]
2 Ferric chloride 10 33.67 7 [120]
Potassium ferrate 100 84 9 [121]
3 Aluminum chloride 9.5 94 6.5 [122]
4 Ferric chloride 9.5 25 6.5 [122]
5 Moringa oleifera 5 83 7 [123]
6 Aluminum chloride 8 83.18 8 [124]
7 IPC-M 3 64 6.5 [125]
8 Zirconium <30 ~95 4-6 [126]
Actifluo 15 80 5.5-7 [127]
9 Aluminum Sulfate 8 60-70 6-7 [118]
10 Ferric chloride 8 40 34 [118]
11 Titanium dioxide 8 80-90 3-5 [118]
12 Aluminum Sulfate 80 90-95 6-7 [117]
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reaction (pH), the utilized precipitant, and the availability
of other compounds that can prevent or stop the precipita-
tion process. The most commonly utilized method is the
precipitation by pH also known as hydroxide precipita-
tion, where there is the formation of fluoride precipitate
using precipitants such as caustic soda or lime [131]. An
experimental study to remove fluoride in water with a
precipitation method using calcite, showed that the fluo-
ride concentration decreased rapidly with the decrease of
pH from 300 mg/L to 8 mg/L [132], while the remaining
fluoride ion concentration remained relatively constant as
the reaction time increased. Fluoride cannot be success-
fully eliminated by adding water immediately under neu-
tral circumstances because calcite is not soluble in water.
To dissolve calcite and create Ca>*, which might precipi-
tate fluoride ions, a specific quantity of acid is required.
Magnesium salts were used in the experiment carried
out to study the influence of various factors on chemical
precipitation in wastewater treatment. It resulted that the
fluoride removal efficiency improved with increasing pH
of water and Mg:F molar ratio [133]. The primary draw-
back of the precipitation technology in water treatment
is that they frequently alter the pH, flavor, or odor of the
treated water by adding chemicals, and occasionally the
water becomes unsafe to drink [112]. Other disadvantages
of this technology is that it requires expensive chemicals
and the development of abundant amounts of sludge. This
technology is mostly used as a pretreatment while remov-
ing fluoride in high concentration. Table 6 presents the
efficiency of various precipitants used in defluoridation
and the optimum pH.

4.2 Biological Methods

The biological treatment process (BTP) also called sec-
ondary treatment or conventional method is mostly used
to remove a wide range of contaminants both organic con-
taminants and suspended solids from wastewater using
microorganisms such as algae, fungi, protozoa, yeast, and

bacteria under the aerobic and anaerobic conditions where
the contaminants are oxidized or degraded and converted to
energy, the new cell which gradually settle down as sludge
and can be eliminated by sedimentation [141]. The biologi-
cal treatment technique achieves a large amount reduction
in BOD and COD content [142, 143]. The biological treat-
ment procedure (BTP) is less complicated and more afford-
able than other physicochemical methods [144]. In the bio-
logical treatment methods two terms aerobic and anaerobic
conditions are very important. Aerobic means the existence
of oxygen and anaerobic means the lack of oxygen. Both
terms have a significant effect on the kind of microorgan-
isms which are implicated in the breakdown or degradation
of organic contaminants in a particular wastewater sample as
well as the operating circumstances of the bioreactor. Thus,
in aerobic conditions, aerobes microorganism use free oxy-
gen to capture or absorb the contaminants converting them
to COZ, biomass, and water. Contrary to anaerobic condi-
tions, anaerobe microorganisms use free oxygen or mole-
cules to capture the contaminants and convert them to CO,,
biomass, and methane gas. In the BTP, the most popular
used are conventionally activated sludge, trickling filters,
and oxidation ponds.

4.2.1 Activated Sludge

A combination of dense microbial pathogens floating in the
wastewater in the presence of oxygen is known as the acti-
vated sludge process (ASP). Considering sufficient nutri-
ents and oxygen, it is possible for bacteria to proliferate and
respire at higher rates. This results in the oxidation of the
available contaminants into byproducts such as carbon diox-
ide, nitrate, sulfate, and phosphate. This is considered to be
the most traditional and oldest biological treatment technol-
ogy used to remove impurities from groundwater; it has an
advantage over alternative techniques due to its low cost and
lack of secondary pollutants [145]. The ASP has a efficiency
removal of over 85% [146]. After initial treatment, which
involves removing suspended contaminants, wastewater is

Table 6 Different precipitants

X fuoridati i S.No Precipitants Level of Fluoride  De-fluoridation pH References
with de.— uoridation efficiency before (mg/L) efficiency (%)
and optimum pH
1 Calcite 2000 98 2-6 [134]
2 Calcium hydroxyl-phosphate S5and 7.5 10-20 7 [135]
3 Lanthanum chloride 540 84-91 1-4 [136]
4 BTPT 50-1000 >90 - [137]
5 Calcite 300 95-97 6.6 [132]
6 Lime 10 >90 5.028 [138]
7 Magnesium chloride 1280 >90 8-10 [133]
8 Lime 167-5295 >95 6.5-8.5 [139]
Calcite 50 94.3 [140]
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often processed in a biological treatment system based on
the activated sludge process (Fig. 5), which includes an aera-
tion tank where organic matter or BOD present in water are
degraded or decomposed by microorganisms under aeration,
and a secondary clarifier or secondary sedimentation tank
where the biological cell mass is separated from the efflu-
ent of the aeration tank and the settled sludge is recycled
partly to the aeration tank and the remaining is wasted. Even
though activation sludge gives good quality effluent, it has
some drawbacks such as high operation cost, needs of large
space for sludge disposal, and skilled supervisor.
Sometimes, activated sludge can be used in combination
with membrane filtration in the process called membrane
bioreactor [147]. The membrane bioreactors (MBR) process
is a water treatment method using biological treatment tech-
nology, especially ASP and membrane filtration together to
enable enhanced organic matter and suspended particles in
wastewater [148, 149]. Membrane bioreactors are among the
significant technology to treat water over activated sludge
due to their high efficiency and fewer drawbacks compared
to activation sludge [150]. The benefit of this technology is
to remove biochemical oxygen demand and chemical oxygen
demand in water during water treatment. The study on this
technology has reduced because of the challenge of mem-
brane fouling which decreases its performance and lifetime,
this causes an increase in the cost of this whole process. In
order to more effectively accomplish environmental sustain-
ability, several wastewater treatment facilities for example
in China and Egypt have switched from the traditional acti-
vated sludge method to the membrane bioreactors (MBRs)
[151-153], because of it need small footprint and excellent
effluent quality than activated sludge process [154]. Con-
trary lorhemen et al. [148] and Hao et al. [155] recommend
that MBR can’t replace activated sludge because of its high
consummation of energy and operating costs.

