¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2018.22167

117 (2018) 118-141
June

Removal of fluoride from aquatic environment

Michat Bodzek**, Krystyna Konieczny®

“Institute of Environmental Engineering, Polish Academy of Sciences, M. Curie Sklodowskiej 34, 41-819 Zabrze, Poland,

email: michal.bodzek@polsl.pl

vSilesian University of Technology, Faculty of Energy and Environmental Engineering, Institute of Water and Wastewater Engineering,
Konarskiego 18, 44-100 Gliwice, Poland, email: krystyna.konieczny@polsl.pl

Received 5 December 2017; Accepted 4 March 2018

ABSTRACT

High fluoride concentrations in aquatic environment, even above 30 mg/L, are often detected in many
parts of the world. Due to fluoride effects on health, World Health Organization (WHO) as well as
national health authorities have established its maximum permissible concentration in drinking water
at the level of 1.5 mg/L. This review article aims to provide detail information on researchers’ efforts
in the field of fluorides removal during potable water production. The contaminant elimination meth-
ods have been broadly divided into three sections, that is, coagulation/precipitation, adsorption and
membrane techniques. Both, precipitation with the use of calcium salts or coagulation with aluminum
sulfate and ferric salts followed by sedimentation are used for fluoride removal. In electrocoagulation,
a coagulant is generated in situ by means of oxidation of anode usually made of aluminum or iron.
Adsorption is broadly utilized as it offers acceptable results and it is most appealing technique for the
removal of fluorides regarding costs, simplicity of outline and operation. Alumina/aluminum-based
materials, clays and soils, some minerals and carbon-based materials as well as layered double oxides,
nanosorbents and biosorbents, they all have been tested as adsorbents for fluorides removal. Among
membrane techniques reverse osmosis, nanofiltration, ultrafiltration in integrated systems, electrodi-
alysis and Donnan dialysis have been discussed.
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1. Introduction

Recent UNICEF and WHO reports have confirmed
that ca. 748 million of people have no access to safe water
of proper quality, while more than 1.8 billion of people use
water contaminated with feces to potable purposes [1,2].
Even though groundwater resources correspond to 0.6%
of global water resources, more than 50% of them are used
to potable purposes, especially in developing countries.
Moreover, the economic growth results in contamination of
natural and anthropogenic water reservoirs due to urban and
industrial activities, deep percolation from intensive agricul-
ture, utilization of liquid and solid hazardous wastes, includ-
ing industrial ones, wastewater deposition, soil degradation
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and unsustainable water use. This all leads to degradation of
water quality and limits its accessibility per capita in many
countries.

The presence of several natural and anthropogenic ele-
ments and compounds, such as fluorides, arsenic, nitrates,
sulfates, iron, manganese, chlorides, selenium, heavy metals
and radioactive substances may significantly affect water
quality and cause harmful health effects. In many cases,
available water resources have become too contaminated,
not only for human’s consumption, but also for industry and
agriculture. According to WHO, the most dangerous inor-
ganic substances appearing in groundwater, which reveal
global effect to human health, are fluorides and arsenic [3].

The presence of F~ in natural water is connected with its
appearance in natural minerals, local geological structure
and industrial activities [4]. Fluorides are naturally released
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to water during dissolution of minerals and soils rich with
these elements, and observed fluoride concentrations are
directly proportional to the rate of extraction/dissolution of
crystal alloys. The most prevalent fluorine containing min-
erals are: fluorite (CaF)), cryolite (Na,AlF,), fluoroapatite
(Ca (PO,),F) and sellaite (MgF,) [3]. The concentration of F~in
water is limited by minerals” solubility, especially in case of
CaF,, the lowest value of which measured in 18°C is equal to
15 mg/L. Moreover, the solubility itself depends on a mate-
rial chemical composition, groundwater age and depth of the
water layer [5]. Except for natural sources, the elevated con-
centrations of fluorides, as well as other environmental con-
taminations, in water are caused by industry, which deposits
fluoride-containing wastewater to natural surface water. The
most important industrial branches in this field are galvanic,
glass, ceramic and fertilizers industries as well as the produc-
tion of semiconductors, coal-based heat and power plants
and iron and aluminum works [6-8]. Wastewater generated
by those industries characterizes with fluorides concentra-
tions much higher than naturally appearing levels, starting
from several dozen up to several thousands of mg/L, for
example, in case of phosphates production, concentration of
fluorides in wastewater may reach up to 3,000 mg/L [6].

2. The impact of fluoride on human'’s health

Fluoride may reveal either advantageous or disadvan-
tageous health effects, depending on their dose and expo-
sure time [9]. While the concentration of fluorides in potable
water ranging from 0.5 to 0.7 mg/L is desired in order to
avoid dental caries among children [10], their higher amount
is regarded as serious health problem. The regular consump-
tion of water containing 1.5-4 mg F/L results in bone tissue
problems [11] (fluorosis, arthritis and osteoporosis) as well
as in neurological issues, and it may lead to lever damage,
carcinogenic and gastrological effects.

Fluorine, as a highly electronegative element, possesses
the affinity to attract positively charged calcium ions. Thus,
it causes demineralization of bone and teeth tissues, which
contain high amount of calcium, by formation of fluoroap-
atite. During the reaction, hydroxyl ions are replaced with
fluorides, as fluoroapatite is more stable than hydroxyapa-
tite. Hence, a high amount of fluorides is bonded in tissues,
while its negligible amount is excreted with sweat, urine or
feces. Dental fluorosis as well as bone fluorosis are primary
and most harmful damages caused by fluorides in human
body [9,10]. Teeth enamel is mostly composed of hydroxy-
apatite crystals. Normally, the progress of dental fluorosis
depends mainly on the amount of fluorides dosed to 8-10
years old children, as then fluorides decolor growing teeth
and bones below gums. In case of bone fluorosis, fluorides
deposit mainly in neck, knees, pelvis and arm bones causing
syndromes similar to spine or joints dysfunction by impeded
movement, walking, etc. [12]. However, bone and dental flu-
orosis are not only effects the fluoride overdose, which may
also lead to muscles fibrosis, lowering of hemoglobin level,
erythrocyte deformation, inordinate thirst, headache, stress,
neurological symptoms (Alzheimer disease), depression,
stomachache, bowelsissues, urinary system dysfunction, nau-
sea, hands and feet tingling, immunity decrease and procre-
ativity problems, etc. [12]. While consumed, initially fluoride

Table 1
Exemplary health effects of chronic consumption of water of
different fluoride content

Fluorides concentration (mg/L) Health effect

<0.5 Teeth caries

0.5-1.5 Optimal dental effect
1.5-4.0 Dental fluorosis

4.0-10 Bones and teeth fluorosis
>10.0 Devastating fluorosis

irritates stomach mucosa, while lately formed hydrofluoric
acid is highly irritating to stomach and bowel tissues [12].
Some studies also indicate that chromic overconsumption
of fluorides may affect procreative functions, causes kidney
stones and thyroid dysfunction and lowers children intelli-
gence [12]. Various forms of fluorosis are shortly discussed in
Table 1 [12,13]. Overdosed and chronic consumption of flu-
oride by animals results in analogical problems as in case of
humans. Additionally, watering of plants with water of high
fluoride content affects their growth.

Due to fluoride effects on health, World Health
Organization (WHO) as well as national health authorities
have established its maximum permissible concentration in
potable water at the level of 1.5 mg/L, while the recommended
range is from 0.5 to 1.0 mg F/L [14,15]. Such concentration of
fluoride in water minimizes its harmful effects on human'’s
health.

Considering toxicity and harmfulness of fluoride, there
exists an urgent need to develop effective and reliable
techniques of its removal from water dedicated to potable
purposes, but also from wastewater.

3. Technologies for fluoride removal from water

Due to the high solubility of fluorides in water, its
defluoridation is difficult and expensive process. Regarding
raw water quality and available technical solutions, a range
of methods dedicated to fluorides removal have been pro-
posed, among which three main groups can be distinguished
[2-4,13,16,17]:

e precipitation with calcium and magnesium salts
combined with coagulation with aluminum, followed by
sedimentation and filtration,

® adsorption and ion-exchange processes and

* membrane separation.

Each of those methods possesses a range of advantages
and limitations and can be used with satisfactory efficiency if
process parameters are properly selected to fluoride removal
in desired concentration range. Ayoob et al. [2] have pub-
lished a detail review on sustainable techniques dedicated to
fluoride removal from water. A range of methods was criti-
cally evaluated by presenting their benefits and limitations.
It has been found that precipitation methods are efficient
for defluoridation, however, by their means the permissible
concentration of fluorides in water cannot be obtained [2].
On the other hand, membrane techniques do not require
the addition of external chemicals, but they are expensive
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and affected by fouling, scaling and membrane degradation
[2]. Electrochemical methods are also economically ineffective,
especially in case of investment and maintenance costs [2].

In Fig. 1, a typical fluoride concentration range and
removal efficiencies established for particular treatment
methods are presented [3].

3.1. Chemical methods

Among chemical methods used to fluoride removal from
water one may find: precipitation-coagulation with the use
of calcium salts, coagulation with aluminum sulfates fol-
lowed by fluorite and aluminum hydroxide precipitation
and sedimentation, precipitation and coagulation with ferric
salts as well as calcium softening [3,18-21].

3.1.1. Precipitation—coagulation

Calcium and aluminum compounds are the most com-
monly used coagulants. During precipitation with calcium,
fluorides are removed from water due to formation of hardly
soluble CaF, and co-precipitation of Mg(OH), according to
Egs. (1) and (2):

Ca(OH), + 2F- — CaF, + 20H- )

Mg? +20H" — Mg(OH), @)

The efficiency of precipitation is limited by solubility of
CaF,, which at pH = 10 reaches up to 10 mg/L. However, the
removal of fluorides from water during the process can be
enhanced by co-precipitated Mg(OH),. On the other hand, in
order to assure the desired effect, high doses of magnesium
has to be used, for example, in order to decrease fluorides
content from 5.0 to 1.5 mg/L up to 100 mg/L of magnesium
has to be added, while pH has to be adjusted to ca. 11.3. If
the amount of fluorides remaining in water is ca. 8 mg F/L
or higher, the process is integrated with coagulation with
AL(SO,),, in order to assure the desired final concentration of
fluorides [20]. At the first stage of the treatment, precipitation
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of CaF, takes place by dosing of calcium, while at the sec-
ond stage alum is introduced to the system in order to induce
coagulation process. First, alum hydrolyzes to form insoluble
Al(OH),, and next non-hydrolyzed alum reacts with fluoride
ions [20]. However, the required dose of the coagulant is very
high (ca. 115 g AL(SO,), per 1 g of fluoride), while the opti-
mum pH range is 5.5-7.0. Moreover, as in case of the previ-
ous technique, the method characterizes with generation of
significant amounts of sediments [20].

The beginning of water defluoridation can be noted
in 1930s of 20th century, when scientists started to sick for
sustainable and economically effective methods assuring
removal of fluoride from water. In Nagpur, India, the tech-
nology dedicated to fluorides removal from potable water,
called Nalgonda has been developed, and it has quickly
become a popular technique commonly used for this pur-
pose in developing counties (e.g., India, Kenia, Senegal and
Tanzania) [2,16]. The process relies on addition of a proper
amount of alum, calcium and perchlorate to raw water,
which is processed by intensive stirring, flocculation, sedi-
mentation, filtration and disinfection. First, calcium reacts
with fluoride containing compounds such as NaF, HF, etc.,
to form insoluble calcium fluoride (Eq. (3)).

Ca(OH), + 2F — CaF, + 20H~ (3)

At the second stage, aluminum sulfate or chloride is
added separately or together to act as a coagulant forming
insoluble AI(OH), flocks, which precipitate and co-precipitate
fluoride, while calcium perchlorate assures disinfection.
Such defluoridation is dedicated to water plants supplying
small communities with potable water (up to 200 citizens), it
takes about 2-3 h and it can be repeated during the day [2].
The main advantages of Nalgonda process are low start-up
costs and high efficiency. Its main disadvantage is a rela-
tively high concentration of remaining aluminum (2-7 mg/L)
in purified water, which, according to WHO standards,
should not be higher than 0.2 mg/L [2,15,16]. Additionally,
operational costs of Nalgonda process are relatively high,
the taste of produced water is unacceptable, while generated
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Fig. 1. Efficiency of fluoride removal by different technologies. CPC, precipitation/coagulation; EC, electrocoagulation; AD, adsorption;
EF, electroflotation; IE, ion-exchange; RO, reverse osmosis; NF, nanofiltration and ED, electrodialysis.
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sludge requires significant drying areas [21]. Moreover, a
negative impact of natural organic matter (NOM) on fluoride
removal, especially in case of low alum doses (0-100 mg/L)
has been observed. The presence of already 5 mg/L of NOM
increase two times the required dose of alum, affects water
turbidity and increases aluminum concentration; the pres-
ence of NOM decreases the efficiency of fluoride removal if
the same dose of alum is applied [22].

Co-precipitation and coagulation with aluminum salts
possess a number of benefits as well as limitations [23].
The most important advantages are commonly used and
simple operation in regard to other defluoridation methods.
On the other hand, among disadvantages, one may find:
high reagents doses required, problems with separation
and utilization of sludge, inefficient operation at high
initial fluoride concentrations and high final concentration
of dissolved aluminum. Hence, considering the latter, a
number of studies focused on replacement of chemicals and
improvement of coagulation/precipitation with aluminum
sulfates are carried out.

3.1.2. Electrocoagulation

A growing interest in application of electrocoagulation
(EC) to a treatment of wastewater containing organic contam-
inants, heavy metals and fluoride has been recently observed
[24-26]. EC is a favorable technique in regard to process con-
ditions, as no additional, inert substances are introduced,
while useable components present in water can be separated
and reused.

