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Abstract The presence of some anionic species, such
as nitrate, nitrite, chloride, sulfide, fluoride, and cya-
nide, in water supplies may represent a serious envi-
ronmental problem. In this work, the main sources and
harmful effects of their bioaccumulation on living
organisms are reviewed, as well as the most adopted
technologies for their uptake. The major advantages
and disadvantages of each methodology are also
listed. In general, ion-exchange has been elucidated
as the most suitable removal process. In view of that
the most promising materials used to remove anionic
pollutants from aqueous solutions are highlighted in
this review. In particular, the major efforts towards the
development of low-cost and easily available effective
sorbents for water decontamination are covered. For
instance, natural waste solid materials and derivatives
have emerged as promising low-cost exchangers for
selective anions uptake. Besides, a number of struc-
tural modifications including the introduction of more
suitable surface functional groups or compensation
species into the sorbent matrix have been investigated

in order to enhance sorbents selectivity and capacity
for anionic pollutants. The influence of speciation and
removal conditions is also focused.
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1 Introduction

A number of anionic species, such as nitrate, nitrite,
chloride, sulfide, fluoride, and cyanide, may be
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considered as pollutants when present in water
supplies above certain levels. Moreover, their bioac-
cumulation becomes an environmental concern when
their concentrations in the environment begin to affect
human health and ecosystems. Many of these species
occurs naturally in the atmosphere, water, and soils
(Lv et al. 2006a). For instance, nitrate and nitrite are
found in atmospheric precipitation and mineral depos-
its, while fluorine is released into subsoil water sour-
ces by natural degradation of fluorine-containing
rocks (Daifullah et al. 2007; Wajima et al. 2009;
Biswas et al. 2010). Moreover, cyanide is present in
several organic and inorganic compounds including
plants and animals (Dash et al. 2009).

Besides their natural occurrence in the ecosystem,
their extensive application in several industrial and
agricultural sectors, in addition to the improper treat-
ment of industrial and urban wastewaters, gives inev-
itably rise to their release and dispersion into the
environment. Contamination of drinking water by
these toxic contaminants may represent a public health
problem given their harmful effects on living organ-
isms. Accordingly, many countries and environmental
protection agencies have been forced to implement
limiting standards for drinking water and discharges
of industrial wastewaters (Dabrowski et al. 2004). As
a result, removal of such compounds from waste-
waters becomes crucial toward the preservation of
human’s health and environment.

In order to accomplish the maximum permitted
levels, many research works have been dedicated to
the development and application of effective techni-
ques to remove these compounds from aqueous solu-
tions. Advanced treatments such as chemical and
catalytic reduction, adsorption and ion-exchange, and
membrane processes are some examples of the com-
monly preferred removal techniques. However, most
of these methods experience important disadvantages
such as complex and expensive operation, low selec-
tivity, low capacity, difficulties in regeneration, and
generation of secondary wastes (Islam and Patel
2010; Yang and Cheng 2007; Guo et al. 2008). Still,
the ion-exchange technology has been considered par-
ticularly suitable to remove ionic contaminants from
aqueous solutions given its simplicity, effectiveness,
selectivity, recovery, and relatively low operating cost.

In this work, the most applied methodologies to
remove nitrate, nitrite, chloride, sulfide, fluoride, and
cyanide anions from aqueous solutions are reviewed

and discussed. It is intended to complement a previous
publication devoted specifically to the separation of
the most common metallic cations from solution
(Lopes et al. 2012). After a general introduction on
the topic, the discussion is divided into each individual
anionic pollutant. Special attention is focused on ad-
sorption and ion-exchange technologies given their
special practical interest.