4.2.1.1 Factor Affecting the Activated Sludge Numerous
factors can affect the performance of conventional activated
sludge, such as the pH [156], temperature [157], rate of
aeration [141], sludge retention time [158], hydraulic reten-
tion time [159], organic loading rate (OLR) [158], COD/
BOD ratios [160], a considerable variation in pH can affect

Fig.5 Activated sludge Wastewater

Sludge recycling

the rate of synthesis of enzymes required for the efficient
conversion of selected contaminants found in wastewater.
In terms of temperature, the rate of development of micro-
organisms is often associated with the temperature in aera-
tion tank. Moreover, rising temperatures are often beneficial
to development [156, 157]. It was observed that reducing
the sludge, increases the efficiency removal which read to
an apparent higher sludge retention time while the concen-
tration of total suspended solids in the tank is maintained
constant [158]. Similarly, if the hydraulic retention time is
decreased, the organic loading rate will increase, and the
volume of the tank needed to achieve the target removal
performance will decrease. Nonetheless, greater HRTS typi-
cally lead to more effective elimination [161].

4.2.2 Trickling Filter

A trickling filter, also called a percolator is a bed in the form
of a cylindrical area composed of materials such as crushed
stone, bottles or filters that have been carefully built to form
a slime layer or biofilm (~0.1 to 0.2 mm). The microorgan-
isms flourish in the layer that covers the area. They balance
the contaminants in the wastewater by adsorbing them, and
this produces H,O and CO, through aerobic metabolism, and
which results in the reduction of BOD. The effluent is dif-
fused on the media’s surface, then it is further cleaned when
it percolates downward and comes into touch with the micro-
organisms' slime layer [162]. Since it can only remove less
than 70% of the organic material from wastewater, the trick-
ling filter (Fig. 6) is less efficient than activated sludge [141,
146]. When the layer thickens due to bacterial proliferation,
oxygen cannot reach the medium surface; instead, anaero-
bic bacteria thrive there. The microorganisms at the surface
become unable to adhere to the medium as the biological
film thickens, and some of the biofilms peel off the filter in
the sloughing process. The underdrain system collects the
sloughed solids and moves them to a clarifier where they are
separated from the wastewater. Generally, the drawbacks of
trickling filter are vector odor problem, requires additional
treatment, and regular operator attention.

— | Secondary clarifier —l

Treated effluent

'

Waste sludge
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Fig.6 Trickling filter
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4.2.2.1 Factor Affecting Trickling Filter Process The effec-
tiveness of trickling process was controlled by organic load-
ing rate, hydraulic distribution to filter, recirculation of filter
effluent, and hydraulic loading rate [163]. It was found that
decreasing the organic loading rate and hydraulic distribu-
tion increased the effectiveness of contaminant removal;
similarly, a distribution that is successfully designed and
runs can boost the removal of contaminants [141]. Further-
more, the degrading performances of microorganisms in
the reactor are affected by major changes in organic load-
ing input and the type of contaminants.

4.2.3 Oxidation Ponds

Oxidation ponds or lagoons are others types of good alter-
natives to standard wastewater treatment technique used in
various countries [164]. It is a technique for treating water
that makes use of the interaction between sunlight, algae,
and microbes. There are many other types of ponds utilized

Fig.7 Typical scheme of oxida-
tion ponds in series
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in the water treatment process, including facultative, anaer-
obic, and maturation ponds [165], however anaerobic and
facultative ponds are the most often employed pond types
for treating wastewater. Water can be transported between
facultative ponds, anaerobic ponds, and finally maturation
ponds by using them as a single series for each method or
occasionally as numerous consecutive series [166]. It should
be noted that they can be used both separately and com-
bined; (Fig. 7) presents the typical configuration of oxidation
ponds in series.

4.2.3.1 Anaerobic Ponds Anaerobic ponds are profound
pond 2-5 m deep that promote the development of micro-
organisms to decompose and stabilize the wastewater with
high concentration of organic materials and suspended
particles in the condition where there is no existence of
oxygen [167]. Anaerobic ponds look like open tanks that
decompose the organic materials found in the wastewater
with the use of microorganisms to produce methane gas and

Anaerobic ponds

Facultative ponds

Sunlight }ind

Maturation ponds
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carbon dioxide. This pond helps the development of micro-
organisms that will help to break down the organic materials
available in the wastewater then release carbon dioxide and
methane gas, and then the sludge released can be taken out
by sedimentation [168]. The anaerobic pond can be used in
effluent containing high levels of organic matter and BOD.
This procedure is straightforward, inexpensive, and can
reduce BOD by 60 to 85%, however, it takes up a larger
space than previous approaches [169]. These ponds are typi-
cally built to accommodate an organic loading rate (OLR) of
3 T ha/day, 1.5 days of detention time, temperatures greater
than 15 °C, and an ideal pH of no greater than 6.2 [170].

4.2.3.2 Facultative Ponds Facultative ponds are the types of
ponds with 1-2 m in deep used for the biological treatment
of wastewater, they consist aerobic zone near the top and an
anaerobic zone near the bottom [171]. The facultative ponds
receive the effluent from anaerobic ponds, then the micro-
organism (bacteria) existing in the pond will decompose
the organic material available in the effluent, which causes
the release of CO,. This technique, established by employ-
ing solar energy, CO, and inorganic chemicals produced
by bacteria in water, which subsequently promote oxygen
generation to the pond, is intended to remove BOD, COD,
and other organic matter from water using algae [172]. It
suggests that bacteria use the oxygen produced by algae to
break down inorganic material, and bacteria also use algae
to proliferate by releasing carbon dioxide. Similarly, vertical
mixing of effluent can cause the production of more oxy-
gen via the wind. Oxygen generation takes place up to the
depth where light can reach. If the chemical oxygen demand
and biochemical oxygen demand in the bottom layer exceed
the supply, oxygen cannot be produced in the bottom levels.
Another factor that will not allow the production of oxygen
is the high depth of the pond, because the color in the pond
will be dark, so the light will not be able to fully enter. The
quantity of dissolved oxygen (DO) varies during the day due
to the photosynthetic algal available in the pond. The pond
will have a high quantity of DO during peak light exposure
because of algae activities but lowest at night. The faculta-
tive ponds can reduce BOD in the range of 80-95% which
means that combining the two ponds (anaerobic ponds and
facultative ponds) will have overall removal of 95% [173].
This pond has a longer detention time than anaerobic ponds
in the range of 2-3 weeks, and the organic loading rate can
vary between 100 and 400 kg BOD, COD / ha/day. The
hydraulic retention time and the surface of the facultative
pond are the most factors affection this method [174].