EC is a technique, in which coagulant is generated in situ
by means of oxidation of anode usually made of aluminum
or iron. Typical EC reactor comprises of several electrolytic
cells, each containing a cathode and an anode, which can
be made of the same or different materials [26]. Due to the
electrical current supply (electrons flow) aluminum or iron
are transferred from an anode material to a solution in the
form of AI** or Fe*. Simultaneously, evolution of hydrogen
gas and release of hydroxide anions occur at a cathode [27].
Hydroxide anions move towards an anode and form ionic
pairs with metals’ cations. Those pairs form polymeric alumi-
num or iron hydroxides, that is, compounds responsible for
coagulation [28]. In case of aluminum, anodic dissolution can
be expressed according to Egs. (4)-(7).

Al(s) > AP** (aq) + 3e” (aq) 4)

At alkaline or acidic conditions following reactions take
place [28]:

AP (aq) + 30H" — AI(OH).{ (s) (5)
Al (aq) + 3H,0 — Al(OH).4 (s) + 3H" (aq) (6)
nAl(OH){ (s) > Al (OH), { (s) )

In case of iron anode, summary reaction can be expressed
as follows [26]:

4Fe* (aq) + 10H,0+ O, (g) — 4Fe(OH)3¢ (s) +4H, (g) 8)

In both cases, a reduction reaction (9) occurs at a cathode:
2H,0 +2e — H, + 20H" )

EC comprises of three step-by-step stages, that is,
(i) an anode oxidation, (ii) a generation of gas bubbles and
(iii) flotation and sedimentation of flocks [28]. EC pro-
cess leads to destabilization of particles, suspensions and
breakage of emulsions [3]. AI(OH), or Fe(OH), flocks act
mainly as adsorbents of contaminants, which are present in
water. Adsorbed contaminants either float on the surface due
to the generation of gas bubbles at an anode (oxygen) and a
cathode (hydrogen) or settle at the bottom of a tank. In order
to remove coagulated particles, electroflotation, sedimenta-
tion and filtration can be applied.

A number of studies have shown that EC is an effective
technique for removal of fluoride from either water dedicated
to potable purposes or industrial wastewater [3,23,24,29]
leading to decrease of its concentration to <1.5 mg/L at ini-
tial value of 10-20 mg/L or higher [25]. The mechanism of
fluoride removal is connected with competitive adsorption
of OH" and F~ions and precipitation of cryolite (AI(OH), F ).
Removal of fluoride can be improved by adjustment of pH,
which should be in the range of 6-8 [26,30].

Another advantage of the process is the separation of
precipitates by means of flotation, involving hydrogen bub-
bles generated at cathode, which force (Al(OH), F ) to move
towards a surface. Moreover, EC process results in genera-
tion of smaller amount of sludge in comparison with con-
ventional coagulation and does not require the addition of
external chemicals. However, the technique involves electric
current supply, what affects operational costs. EC efficiency
depends on a range of parameters, among which one may
distinguish: initial fluoride concentration, water/wastewater
pH, electric potential, reaction time, presence of co-ions and
surface of electrodes [27,28].

The removal of fluoride by EC method with the use of
four monopolar combined Al electrodes has been investi-
gated by Behbahani et al. [31]. The efficiency of the process
at predetermined optimal conditions has reached 94.5% at
the initial concentration 25 mg F/L, pH =7, current density
11.1 mA/cm? and reaction time 25 min. The authors have also
elaborated a model, which explains the impact of main pro-
cess parameters on fluoride removal and operational costs.
The model has predicted 90% removal of fluoride at optimal
conditions. Moreover, a part of the research on the impact of
pH, which has been varied from 3 to 11, shows 5% difference
in fluoride removal efficiency.

The treatment of synthetic solutions containing fluoride
by means of EC method with the use of Al electrodes has
also been investigated by Drouiche et al. [32]. They have
determined the impact of voltage (10-30 V), electrolysis time
and NaCl (0-100 mg/L) on EC efficiency. The results have
shown that the increase of voltage and the elongation of the
process lead to aluminum ions concentration increase and
favor removal of fluoride. It has been found, using X-ray
diffraction (XRD) and Fourier transform infrared spectro-
scopic (FTIR) analyses, that deposits found on Al electrodes
comprise mainly of AI(OH), and aluminum hydroxyoxides.
The authors have also investigated the efficiency of fluoride
removal from synthetic photovoltaic wastewater. They have
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found that for initial fluorides concentration equal to 25 mg/L
the best results are obtained at 30 V, pH = 6 and reaction time
40 min.

Emamjomeh and Sivakumar [28] have observed the
decrease of F~ concentration from initial 10 mg/L to final
below 1.4 mg/L within 55 min of EC carried out with the use
of five Al electrodes at a current intensity 1.5 A. Additionally,
they have found that the increase of either an initial fluo-
ride concentration or a distance between electrodes results
in less effective removal of contaminant. They have also
run a research on EC carried out in continuous system at
various initial fluoride concentration (5-25 mg/L), flow rate
(150-400 mL/min), current density (12.5-50 A/m?) and initial
pH (4-8). They have found that final pH should be within 6-8
as it results in the formation of sufficient amount of AI(OH),
available for fluoride complex formation.

Khatibikamal et al. [29] have studied the removal of flu-
oride from industrial steel plant wastewater by means of EC
with the use of Al anode and cathode. They have investi-
gated the impact of various operational conditions such as
temperature, voltage, hydraulic retention time and number
of electrodes on the efficiency of fluoride removal. They have
obtained the decrease of contaminant concentration from
4.84 to 0.48 mg F/L with the removal rate above 90%.

Hu et al. [26] have studied the efficiency of fluoride
removal in dependence of pH, alkalinity, initial concen-
tration, type of coexisting anions and other wastewater
properties. Experiments have been carried out in a bipolar
reactor equipped with seven Al electrodes arranged in par-
allel, at current density ranging from 5.56 to 8.16 mA/cm?.
The initial concentration of fluoride has been established at
25 mg/L, while raw solutions have additionally contained
chlorides and nitrates. The efficiency of fluoride removal has
reached 100% for solutions contaminated only with it, while
at the presence of co-ions, that is, chlorides or nitrates, it has
decreased to 80%—90%. They have also found that optimal
initial ratio of OH~ to AI** should be kept above 2.4, while the
sum of molar ratios of OH~ to AI’** and F~ to AP** should be
above 3. The studies have enabled to propose the mechanism
of fluoride removal by means of EC, which is most probably
based on co-precipitation of fluorides and hydroxides with
AP in the form of AI(OH), F.

Zhu etal. [33] have investigated solutions containing trace
amounts of F~ and explained that at higher pH the formation
of soluble AI(OH),” ion occurs, while this ion is not able to
flocculate and it cannot defluorize water. Additionally, they
have compared EC with chemical coagulation to show that
EC characterizes with a higher efficiency at lower AI** doses
which refer to conventional system.

Ghosh et al. [34] have investigated the removal of fluo-
ride from potable water containing 2-10 mg F/L by means of
EC with the use of monopolar and bipolar electrodes. They
have found that bipolar arrangement is more efficient than
monopolar, as the former system assures larger effective sur-
face of electrodes. Hence, the application of an identical cur-
rent density results in higher efficiency of fluoride removal
in bipolar system. The authors have obtained the decrease
of fluoride concentration from 10 to 1 mg/L within 30 min at
current density 62.5 mA/cm? Operational costs established
for monopolar and bipolar systems are equal to 0.38 and
0.62 USD/m™, respectively.

It has already been mentioned that gas bubbles formed
during EC process may cause the flotation of post-coagulation
flocks. Hu et al. [35] have investigated bipolar continuous
ECflotation reactor to remove high amounts of fluoride in
the presence of sodium dodecyl sulfate (SDS). They have
found that in order to assure the effective removal of fluoride,
SDS concentration should be kept above 30 mg/L for continu-
ous system, but it should not exceed 50 mg/L. In case of batch
system, 5 mg SDS/L has been found to be efficient enough to
assure satisfactory fluoride removal rate. The authors have
suggested that SDS causes not only foaming, but also acts as
a collector of precipitated CaF, within the whole continuous
reactor system.

Shen et al. [8] have investigated a hybrid system of EC
and electroflotation for defluoridation of industrial water.
With this method, the concentration of fluoride has been
decreased from 15 mg/L, after precipitation with calcium, to
2 mg/L in the effluent (pH = 6). Even lower concentrations
can be achieved when Fe* and Mg?* ions concentration is
50 mg/L in the coagulation chamber.

Bennajah et al. [36] have investigated removal of fluoride
from synthetic solutions by means of EC-electroflotation
method in two EC chambers (i.e., stirred tank reactor and air
lift reactor) of volume 20 L equipped with Al electrodes. Air
lift type reactor is more favorable to perform fluoride removal
due to the lower energy consumption. It enables to run flota-
tion with the use of electrochemically generated gas bubble
with no need for addition of either a surfactant or compressed
air. Another advantage of the air lift reactor, in comparison
with a stirred tank reactor, is the recovery of flocks without
the use of additional unit operation (e.g., filtration or sedi-
mentation). Generally, flotation replaces settling tanks.

Cui et al. [37] have investigated a carbon electrode mod-
ified with poly(aniline co-o-phenol) (PAOA) to fluoride
removal by means of continuous EC process. The reactor
could be operated at high pH range due to the cover with
PAOA copolymer of ion-exchange properties. Electrodes
made of porous carbon have characterized with high con-
ductivity and faster mass transport from solution to electrode
surface. The removal of fluoride has increased with the volt-
age increase from 0.8 to 1.2 V, while it has been affected by
the initial fluoride concentration increase. Optimal fluoride
removal has been reached for 1.2 'V, pH = 7.2 and initial con-
centration 10 mg F/L.

To sum up, main EC advantages are [23] simple basic
equipment, simple service and low costs, high quality of
finally produced water (colorless, odorless and drinkable),
formation of small amounts of precipitates, which easily
dewater, as they comprise mainly of metal hydroxides and
oxides and can be effectively separated by means of flota-
tion and filtration. On the other hand, main limitations of the
technique are dissolution of electrodes, which leads to their
replacement/fulfillment requirement, high energy consump-
tion, significant raw water/wastewater conductivity and for-
mation of insoluble oxides on electrodes surface, which may
lead to a decrease of the overall process efficiency.

3.2. Ion exchange

Ion exchange is a method, which can be applied to
remove excess amounts of fluoride from water. Strongly
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basic anion-exchange resins containing quaternary ammo-
nium functional groups are used. The removal mechanism
can be described by means of Eq. (10) [16,23]:
Matrix-NR,'CI" + F~ — Matrix-NR,'F- + CI- (10)

Fluorides replace chlorides, and the process runs until all
active centers of the resin are occupied. The regeneration of
a resin is made by washing with saturated NaCl solutions.
During regeneration, chlorides replace fluorides and the
process can be run again. The driving force of the process
results of the higher electronegativity of fluorides in refer-
ence to chlorides. Defluoridation capacity (DC) and selectiv-
ity towards F-depends mainly on a resin type. Ionic charge
of metals strongly affects the removal of fluorine, due to dif-
ferences in their electrostatic properties [3]. It is considered
that mechanism of F removal using ionites does not only rely
on the ion-exchange, but it also involves the adsorption [3].
The main reason of such a conclusion is the fact that the con-
centration of fluorides in purified water is much lower than
concentration of other anions present in the stream.

Chikuma and Nishimura [38] have applied
anion-exchange Amberlite resin IRA-400 operated by means
of chlorides replacement. Solangi et al. [39] have modified
anionic resin Amberlite XAD-4TM, by introducing anionic
group to aromatic resin structure and they have efficiently
applied it to fluorides removal. The modified resin has been
found to be very effective, especially at pH = 9, and, more-
over, it has acted perfectly at the presence of other co-ions
such as Br, NO,;, NO,;, HCO,  and SO,*. They have also
modified Amberlite XAD-4TM resin by introduction of
thiourea to aromatic rings bonds [39]. The modified resin has
revealed a high efficiency towards removal of fluorides from
useable water. Ku et al. [40] have run a research on the appli-
cation of Duolite C-467 resin occupied with aluminum ions to
remove fluorides from water. The process has been found to
be efficient at relatively stable raw stream pH. Viswanathan
and Meenakshi [41] have investigated defluoridation prop-
erties of chelating resins of Indion FR 10 (IND) and Ceralite
IRA 400 (CER) type. The obtained results have revealed that
chelating resins are more suitable to fluoride removal than
conventional anion-exchange resins. They have also applied
Indion FR 10 ionite chemically modified with Ce*, Fe*, La*,
Zr*"and AI** ions operated in hydrogen mode [41]. Maximum
capacity of defluoridation of all modified resins has been
established at ca. 0.5 mg/g. The authors have noted that in
such a case defluoridation is the effect of both, electrostatic
adsorption and complexation.

Chubar et al. [42] have investigated simultaneous removal
of different ions, such as F-, Cl5, Br- and bromates, from
water using novel ionite containing coupled hydrated oxides
(Fe,0,-ALO, -xH,O) obtained by means of sol-gel method
from widely available raw materials. It has been found that
impact of pH in the range 3-10 on adsorption of F~ and Br-
depends on ions speciation. Adsorption of fluorides, equal
to 88 mg/g, has been the highest among all investigated ions.

Sundaram and  Meenakshi [43] have used
organic-inorganic ion exchangers to remove fluoride. Within
the research, polyacrylamide ion exchanger has been mod-
ified with Ce(SO,),4H,O, AI(NO,),-9H,0 and ZrOCl,-8H,0.

The modified ionite has characterized with slightly higher
DC (i.e., 2,290 mg F-/kg) than other materials.

The main advantages of ion-exchange are high degree
of fluorides removal from water (90-95%) and acceptable
taste and color of purified water. Among limitations of the
method, one may distinguish [13,23] the negative impact of
other ions such as sulfates, carbonates, phosphates, forma-
tion of fluorides rich side streams during regeneration, which
must be separately utilized, high costs, very low pH and high
concentration of chlorides in the effluent as well as relatively
long contact time required.