2 Removal of Nitrate and Nitrite

Nitrates and nitrites are extremely toxic and harmful
compounds and thus their presence in the environment
is a serious problem in many regions of the world
(Bogoczek et al. 2006). In recent years, the concentra-
tion of these nitrogenous compounds in surface and
groundwater has been significantly rising largely ow-
ing to the extensive use of chemical fertilizers in
addition to the improper treatment of industrial and
urban wastewaters (Gao et al. 2004; Islam and Patel
2010; Samatya et al. 2006; Lin and Wu 1996; Öztürk
and Köse 2008; Guo et al. 2008; Pintar and Batista
2006; Pintar et al. 2001). As a result, high nitrogen
concentrations in drinking water have been found in
regions of intensive agricultural activities, where fer-
tilizers and farm animal wastes permeate through the
soil into groundwater and water supplies, given their
high solubility in water (Yang and Cheng 2007).
Additional industrial sources of nitrate and nitrite in-
clude chemical manufacturing of explosives, produc-
tion of dyes, synthesis of nitrogen-containing organic
derivatives, and operations using nitrogen-containing
products as corrosion inhibitors, cleaners, and metal-
working fluids. Besides, atmospheric precipitation,
local mineral deposits such as potassium nitrate, de-
composition of biomass, and activities of nitrogen-
fixing bacteria could also contribute to drinking water
contamination, even in less extent than human activi-
ties contribution does (Yang and Cheng 2007;
Samatya et al. 2006; Bogoczek et al. 2006).
Furthermore, the concentration of nitrate and nitrite
could also be increased in drinking water treatment
and water-supply systems as a result of microorganism
and bacteria activity.

Contamination of drinking water by nitrate and
nitrite represents indeed a public health problem
(Yang and Cheng 2007; Hradil et al. 1997; de
Heredia et al. 2006; Öztürk and Köse 2008). Nitrite
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in the blood can combine with hemoglobin giving rise
to methemoglobin (blue-baby syndrome), especially
in newborn infants, which reduces the capability of
the blood to hold oxygen. Besides, nitrite in the body
can react with the amino groups of albumens being
converted into carcinogenic nitrosamine, resulting in
cancer and hypertension (Yang and Cheng 2007; Guo
et al. 2008; Bogoczek et al. 2006; Samatya et al. 2006;
Gao et al. 2004; Hradil et al. 1997). In turn, high
nitrate levels in drinking water can stimulate eutrophi-
cation, which causes water pollution by heavy algal
growth (Islam and Patel 2010; Chabani et al. 2006).
Nitrate-contaminated water has been associated as
well with human diseases. For instance, nitrate can
cause abdominal pains, diarrhea, vomiting, hyperten-
sion, increased infant mortality, central nervous sys-
tem birth defects, diabetes, spontaneous abortions,
respiratory tract infections, and changes to the immune
system (Yang and Cheng 2007). Besides, the toxicity
of nitrates is further related with their reduction to the
reactive nitrite ion in the stomach and in the saliva
(Samatya et al. 2006; Rivas and del Carmen Aguirre
2007; Yang and Cheng 2007; Deganello et al. 2000).

In view of the abovementioned motivations, the
removal of nitrogenous compounds from wastewaters
becomes crucial toward the preservation of human’s
health and the environment. Accordingly, the
European Drinking Water Directive has established
the maximum permitted nitrate and nitrite concentra-
tions in drinking water to 50 and 0.5 mgL−1, respec-
tively. In order to achieve such rigorous levels, efforts
have been dedicated to develop effective techniques to
remove these compounds from aqueous solutions. For
instance, advanced treatments including chemical and
catalytic reduction, ion-exchange, reverse osmosis,
electrodialysis, and biological denitrification have be
applied (Yang and Cheng 2007; Samatya et al. 2006;
de Heredia et al. 2006; Islam and Patel 2010).
However, most of these methods suffer from technical
and economical drawbacks such as complex and costly
operation, low removal efficiencies, generation of sec-
ondary brine wastes, and involve frequent media regen-
eration (Islam and Patel 2010; Yang and Cheng 2007;
Guo et al. 2008).

Ozonation has been gaining considerable interest
for nitrite removal owing to its high efficiency found
during the conversion of nitrite to nitrate, which is less
toxic to aquatic and human health and has lower
drinking water regulatory standards (Yang and Cheng

2007; Bogoczek et al. 2006). This methodology has
been considered an economic and robust solution to
control the nitri te levels in drinking water.
Notwithstanding, nitrate formed by these techniques
is an undesirable component in the wastewater and,
consequently, must be further removed. As a result,
water treatment technologies capable to completely
remove all nitrogenous compounds are definitely pref-
erable (Krüner and Rosenthal 1983; Lin and Wu 1996;
Honn and Chavin 1976).