4.2.3.3 Maturation Ponds Ponds used for maturation are
shallow ponds between 1 and 1.15 m deep that allow sun-
light to penetrate to the pond's depth [170]. They often
accept water from facultative ponds and are utilized in the

water treatment process to obtain eliminate pathogens and
any residual suspended materials. Considering they are the
final stages of the sequence of ponds and the tertiary water
treatment, they are also known as finishing ponds. As dis-
cussed that facultative ponds use algae to reduce organic
matter, also maturation ponds use algae to decrease path-
ogen and organic matter [175]. These ponds can remove
BOD between 60-80% and 90% of pathogens in water in 15
to 20 days. This shows that they have a good performance
in pollutant removal. The primary drawbacks of matura-
tion ponds are the odor issue, the massive amount of sludge
deposition, especially in the winter, and the requirement for
a broad operating area.

4.2.3.4 Factors Affecting Maturation Ponds The efficient
removal of contaminant using ponds are affected by hydrau-
lic retention time, pH, temperature, contaminant load, light
intensity, and the depth of the pond. The shallower the
depth, which cause the pond remains aerobic due to the pen-
etration of sunlight to the whole column of the water, which
increases the algal and bacteria activities but it reduces
the hydraulic retention time [176]. According to Dias and
Von Sperling [177] the efficiency of anaerobic ponds also
depend on climate.

Biological treatment methods are not used alone but
adding this method with physical and chemical methods,
is supposed to remove the fluoride to a certain level. The
concept of these methods to reduce fluoride in wastewater
is that if these methods reduce or decompose organic mat-
ter and BOD to a certain level in water means that fluo-
ride also decreases because it is a fluorine ion which is an
organic compound. Hence, some studies show the efficiency
of biological methods in removing fluoride. Liu et al. [178]
investigated the performance of a novel facultative anaero-
bic denitrifying cupriavidus sp. W12 which is capable of
performing calcium precipitation caused by microbes to
remove fluoride in wastewater, it was observed that under
the anaerobic and aerobic conditions the removal efficiency
of fluoride reached 87.52% and 50.17% respectively in
120 h. The anaerobic condition pH was 8.26 and 7.77 for
the aerobic condition while the initial fluoride concentration
was 2.64 mg/L. Similarly the study done by Ali et al. [179]
observed a fluoride removal efficiency of 96.33% with an
initial fluoride concentration of 3 mg/L at a pH of 6.5 from
water in a quartz sand-filled biofilm reactor using acineto-
bacter sp. H12. 1t is likely that strain H12 can facilitate the
occurrence of calcium precipitation that is driven by bacteria
to remove fluoride. Moreover, compared to other studies,
the denitrifying and mineralizing bacteria pseudomonas sp.
WZ39 was able to eliminate the fluoride content (1.99 mg/L)
in water with an efficiency of 87.49% at a pH of 7.62 after
60 h [180]. The effectiveness of de-fluoridation as deter-
mined by several research to remove fluoride from water
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Table 7 Fluoride removal from water using biological methods

S.No Initial concentration De-fluoridation References
(mg/L) efficiency (%)
1 2.64 82.52 [178]
2 3 96.33 [175]
3 1.99 87.49 [180]
4 3-10 81.91 [181]
5 53 90 [182]
6 10-50 66.6 [183]
7 20 82 [184]
8 25 98 [185]
9 20 84.75 [186]

and wastewater using biological techniques is presented in
(Table 7).

4.3 Membrane Technology

Membrane technology has become a growing component in
water filtration because of its technological, lower energy
consumption, economic, and environmentally friendly
benefits. A membrane acts like a barrier that allows cer-
tain materials to pass through while blocking others from
achieving so. Upon applying pressure to the system, the
permeation process begins. Membrane technology is mostly
used to remediate saline and black water. Membranes are
classified as organic, or inorganic based on their compo-
sition [187]. Most membranes that depend on pressure or
force for the separation process are made from synthetic
organic polymers such as polyethylene and polypropylene,
those membranes include microfiltration (MF), ultrafiltra-
tion (UF), nanofiltration (NF) membrane as well as reverse
osmosis (RO). Contrarily inorganic membranes are made
from ceramics, metals, and zeolites or silica. These mem-
branes are frequently applied in industrial applications such
as hydrogen separation because they are chemically and
thermally stable.

4.3.1 Reverse Osmosis

Reverse osmosis (RO) is the most well-known pressure-
driven membrane technology due to it being 99.5% effec-
tive at removing monovalent ions like Na* and Cl1~ [188,
189]. RO is a water treatment technique that uses a semi-
permeable membrane to remove ions, pollutants, and other
particles from water. Osmosis is a naturally occurring pro-
cess in which water spontaneously pass through a membrane
or semi permeable barrier that allows some molecule like
water to pass through but other molecules like the majority
of salts are unable to pass easily to the membrane struc-
ture, the flow of liquids through the such membrane occurs

@ Springer

naturally to try and even out the salt concentration between
two solutions, that is the liquid flow from the less concen-
trated solution such as fresh water to a more concentrated
solution such as seawater. By applying pressure to the con-
centrated solution, reverse osmosis (RO) occurs when the
liquid flows in the direction (Fig. 8). In this instance, water
molecules are pushed through the membrane in the opposite
direction, from the salinity of the seawater side to the fresh-
water side. In addition to its low cost and positive effects on
the environment, reverse osmosis (RO) has been used often
in water treatment to remove dissolved solutes, ions, and
other contaminants from drinking water. The feed pressure,
flow rate, pH, RO membrane temperature, salt passage, and
permeating flow rate are the variables impacting the perfor-
mance of RO [190].

As discussed before MF, UF as well as NF are also pres-
sure driven membrane technology. MF membrane has the
highest pores size which often filters out big contaminants,
different pathogens, oil water, and suspended particles such
as turbidity and color. These membranes are porous, their
size can range between 0.1 and 5 pm with an average operat-
ing pressure of 5 bar. UF has a small pore size compared to
MF which allows it to filter out bacteria and different soluble
molecules such as protein, protein, glucose, and fructose.
The pore size of UF can range between 1 and 100 nm, and
usually operate on an average pressure of 10 bar. Lastly, NF
which has a small pore size in the range of 1-10 nm com-
pared to MF and UF but higher than RO allows small parti-
cle (monovalent ions) to pass through the membrane [191].
Different membrane filtration procedures that can reject or
remove particular contaminants are categorized depending
on their pore size rejection in (Fig. 9).