3.3. Adsorption

Among various methods available to fluorides removal,
adsorption process is commonly used and it seems to be the
most attractive method due to technical and economic fea-
tures. In order to remove fluorides from water efficiently,
a number of various adsorbents have been developed and
tested in regard to adsorption capacity, process parame-
ters and adsorption isotherms and kinetics models [12,22].
Among available adsorbents, one may find activated and
impregnated aluminum oxide, metal oxides, adsorbents
based on calcium and iron salts, activated clays and minerals,
including zeolites, carbon materials, agricultural and indus-
trial by-products, alum, aluminum sludge, chitosan and
other biosorbents, and, recently, layered double hydroxides
(LDHs) and nanosorbents [12,44]. During the last decade,
metal oxyhydroxides in powder form and supported on
different matrixes have been of great interest for fluoride
removal [45].

Theoretically, the mechanism of fluoride adsorption on
solid particles comprises of three main stages [46]:

e diffusion/transport of fluorides to external surface of
adsorbent from a solution,

* adsorption of fluorides on particles’ surface and

* ion-exchange or diffusion to a particle’s interior.

In order to evaluate the possibility of application of
an adsorbent in practice, one should consider adsorption
capacity in diluted solutions, pH, contact time, adsorbent’s
stability, its regeneration, impact of other anions and cations
as well as total costs [44].

3.3.1. Activated aluminum

One of the most important methods used to remove
F~ from water is adsorption on aluminum oxide. So-called
activated aluminum oxides are transient aluminum oxides,
obtained during calcination of hydrated Al,O, at 400°C-800°C,
which appear as crystalline hydrates or amorphous AL O, and
hydrates [47]. Usually, pyrolysis of gibbsite AI(OH), and gibb-
site containing materials, or slow or fast high-temperature
calcination are carried out. Slow decomposition is usually
obtained in a water vapor atmosphere, while fast degradation
is carried out in a flue gas atmosphere. Fast activated Al O,
characterizes with transient structure between gibbsite and
ALQO, and contains 0.2-1 mol of crystallized water per mol
of ALO,. The product is less crystalline than gibbsite of alu-
minum oxide prepared with the use of slow calcination and
reveals fast and efficient adsorption of fluoride, due to the
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large specific surface area up to 200 m?/g ALO,. Activated alu-
minum oxide, as an amphoteric compound, is able to adsorb
both anions and cations. At pH < 9.5 it adsorbs anions, while
at alkaline environment it reveals the affinity towards cations
[20]. The selectivity series of anions adsorption on activated
AlLO, at pH range 5.5-8.5 is established according to (11) [44]:

OH™>H,AsO, > Si(OH),0 > HSeO, > F > (11)
SO, >CrO»>>HCO, >ClI">NO, >Br >1I-

The affinity to anions removal is used in order to
eliminate fluorides from water. Complete process cycle
covers swelling, regeneration, washing and neutralization of
sorption bed and sorption of anions, which, for fluorides and
activated Al,O,, can be expressed by means of Eq. (12):

273

=Al-OH + H" + F- & =AIF + HO (12)

In case of activated AlLO, regenerated with Al(SO,),,
sulfate ions are exchanged as shown in Eq. (13) [20]:
(ALO,),-SO, + 2F — 2(ALO,)F + SO,* (13)

The capacity of activated aluminum oxide depends
on pH of a treated water, while the optimum parameter
range is established between 5.0 and 6.0 (precisely 5.5). The
optimum concentration of H" is very important, hence, sorp-
tion is usually preceded with the adjustment of raw water
pH. Among available granulation of sorbents, grains of
0.3-0.6 mm size are usually used. In case of fluorides removal,
multivalent ions, for example, SO,*, are competing ones, and
their concentration of 500 mg/L decreases the efficiency of
activated aluminum oxide adsorption by ca. 33%. The pilot-
scale research has confirmed the applicability of such sorbent
to remove F- from water, and the obtained sorption capacity
has reached 6.7 g F-/dm? of bed at pH = 5.5 and initial fluo-
rides concentration 5 mg/dm? [20].

The regeneration of activated Al,O, can be made with
the use of NaOH of concentration 0.5%-2% proceeded by
the ionite neutralization with H,SO, or HCIl [44,47]. The
regeneration with NaOH runs according to Eq. (14):
=Al-F + OH — =Al-OH + F~ (14)

After regeneration, due to the required pH, the remain-
ing NaOH has to be washed out of the bed, hence neutraliza-
tion with acidic solution of pH = 2.0-2.5 is carried out until
the desired pH of the effluent is obtained.

Ku and Chiou [48] have investigated the impact of
selected operational parameters on fluoride removal from
aqueous solutions using Al,O,. It has been found that the
optimum pH, at which the maximum fluorides removal
occurs (up to 16.3 mg/g), is in the range of 5-7. The adsorp-
tion of fluoride in more acidic solutions is less efficient due to
electrostatic repulsion of F~ions by negatively charged adsor-
bent surface and competitive character of excess OH™ ions.
In acidic and neutral solutions, adsorption of fluoride ions
on aluminum oxide is affected by the presence of sulfates.
Models of Langmuir-Freundlich isotherms well describe the
equilibrium of the adsorption process.

Valdivieso et al. [49] have checked the impact of tem-
perature on zeta potential and fluorides adsorption at phase
boundary of a-Al,0,/aqueous solution in order to determine
the mechanism of F- removal. They have found that isoelec-
tric point (pzc) of a-ALO, at 20°C appears at pH 9.2. The
potential of a-ALQ, in the presence of fluoride changes the
charge to more acidic pH in reference to pzc indicating on
the specific adsorption of fluoride. The measurements of zeta
potential have revealed that fluoride is adsorbed by a-Al O,
due to exchange of OH" ions with positively charged surface
and by hydrogen bond formed at conditions close to or above
pH,,, .. Protonic desorption from a-AlLO, surface occurs when
pH is shifted to lower values at temperature range from
10°C to 40°C. The adsorption of fluorides runs according to
Langmuir adsorption isotherm and depends on the charge at
the boundary phase of a-Al,O,/aqueous solution and surface
density of hydroxyl groups. At temperatures 25°C and 40°C
the maximum fluorides adsorption has been obtained at pH
between 5 and 6 and it has decreased with the temperature
increase.

Ghorai and Pant [50] have investigated fluorides removal
by means of activated Al,O, adsorption carried out in batch
and continuous mode. They have obtained adsorption capac-
ity reaching 1,450 mg/kg at pH = 7. The amount of removed
fluoride has increased within pH 4-7 and then it has started
to decrease. Silicate and OH~ ions have competed with F-ions
during the adsorption at pH > 7, while at pH < 7 soluble Al-F
complexes have been formed.

3.3.2. Modified aluminum oxide

In order to improve the efficiency of activated aluminum
oxide, a number of techniques of its surface modification
have been developed.

One of the methods is the impregnation of activated
AlLO, with La(Ill) and Y(III) compounds [51]. The adsorp-
tion properties of impregnated and original Al,O, have been
compared according to fluoride and other anions removal at
various process conditions. The selectivity has changed in a
following series: fluoride > phosphate > arsenate > selenite.
The adsorption capacity of original ALO, has reached
0.170-0.190 mM F7/g, while for one impregnated with
La(III) it has been 0.350 mM F-/g. The use of the adsorbent
has resulted in the decrease of F~ concentration from 7 to
0.003 mM at pH range 5.7-8.0.

Tripathy et al. [52] have modified AlLO, surface by
impregnation with alum. Fluoride adsorption has increased
with pH increase and it has reached the maximum efficiency
equal to 92.6% at pH = 6.5, while further pH increase has led
to the efficiency decrease due to the competitive action of
OH- ions. At pH range < 6.5, the removal of fluoride has been
lowered due to the appearance of non-dissociated HF or a
common impact of both, chemical and electrochemical inter-
actions between the oxide surface and F~ ions. The adsorp-
tion capacity, calculated using Langmuir model, has been
established at 40.68 mg/g at pH 6.5. The energy dispersive
X-ray spectroscopy analysis has proved that F~ ion has been
bonded on the surface of Al,O, impregnated with alum.

Maliyekkal et al. [53] have modified Al,O, with MnQO,
(MOCA), which has further been used as an adsorbent in pota-
ble water defluoridation carried out in batch and continuous
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modes. The optimum pH of the process has been established
within the range of 4-7, while maximum adsorption capac-
ity, due to Langmuir model, has been 2.65 times greater than
the one established for original AL,O, (2.851 mg/g). MOCA
has been efficiently regenerated with the use of 2.5% NaOH.
The sorption capacity of investigate adsorbents (MOCA and
AlO,) towards fluoride at the moment of breakthrough has
depended on the volume of bed. Teng et al. [54] have also
prepared the adsorbent to defluoridation by coating Al O,
surface with hydrated manganese oxide. The developed
adsorbent has enabled to decrease fluoride concentration
from 6.0 to 0.45 mg/L at pH =5.2, while the efficiency obtained
for activated Al,O, has reached 45% at the same conditions.
The mechanism of fluoride removal by modified adsorbent
relies on the exchange between OH™ and F- ions at acidic pH,
while at pH > 6.0 fluorides are adsorbed due to van der Waals
forces. The presence of HCO,, SO,> and PO,* affects fluo-
rides adsorption efficiency.

Bansiwal et al. [55] have modified AL O, by coating with
copper oxide (COCA). The adsorbent has been prepared
by impregnation of AL,O, with CuSO, solution followed by
calcination at 450°C in air. The adsorption capacity of mod-
ified COCA sorbent, due to Langmuir model, has reached
7.22 mg/g and it has been three times greater than the one
established for non-modified ALO, (2.232 mg/g). The sig-
nificant increase of adsorption capacity of COCA has been
explained by the increase of zeta potential connected with
the appearance of additional active centers. The impact of pH
on the process efficiency has been negligible. Additionally,
leachate of copper to treated solution has not been observed.

Maliyekkal et al. [56] have developed a novel adsorbent
by modification of AL,O, by means of MgO and they have
tested it towards fluoride removal. 95% efficiency has been
obtained within 3 h at neutral pH. The mechanism of F~
sorption has been explained by replacement of OH" ions in
crystalline brucite, but the crystal structure of the compound
has not been damaged. The adsorption capacity of F- ions
has reached 10.12 mg/g at optimum pH range 5.0-7.5. The
elevated concentrations of bicarbonate and sulfates have
affected the efficiency of fluorides sorption.

Jain and Jayaram [57] have applied AI(OH), impregnated
with limestone (AILS) to effective removal of fluoride from
contaminated potable water. The efficiency of the process has
significantly decreased at pH = 2, what has been connected
with decomposition of AI(OH), at acidic environment. The
maximum adsorption capacities established for limestone
and AILS have reached 43.10 and 84.03 mg/g, respectively.
The FTIR analysis has shown that the adsorption of fluoride
on AILS sorbent has been a physical phenomenon.

Liu et al. [58] have prepared a hybrid sorbent by means of
co-precipitation by neutralizing solution containing 0.2 mol
AICL/L and 0.05 mol/L of cerium(IIl) nitrate. The produced
precipitate has next been dried at 80°C and evaluated towards
fluoride removal. The results obtained during scanning elec-
tron microscopy (SEM) and XRD analyses have shown that
the hybrid adsorbent has possessed an amorphous struc-
ture and aggregated nanoparticles could be found within its
structure. The maximum adsorption capacity established for
the sorbent has been equal to 91.4 mg/g at 25°C and pH = 6.
The mechanism of fluoride removal from an aqueous solu-
tion has relied on electrostatic interactions between fluorides

and negatively charged sorbent surface (isoelectric point
potential -9.6).

Karthikeyan and Elango [59] have investigated aluminum
titanate (AT) and bismuth aluminate (BA) as potential adsor-
bents to fluoride removal. The adsorbed amounts of fluoride
by AT and BA have been equal to 0.85 and 1.55 mg/g, respec-
tively, at 40°C and initial fluoride concentration 4 mg/L. The
results have revealed that adsorbents have characterized
with relatively high DC at acidic conditions, what has been
confirmed by pH (7.4 for AT and 7.1 for BA). Moreover,
co-ions present in the solution have not affected the efficiency
of defluoridation carried out at AT adsorbent. FTIR and XRD
analyses performed before and after adsorption have indi-
cated on chemisorption mechanisms of fluorides.

Patra et al. [60] experiments have conducted to remove
fluoride from aqueous solution using alumina and HCI
treated activated alumina in a continuous mode. A spiral rib
was introduced in the cylindrical part of the conventional
hydrocyclone to increase the performance. Experiments
were carried out to analyze the performance of the ribbed
hydrocyclone and compared the results with the conven-
tional hydrocyclone of the same dimension. The efficiency of
conventional and ribbed hydrocyclone at a slurry flow rate
of 50 L/min for the solid concentration of 1.4 wt% were 80%
and 93.5%, respectively. Fluoride removal efficiency using
alumina and HCl-treated alumina was also investigated in a
continuous mode by the ribbed hydrocyclone. Maximum flu-
oride removal efficiency was 49.5%, and 80% for alumina and
HCl-treated alumina for the initial concentration of 10 mg/L
at a slurry flow rate of 50 LPM.

The application of LDHS to water defluoridation has
recently gained more attention, as LDHs are synthesized
using cheap raw materials and can be easily regenerated.
Lv et al. [61] have run a systematic study on the impact of
calcination and adsorption conditions on removal of fluorides
from water using layered double magnesium-aluminum
hydroxides. The selected temperatures of calcination at
Mg/Al ratio = 2.0 have been equal to 200°C, 400°C, 500°C,
600°C and 800°C. The maximum adsorption capacity has
been noted after calcination at 500°C, while above this tem-
perature the efficiency of fluorides removal has drastically
decreased due to significant lowering of specific surface area.
At Mg/Al ratios 3.0 and 4.0 the adsorption capacity has also
been lower than in case of Mg/Al = 2, as the charge of metal
hydroxide layer has decreased with the amount of Mg*. At
optimum conditions, that is, pH = 6, Mg/Al ratio = 2, calci-
nation temperature = 500°C and adsorbent dose 1.8-2.1 g/L,
80 mg of fluorides have been removed per 1 g of solid adsor-
bent from solution containing 100 mg F~/L within 6 h of the
process at 30°C. The impact of anions accompanying fluo-
rides in the solution on the efficiency of its adsorption could
be arranged in a following series: PO,* < CI" = SO,* < Br-
« NO;". The results of Roentgen ray diffraction, FTIR and
TG-MS have revealed that the adsorption has been accompa-
nied with rehydration with simultaneous involvement of flu-
orides in recovery of the original layered structure. In order
to eliminate energy consumption to zeolites calcination,
Mandal and Mayadevi [62] have investigated LDH sorbents
of various Zn:Al ratios and compared them with calcined
products. Adsorbents such as pure Zn(OH), Zn:Al = 3.47,
0.97, 0.34 and 0.17 as well as pure Al(OH), have been tested
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without calcination. The determined adsorption capacities
have been arranged in a following series: Zn/Al = 0.97 > 0.34
>0.17>3.47 > AI(OH), > Zn(OH),.