Metal-catalyzed reduction of nitrates and nitrites is
an alternative technique to remove them from contam-
inated surface and groundwater (Samatya et al. 2006;
Deganello et al. 2000). This process holds important
benefits including its simple and fast operation, the
specificity of catalytic hydrogenation which reduces
interference with other compounds present in solution,
and the absence of any additive avoiding secondary
contamination. However, the capital cost associated to
this process is relatively high (Samatya et al. 2006).
Recently, liquid-phase catalytic reduction using hydro-
gen over a solid catalyst has been proved to be a
potential decontamination methodology for nitrite
elimination. In this process, nitrite is selectively con-
verted into nitrogen in a three-phase reactor system
under mild reaction conditions (Gao et al. 2004;
Strukul et al. 1996; Guo et al. 2008; Deganello et al.
2000). Nonetheless, dissolution of ammonia formed
from the reaction with gaseous nitrogen may occur
during the catalytic hydrogenation. Several research-
ers have reported the possibility of using metallic iron
to reduce nitrate (Cheng et al. 1997; Hu et al. 2001).
Previous studies have confirmed its capability to com-
pletely reduce nitrate under both anoxic and aerobic
conditions, being ammonium and nitrogen gas the
major resulting products.

Biological denitrification is one of the most widely
used techniques to remove nitrate from water solutions
(Samatya et al. 2006; Pintar et al. 2001; Chabani et al.
2006). This method provides a highly selective nitrate
reduction to nitrogen by degradation bymicroorganisms
(Samatya et al. 2006). However, maintaining biological
processes at their optimum conditions is not an easy
task, and the contamination of drinking water by bacte-
ria, organic matter, and hazardous byproducts must be
avoided (Chabani et al. 2006; Samatya et al. 2006;
Lehman et al. 2008). Accordingly, a purification step
of the drinking water by, for instance, filtration and
germicidal treatment is obligatory (Lüdtke et al. 1998),
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which in turn merely displace nitrate into concentrated
waste brine, creating an additional disposal problem
(Samatya et al. 2006).

Ion-exchange is one of the most effective and com-
monly used treatments for removal of ionic contami-
nants from aqueous solutions. Moreover, by ion-
exchange ionic species can be either removed or sep-
arated, allowing the complete deionization or the se-
lective removal of ionic pollutants or valuable metals
(Dabrowski et al. 2004). Concerning nitrate decontam-
ination, many researchers have considered ion-
exchange the most appropriate technology given its
simplicity, effectiveness, selectivity, relatively low
capital and operating costs, and long effective lifetime
of specific exchangers (Samatya et al. 2006; Pintar et
al. 2001; Kim and Benjamin 2004). A number of
materials can be used as exchangers, being zeolites,
weak and strong anionic and cationic resins, chelating
resins, and microbial and plant biomass the mostly
commonly applied (Tchobanoglous et al. 2003).
Table 1 compiles the most frequently used materials
for the removal of nitrate and nitrite anions together
with the corresponding experimental conditions
(namely pH, temperature, and initial solution concen-
tration) and major results found in literature.

Further developments on novel types of ion
exchangers are in progress and their range of applica-
bility have been remarkably extended. Several nitrate
selective resins have been recently developed for wa-
ter decontamination. Among them, strong base resins
on styrene (divinylbenzene matrix with tetraalkylam-
monium groups) have been assumed as particularly
suitable for selective removal of nitrates from natural
waters (Soldatov et al. 2007). However, the economics
of the process are highly related with the presence of
competing ions in solution. For example, when pres-
ent at substantial concentrations, sulfate may link to
most of the binding sites on such resins which may
reduce significantly their capacity (Kim and Benjamin
2004). As a result, nitrate-selective anion-exchange
resins for systems containing NO3

−, Cl−, and SO4
2−

anions are highly desirable for effective denitrification
of drinking water (Samatya et al. 2006).