In the past years RO and NF membranes have long
dominated the field of membrane technology [134, 188].
Additionally, even though RO has a very high fluoride
removal efficiency, NF is more practical for drinking water
purification compared to RO. Extremely high pressure is
necessary for RO, which also means that high power and
expensive operation costs are necessary. The RO process
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Fig.9 Membrane filtration MF
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also eliminates vital elements that are required in drinking
water, necessitating further addition of minerals after treat-
ment. Different studies are done using commercial mem-
branes such as NF90 and RO-SG for RO and NF to remove
fluoride, it shows that the efficiency of these methods exceed
90% [192, 193], it was observed that the efficiency of fluo-
ride retention is influenced by the working condition like
membrane pressure, pH, ionic strength and feed water con-
centration. Another study done using RO combined with
other treatment methods such as precipitation, crystalliza-
tion, and UF shows that the efficient removal of fluoride is
up to 99.9% [194]. Additionally, a study was done [195]
comparing the efficiency of NF and membrane distillation,
show that NF is more efficient 10 times more than membrane
distillation with 80% fluoride retention where the initial con-
centration of fluoride was 15 mg/L. The NF was achieved
at 9 bars as the permeating flux at the beginning was 42 L
(m”h)~" at 20 °C and the crossflow rate of 0.17 L s™'. Many
works of the literature showed that MF and UF alone are not
suitable to remove contaminants such as fluoride, the reason
it is used in combination or following the coagulation-floc-
culation method or precipitation methods [196]. According
to Guigui et al. [197] and Zevenhuizen et al. [198] coagula-
tion process before membrane filtration increases the per-
meate quality, because it decreases membrane fouling. The
studies done by Conceigdo et al. [123, 199] showed that
coagulation-flocculation followed by MF and UF resulted
in the efficiency fluoride removal of 80.4% and 83% respec-
tively at 2 bar pressure corresponding to 0.98 mg/L which
is the range of permissible established by WHO. Table 8
below presents the fluoride retention efficiency of membrane
filtration reported in previous studies.

4.3.2 Electro-Dialysis

Electro-dialysis (ED) is a membrane technology assisted
by electricity as a driving force that is commonly used in

UF NF RO

1-100nm

<2nm <Ilnm

Table 8 Fluoride retention efficiency of Membrane filtration

S.No Membrane  Initial concen-  Fluoride References
filtration tration (mg/L) retention (%)
1 NF 50-100 80 [200]
2 RO-UF 20 70-90 [194]
3 RO-NF 50 60-70 [201]
4 NF 15 80-90 [195]
5 UF 100 90 [202]
6 RO 5 94-99.97 [203]
7 RO-NF 47.6 27.8 [204]
8 RO 60 99.7 [205]
9 RO-NF 3040 50 [206]

water treatment such as desalination to remove dissolved
ions from water. This method use electricity to transfer ion
from a solution with less concentration (dilute) to a solution
with a high concentration through the permeable membrane
[207]. As shown in (Fig. 10 (a)), two different types of ion
exchange membranes are used throughout the ED phase; the
first is permeable to anions but repels the cation, while the
second enables the cations to flow through but repels the
anions. Like that, there are two different sorts of solutions
used in this process: concentrated and diluted. Anions are
moved to the anode and cations are transferred to the cath-
ode after electricity is supplied to the cross system, which
causes the ions present in the dilute solution to migrate to
the concentrated solution via an opposite charges membrane.
The cation exchange membrane (CEM) then maintains the
anion in a manner like how the anion exchange membrane
(AEM) maintains the cations. As a result, the concentration
of ions in the concentrated solution is raised while they are
reduced in the permeate [208, 209]. The amount of applied
power, the temperature, the configuration of the system, the
length of ED, the water flow rate, the properties of the mem-
brane, and the total dissolved solids in the feed water are the
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Fig. 10 a Diagram of Electro-dialysis b Fluoride removal by ED

Table 9 De-fluoridation efficiency of electro-dialysis

Cathode =

S.No [Initial con- De-fluorida- Operating volt-  References
centration tion efficiency age
(mg/L) (%)
1 4940 99.8 5.02-5.78 kWh/  [216]
kg
2 5-10 70-90 0.2-0.48 kWh/  [217]
m’
3 140 60 297V [218]
4 10 >95 2V [219]
5 200 66 24V [220]
6 9270 2.7 1A [213]
7 144 90 1.346 KWh/Kg  [211]
8 2.65-4 >92 12V [212]

variables that can affect electro-dialysis performance [188,
210]. Every element has a perfect operating condition, but
the precise value depends on the goal and the kind of con-
taminants present in the feed water matrix.

Many studies indicated that the ED method has the poten-
tial to remove the fluoride to a certain level, which summa-
rized in (Table 9). The de-fluoridation mechanism of ED is
explained as the transfer of fluoride ions as shown in (Fig. 10
(b)). Like other membrane technologies such as RO and NF,
recent studies have relied solely on available commercial
membranes and simply enhanced the factors affecting the
performance of de-fluoridation. The mechanism of ED is
the same as RO and NF, the difference is that ED uses elec-
tricity or sometime Donnan effect as the driving force while
RO and NF use hydraulic pressure as the driving force. ED
compared to RO and NF, has a high performance in remov-
ing fluoride, as well as cost effective related to low pre and
post treatment needs [188]. A study done by Bhadja et al.
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[211] to access the performance of ED in de-fluoridation
from water taken in Rajasthan, India, it resulted that ED
is able to remove fluoride concentration up to the permis-
sible limit for drinking water settled by the WHO and the
Bureau of Indian Standards (BIS) from 14.4 to 1.45 mg/L
which is approximate to 90% removal. Similarly Gmar et al.
[212] showed the high effectiveness of ED to remove fluo-
ride from water in their study. The initial concentration of
fluoride (ICFs) was 2.65 and 4 mg/L from a water sample
taken in Tunisia, the conventional ED resulted in removal
efficiency of over 92% at 12 V applied potential and 90L/h
flow rate. Contrarily ED was not able to remove fluoride up
to the permissible limit for drinking water in water contain-
ing a high concentration of fluoride. In the experimental
conducted by Bagastyo et al. [213] to evaluate the efficiency
of electro-dialysis to remove high concentration of fluoride
(9270 mg/L) from wastewater produced by the fertilizer
industry, the highest de-fluoridation performance was up to
260 mg/L which is equivalent to 2.7%, and it was observed
at 1 A of current and at surface membrane of 100 cm?. This
poor fluoride reduction was caused by the phosphate ion
transfer through the membrane. Enhancing the area and the
microstructure of the membrane can be a good tactic in elec-
tro-dialysis to augment the ion selectivity [214]. Moreover,
Peng et al. [215] showed that the efficiency of ED in remov-
ing fluoride available in the Brick tea infusion is between
10.70 and 66.93% by applying 20 V, it was observed that
the removal rate of fluoride was influenced by the ICF in the
tea infusion between 0.5 and 10 g/kg and the duration of ED
between 1 to 15 min. Despite ED electricity needs, it had
greater remaining fluoride contents in most of the studies.
So, this membrane technology is more commonly used as a
preliminary treatment to significantly minimize the concen-
tration of fluoride for subsequent treatment.
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4.4 Electrocoagulation