3.3.3. Iron-based sorbents

Due to relatively high affinity of iron to fluoride, a
range of iron-containing materials have also been tested to
remove fluoride by means of adsorption. It has been found
that if AI(OH), and Fe(OH), are co-precipitated from chlo-
rides mixture and in equal molar amounts using ammonia,
the obtained mixed hydroxides, after maturing and drying,
reveal better adsorption capacity towards fluoride than sin-
gle component products [44]. Moreover, those compounds
are chemically bonded and FTIR indicate an appearance of
Fe-O-Al bonds. Additionally, SEM analysis shows practi-
cally irregular morphology of high porosity and large spe-
cific surface area.

Sujana et al. [63] and Sujana and Anand [64] have run
water defluoridation studies using mixtures of amorphous
aluminum and iron hydroxides of various molar ratios, that
is, Fe/Al=1:0, 3:1, 2:1, 1:1 and 0:1. The optimum pH for adsor-
bents of molar ratio 1:0, 3:1 and 2:1 has been established at
4-5, while for 1:1 and 0:1 it has been 4.0-7.5. All compositions
have characterized with high adsorption capacity, which has
reached its maximum, that is, 91.7 mg/g, for the adsorbent
of molar ratio equal to 1. The XRD analysis has shown the
formation of novel complexes of fluoride on an adsorbent
surface [64]. The presence of accompanying anions, that is,
PO,*, SO and arsenates has revealed a negative impact
on the efficiency of fluoride removal. The regeneration rate
using 0.5 M NaOH has reached 80.5%.

Due to both, the stability at low pH and magnetic
properties, iron oxy-hydroxy sulfate Fe,O,(OH),, (SO,),
(1 £x £1.75) has been used to remove fluorides from waste-
water generated during metals polishing [65]. The maximum
fluoride adsorption efficiency has reached 50.2-55.3 mg/g
at various temperatures and at pH 3.7 and it has decreased
with pH increase. At pH < 3.7, the adsorption of fluorides has
also been poor as the appearance of non-dissociated HF takes
place, while at pH > 3.7 active sorption centers are deproton-
ated, what results in repulsion of negatively charged fluo-
rides ions by post-deprotonation centers.

Streat et al. [66] have run adsorption studies in batch
and cascade mode using granulated Fe(OH), to remove
various ions, including fluorides, and they have com-
pared their results with commercial products. Adsorption
of fluoride on Fe(OH), has strongly depended on pH and
it has decreased with the parameter increase. Granulated
Fe(OH), characterizes with structure similar to akaga-
neite, and it has also been used to defluoridation by
Kumar et al. [67] at various operational parameters. The
observed adsorption capacity has been equal to 7.0 mg/g
at pH =6.0-7.0, and it has also decreased with pH increase,
especially above 8.

In order to improve the adsorption capacity of ferric
hydroxide towards removal of fluoride from water, Biswas
et al. [68] have introduced highly positively charged cation
(Sn(1V)) to crystalline structure of ferric hydroxide and they
have applied it to fluoride removal from aqueous solutions.
Theadsorption capacity of syntheticmixture of Fe(IIT)-Sn(IV)

oxides has been found to be practically stable at pH range
5.0-7.5 and it has reached 10.50 mg/g. The research has
also shown that the mechanism of fluorides removal relies
mainly on the anion exchange. Biswas et al. [69] have also
prepared a synthetic adsorbent based on mixture of ferric
and chromium(III) oxides (HICMO) and they have tested it
in removal of fluoride from water. The maximum efficiency
has been observed at initial pH = 3, and it has been assigned
to strong affinity of fluoride to positively charged adsorbent
surface and surface exchange of OH" and F- (pH, =6.5).
The adsorption capacity, according to Langmuir model,
has been equal to 16.34 mg/g. The removal of fluoride has
decreased within pH range 3-5, what has been explained
by the decrease of either positive charge of surface or the
ability of the ligand to exchange with HICMO. The same
authors have also synthesized a three component oxide
from a mixture of iron(IlI)-aluminum(III)-chromium(IIT)
(HTIACMO) and they have investigated its potential to
remove fluoride [70]. Fluoride sorption has depended on
pH, which optimum range has been established between 4.0
and 7.0. The adsorption capacity has been determined at the
level of 31.889 mg/g.

Wu et al. [71] have developed triple metal oxide
Fe-Al-Ce with relatively high pH  (7.5) and they have
tested it towards fluoride removal. The adsorbent has kept
relatively stable efficiency for calcination temperatures
below 600°C. The maximum adsorption capacity (178 mg/g)
has been reached at adsorbent dose 150 mg/L and pH =7.
The material has also revealed high adsorption capacities
within pH range 5.5-7.0, while at pH > 7.5 zeta potential
has been found to be negative and it has decreased with
pH increase, what has resulted in fluorides ions removal by
electrostatic repulsion.

A novel layered Zr-Al-La tri-metal composite (AZL)
adsorbent was fabricated via co-precipitation method for flu-
oride removal [72]. The results showed that the layered struc-
ture existed and the AZL exhibited the maximum adsorption
capacity of 90.48 mg/g at 308 K and pH 3.0. The as-prepared
AZL composite has excellent fluoride removal performance
for the practical groundwater and satisfies the permissible
limit of fluoride in drinking water recommended by stan-
dards. The adsorption kinetics was well fitted by the pseu-
do-second-order equation, and the adsorption isotherms
were well described by the Langmuir equation. Adsorption
thermodynamics result was indicated endothermic reaction
in the process of adsorption of AZL to fluoride. The adsorp-
tion mechanism of fluoride on AZL was electrostatic interac-
tion between the protonated surface of AZL and fluoride, as
well as ion-exchange by hydroxyl group and fluoride.

Chen et al. [73] prepared a novel Fe-Mg-La tri-metal
nanocomposite by co-precipitation without calcination for
the removal of fluoride. Various influencing factors such as
coexisting anions, pH and contacting time were studied in
detail. Sorption isotherms showed that the sorption capac-
ity of fluoride is 13.2 mg/g at the equilibrium fluoride con-
centration of 1 mg/L, and the maximum sorption capacity is
47.2 mg/g, indicating the high defluoridation performance
of the adsorbent. Adsorption mechanism indicated that F
ions were able to substitute for all three metal-OH groups,
and strong interactions happened between fluoride and the
metals in the adsorption.
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3.3.4. Sorbents based on natural materials

Materials widely appearing in nature and often applied
to industrial purposes have been used as sorbents for flu-
oride removal from water. The most popular materials are
clays and soils, but also minerals such as bentonite, kaolinite,
bauxite, laterite, zeolites and others [13,44,74]. The structure
of a clay or a mineral plays a significant role in determina-
tion of an adsorbent’s surface charge and exchange mecha-
nism, which may occur between ions in a solution [44]. The
adsorption capacity is strongly pH dependent, as the param-
eter modifies charge of minerals and clays, but also the ini-
tial concentration of fluorides is important. Sorbents” surface
potentials are in general positive in acidic environment and
negative at basic conditions, whereas the more positively
charged surface, the better sorption of negatively charged
anions such as fluorides.

A number of papers on the use of baked clays to fluorides
removal has been published [44,75,76]. Hauge et al. [75]
have investigated the impact of firing temperature on fluo-
rides adsorption and they have found that rate and ability
of fluorides adsorption has been diversified at different fir-
ing temperatures. The clay fired at ca. 600°C has been the
most efficient. The firing in higher temperatures has resulted
either in decrease of fluorides removal (>700°C) or sorption
disability (900°C and above), while clays fired at temperature
ca. 500°C and below have decomposed in water solutions.
Moges et al. [76] have applied calcined clays to defluorida-
tion of water obtaining maximum removal rate equal to 90%
and 80% at pH =3 and 9, respectively.

Chemical pretreatment with diluted Na,CO, and HCI
improves the adsorption capacity of many clays and soils,
as well as materials coating during mixing with solution
containing AI** or Fe** accompanied with pH adjustment to
hydroxides precipitation levels [13,44]. The modification pro-
cess first results in removal of naturally appearing fluoride
by ion-exchange with OH, after which clays are washed with
Na,CO, followed by diluted HCI rinsing and final rinsing,
drying and milling to grains <2 pm. Such prepared clays are
coated with 1 M solution of aluminum or iron(IIl) salt and
finally rinsed with deionized water [44].

The possibility of use of three Tunisian clays (H, MK and
ZB) to fluoride removal from acidic waste solutions has been
investigated by Hamdi and Srasra [77]. They have checked
the efficiency of sorption in dependence of solids content in
the solution (10%, 20% and 30%). The adsorption equilibrium
has been obtained after 48 h, and the highest adsorption has
been noted for the suspension containing 10% of MK clay.
Samples of clays MK and H used as 10% suspensions have
revealed satisfactory adsorption capacity towards fluorides
(93.45 mg/g) and lowers the pH.

Fan et al. [78] have investigated the adsorption of F-using
a number of minerals such as fluorite, calcite, quartz and
iron activated quartz and they have compared their efficien-
cies towards the contaminant removal. They have used very
detail radioisotope analysis ("*F) to define form of fluoride
adsorbed at calcite, hydroxyapatite, fluorite, quartz and iron
activated quartz from diluted solutions (0.025-6.34 mg/L).
They have found that among investigated minerals, calcite
and other adsorbents are suitable for fluoride removal from
diluted solutions except for unmodified quartz.

Turner et al. [79] have run investigations on the removal
of fluorides by means of crushed limestone (99% of pure cal-
cite) carried out at a batch mode using solutions of fluoride
concentration from 3 to 2,100 mg/L. By means of atomic force
microscopy and X-ray photoelectron microscopy (XPS), as
well as by zeta potential measurements, the authors have
found that fluoride is removed from solutions according to
both, surface adsorption and precipitation, and the removal
rate depends on calcite specific surface area.

Activated and typical calcium oxide have also been eval-
uated as potential adsorbents of fluoride [80]. The removal
rate of the contaminant at optimum conditions has reached
80.6% for initial F~ concentration 50 mg/L. The maximum
capacity of the activated calcium oxide has been calculated
as 16.67 mg/g. SEM and XRD analyses have shown that the
removal of fluoride is possible mainly due to chemisorption
and precipitation. The presence of other anions in a solution
affects fluorides adsorption process in a following series:
PO >S0,*>NO,".

Fluoride sorption by calcite in the presence of metal ions
(Co, Mn, Cd and Ba) has been investigated [81]. Kinetic results
were used to determine the thickness of a calcite permeable
reactive barrier required to achieve up to 99.9% fluoride
removal for a groundwater. Fluoride removal half-life (t,,)
values were found to increase in the order Ba <Cd < Co <Mn.

In Table 2, results obtained after coating kaolin clays,
loamy minerals and bentonite with aluminum and iron(III)
hydroxides [44] are presented. The results are compared
with the ones obtained for uncoated materials revealing the
beneficial character of the coating and favorable aluminum
behavior in reference to iron-coated materials.

The removal of fluorides by means of acid activated
kaolinite clay has been evaluated by Gogoi and Baruah [82].
The activation has been made using concentrated H,SO,. The
maximum adsorption has been established for clays of grain
size ca. 50 pm as they have revealed the highest specific sur-
face area. The optimum pH for fluoride removal has been
determined at 4, while the maximum sorption of the acid
activated clay has varied from 0.0450 to 0.0557 mg/g at var-
ious temperatures. Activated kaolinite clays have also been
found to be relatively more efficient to defluoridation than
raw kaolinite.

Ma et al. [83] and Kamble et al. [84] have modified
bentonite clays with electropositive elements (zirconium,
lanthanum, magnesium and manganese) in order to increase
their affinity towards fluorides adsorption. Bentonite mod-
ified with zirconium has revealed adsorption capacity of

Table 2
Adsorption of fluoride at pH = 6 by aluminum and iron(III)
coated and uncoated kaolin and bentonite

Material Coating Adsorbed fluoride (%)
Kaolin None 45.1

Al oxide 72.3

Fe oxide 61.3
Bentonite None 49.6

Al oxide 95.3

Fe oxide 80.4
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755 mg/kg at pH = 6.97 and at initial fluoride concentration
6.43 mg/L. Bentonite containing 10% of La has characterized
with higher adsorption of fluorides from water in reference
to bentonites modified with Mg and Mn and to non-modified
material. The maximum adsorption capacity established for
10% La bentonite has reached 1.4 mg/g at the dose of 1 g/L.
The removal of fluoride in acidic environment (optimum
pH = 5) has been higher than at alkaline conditions. The
mechanism of F- removal has relied on either replacement or
exchange of OH~ from bentonite surface.

The removal of fluoride by means of montmorillonite
clays has been investigated by Karthikeyan et al. [85]. The
maximum adsorption has been reached at pH = 2 and it
has decreased with pH increase. The maximum adsorption
capacity has varied within 1.485-1.910 mg/g at various tem-
peratures. The efficiency has been affected only by HCO,~.
XRD analysis has confirmed the deposition of fluoride on
the clay surface, while FTIR results have revealed that OH
groups present in clay’s structure have also been involved in
the adsorption process. Similar studies on fluorides removal
from aqueous solutions using montmorillonite have also been
run by Tor [86] and the best effects have been obtained at
pH = 6, while at pH below 5 the adsorption has been affected
by the appearance of non-dissociated HF due to acidic envi-
ronment. At higher pH, on the other hand, the sorption has
been affected by negative charge of montmorillonite’s sur-
face (pH,, = 6.5).