For instance, Hradil et al. (1997) evaluated the
effect of the structure of quaternary ammonium
groups in anion exchangers with methacrylate ma-
trix on their selectivity for NO3

− in the presence
of Cl− and SO4

2− anions. The authors synthesized
a series of quaternary ammonium methacrylate

anion-exchange resins by reaction of macroporous
2,3-epoxypropyl methacrylate-ethylene dimethacry-
late copolymer with the appropriate tertiary amine-
hydrochloride, or by the two-step reaction with
dialkylamines followed by N-alkylation, and found
a higher tributylammonium group selectivity for
the nitrate. More precisely, the obtained results
demonstrated that in the case of trimethylammo-
nium, nitrate ion was firstly eluted in comparison
with sulfate ion, while with longer alkyl deriva-
tives nitrate was eluted simultaneously or even
after sulfate. Furthermore, the trimethylammonium
derivative resins were found to uniquely sorb ni-
trate anions together with sulfate anions, which
makes them poor candidates for selective denitrifi-
cation. Concerning tri(n-butyl)ammonium and di(n-
hexyl-)(n-butyl)ammonium exchangers, the affinity
of nitrate over sulfate was observed to increase
with the length of branched chains, being the
difference between both materials associated with
sulfate-nitrate interchange.

Biçak and Filiz Şenkal (1998) proposed for the first
time a nitrate-specific polymeric sorbent. The studied
polymer was obtained by suspension polycondensation
of ethylenediamine with epichlorohydrin and it was
found to practically contain only secondary amino
groups. Results revealed the hydrochloride form of the
resin as extremely efficient and highly selective for
nitrite ions in aqueous solution, even in very low con-
centrations. Besides, the nitrite-loaded resin was dem-
onstrated to be successfully regenerated by concentrated
acid solutions, without losing its activity. More recently,
Samatya et al. (2006) evaluated the efficiency of the
nitrate selective anion-exchange resin Purolite A 520E
for the removal of nitrate from solutions containing
chloride and sulfate anions. Although the presence of
chloride and sulfate ions were demonstrated to influence
the breakthrough capacity of the resin for nitrate,
Purolite A 520E were able to generate ground water
containing lower nitrate concentration than the permis-
sible level for drinking water.

Many researchers consider the strong base resins of
poly(styrene-co-divinylbenzene) with tetraalkylammo-
nium groups the most suitable ones for that purpose.
Soldatov et al. (2007) studied the binary exchange equi-
libria between Cl− and NO3

−, Cl− and SO4
2−, and NO3

−

and SO4
2− on fibrous strong base anion exchangers

based on poly(styrene-co-divinylbenzene) grafted into
polypropylene fibers containing groups of benzyl
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trimethyl-, triethyl-, and tributyl-ammonium, in order to
evaluate their capacity to remove nitrate from aqueous
media containing chlorides and sulfates. The synthe-
sized resins were shown to have a high selectivity to
nitrates, which increases with the size of alkyl radicals in
their functional groups and with increasing percentage
of divinylbenzene in the resins.

Notwithstanding the high performance generally
achieved by synthetic resins, their higher costs still pre-
vent their practical application (Orlando et al. 2003).
Hydrotalcite compounds are inorganic materials with
important properties for the removal of anionic pollu-
tants from water. These materials are layered double
hydroxides (LDHs) where some divalent cations are
replaced by trivalent cations (such as Al3+, Fe3+, and
Cr3+) creating a layer charge which is counter balanced
by anions such as carbonate, nitrate, sulfate, or chloride
in the interlayer spaces (Islam and Patel 2010). As a
result, hydrotalcite-like compounds have been consid-
ered promising anion exchangers for nitrate decontami-
nation. Accordingly, Islam and Patel (2010) investigated
the ability of Zn–Al–Cl LDH to remove nitrate from a
synthetic nitrate solution. The Zn–Al–Cl LDH studied,
synthesized by co-precipitationmethod, was demonstrat-
ed to efficiently remove 85.5 % of nitrate under neutral
conditions, using 0.3 g of LDH in 100 mL of nitrate
solution with initial concentration of 10 mgL−1. The
presence of competitive anions were found to influence
nitrate removal, reducing it in the order carbonate>phos-
phate>chloride>sulfate. The authors also performed a
regeneration study which revealed that Zn–Al–Cl hydro-
talcite cannot be easily regenerated and reused (the per-
centage regeneration obtained was less than 2 %).