In order to remove suspended particles, heavy metals, ani-
ons, and other contaminants from water and wastewater
using electrochemistry, the process is known as electroco-
agulation (EC). The principles of electrochemistry, flotation,
and aggregation are all combined in the proficient process
known as electrochemistry (EC) [221]. The mechanism of
this process is related to the chemical coagulation process,
the difference is that EC use coagulant produced by elec-
trode often aluminum and iron due to electricity [222]. Com-
paring EC to other existing water treatment methods, it is
more environmentally friendly, and suitable because of its
great efficiency removal of contaminants from water, mini-
mal sludge discharge, no other extra chemical requirements,
and reasonably the operation price is low [223].

Govindan et al. [224] have shown that the electrocoagula-
tion technique is a reliable method to remove fluoride from
water and wastewater using aluminum based anode electrode
as showed efficiency removal of 99%. Generally, the EC pro-
cess consists of an anode electrode and a cathode electrode
flooded in an aqueous solution. By applying electric current
to electrodes, the anode electrode is subjected to be oxidized
and produces metal ions often AI** or Fe** ions at the same
time the reduction reaction causes the cathode electrode to
produce OH™ ion and H, [225]. The AI** which plays the
role of an electro coagulant reacts with OH™ to form Al
(OH) >* and then converted lastly into solid AI(OH); which
increases the floc formation through the destabilization of
fluoride. Lastly, the floc can be removed by other methods
such as sedimentation or filtration. The de-fluoridation
mechanism of EC is illustrated in (Fig. 11). In the following
corresponding Eqs. (11-14) [73, 226, 227].

Anodeelectrode : Al — AP* + 3e” (11)

Cathodeelectrode : 2H,0 + 2¢~ — H,(g) + 2(OH) (aq)
(12)

Finally : AP (aq) + 30H (ag) — AI(OH);(s) (13)

De — fluoridation : Al(OH); + nF~ — Al(OH),_,F, + nOH~
14

However, the performance of EC in removing fluoride in
water is influenced by the pH of the water, applied electric-
ity, electrode constituents, electrode configuration, concen-
tration, and the time of the process [228]. Using mild steel
electrodes in an electrocoagulation process with electrode
currents of 37.72 and 75.44 A/m2 to remove fluoride from
prepared water with a fluoride concentration of 50 mg/L,
Chandraker et al.'s study [222] found that the fluoride was
removed at a rate of 85.4 and 89.6%, respectively, at pH 6.
Similar to Lopez et al. [229] showed that the de-fluoridation
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Fig. 11 The de-fluoridation mechanism by electrocoagulation

efficiency was 85.65% in removing the fluoride water of
5 mg/L, while the optimum condition was pH 6, 15 min
operation time, and electric current of the current density
of 4.5 mA/cm?. Combining electrocoagulation with other
technology such as adsorption, after repeating this process
six times, resulted in high fluoride removal efficiency of 87%
compared to the use of EC alone and the use of low electric
current. The optimum condition was a pH of 6.724, the elec-
tric current of 11.303 mA cm?, F concentration of 5 mg/L,
and a process time of 1h20 min [230]. It can be concluded
that coupling EC with others technologies will enhance the
performance removal of fluoride and reduce the cost of the
overall process.

4.5 lon Exchange

Ion exchange technology is a cutting-edge water treatment
method that removes pollutants from water by reversibly
exchanging ions from ion exchange resin (IER) to a charge
of a similar charge in an aqueous solution [210]. According
to the ions to be exchanged, two types of IER can be used:
the cation exchanger, which exchanges ions with positively
charged ions, and the anion exchanger, which exchanges ions
with negatively charged ions. The best known application
of ion exchange technology in water treatment is the demin-
eralization of hard water and water softening by the zeolite
process [231]. For instance, a study was done to treat water
by removing the totals hardness, Ca and Mg using natu-
ral zeolite resulted in the efficient removal of 81%, 80.2%,
and 84.8% respectively [232]. Additionally, various stud-
ies revealed that ion exchange technology has the potential
to remove fluoride from water using basic anion exchanger
resin that, for instance, contains quaternary ammonium
compounds in exchanging Cl or OH with F as mentioned in
Eq. (15), where R and M denote an alkyl group and matrix,
respectively. The resins may become exhausted during this
process and lose their ability to exchange ions; at this point,
the resins are regenerated using diluted NaCl and can then
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be utilized again. The de-fluoridation procedure using anion
exchange resin is shown in (Fig. 12).

M —NRICI" +F~ — M — NRIF~ +CI” (15)

The factors affecting the performance of anion exchange
technology in de-fluoridation are the contact time, the exist-
ence of others anions in the water, pH, and the tempera-
ture [233]. Singh et al. [234] investigated the efficiency of
de-fluoridation from groundwater with zirconium-impreg-
nated anion exchange resin (HAIX-Zr) and determined
approximately 60% of fluoride was removed in 30 min at
pH 6 and temperatures ranging from (10-40 °C). It was
observed that by increasing pH the HAIX-Zr removal abil-
ity was reduced, but increasing the temperature increased
its ability. Another study done by Rodriguez et al. [235]
showed that ion exchange technology was able to remove
fluoride from coke wastewater up to 57.8-89.3% and
72.0-92.1% by using two Al-doped exchange resins (TP260
and TP207) respectively at pH of 7.18. However, the alkyl
group attached can influence the efficient removal of fluo-
ride in ion exchange technology, and the existence of other
ions such as sulfate and phosphate in water reduces the de-
fluoridation performance of ion exchange since they induce
ion competition [236].