The impact of various process parameters on the removal
of fluoride using laterite, a mineral composed mainly of alu-
minum and iron oxides, has been investigated by Sarkar et
al. [87]. The adsorption capacity has decreased from 0.2014
to 0.1586 mg/g with pH increase from 2.1 to 6.7 and it has
continued to decrease at pH > 7.5. During the studies run
at a column mode, the optimum flow rate has been estab-
lished at 5 cm?min, while the column breakthrough has
depended on solution pH according to a series: pH 7.5 > pH
5.0 > pH 10.0. The raw laterite has also been modified (TL)
using 6.0 M HCI and it has been evaluated towards fluoride
removal [88]. The maximum removal rate has been obtained
at pH =5, and it has been shown that the presence of HCO,
and PO,* ions has significantly affected fluoride adsorption.
Iriel et al. [89] conducted the experiments with lateritic soil
from Argentina in batch mode at room temperature under
controlled conditions of pH (4-8) and ionic strength (17 mM
KNOQO,). Fluoride adsorption data were successfully adjusted
to Dubinin—Ataskhov model determining that the fluoride
adsorption onto soil particles mainly followed a physical
mechanism with a removal capacity of 0.48 mg/g. Finally,
a natural groundwater was tested with laterite obtaining a
reduction close to 30% from initial concentration and without
changing significantly the physicochemical properties of the
natural water.

Das et al. [90] have studied the adsorption of fluorides
on thermally activated, titanium-rich bauxite. Thermal acti-
vation at moderate temperatures (300°C-450°C) has sig-
nificantly improved the adsorption efficiency. Fluoride
removal rate has increased with pH increase reaching the
maximum at pH = 5.5-6.5, above which it has started to
decrease. The presence of co-ions has not affected the process
efficiency. Mohapatra et al. [91] have also investigated cal-
cined (RGB) and raw (FB) bauxites as fluorides adsorbents.

The experiments have shown that RGBs reveal higher affin-
ity towards fluoride removal than FBs. It has been found that
RGB adsorption capacity increases with pH increase up to
5.5 and it starts to decrease with further pH increase. RGB
is a material, which comprises mainly of aluminum and
iron oxides, hence in water solutions, it undergoes hydrox-
ylation gaining negative surface charge. The adsorption
is an exothermic operation, hence the efficiency decreases
with process temperature increase. A novel sorbent, lantha-
num-impregnated bauxite (LIB), was prepared to remove
fluoride from water [92]. The results showed that LIB, at a
dose of 2 g/L could remove 99% of fluoride from an initial
concentration of 20 mg F/L. The sorption followed Langmuir
isotherm model and the maximum sorption capacity of LIB
for removal of fluoride was found to be 18.18 mg/g. Naturally
occurring pH of water was found to be favorable for sorp-
tion. Salifu et al. [93] performed the study on the defluo-
ridation efficiency of granular aluminum coated bauxite
(GACB). GACB performed better than raw bauxite and was
able to reduce fluoride concentration in groundwater from
5 to 1.5 mg/L. The fluoride adsorption capacity of GACB
based on the Langmuir model was 12.29 mg/g. Kinetic and
isotherm analysis, thermodynamic calculations, as well as
FTIR and Raman analysis suggested the mechanism of fluo-
ride adsorption onto GACB was complex and involved both
physical adsorption and chemisorption processes.

Zeolites have also been applied to defluoridation of aque-
ous solutions. Onyango et al. [94] have investigated sorption
of fluorides using F-9 zeolite modified by exchange of Na*
ion, present in the material structure, with AP** or La™, that
is, one which reveal good affinity towards fluoride. Zeolite
prepared with APP* ions has shown better adsorption effi-
ciency than zeolite with La* ions within the investigated con-
centration range. The mechanism of fluorides adsorption on
APP' containing material has relied on either ion-exchange or
chemisorption, while for material modified with La* ions it
has been resulted in physical adsorption. The removal of flu-
orides has been depended on pH and HCO,  ions content in
treated solution, and the latter has decreased the amount of
available active centers in zeolite structure. The advantages
of synthetic zeolites of low silica content are high internal
surface area, hydrophilicity and ion-exchange ability to cre-
ate active centers for fluorides adsorption. Onyango et al. [95]
have additionally checked the efficiency of surface modified
zeolites, that is, AI-F9 and AlI-HUD to water defluoridation
during column mode studies. The results suggest that beds
containing high amount of adsorbent are more efficient in
obtaining optimum adsorption conditions. The highest flow
rate of solution through the column, the highest process effec-
tiveness has been observed. Moreover, the presence of Alions
in the column effluent has not been reported, what indicates
on strong bonding of the metal in the zeolite structure.

Zeolites of clinoptilolite type, after introduction of
selected ions (AI*, La* and ZrO%) to natural mineral struc-
ture, have also been applied to remove fluoride from water
[96]. Natural material samples (<45 um) have been first
conditioned with HNO, (ZEO-1), NaNO, solution (ZEO-2)
and deionized water (ZEO-3) before introduction of metals
to their structures. ZEO-1 type zeolite has revealed higher
affinity towards fluorides than ZEO-2 and ZEO-3 as Na* ions
present in ZEO-1 can be easily substituted with other cations
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(Al, La and Zr). The maximum equilibrium sorption capac-
ity observed during the research has varied between 2.04
and 4.13 mg/g in dependence of metal ion introduced to the
zeolite structure. The removal of fluorides from solution con-
taining 2.5 mg F/L has reached ca. 94% for zeolite ZEO-1 at
the adsorbent dose 6.0g/L. The impact of metal ions (Cd*, Ba*"
and Mn?%) on the kinetics of fluoride removal from solution
by natural zeolite was investigated [97]. Results indicate that
the presence of Mn (100 mg/L) and Cd (100 mg/L), respec-
tively, increases the rate of fluoride sorption by a factor of
~28.3 and ~10.9, the maximum sorption capacity is increased
by ~2.2 and ~1.7. The presence of Ba (100 mg/L) only initially
inhibited fluoride removal.

3.3.5. Carbon-based sorbents

There are three well recognized allotropic forms of car-
bon, that is, diamond, graphite and fullerene. Diamond is not
considered as a material suitable to be applied to fluorides
removal, however, graphite and fullerenes can be regarded
as good sorbents if they are properly modified [44].

The removal of fluorides from water has been performed
using natural carbon adsorbents such as lignite (LN), fine
coke (FC) and bituminous coal (BC) [98]. FC and BC have
revealed higher fluoride removal in acidic pH, while for LN
higher pH values ranging from 6 to 12 have been preferable.
The efficiency of fluorides removal established for all investi-
gated sorbents has varied within 77.0%-85% at initial F~ con-
centration 90 mg/L, and the established adsorption capacities
have been from 7.44 to 6.9 mg/g.

Kaseva [99] has run an optimization of the adsorption
using bone char to defluoridation of water in Tanzania. The
obtained results have shown that the highest removal rate
and the highest adsorption capacity have reached 70.64% and
0.75 mg/g, respectively. Bone char grains of size 0.5-1.0 mm
have characterized with the highest efficiency of the contam-
inant removal.

The adsorption of fluorides using impregnated chars
from coconut fibers or rice straw is said to be several time
higher than the one obtained for typical activated carbons
due to relatively high specific surface area [13]. Daifullah
et al. [100] have investigated fluorides adsorption on acti-
vated rice straw, which is a product of high porosity. Rice
straw-based activated carbon has been modified with strong
oxidants such as HNO,, H,0, and KMnO,. The obtained
adsorption has been much better than the one observed
for the non-modified material. The best results have been
reached for the material modified with KMnO,, next with
HNO, and finally H,0,.

Gupta et al. [101] have applied suspension of waste char
originated from heating oil to defluoridation of water to
the level <1.5 mg F/L. The suspension has been activated by
heating in air at 450°C and washing with NaOH and water
and the final drying at 100°C. Both, fluorides adsorption and
regeneration rate have been found to depend on pH, opti-
mum level of which has been established at 7.6.

Granular activated carbon (GAC) covered with
manganese oxides (GAC-MnQO,) has also been used to remove
fluoride from water solutions [102]. The adsorption capabil-
ity of GAC-MnQO, sorbent obtained with the use of 0.3 M
MnCl, has been three times greater than the one observed

for non-modified GAC. Solution pH has also influenced on
fluoride removal efficiency and its optimum level has been
established at 3. Different types of graphite have also been
tested towards removal of F- from aqueous solutions [103].
The sorption capacity has been established at 3.13 mg/g for
graphite of specific surface area 818 m?/g. The tested adsor-
bents have revealed satisfactory fluoride sorption in wide pH
range and the process has not been affected by the presence
of other anions in the solution.

Vences-Alvarez [104] conducted research onto impreg-
nation of the lanthanum oxyhydroxides on a commercial
GAC to remove fluoride from water considering the effect
of the solution pH, and the presence of co-existing anions
and organic matter. The results showed that lanthanum
ions prefer binding to carboxyl and phenolic groups on the
activated carbon surface. The modified carbon (GAC-La)
possesses positive charge at a pH lower than 9. The adsorp-
tion capacity of the modified GAC increased five times in
contrast to an unmodified GAC adsorption capacity at an
initial F~ concentration of 20 mg/L.

3.3.6. Nanosorbents

The growing interest in the application of nanoparticles
as sorbents to water treatment has recently been observed.
Nanoparticles characterize with high specific surface area in
reference to conventional materials, what is a promising ben-
efit regarding adsorption process. In case of fluoride, carbon
nanotubes (CNTs) as well as other nanomaterials have been
investigated.

CNTs are very popular due to their small size, large sur-
face area, high mechanical stability and electric conductiv-
ity, what makes them potential adsorbents. The application
of nanotubes to fluoride adsorption has been investigated
by Li et al. [105-107]. The preparation of activated CNTs
has been made by means of xylene decomposition. The
authors have stated that such material may adsorb 4.5 mg
F/g from solution of concentration 15 mg F/L at pH =9, and
the optimum fluoride removal has been reported within pH
range 3-9. The comparison of adsorption rates determined
at identical conditions for activated carbon, y-AlLO,, typi-
cal soil and CNTs has been arranged in a following series:
CNTs > soil > y-AlL O, > activated carbon. The sorption of flu-
oride from water by means of aluminum oxide impregnated
with CNTs has also been tested [106,107]. Nanotubes have
been prepared by means of catalytic pyrolysis of propylene/
hydrogen mixture, the product of which has next been milled
and mixed with proper amount of AI(NO,), solution. Further
heating in nitrogen atmosphere at 450/500°C has led to the
formation of porous Al,O, layer on CNTs. The most efficient
adsorption of fluoride on ALLO,/CNT has been obtained at
pH range 5.0-9.0. The adsorption capacity of CNTs/ALO, has
been 13.5 times higher than in case of AIC-300 carbon, four
times higher than the one noted for y-Al,O, and also higher
than the one observed for polymeric resin IRA4. It has also
been found that fluoride sorption occurs due to ligand for-
mation, surface of which is positively charged and due to
ion-exchange mechanism, when its surface is neutral.

Wang et al. [108] have run defluoridation studies using
aluminum oxide-hydroxide nanotubes as a sorbent. The
maximum capacity of defluoridation of nano-Al-OOH has
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reached 3,259 mg/kg and it has significantly increased with
pH increase. The best result has been obtained at pH = 6.8,
at which the removal rate has reached 96.7, while further pH
increase has led to the decrease in the efficiency. The mecha-
nism of fluorides removal from low pH solutions (pH<pH )
has relied on a two steps reaction of ion-exchange, while
adsorption of fluoride at pH > 7.8 has been assigned to van
der Waals forces.

Patel et al. [109] have checked the potential of CaO
nanotubes, which have been synthesized by means of the
sol-gel method, towards fluoride removal. The rate of
fluorides removal has decreased from 98% to 89% with tem-
perature increase from 298 to 353 K at initial F~ concentra-
tion 100 mg/L. The main reason of the phenomenon has the
ability of fluoride to leave the CaO nanoparticles surface at
higher temperature, what affects the adsorption rate. The
sorption capacity has reached 163.3 mg/g and has practically
been pH independent at parameter’s range 2-8. At pH =8 the
stepwise decrease of adsorption efficiency has been observed
due to electrostatic fluoride repulsion by negatively charged
surface and competitive actions of excess OH- ions. The
mechanism of fluorides sorption on CaO nanotubes has been
explained by conversion of CaO to Ca(OH), in water and sur-
face adsorption due to exchange of OH~ions with F~ions and
formation of CaF,.

Novel Monetite nanorods were successfully prepared for
fluoride removal [110]. The results showed that the Monetite
nanorods were transformed to fluoroapatite after adsorbing
fluoride. The maximum adsorption capacity was 222.88 mg/g
at pH 7 and temperature 328 K when the initial fluoride con-
centration was 300 mg/L and the adsorbent dose was 1 g/L.
The thermodynamic analysis showed that the adsorption
of fluoride onto Monetite nanorods was spontaneous and
endothermic. The adsorption capacities decreased with the
increase of adsorbent dosage and pH. Electrostatic attrac-
tion and ion-exchange were found to be the major mecha-
nisms governing the adsorption of fluoride onto Monetite
nanorods.