Waste natural materials were recently recognized as
economically viable options to be used as anion
exchangers (Orlando et al. 2002, 2003; Gao et al.
2009). For instance, lignocellulosic agriculture waste
materials including rice hull, sugarcane bagasse, saw-
dust, coconut husk, tealeaf, and wheat straw are world-
wide produced in large quantities in agro-industries.
These agriculture waste materials fulfill the essential
low-cost, availability, and environmental compatibili-
ty requirements. Besides, their exploitation reduces
considerably the disposal problems associated with
their massive production (Orlando et al. 2002; Gao et
al. 2009). For instance, Orlando et al. (2002) used two
lignocellulosic agriculture waste materials, namely
sugarcane bagasse and rice hull, to obtain weak-base
anion exchangers for nitrate removal and comparedT
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their performance with those obtained from pure cel-
lulose and pure alkaline lignin. The anion exchangers
were prepared by reaction with epichlorohydrin and
dimethylamine using pyridine as catalyst and N,N-
dimethylformamide as solvent. The material obtained
from pure alkaline lignin showed the highest maxi-
mum exchange capacity for nitrate anions (1.8 mmol
g−1), followed by sugarcane bagasse (1.4 mmolg−1),
pure cellulose (1.34 mmolg−1), and finally rice hull
(1.32 mmolg−1). The obtained results demonstrate the
potential of both sugarcane bagasse and rice hull waste
materials to purify nitrate-containing water. Later,
Orlando et al. (2003) converted different waste natural
materials with diverse chemical compositions into an-
ion exchangers by consecutive chemical reactions
with thionylchloride, dimethylamine, N,N-dimethyl-
formamide as solvent, and formaldehyde as cross-
linking agent. The authors verified that the materials
containing small amounts of extractives and high con-
tent of holocellulose and lignin (Moringa oleifera hull,
lauan sawdust, coconut husk, and rice hull) showed
superior nitrate sorption capacity in comparison with
those materials containing higher quantities of extrac-
tives (persimmon tealeaf, pine bark, and Chinese tea-
leaf). Nevertheless, all natural materials were
considered potential raw materials for conversion into
anion exchangers.

Wheat residue, one of the major agriculture resi-
dues in China, was used by Gao et al. (2009) to obtain
a quaternary amino anion exchanger, after reaction
with epichlorohydrin and triethylamine in the presence
of N,N-dimethylformamide and catalyst. The nitrate
removal was reported to be significantly higher than
that generally obtained with wheat residue tertiary
amino anion exchanger (89.1 versus 6–10 %). The
high efficiency achieved by the synthesized material
was coupled with its amount of cellulose, hemicellu-
lose, and lignin which hold a large quantity of easily
available hydroxyl groups suitable for preparation of
various functional polymers.

Adsorption process is generally considered better in
water treatment because of convenience, ease of opera-
tion, and simplicity of design. Furthermore, this process
can remove/minimize different types of organic and
inorganic pollutants from the water or wastewater and
thus it has a wider applicability in water pollution con-
trol (Namasivayam and Sangeetha 2005; Guan et al.
2010). On the other hand, adsorption requires the dis-
posal of the spent adsorbent and is highly dependable on

pH and temperature. Several adsorbents like clay and
carbon-based adsorbents, LDHs and hydrotalcite-like
compounds, zeolites, and agricultural and industrial
wastes have been used to remove nitrates from water
and wastewater, some of which have already been dis-
cussed earlier under the scope of ion-exchange.

Among carbon-based absorbents, activated carbon
is a well-know and well-established absorbent used for
the removal of numerous water pollutants, mainly
organic pollutants. However, it presents lower adsorp-
tion towards anionic pollutants. Powdered activated
carbon and carbon nanotubes were used in the removal
of NO3

− from aqueous solutions by Khani and Mirzaei
(2008) having shown a capacity of 10 and 25 mmol
NO3

− g−1 of adsorbent, respectively.
Nitrate removal with commercial granular-activated

carbon chemically activated with ZnCl2 was also stud-
ied (Bhatnagar et al. 2008). Experiments evidenced that
maximum removal from water was achieved with a
chemical weight ratio of 200 % and an activation tem-
perature of 500 °C. Lower adsorption was verified at
400 °C since the low temperature was not sufficient for
the development of volatile matters necessary for pore
creation, and 600 °C, due to a sintering effect followed
by shrinkage of the char and rearrangement of the car-
bon structure which lead to reduced pore volumes.