4.6 Adsorption

In water treatment, the adsorption process is an advanced
technology used to remove or reduce the harmful inorganic
and organic impurities from water and wastewater to a
certain level. This process is basically the adhesion of an
adsorbate (contaminants) to the surface of the adsorbent
[237]. Adsorbents are explained as porous materials that
attract contaminants to their surface [238]. Generally, the
adsorption process happens due to physisorption or physical
adsorption as well as chemisorption or chemical adsorption

Fluoride water

Anion exchange resin Diluted NaCl

—_— Treated water

Anion exchange column

Fig. 12 Schematic representation of fluoride removal with ion
exchange resin
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[237]. Physisorption occurs when the contaminants are
attached to the surface of the adsorbent by low intermo-
lecular force also named Van Del Waals forces, contrarily to
chemisorption which involves the formation of the chemical
bond between the ions of the contaminants and the surface
of adsorbents [239]. This process is always followed by
filtration [238]. The adsorption process compared to other
water treatment technology discussed above it is found to
be more advantageous because it showed high efficiency in
removing contaminants to the allowed amounts for drinking
water, low cost of materials, environmentally friendly, easy
to operate and can be even applied in domestic [22]. Another
benefit of this process is that the adsorbents can be regener-
ated and reused again [240]. In recent years, the adsorption
process has been recognized as one of the trendiest methods
of study in de-fluoridation, and this technology can remove
fluoride up to the permissible range established by the water
pollution boards [241].

4.6.1 Mechanism of De-Fluoridation

De-fluoridation mechanism of adsorption necessitates
physical and chemical reactions involving fluoride and the
adsorbents, which can be explained as the adhesion of fluo-
ride available in the water to the surface of the adsorbent,
then the water and the adsorbents are separated by filtration
[236]. The overall schematic de-fluoridation mechanism
by adsorption process is presented in (Fig. 13) and can be
confirmed using different analysis techniques such as XRD,
FTIR, and XPS [242]. Generally, by adding the adsorbents
such as metals oxide or metal hydroxide in water containing
fluoride, it will happen the formation of a functional group
(hydroxyl compounds) on the surface of adsorbents due to
the chemical reaction of hydration, the (— OH) formed will
be exchanged with fluoride ions and finally released into
the water [22]. This mechanism commonly known as ligand
exchange is very well explained by Valdivieso et al. [243] in
their study of removing fluoride using a-Al,O5 as an adsor-
bent in the Eq. (16). Han et al. [244] revealed that fluoride
can be removed by the influence mechanism of the Lewis
acid-base which is the same as ligand exchange, the only
difference is that there is a weak interaction betwixt fluoride
ion (Lewis bases) and metal (Lewis acids). The surface of
hydroxyl compounds shows that it is an effective agent for
removing fluoride, however, if this surface is increased also
the adsorption performance is increased.

= Al — OH(s) + F~(aq) <= Al — F(s) + OH~ (16)

Many studies showed that fluoride ions can be swapped
with different anions like sulfate, carbonate, and nitrate on
the surface of adsorbent in the mechanism known as ion
exchange. For instance, He et al. [242] confirm the ion
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exchange mechanism between fluoride ions and sulfate ions
in Eq. (17).

= SO,(s) + 2F~(aq) <= 2F(s) + SO*~ a7)

The study done by Kumari et al. [245], show that the elec-
trostatic attraction force produces an active region to adsorb
fluoride ion by protonating the surface of the adsorbent at
low pH in the mechanism named electrostatic attraction as
presented in Eq. (18). Additionally, fluoride can be adsorbed
on the adsorbent surface by exchanging fluoride ions with
hydroxyl and sulfate function compound as presented in Egs.
(19) and (20), where = S symbolize the surface of the adsor-
bent [246, 247].

Electrostatic attraction

=S-OH+H,0-H"+F —=8-0H-H"-F +2H,0
(18)

Ion exchange

=S-OH+H,0-H'"+F ->=S—-F +2H,0 (19)

=S-S0 +2F >=S—F, +S0* (20)

4.6.2 Factors Affecting the Process of Fluoride Removal

The performance of the adsorption method on water defluor-
idation is determined by various elements such as pH, fluo-
ride concentration, adsorbent dose, contact time, mixing
speed, and temperature. All these aspects are depicted in
(Fig. 14) and thoroughly addressed.

4.6.2.1 Effectof pH The pH is a principal parameter to con-
sider while removing fluoride from water using the adsorp-
tion process, because it affects the adhesion of fluoride to

+ Positive charge

After de-fluoridation

@ Anions (SO427, CO327, NO3")

the surface of adsorbents. The performance of adsorbents to
attract fluoride ions in different pH of water such as acidic,
neutral, or basic depends on the surface charge of adsor-
bents. In acidic water, the electrostatic attraction force pro-
duce an active region to adsorb fluoride ion by protonating
the surface of the adsorbent which enhance the de-fluorida-
tion [245], whereas in basic water, the surface of the adsor-
bent have a tendency to be negatively charged which create a
repulsive force between fluoride ions hydroxide ions, so the
fluoride ions are captured by ion exchange mechanism [248]

Mixing Dosage
Factors affecting
Adsorption
Initial
Contact Concentra
time tion
Temperat
ure

Fig. 14 Factors affecting the adsorption process
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as shown in Eq. (16). Therefore, by increasing the pH the
adsorption performance decreases. The influence of water
pH should be evaluated in conjunction with the adsorbent's
pH,,.. The adsorbent surface less than pH,,. is always posi-
tively charged and negatively charged more than it. This is
supported by Issabayeva et al. [249] in their study, the high
de-fluoridation efficiency was 46% at a pH of 2 whereas at
a pH of 3 the de-fluoridation efficiency decreased to 10%.
This indicates the shift in adsorbent surface charge over the
pH of the point of zero charges from positive to negative.

4.6.2.2 Effect of Adsorbent Dose Adsorbent dose plays a
significant role in removing fluoride, because increasing the
adsorbents doses, it increase also the surface of adsorbents
and that create the more available active site on the surface
of the adsorbent resulting in high de-fluoridation [248]. In
the study done by Jeyaseelan et al. [250] noticed that fluo-
ride removal gradually increased with increasing adsorbent
dose from 0.05 to 0.1 g. After 0.1 g there is no increase
observed beyond this optimum dose because there is no
active site on the surface of the adsorbent to attract fluoride,
which means the surface of the adsorbent is saturated by
fluoride ions. Another study showed that increasing the dose
of adsorbent from 5 to 10 g, resulted in fluoride removal
efficiency being increased by 24%, which means from 46 to
70% [249]. Additionally, the increase of the adsorbent dose
from 1.67 to 5 g/L resulted in the increase of de-fluorida-
tion efficiency from 72.4% to 99.5% and remain constant at
99.6% for adsorbent dose greater than 5 g/L [251].