Considering benefits of magnetic separation process and
defluoridation potential of activated aluminum oxide, Chang
et al. [111] have synthesized two types of complex nanosor-
bents containing bayerite, SiO, and Fe,O,. The preparation
has covered precipitation of Fe O, coating with SiO, by
acidification and further embedment of bayerite (Al(OH),)
layer on SiO,/Fe,O, composite using sol-gel method (MASG)
or homogenous precipitation (MAHP). The comparison of
potential of the developed nanosorbents with commercially
available activated aluminum oxide has revealed the higher
efficiency of former composites, especially MASG, the adsorp-
tion capacity of which has reached 38 g/kg. The removal of
fluorides using MASG and MAHP has been assigned to func-
tional groups and composites present on adsorbents” surface.
Zhao et al. [112] have developed magnetic nanosorbents of
large surface area, high affinity towards fluorides and good
magnetic separation properties. They have embedded Fe,O,
nanoparticles on hydrated aluminum oxide (Fe,O,@Al(OH),).
The obtained nanosorbent has revealed strong fluoride sorp-
tion at pH 5.0-7.0, which has been explained by electrostatic
attraction between positively charged (Fe,O,@Al(OH),) sur-
face and fluorides. The calculated capacity has been equal to
88.48 mg/g at pH = 6.5. The affection of the process efficiency

at other co-ions presence in the solution has been arranged in
a following series: PO,* <SO,* <Br = NO, = CI".

Maliyekkal et al. [113] have synthesized MgO
nanoparticles by means of combustion of Mg(NO,), trapped
in cellulose fibers in order to increase MgO capacity towards
fluoride adsorption. Thanks to spectroscopic analysis it
has been found that fluoride adsorption mechanism relies
on substitution of OH~ groups by F~ in crystalline cells
of brucite. The reaction has been possible as both, F~ and
OH- characterize with similar size and radius of ions. The
maximum adsorption capacity of fluoride has equaled to
267.82 mg/g. Moreover, fluoride adsorption by nano-MgO is
found to be insensitive to pH changes.

MgO nanoparticle loaded alumina has been synthesized
and used as a cost-effective method for removal of fluoride
from water [114]. Synthesized adsorbents possess high surface
area with mesoporous structure. MgO nanoparticle loading
on mesoporous AL O, enhances the F~ adsorption capacity of
ALO, from 56% to 90% (initial F~ concentration = 10 mg/L).

The studies on preparation of nano-Al,O, and its evalu-
ation to fluoride removal from aqueous solutions have been
run by Kumar et al. [115]. The maximum adsorption capacity
of nano-AlLO, has been established at 14.0 mg/g at 25°C and
pH =6.15. The sorption efficiency has depended on the pres-
ence of PO,*, SO,* and CO,*.

3.3.7. Biosorbents

Biosorption is a novel and developing technique of water
treatment, which involves the use of available biomaterials. A
range of various biosorbents have been developed to fluoride
removal, that is, chitins and chitosan derivatives due to their
abundance and low price, as well as rich amino and hydroxyl
groups [116]. However, there are some drawbacks hindering
its practical use, such as low mechanical strength, low solu-
bility in acidic mediums, low adsorption capacity and lack
of selectivity. Therefore, a variety of modification methods,
including physical and chemical modifications, have been
investigated to improve the physicochemical properties of
chitosan.

Kamble et al. [117] have applied chitins and chitosan
(raw and modified with 20% admixture of lanthanum(III)
(20% La-chitosan)) to remove excess fluoride from potable
water. The latter compound has revealed the highest sorption
capacity towards fluoride in reference to raw chitin and chi-
tosan. The maximum adsorption rate has been observed at
pH = 6.7, while in acidic or alkaline environment the process
efficiency has decreased. The presence of other anions, espe-
cially carbonates and bicarbonates, has been found to affect
the process significantly. The mechanism of ligand exchange
between F~ and OH" ions, coordinated by lanthanum(III)
immobilized on chitosan has been responsible for fluoride
adsorption at 20% La-chitosan sorbent.

Yao et al. [118] have evaluated chitosan modified with
neodymium in removal of excess fluoride from water. The
optimum pH has been established at 7.0 and the process
efficiency has been found to increase with temperature
increase. The presence of other anions such as CI, SO,* and
NO; has not affected the adsorption efficiency within the
investigated concentration range. The maximum equilibrium
sorption, according to Langmuir, has varied between 11.411
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and 22.380 mg/g depending on the process temperature.
The adsorption of fluoride has occurred according to the
exchange mechanism between F~ and OH- ions coordinated
by Nd(III) immobilized on the adsorbent. Additionally, in
order to investigate defluoridation of water solution, chi-
tosan covered by silica (CCS) has been prepared [119]. The
results of FTIR analysis have shown that hydroxyl and amino
groups are responsible for sorption of fluoride using CCS.
The removal rate of fluoride has increased with increase of
PH up to 4 and above this value, it has started to decrease.
The sorption capacity has been established at 44.4 mg/g.

Viswanathan and Meenakshi [120] have run chitosan car-
boxylation (CCB) followed by chelating of amine groups with
La(III) in order to involve both groups to fluoride adsorption.
CCB has revealed DC at a level of 1,385 mg F/kg, while for
sorbent modified with La* DC has reached 4,711 mg F/kg,
whereas raw chitosan (CB) has adsorbed only 52 mg F/kg.
The maximum DC has been observed at neutral pH. The
same authors have also modified chitosan by carboxylation
and chelating with Fe** (Fe-CCB) [121,122]. The modified
adsorbent has revealed adsorption capacity equal to 4,230 mg
F/kg, which has been slightly affected by solution pH. Other
researches connected with modification/impregnation of chi-
tosan with titanium(IV), zirconium(IV), iron(IT) and alumi-
num(III) salts have also been carried out [12].

Biosorbents other than chitosan, for example, biomass,
algae and fungi such as Spirogyra, Anabaena fertilissima and
Chlorococcum humicola can also be used to fluoride removal
from water [123,124]. The rate of fluoride sorption by Spirogyra
algae is found to decrease with pH increase from 2.0 t010.5.
At acidic pH, due to protonation of amino, carboxylic or thiol
functional groups, algae” surface becomes positively charged,
what favors fluoride sorption, the capacity of which at pH="7.0
reaches 1.272 mg/g. Algae biomass, modified with Ca* solu-
tion (50 mg Ca?/L), has adsorbed 2.8 mg/g of dry mass in
case of A. fertilissima and 4.4 mg/g in case of C. humicola [124].
The research on defluoridation of water solutions using fungi
waste biomass (Pleurotus ostreatus 1804) generated during
laccase fermentation has also been run [125]. The maximum
sorption capacity has reached 1.272 mg F-/g and its significant
decrease has been noted with pH increase from 2.0 to 10.0.

Shell of a Gastropod (GS) was calcined at different
temperatures and the defluoridation efficiencies of the raw
and calcined GS were evaluated [126]. The highest defluo-
ridation efficiency was obtained with the GS calcined at
1,000°C (i.e., TGS1000). The determination of the effects of
hydrochemistry on the defluoridation showed that varia-
tions in pH, organic load and ionic strength had no visible
influence on the adsorbent efficiency. On the other hand, the
residual F- in the defluoridated water increased with initial
F- concentration. Experimental evidences revealed that the
mechanisms of the defluoridation process were diverse, that
is, ionic bond formation, electrostatic attraction, ion-exchange
and occlusion into Ca(OH), framework.

3.3.8. Agricultural and industrial wastes as water
defluoridation sorbents

Waste materials from agriculture or industry, due to
their economic and environmentally friendly properties such
as unique chemical composition, accessibility, renewability

and low price are an actual option for water and wastewater
remediation.

Parmar et al. [127] have investigated sorption using
powdered adsorbents, raw and modified with aluminum
chloride (Al-ccp) or calcium chloride (Ca-ccp), produced
from corn cobs. Non-modified powder has not been useful
considering adsorption effect, while modified sorbents have
revealed satisfactory adsorption capacity equal to 18.9 and
15.12 mg/g for Ca-ccp and Al-ccp, respectively, at initial flu-
oride concentration 12.60 mg/L. The efficient pH range for
fluorides adsorption has varied between 5.0 and 6.5. Mohan
et al. [128] have developed cheap adsorbents using various
agricultural wastes such as coconut shells, coconut shell’s
fibers, rice hulls and palm grains and they have applied them
to remove various contaminants, including fluoride, from
industrial wastewater. The best efficiency has been observed
for coconut shell’s fibers char, next for coconut shells char
and for rice hulls” char at temperature 40°C. The adsorption
usability of zircon impregnated char derived of cashew nut
shell to fluoride removal from water has also been investi-
gated and compared with the efficiency of non-modified char
(CNSC) [129]. ZICNSC has revealed 80.33% removal rate of
fluoride, while for CNSC it has been 72.67%. Both adsorp-
tion processes have been run for 180 min at pH = 3. Paddy
husk ash, commonly available biowaste rich in silica coated
with aluminum hydroxyl, becomes a good adsorbent for the
removal of fluoride from water [130]. This is due to the high
affinity of AI** ions towards F~. It was observed that the fluo-
ride ion was immobilized in the cement matrix in a form that
was difficult to leach out.

Salomén-Negrete [131] reports the synthesis of novel
adsorbents for fluoride removal from water using avo-
cado kernel seeds and pyrolysis with and without physi-
cal activation. Results showed that the adsorbent obtained
via pyrolysis had the highest adsorption properties, while
its counterpart obtained with CO, activation decreased its
defluoridation performance where the carbonization tem-
perature was the main synthesis variable. Physicochemical
characterization suggested that fluoride adsorption with the
avocado-based adsorbents could be governed by electrostatic
interactions and a ligand exchange mechanism involving Si
moieties. Avocado-based adsorbents showed better defluori-
dation properties than those reported for other activated car-
bons obtained from both inorganic and organic precursors.

Various industrial branches generate huge amounts of
solid wastes. One of their most favorable use is the applica-
tion as cheap sorbents to water and wastewater detoxification,
including removal of fluoride. The possibility of removal of
F- from water and wastewater using fly ash (from power and
heat and power plants) has been investigated by Chaturvedi
et al. [17]. The satisfactory effect of fluorides removal has
been reached at low initial concentration of F-, high tem-
perature and acidic pH. The maximum sorption capacity
established for the investigated fly ash has varied from 20.0
to 20.3 mg/g. The removal of fluoride from water solutions
using raw and activated with HCI red mud (a waste from
aluminum production) has also been investigated [132]. The
adsorption capacity of modified sorbent has been better than
for the raw material. The maximum sorption efficiency has
been reached at pH = 5.5 and the maximum sorption capacity
of the modified mud has been established at 0.331 mmol/g.
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A low-cost and highly efficient biosorbent was prepared
by loading Al/Fe oxides onto tea waste and was tested for the
ability to remove fluoride from drinking water [133]. It was
found that the solution pH played an important role in the
removal of fluoride. The biosorbent combinations Tea—Al or
Tea—Al-Fe could reduce the fluoride concentration to below
1.5 mg/L in the drinking water, a level which meets the
drinking water standard recommended by the World Health
Organization (WHO).

The adsorption of fluoride using coal slurries (wastes
from fertilizers production) has been studied by Gupta et
al. [101]. The efficiency of fluoride adsorption has increased
with pH increase up to 7.58, while with the further parame-
ter increase it has decreased. The maximum sorption capac-
ity (4.861 mg/g) has been noted for fluorides concentration
15 mg/L and adsorbent dose 1.0 g/L. The usability of coal
mining wastes to fluoride removal has been investigated
by Cinarli et al. [134]. The maximum sorption capacity has
reached 15.67 mg/g. Moreover, the best efficiency of the pro-
cess has been noted at acidic conditions, while the optimum
pH for fluorides removal has been established at 3.5.

3.3.9. Summary

The removal of fluorides from water and wastewater can
be performed with the use of many different types of adsor-
bents, which are either applied already at industrial scale or
still tested in the laboratory or pilot scale. The adsorption on
activated aluminum oxide is already a common technology
of fluoride removal from water and wastewater, and it is also
indicated as the one of the best available technique in this
field [12]. However, the adsorbent price is relatively high,
while its efficiency mostly depends on pH and co-ions pres-
ence. Recently, a lot of effort has been devoted to develop an
effective method of aluminum oxide modification with the
use of metals’ oxides impregnation, which reveals signifi-
cant defluoridation efficiency. Nevertheless, despite satisfac-
tory effectiveness of those novel adsorbents, some of them
have been too expensive to be used in industrial scale. The
applicability of carbon-based sorbents is less efficient than
aluminum compounds, hence a number of studies on mod-
ification of carbon-based materials towards defluoridation
improvement are carried out. The special attention is ded-
icated to CNTs. Among many natural materials, which are
usable to fluoride adsorption, many different types of clays
and minerals have been tested. Biosorbents, especially modi-
fied chitosan, also offer promising results in fluoride removal
process. Additionally, a group of waste materials (e.g., red
mud, slag or sludge), which contain metal oxides, have also
been examined to fluorides concentration decrease in con-
taminated aqueous streams, and those can be considered as
alternative cheap sorbents. Synthetic LDHs, hydrocalcite-like
compounds and nanosorbents have also gained a lot of
attention as potential fluoride adsorbent, as they reveal high
affinity toward the contaminant.

3.4. Membrane methods

In recent years, membrane processes have gained a lot of
interest, due to their high capacity and reliability, in water
and wastewater treatment, including fluoride removal.

Membrane separation techniques applied to fluoride
removal from aquatic environment are reverse osmosis (RO),
nanofiltration, electrodialysis (ED) and Donnan dialysis (DD)
[135-141], as well as integrated systems such as coagulation—
ultrafiltration/microfiltration (MF) [142].

3.4.1. Reverse osmosis and nanofiltration

RO can be applied to fluorides removal in case of pota-
ble water production; however, one should consider removal
of not only fluorides, but also partial demineralization
of raw water, which is an unfavorable phenomenon [11].
Desalinating osmotic membranes are able to reject up to 99%
of salts present in water, what, in practice, results in complete
elimination of fluoride from the treated stream.

Diawara et al. [143] have applied low pressure driven RO
to remove fluoride and salinity from brackish groundwater
in one of Senegal village and they have obtained 97%-98.9%
retention of fluoride. Gedam et al. [144] have received 95%-98%
fluorides removal rate from groundwater of Chandrapur vil-
lage in Moradgaon region using polyamide RO membrane.
Schoeman [145] has applied RO to water defluoridation in
selected regions of South Africa and he has found that fluoride
can be rejected from water of initial concentration 10-17 mg
F/L to ca. 0.2 mg/L in permeate. Briao et al. [146] have used
RO to desalination of Guarani region groundwater in order
to produce potable water in Southern Brazil. 100% retention
of fluorides, 97% removal of total dissolved solids and 94%
decrease of sulfates have been obtained using RO at 2.0 MPa
pressure and linear velocity over the membrane surface equal
to 1.61 m/s. 93% recovery of potable water have been reached
by mixing of permeate with raw water.

Sehn [136] has operated large-scale RO installation in
southern Finland to treat water for 3 years. The installation of
capacity 6,000 m*/d (Kuivalia) has been used since 2003 and it
produces water of fluorides content below 0.03 mg/L (initial
concentration 1.3-1.8 mg/L) [136]. The process involves the
use of FilmTec XLE-440 membranes (99% rejection of NaCl),
which are operated at constant pressure of ca. 0.8 MPa and
temperature 8°C, what significantly improves the energy
consumption and operational costs (0.09 €/m?). The process
is carried out with 80% water recovery rate with no need of
scaling inhibitors addition, despite often exceeding of cal-
cium fluoride solubility. It is assumed that NOM present in
water acts as scaling inhibitor. The only parameter of the pro-
duced water, which does not correspond to standards, is the
alkalinity [136].

Nanofiltration membranes characterize with poor reten-
tion of monovalent ions, but a significant rejection of bivalent
and multivalent ions and organic substances of molecular
weight 200-500 Da is obtained [147]. Hence, in this case, one
may assume the removal of neutrally charged compounds of
several nanometer in size, and the rejection of ions, mainly mul-
tivalent ones. The mechanism of retention of ionic substances
by NF relies on interactions between uniformly charged mem-
brane surface and ions (Donnan exclusion). A surface of an
asymmetric nanofiltration (NF) membrane is usually nega-
tively charged, what minimizes the adsorption of negatively
charged substances present in natural water and increases the
retention of dissolved salts [147]. NF is operated at lower pres-
sure than RO and the obtained rate of water desalination is
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also lower. In treatment of fluoride-rich water, NF can partially
remove fluorides, while their optimum content in permeate
can be obtained with the use of proper operational conditions.
NF is a suitable process for direct production of potable water
from its resources containing excess amount of fluorides, as it
does not require remineralization [11].

Despite the fact that NF is usually used to separate mon-
ovalent ions from bivalent ones, the separation of ions of the
same valence is also possible due to the differences in their
transport mechanisms. Model studies have shown that NF
membranes selectively separate salts of different halogens:
NaF, NaCl, Nal, LiF and LiCl [148]. The analysis of reten-
tion has shown that smaller ions (fluorides) are rejected in
higher extent than others due to the difference in hydration
energy of particular ions, whereas the higher the hydration
energy is, the higher rejection of an ion is obtained (Table 3)
[148]. Hence, the selective desalination of fluorides contain-
ing brackish water is possible and the direct production of
potable water at costs lower than in case of RO is enabled.

Diawara et al. [137,148] have run a research on removal of
fluorides from solutions containing various salts (NaF, NaCl,
NaNO, and Na,SO,) by means of three commercially avail-
able polyamide nanofiltration membranes: NF-70 (Filmtec),
Desal-5-DL (Osmonics) and MT-08 (PCI), at 0.8 MPa pressure
and temperature 293 K. In order to identify the selectivity
mechanism, various combinations of salts have been applied
to simulate real composition of natural brackish water.
Retention coefficients observed for membranes applied to
treat solutions containing NaF have been higher (83%-91%)
than for chlorides (62%-92%). The high retention of sulfates,
fluorides and chlorides results of double negative charge of
those ions (Donnan effect), higher hydration energy and ion
radius [137]. The presence of chlorides has slightly influenced
on F- retention obtained for particular membranes, whereas
the increase of SO,* concentration from 50 to 200 mg/L has
affected the retention coefficient of F~ in case of NF 70 and
Desal membranes (83%-95%) [137]. It has resulted in the
increase of solution ionic strength, which decreases F~ ion
hydration, hence, consequently, it affects its retention [137].
Thus, the retention of fluorides in nanofiltration depends
on composition of treated solution (mainly its ionic compo-
sition). The ionic strength of a solution also plays a signifi-
cant role in membrane selectivity due to a surface charge of
a membrane material and intensity of interactions between a
membrane surface and a dissolved substance.

Tahaikt et al. [135] have compared the efficiency of
fluorides removal from water using three commercial
polyamide membranes: NF90 (Filmtec), NF270 (Filmtec)
and TR60 (Toray) of molecular weight cut off 90, 270 and
400 Da, respectively (Table 4). Solutions of NaF of concen-
tration equal to 3.32, 6.32 and 22.32 mg/L have been treated
at 1.0 MPa. Membranes NF270 and TR60 have characterized
with similar separation properties and those can be directly
applied to remove fluorides from solutions of lower contam-
inant concentration, while NF90 membrane, which is similar
to an osmotic membrane, can be used as a single stage barrier
for separation of fluorides from solutions of higher concen-
tration of the anion.

Choi et al. [149] have investigated the impact of accom-
panying ions on the removal of fluorides using two commer-
cial NF membranes (NTR-7250 and NTR-7450 — Nitto Denko,

Table 3
Radius and hydration energy of selected ions

Ion Radius (nm) Hydration energy (kJ/mol)
F- 0.136 515
Cl 0.180 381
NO, 0.189 329
SO~ 0.240 561
Table 4

Fluorides concentration in feedwater and NF permeates after
treatment with the use of different membrane types (mg/L)

Feedwater 2.32 3.32 6.32 22.32
NF270 permeate 0.4 0.53 0.75 3.87
TR60 permeate 0.6 0.7 0.9 4
NF90 permeate 0.05 0.05 0.09 0.2

Japan), which differ in surface potential (-5 and -10 mV,
respectively) measured at pH = 7. Retention coefficients
of nitrates and fluorides have in general been comparable
(70.4%-85.7%), whereas sulfates have been rejected in much
higher extent (98.5%-99.6%). NTR-7450 membrane, that is,
one of the higher surface potential, has characterized with
higher retention coefficient in case of all investigated ions.
The experimental results have shown that fluorides have
interacted with membranes’ surface charge in lower extent
than nitrates or sulfates.

Hu and Dickson [150] have investigated both, permeate
flux and retention of sodium fluoride (NaF) for three com-
mercial NF membranes (SR-1 by Koch and DS-5-DLandi
DS-51-HL by Osmonics). In case of all tested membranes,
permeate fluxes have increased with the pressure increase,
whereas NaF retention has increased with capacity increase
and feedwater fluorides concentration decrease. The tested
membranes have revealed different retentions due to differ-
ences in both, pore size and surface electrostatic potential.

Malaisamy et al. [151] have modified commercially
available NF membrane by introduction of thin layer of a
polyelectrolyte in order to improve the membrane selectivity
towards monovalent ions, especially F~ and CI". Polystyrene
sulfonate (PSS) has been applied as an anionic polyelec-
trolyte, whereas ammonium polydiallyldimethylchloride
(PDADMAC) as a cationic one. Thin (0.5-8.5 um) layers of
double PDADMAC/PSS have been embedded on membrane
surface. It has enabled to increase F- retention from 40%
(non-modified membrane) to 70% (modified membrane).

The combination of adsorption process and NF treat-
ment was studied for the removal of fluoride [152]. Results
of this study demonstrated that the nature diatomite was via-
ble and effective to be used as the pretreatment adsorbent
for NF system to defluoridation of water with high fluoride
concentration.

Dolar et al. [7] have compared the possibility of fluo-
rides removal using RO/NF membranes and they have found
>96% retention for RO membranes, >90% for compact NF
membranes and >50% rejection for open NF membranes. On
the other hand, Lhassani et al. [153] and Pontie et al. [154]
have stated that NF membranes are more beneficial than



134 M. Bodzek, K. Konieczny / Desalination and Water Treatment 117 (2018) 118-141

RO membranes due to the fact that NF removes fluoride
in a selective way in reference to other halogen ions. While
comparing properties of NF and RO membranes, Pontie et al.
[155] have stated that NF enables a partial salinity decrease
and removes fluoride efficiently enough to fulfill standards
established by WHO in case of fluorides concentration in
feedwater up to 15 mg/L at lower energy demand than in
case of RO. Richards et al. [156] have used four commercial
NF/RO membranes to treat Australian groundwater. The per-
formed research has indicated on the impact of Sun radiation
on F, Mg, NO,, K and Na retention. Ca. 85% of total dissolved
solids has been removed at optimum Sun radiation level.

Bejaoui et al. [157] have applied nanofiltration (NF-90)
and RO to decrease both, F- concentration and total salinity
in industrial wastewater generated in production of metallic
packages. The retention of fluorides obtained for both mem-
branes has been above 90%.

Shen and Schifer [158] performed study onto feasibility
of NF and RO in treating challenging natural tropical waters
within northern Tanzania containing high fluoride and
NOM. Bench-scale experiments with 22 representative waters
(selected based on fluoride concentration, salinity, origin
and in some instances organic matter) and six NF/RO mem-
branes revealed that ionic strength and recovery affected flu-
oride retention and permeate flux. Different membranes had
distinct fluoride removal capacities, showing different raw
water concentration treatability limits regarding the WHO
guideline compliance. BW30, BW30-LE and NF90 mem-
branes had a feed concentration limit of 30-40 mg/L at 50%
recovery. NOM retention was independent of water matrices
but is governed predominantly by size exclusion. NOM was
observed to have a positive impact on fluoride removal.

A pilot-scale autonomous membrane system powered
directly by solar energy was used to treat the water with
the high fluoride concentration and examine the impact of
fluctuating energy on three different membranes (BW30,
NF90 and NF270) [159]. The results demonstrated that the
BW30 and NF90 membranes achieved the WHO guideline.
Real water pH and ionic strength vary greatly, which influ-
ences the performance of membrane processes such as NF
and RO. Systematic variation of pH (3-12) and ionic strength
(2-10 g/L as total dissolved solids) was undertaken with a
real Tanzanian water to investigate how water quality affects
retention mechanisms of fluoride (F) and NOM.

An autonomous solar powered NF/RO system driven by
a solar array simulator was supplied with constant power
from a generator [160]. An open NF (NF270) and a brack-
ish water RO (BW30) membrane were used. A surface water
with a very high F (59.7 mg/L) and NOM (110 mg C/L) was
used. Retention of F by NF270 was <20% at pH <6, increased
to 40% at pH 6, and 60%-70% at pH 7-12, indicating a dom-
inance of charge repulsion while being ineffective in meet-
ing the guideline of 1.5 mg/L. Increase in ionic strength led
to a significant decline in retention of F (from 70% to 50%)
and electrical conductivity (from 60% to 10%) by NF270, pre-
sumably due to charge screening. In contrast, BW30 retained
about 50% of F at pH 3, >80% at pH 4, and about 99% at
pH > 5, due to the smaller pore size and hence a more domi-
nant size exclusion. In consequence, only little impact of ionic
strength increase was observed for BW30. The concentration
of NOM in permeates of both NF270 and BW30 was typically

<2 mg/L. This was not affected by pH or ionic strength due
to the fact that the bulk of NOM was rejected by both mem-
branes through size exclusion.

3.4.2. Microfiltration/ultrafiltration

Direct removal of low molecular weight compounds by
means of conventional ultrafiltration/MF is practically impos-
sible due to relatively large pore size of those membranes.
Hence, in order to assure efficient removal of contaminants
from water and wastewater integrated/hybrid processes,
especially in combination with coagulation/precipitation,
complexation with polymers/surfactants, oxidation or bio-
logical processes are used.

Zhang et al. [142] have applied integrated process of
coagulation— MF, that is, membrane coagulation reactor to
remove fluoride. Al,(SO,), has been used as coagulant, while
to membrane separation capillary polyvinylidene fluoride
MF membranes of pore size 0.22 um and internal diame-
ter 0.5 mm have been applied. The mechanism of fluoride
bonding has relied on hydrolysis of AlL(SO,), (Eq. (15)),
co-precipitation of aluminum and fluoride (Eq. (16)) and
adsorption of fluorides on precipitated AI(OH), (Eq. (17)).
The solubility rate of aluminum hydroxide is very low
(1.9 x 10%), hence the formed aluminum-fluoride complex,
similarly as AI(OH),, is hardly soluble, so it can be easily sep-
arated from water by means of MF membranes.

AP*+30H — Al(OH),4 (15)
AP+ (3-x)OH +xF — Al(OH), F { (16)
AI(OH), + xF- — Al(OH), F | +xOH" (17)

The impact of coagulant dose and feedwater pH on
fluoride removal rate has also been examined [142]. At
selected pH, the concentration of fluoride after coagulation
has decreased with AL(SO,), dose increase. Above the dose
of 120 mg/L, the concentration of F~ has started to increase,
what has been accompanied with significant pH decrease.
At optimum dose and pH, the reduction of F~ concentration
from 4.0 mg/L in feedwater to 1.0 mg/L and below in purified
water has been reached, while the remaining amount of alu-
minum has not exceed 0.05 mg/L [142].

The study on the use of integrated process of aluminum
sulfate coagulation and membrane filtration (AI-CMF) to
remove fluoride from potable water has also been discussed
by Kowalchuk [161]. In the laboratory research, it has been
found that removal of fluoride during AI-CMF process has
been independent of pH within the range of 5.5-9.5 and at Al
dose from 0 to 50 mg/L. The reaction of Al-F complex precip-
itation is very fast, hence the removal of F~ depends on stir-
ring intensity, which favors the homogeneous distribution of
AT ions in solution before precipitation. It has been shown
that per every 10 mg/L of aluminum dose ca. 1 mg F7/L is
removed. AI-CMF process has next been tested in pilot-scale
installation of capacity 1.2 L/min for several weeks. UF mem-
branes by Koch have been used. The rate of fluoride removal
has been established as a function of water recovery rate and
aluminum dose. The dependence of fluoride removal on
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water recovery has not been observed, and the rejection rate
has varied from 50% to above 98%. The pilot research has
also shown that per every 10 mg/L of aluminum dose 0.8 mg
F-/Lis removed, what is slightly less efficient than that in case
of laboratory-scale observations.