4.6.2.3 Effect of Concentration In enhancing fluoride
removal using adsorption, the concentration of fluoride is
one of the factors to consider. By increasing the concen-
tration of fluoride, the efficiency removal decrease. At low
level of the fluoride, the de-fluoridation efficiency is high
because the more functional groups are available on the sur-
face of the adsorbent to attract fluoride which is reduced by
increasing the fluoride concentration [248]. This is noticed
by Araga et al. [252] in their experimental work, which
observed a decrease of adsorption capacity from 0.1 mg/g
to 1.25 mg/g while increasing the concentration of F from
2.7 mg/L to 20.04 mg/L.

4.6.2.4 Effect of Contact Time The contact time is another
factor to consider while enhancing the performance of the
adsorption process, it was observed that while increasing
the contact time also the de-fluoridation efficiency increase
until reaching the equilibrium [248]. There is no significant
fluoride removal once the equilibrium is reached due to there
are no more active sites of adsorbent to capture fluoride.
Adsorption of fluoride was investigated by Issabayeva et al.
[249], and they realized that fluoride removal efficiency was
43% after a contact time of 60 min. Remarkably, after the
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contact time of 120 min, the efficiency removal increased
up to 55%. However, there is no other significant increase
observed after this time (120 min). However, no further
major rise has been reported since this time. (120 min).
Indeed, a drop in adsorption effectiveness can be detected
after the equilibrium due to fluoride release from the sur-
face, which is then stabilized after some time.

4.6.2.5 Effect of Temperature The temperature signifi-
cantly affects the fluoride removal efficiency in the adsorp-
tion process by influencing the physical binding mechanism
of fluoride ion to the surface of the adsorbent. Furthermore,
temperature can influence the physical characteristic of
the adsorbent, varying the temperature of water consider-
ably alters the adsorption capacity. Most of the adsorption
research is carried out in laboratories at room temperature.
By increasing the temperature, the efficiency of adsorption
is reduced because it enhances the deprotonation and the
hydroxylation of the adsorbent surface which result in more
negative charge on it [248]. That is contradicted in a study
carried out by Gao et al. [253], who observed that the fluo-
ride removal efficiency increased from 89.46% to 94.83%
by rising temperature from 5 to 25 °C. Therefore, increasing
the temperature can create new active sites on the surface of
the adsorbent.

4.6.2.6 Effect of Mixing Mixing speed is an important fac-
tor to consider while enhancing the adsorption efficiency,
it was observed that the kinetics and adsorption equilib-
rium depend on agitation speed [254]. While increasing
the mixing speed up to optimum, it increases also the effi-
ciency of adsorption. A study carried out by Papari et al.
[255] to remove fluoride from water using an adsorption
process prove the influence of agitation speed (0—150 rpm),
the efficiency of removal without mixing was 53.25%, by
increasing the mixing speed to 150 rpm, the efficiency fluo-
ride removal increased to 99.7%. This could be the result of
enhanced fluoride ion distribution toward the surface of the
absorbent and improved interaction between fluoride and
adsorbent.

4.6.3 Adsorbents

Adsorbents are porous materials that absorb contaminants
to their surface. There are two types of adsorbents viz. natu-
ral absorbent and synthetic absorbent. Natural adsorbents
include clay, zeolite, siliceous materials, calcite, soil, sedi-
ment, biomaterials, etc. [240]. Whereas synthetic adsorbents
are synthesized by researchers such as activated carbon solid
waste, by product, and others modified naturals and biologi-
cal materials [256]. The classification of various types of
adsorbents according to there is compiled in (Fig. 15).
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4.6.4 Natural Adsorbent

Natural adsorbents are defined as a single natural mate-
rial or compound that was created through a natural pro-
cess and has largely constant chemical components [240].
Natural adsorbents have distinct benefits in scale, afford-
ability, operation, environmentally friendly, and abundantly
available [22]. Generally, these type of naturally occurring
adsorbents is exciting in the adsorption process for water
treatment because they contain metal atoms that are elec-
trostatically charged or in different stages of oxidation like
aluminum, iron, silicon, etc.[240]. These properties enhance
the adhesion of the contaminants to the surface of the adsor-
bent, which increases the efficiency removal [22]. There are
much research on the application of natural adsorbents in
de-fluoridation from water. Some natural adsorbents resulted
in high efficiency removal up to the advised level of fluoride
for drinking water. Nabbou et al. [39] investigated the capac-
ity of Algerian natural clay (kaolinite) to remove fluoride
with the initial concentration of 5 mg/L from groundwa-
ter, they found that the adsorption capacity of kaolinite was
0.48 mg/g at a pH range from 4.5 to 6 and at the temperature
of 55 °C. Furthermore, clay has tiny particle sizes, often
less than 2 um, and highly active site due to its complex
porosity architectures, which allow physical and chemical

Fig. 15 Types of adsorbents

interactions with contaminants like fluoride. Zeolite showed
high performance in adsorption, generally, the surface of
zeolite has a negative charge in acidic and basic condition
(all pH), which make it to be more attractive on cations and
less attractive on anions due to electrostatic repulsions [240].
Numerous studies have removed fluoride modified zeolite
using metallic cations such as AI’* to create the positive
charge on the zeolite surface, however, there are limited
studies using natural zeolite as adsorbents. Gémez et al.
[257] examined the adsorption of fluoride using Ethiopian
natural zeolite (analcime and mordenite), they observed that
natural zeolite was able to remove fluoride up to the permis-
sible limit for drinking water, and the maximum fluoride
removal capacity was 0.47 mg (F~)/g which is equivalent
to 87%. Similarly, another study done by Cai et al. [258]
showed the efficiency of natural zeolite in de-fluoridation
of 95% at 20 °C and pH of 9 in 84 min, with the initial con-
centration of 200 mg/L. Iriel et al. [259] studied the adsorp-
tion efficiency of lateritic soil from Argentina to remove
fluoride from groundwater (2.5 mg F~/1), they observed that
lateritic soils are likely adsorbents on a domestic scale for
drinking water with the efficient removal of 30% at pH of
8 in 30 min. Additionally, Chandraker et al. [260] showed
the performance removal of fly ash as an adsorbent in their
research of 62.2% with an initial fluoride concentration of
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50 mg/L, while the optimum fluoride removal was pH:5 and
time: 4 h. However, fly ash is an abundantly available adsor-
bent, like other natural adsorbents that can be utilized after
being washed and dried, or activated to enhance its removal
capacity.

Moreover, bioadsorbents have the high performance to
adsorb fluoride from water and wastewater, generally, bioad-
sorbents also called biomass based adsorbents are biological
materials that are able to accumulate different contaminants
on their surface [240]. Those materials include living mate-
rials such as algae, bacteria, fungal, yeast and non-living
materials such as animal materials, agriculture waste, as well
as household waste (sawdust, seaweed, bones, vegetables,
coconut shell, corncob waste, tea waste, rice hulls, wool,
peat, and chitosan) [256]. Researchers focused on the bio-
adsorbents because they are abundantly available and eco-
friendly. Applications of bioadsorbents for de-fluoridation
from water have been done by numerous researchers. In
recent years, Shanker et al. [261] employed a study focus-
ing on the use of microorganisms (bacterial) as adsorbents
to remove fluoride from the water of Mahbubnagar, they
observed that acinetobacter sp (GU566361) removed fluo-
ride up to 57.3% at 35 °C and pH of 7.5 after 10 h of incuba-
tion, while the fluoride concentration was 20 mg/L. Mondal
[262] studied the potential of natural banana peel as bio-
adsorbent for de-fluoridation from water collected in West
Bengal State with 30.08 mg/L, it was observed that at a
temperature of 28.85 °C and pH of 4, the removal efficiency
of fluoride by natural banana peel was 98.8%. The natu-
ral and synthetic adsorbent’s efficient removal of fluoride
with optimum factors affecting adsorption are presented in
(Table 10).

4.6.4.1 Synthetic Adsorbents Synthetic adsorbents are syn-
thesized materials to enhance their adsorption capacity com-
pared to their natural raw materials, many researchers show
that modification of natural materials like metal impreg-
nation to create a positive ion, as well as treatment using
acid—base activation or thermal, can increase the specific
site for contaminant removal on the surface of adsorbents
[239]. Generally, the synthetic adsorbent can be synthesized
via inorganic materials such as clay, calcareous soils, slags,
fly ash, and zeolites or organic materials such as agricul-
tural waste, industrial waste, and household waste [256].
Several researchers revealed that synthetic adsorbents can
be used in water treatment especially in removing fluoride
from groundwater due to its high removal capacity up to the
advised concentration for drinking water [269]. Gao et al.
[253] synthesize micron zirconia modified zeolite molecular
sieve to remove fluoride from groundwater in the adsorp-
tion batch experiment, they observed that the efficiency of
fluoride removal of ZrO,-Ze adsorbents is 94.89% at pH of
6, the temperature of 25 °C while fluoride concentration was
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5 mg/L and this process reaches equilibrium in 8 h. Com-
bining modified graphene oxide (GO) and chitosan (CS)
gives a hybrid composite bead (GO/CS) which are used as
an adsorbent in de-fluoridation [250]. Employing (GO/CS)
adsorbent on water containing 10 mg/L, the efficient fluo-
ride removal observed was greater than 80% in 30 min at
a pH of 6. The result shows that this adsorbent can be used
for up to six rounds without losing its adsorption efficiency.
Additionally, Dhanasekaran and Sahu [265] synthesize an
adsorbent from ‘Anjili’ tree sawdust impregnated by ferric
hydroxide and activated alumina (SFAA), and they employ
it in de-fluoridation from water containing 20 mg/L of flu-
oride, they found the adsorption capacity of 2.42 mg/g at
pH between 67 and at the temperature of 29.85 °C. It was
observed that SFAA also can remove other contaminants
in water such as arsenic to the standard of drinking water.
Some synthesized adsorbents can result in high adsorption
capacity on the high concentrations of fluoride in water, but
don’t remove it to the level of drinking water standard. Shao
et al. [266] showed that synthesized CaSO4-2H20 nanorods
can remove fluoride from 200 mg/L to 7.88 mg/L with is
beyond the permissible limit for drinking water.

5 Cost of Defluoridation Technologies

The cost of the water treatment technology may be affected
by a number of variables that require specialized knowl-
edge in order to provide an accurate and complete estimate
when comparing alternative treatments. Material considera-
tions, chemical use, energy usage, and life cycles are some
of the aspects that must be taken into account, along with
their accompanying costs [208]. The result of the techno-
economic analysis conducted by Bhaskar et al. [270] showed
that for the adsorption of fluoride using activated soil-clay
mixture, the cost involved was 0.17 $/m>. The basic eco-
nomic evaluation carried out by Mena et al. [271] resulted
that the associated price of fluoride removal using EC is 0.27
$/m>. Additionally, Bhagawan et al. [272] reported that the
operation cost of EC in fluoride removal range between 0.28
and 0.98 $/m>. The cost of EC process mostly depends on
electrode materials, electricity consumed and fluoride initial
concentration. The relevant studies, which offer a detailed
estimate of operational treatment costs of fluoride removal,
have been summarized in (Table 11).

Among the developed fluoride removal techniques, the
estimated cost of the adsorption process is low compared to
other technologies; this is due to the low cost of the materi-
als used in the adsorption process. It was observed that the
use of natural adsorbents reduces the cost of the adsorp-
tion process because they are abundantly available and can
be regenerated [22]. On the other hand, IE has a high-cost
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Table 11 Estimated cost of water treatment technology

S.No Technology Estimated cost ($/m°) Reference
1 Adsorption 0.17 [270]
2 Coagulation/ 0.21 [73]
Flocculation

3 Precipitation 0.189 [273]
4 NF 0.212 [274]
5 RO 0.34 [73]
6 ED 0.237 [208]
7 EC 0.27 [271]
8 EC 0.28—0.98 [272]
9 1IE 4.675 [208]

estimation compared to others; this may be linked to the
high cost of IER.

6 Summary

Contaminant water is a serious threat to human health,
necessitating extremely effective protection of the environ-
ment and water management. Some investigators can strive
to create specific approaches since they mix several strat-
egies to generate collaborative fluoride removal solutions.
This unit is the role of contributing to development and
advancement in engineering technology by applying current
and appropriate approaches, outperforming smaller attempts
for practical usage. The fluoride separation technology from
water system is the sole subject of this study's narrative and
investigation. Due to location-specific physicochemical, geo-
logical, and socioeconomic factors that can affect fluoride
removal effectiveness, actual implementations may differ
from the estimates given. To remove fluoride from drinkable
water and industrial effluent, a variety of techniques have
been utilized in the past, and this analysis has tried to take
them all into account. Both fluoride precipitation and the
traditional method of removing fluoride from water supplies
have limitations. The shortcomings of the great majority of
these solutions include expensive operating and maintenance
expenses, supplementary pollution, such as the formation
of hazardous sludge, and so on, as well as the treatment's
sophisticated procedure. Ultimately, by adopting a compre-
hensive strategy to investigating the complex difficulties of
fluoride pollution, this work unequivocally demonstrates
the significance of various exposure routes and dangers. As
a result, it is urged to aspiring researchers that they use a
more diligent and comprehensive strategy to evaluate fluo-
ride concentrations.

@ Springer
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