It has been stated that Moringa oleifera, a well-known
natural coagulant widely applied worldwide, can substitute
aluminum sulfate. The removal of fluoride by means of coag-
ulation method using M. oleifera seeds, followed by UF, has
been investigated by dos Santos Bazanella et al. [162]. The
feedwater of initial fluorides concentration 10 mg/L has been
coagulated using aqueous extract of M. oleifera seeds as coag-
ulant. After the process, ultrafiltration with the use of ceramic
membranes by Tami (cut off 4 and 5 kDa) at various pressures
(0.1, 0.2, 0.3 and 0.4 MPa) has been run. The coagulation pro-
cess with the dose of 2.5 g/L of M. oleifera extract has resulted
in 90.9% decrease of fluorides content in purified water, what
has enabled the use of the purified stream as a potable water.

Lu and Liu [163] have investigated the effectiveness of
integrated process of precipitation-MF to remove fluorides
and phosphates from wastewater generated during pro-
duction of thin film transistor liquid crystal displays. CaCl,
has been used as precipitating agent due to higher solubil-
ity and formation of lower amount of sludge than in case of
calcium hydroxide. In order to separate solids from aqueous
phase the suspension has been undergone to MF operated
in a cross-flow mode. The impact of chemical precipitation
conditions, membrane type, MF pressure and linear veloc-
ity on both, process capacity and permeate quality, has been
investigated. The results have shown that the excess of CaCl,
may lead to efficient removal of fluoride (and phosphates)
at pH 8.5 and 10.5. Hydroxyapatite (Ca,(PO,),OH), amor-
phous calcium phosphate (AKP), fluoroapatite (Ca,(PO,),F)
and calcium fluoride (CaF,) have been main precipitated
salts. Precipitation conditions have influenced on MF process
performance, that is, the more severe fouling has been found
at pH 8.5 than at pH = 10.5. The analyses of permeate have
shown the improved removal of fluoride (and phosphates)
by integrated process accompanied with efficient turbidity
decrease.

Micellar enhanced ultrafiltration (MEUF) with the use
of complexation with surface active compounds leading to
micelles formation is proposed to remove fluoride from water
and wastewater. The diameter of micelles is usually larger
than a membrane pore size and UF enables the rejection of
micelles, which remain in retentate, whereas permeate con-
tains non-solubilized particles of separated compounds and
some amount of surfactant’s monomers [164]. Klimonda et
al. [165] and Grzegorzek and Majewska-Nowak [166] have
investigated the possible use of MEUF to remove F- ions
water solutions. The experiments involving the use of cellu-
lose (5 kDa) and polyethersulfone (4 kDa) membranes have
been run. Solutions containing 10 and 100 mg F-/L as well
as cationic surfactants such as octadecyloamine octane and
hexadecylopyridene chloride have been used. The concen-
tration of surfactants has been varied from 320 to 960 mg/L,
while UF process has been carried out at transmembrane
pressure of 0.2 MPa. It has been determined that the increase
of a surfactant concentration improves separation process,
while it affects the permeate flux. The efficiency of the pro-
cesses has depended on membrane and surfactant types. The

permissible concentration of fluoride in the final product
(below 1.5 mg F7/L) has been reached for solution of initial
contaminant concentration 10 mg F7/L, polyethersulfone
membrane use and hexadodecylo pyridene chloride doses
644 and 966 mg/L.

Akanyeti and Ferrari [167] have proposed hybrid system
of sorption—ultrafiltration to remove fluoride from water.
Laterite and bone char have been chosen as sorption agents
due to their low price and availability in developing coun-
tries. The removal rate and membrane permeability at var-
ious initial F~ concentration, solution pH and sorbent dose
have been investigated. For fluoride concentration 1.5 mg/L
the sorption capacity of bone char (1.1 mg/g) has been higher
than for laterite (0.4 mg/g), what has been explained by
higher specific surface area of the former sorbent. In case of
laterite-UF system, it has been observed that the increase of
F~ concentration results in permeability decrease, whereas
the parameter has no impact on bone char-UF system per-
formance. The optimum solution pH has been established at
5-6 for laterite-UF system, and at pH = 7 for bone char-UF
system, and for those values the highest sorption capacity as
well as fouling prevention have been obtained.

A new adsorption membrane for rapid removal of flu-
oride from drinking water was prepared. Both zirconium
metal-organic frameworks (Zr-MOFs) adsorbent and mem-
brane with large specific surface area of 740.28 m?/g were
used for fluoride removal [168]. The maximum of adsorption
capacity was 102.40 mg/g at pH 7.0 when the initial fluoride
concentration was 200 mg/L. The FTIR and XPS analyses of
Zr-MOFs revealed that both surface hydroxyl groups and
Zr(IV) active sites played important roles in fluoride adsorp-
tion process. For membrane experiments, Zr-MOFs mem-
brane supported on alumina substrate could remove fluoride
efficiently through dynamic filtration. The fluoride removal
capability of Zr-MOFs membrane depended on flow rate and
initial concentration of fluoride.

3.4.3. Electrodialysis

ED relies on selective transport of ions through alter-
nately arranged anion- and cation-exchange membranes
operated in a constant electrical field. At such conditions,
anions present in the solution freely permeate through pos-
itively charged anion-exchange membrane towards anode,
while they become rejected in the neighbor hooding cham-
ber by negatively charged cation-exchange membrane. On
the other hand, cations flow towards cathode through cat-
ion-exchange membrane and are rejected by neighboring
anion-exchange membrane. Hence, in every second cham-
ber of an electrodialyser there is a solution deprived of ions,
while in the remaining chambers ions concentration increases
[169]. Such ED features adjust its application to treatment of
water containing elevated amounts of fluoride, as the pro-
cess is technically simple and eliminates problems appear-
ing during chemical treatment (precipitates formation) [140].
Moreover, ED characterizes with low sensitivity to seasonal
change in fluoride concentration, high selectivity and low
external chemicals demand. Additionally, the removal of
fluorides can be even higher than in case of RO. The rate of
removal of fluorides and other dissolved substance increases
with the increase of voltage, temperature and flow rate [140].
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In order to minimize the possibility of bivalent anions salts
precipitation (sulfates, bicarbonates) in concentrating cham-
ber (scaling) it is proposed to run ED process in a two-stage
mode [140,170], in which the first stage is dedicated to biva-
lent ions elimination by means of chemical methods or with
the use of ED membranes selective to monovalent anions.
The latter method is the preferable one due to its simplicity
and addition of no chemicals. Kabay et al. [171] have investi-
gated the efficiency of fluorides removal from aqueous solu-
tion by means of ED, during which they have changed the
operational parameters such as voltage, flow rate, fluoride
concentration and the presence of chlorides and sulfates.
They have found that the separation effectiveness increase
with the initial fluoride concentration increase and with the
voltage elevation. On the other hand, feed flow rate has not
affected the capacity of the process.

The research run by Amor et al. [140,170], focused
on ED of brackish water containing fluorides, has shown
that the process is effective, and fluorides content can be
decreased from 3 to 0.63 mg/L in the option with pretreat-
ment at ion-exchange membrane and to 0.81 mg/L in the
second arrangement. Sahli et al. [172] have proposed the
use of chitosan and ED to remove CI- and F- from brackish
groundwater in one of Moroccan cities, of initial fluorides
concentration 3 mg/L. The combination of adsorption and
ED seems to be economically attractive and better method of
fluorides removal from brackish groundwater.

Zeni etal. [173] have tested two ion-exchange membranes,
that is, selenic anion-exchange (AMP®) and photopolymeric
(MZA-Asahi Glass Co.) membranes in ED process dedicated
to removal of fluoride from artesian wells. AMP membrane,
operated at current density 0.1 A/dm? has removed 69% of
fluorides, while at 0.7 A/dm? has 97%. MZATM membrane
has rejected only 40% of the contaminant at the same current
density.

The research on the removal of fluorides by means of pilot-
scale ED from groundwater has been run in Morocco [174],
where the concentration of F~ion depends on the season. The
efficiency of two commercial membranes Neosepta ACS and
AXE 01 (Tokuyama Co.) operated at optimum conditions
has been compared. The best results have been obtained for
ACS membrane due to the highest removal of F- and rela-
tively low rejection of SO,*. At the applied conditions, the
produced water has contained suitable amount of dissolved
substances (1,127 mg/L in the influent and 656 mg/L in the
effluent), nitrates and fluorides (1.8 mg/L in the influent and
0.5 mg/L in the effluent). 95% removal of fluorides has been
obtained.

In Lahnid et al. [175], the costs of fluorides removal by
means of ED on the basis of industrial exploitation data have
been estimated. The investment costs have been established
at 833.2 thousands of € for industrial scale installation of
capacity 2,200 m*/d of water, while operational costs at such
conditions have been calculated at 0.154 €/m®. Both types of
costs, that is, investments and operational ones, in case of ED,
strongly depend on quality of feed and purified water, total
membrane surface area and membrane’s price, installation
capacity, investment localization and other factors.

The study on the use of ED to remove fluorides from water
solutions has also been run by Majewska-Nowak et al. [176]
and Grzegorzek and Majewska-Nowak [177]. The efficiency

of F~ removal at the presence of organic substances has been
evaluated. Solutions containing fluorides (5, 10, 100 and
200 mg F~/L), mineral salt (0.5 g/L of NaCl) and organic sub-
stances (5, 10 and 15 mg/L of humic acids) have been treated.
The removal rate of fluoride have varied from 78% to 80%
for initial concentration 5 mg F/L and it has increased to
86%—-89% for initial fluoride concentration 10 mg/L, what
has been sufficient to fulfill potable water standards. In case
of high fluoride concentrations, that is, 100 and 200 mg/L,
the obtained retention has ranged within 80%-91% and
86%-92.5%, respectively. The impact of organic substances
presence on the process performance and efficiency has
depended on fluorides concentration in feed solution. The
lowest energy consumption has been equal to 0.195 kWh/m®
for feed of 5 mg F-/L and at the presence of 5 and 15 mg/L of
humic acids, whereas the highest has been noted for solution
containing 200 mg F-/L and 15 mg HA/L.

3.4.4. Donnan dialysis

DD is potentially attractive membrane separation
process, which can be used to concentration of valuable sub-
stances in ionic form or to their removal from diluted solu-
tions [11,138,139]. DD is operated with an anion-exchange
membrane, the driving force for which is the concentration
gradient. Hence, it can be considered as an effective and a
simple method for the removal of fluorides from water
[138,139,178,179]. Even though DD is slower than ED, it
reveals some advantageous features such as lower costs
and low energy demand as well as simple technological
requirements.

DD relies on the exchange of ions of the same charge
between two solutions separated by an ion-exchange mem-
brane. In case of fluorides, an anion-exchange membrane
separates two solutions which differ in composition and
concentration, that is, feed solution (raw water) and receiv-
ing solution (NaCl or Na,SO, solution of a salt concentra-
tion from 0.1 to 1.0 mol/L), while the concentration of F~ in
feedwater is much lower — usually from 0.001 to 0.1 mol/L
[138,139]. Due to the high concentration gradient, anions
present in receiving solution diffuse to feed solution in order
to balance the concentration. On the other hand, in order to
keep the electroneutrality of both solutions, the equivalent
flow of ions of the same charge is forced in the opposite direc-
tion — from feed to receiving stream. The exchange of ions
runs until so-called Donnan equilibrium is established.

The removal of fluorides from a diluted solution using
anion-exchange membrane Neosepta AHA in DD process
has been investigated [178]. The impact of concentration, pH
and accompanying anions in feedwater as well as composi-
tion of receiving solution has been determined. The results
obtained for AHA membrane have been compared with
Neosepta AFN and polysulfone membrane SB-6407. The effi-
ciency of transmembrane transport has been arranged in a
following series AFN > AHA > SB-6407.

In laboratory research on DD process, Boubakri et al.
[179] have stated that the increase of fluorides concentration
in feedwater and decrease of temperature have resulted in
decrease of the removal efficiency. Fluorides separation rate
obtained with the use of membrane AM3 (Tokyuma Soda), at
their initial concentration 5-15 mg/L has varied from 34.14%
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to 75.52%. In case of solution of the lowest fluorides concen-
tration (5 mg F7/L) and process temperature above 35°C, the
concentration of contaminant in the final product has not
exceeded 1.5 mg/L.

Recently, the removal of fluorides from water solution
using plasma modified AFX anion-exchange membrane
in DD [180,181] has been investigated as a function of con-
centration, pH and membrane structure. Both, the flux and
the recovery obtained for plasma modified AFX membranes
have been higher than for non-modified ones, what has been
explained by the change in both, wettability and morphology
of the former membranes.

In Garmesetal. [138], the effect of defluoridation by means
of combined system of DD and adsorption has been pre-
sented. It has been found that the use of monoanion-selective
membrane (Neosepta ACS) enables to decrease fluorides
concentration below permissible level and it limits the leak-
age of electrolyte from receiver to purified water stream. The
usability of aluminum oxide and zirconium dioxide as adsor-
bents present in receiving solution has also been confirmed.
In such arrangement, the backward diffusions of fluorides is
prevented, and the purified water contains lower amount of
fluorides.

3.5. Final remarks

The most important benefits offered by membrane
processes are very high removal efficiency (up to 98%), sin-
gle stage treatment, simultaneous water disinfection and
low requirement for additional chemicals. However, the
removal of other anions present in treated water is a serious
disadvantage of those techniques, as it results in the need of
water remineralization to assure the proper quality of finally
produced potable water. Additionally, membrane processes
are quite expensive due to relatively high initial prices of
membranes and their exploitation. Moreover, the utilization
of retentate, that is, concentrated solution containing fluoride
may become a significant problem.
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