Clays are hydrous aluminosilicate broadly defined
as those minerals that make up the colloid fraction of
soils, sediments, rocks, and water and may be com-
posed of mixtures of fine-grained clay minerals and
clay-sized crystals of other minerals such as quartz,
carbonate, and metal oxides. Clays play an important
role in the environment by acting as a natural scaven-
ger of pollutants by taking up cations and anions either
through ion-exchange or adsorption or both. Mena-
Duran et al. (2007) studied the removal of nitrate with
clays modified by acid thermoactivation with HCl and
H2SO4 obtained from calcium bentonite. Calcium
montmorrillonite showed better removal capacity.
The BET analysis found that there was no relation
between the surface area and nitrate removal capacity.

Zeolites are commonly used as adsorbents in puri-
fication and environmental cleaning processes.
Surface-modified zeolites were utilized by Arora et
al. (2010) to remove NO3

− from water. This team
coated a natural zeolite with a chitosan layer that was
subsequently protonated with either sulfuric or hydro-
chloric acid. The zeolite ability to capture NO3

− was
tested at both 4 and 20 °C, and it was found that the
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protonation with hydrochloric acid allowed for a
higher adsorption in comparison to protonation with
sulfuric acid.

Chitin and chitosan-derivatives have gained wide
attention as effective biosorbents due to low-cost and
high contents of amino and hydroxyl functional
groups which show significant adsorption potential
for the removal of various aquatic pollutants.
Chatterjee and Woo (2009) tested the adsorption of
NO3

− using chitosan hydrobeads that ultimately
showed a capacity of 92.1 mg/g at 30 °C and pH 5.
The nitrate adsorption increased by decreasing the pH
of solution since lower pH means easy protonation of
the chitosan. A decrease in adsorption capacity was
verified when the temperature was 50 °C what can be
explained either by equilibrium thermodynamics or
the damage of the active binding sites.

3 Removal of Chloride

Chloride-containing wastewater is often released to
the environment from landfills (Kameda et al. 2000,
2003a, b) and several industries such as tanning, pick-
ling, and seafood (Panswad and Anan 1999; Saremi
and Mahallati 2002). As a result, a high level of salt on
wastewaters could originate problems in their treat-
ment, particularly in biological units, and can give rise
to chloride-induced corrosion of waste pipes, scaling,
or crop damage (Lv et al. 2006b; Kameda et al. 2000;
Saremi and Mahallati 2002).

The most frequently employed methods to remove
chloride ions from aqueous solution include ion-
exchange, adsorption, liquid extraction, and membrane
technologies (Carmona et al. 2008; Gärtner et al. 2005;
Lv et al. 2006a). In particular, membrane technology
found relevant application for purification of domestic
water (Sarkar and SenGupta 2008). For instance, elec-
trodialysis has been used for wastewater desalination
although it comprises some concerns related, for in-
stance, with the existence of K+ in the resulting salt
(Lv et al. 2006b). Besides, reverse osmosis technique
has been used worldwide for desalination of sea water
(Spiegler and El-Sayed 2001; Ettouney et al. 2002).
However, the high-energy consumption of this process
together with the lack of durability of the membranes
and its fouling susceptibility make reverse osmosis not
as cost-effective as required (Sarkar and SenGupta
2008). Notwithstanding, some effort has been devoted

to the improvement of membrane materials toward higher
robustness and production. More recently, alternative
membrane-based processes such as forward osmosis and
membrane distillation have received increasing interest.
However, the efficiency of all those processes is depen-
dent on their energy efficiency.

Ion-exchange seems to be the most suitable process
to remove chloride ions from solution given its sim-
plicity, effectiveness, selectivity, recovery, and rela-
tively low operating cost (Carmona et al. 2008;
Chabani and Bensmaili 2005; Gärtner and Witkamp
2005). In Table 1, some of the more adopted materials
for removal of chloride ions are listed, as well as the
experimental conditions used and major results
achieved. The use of ion-exchange resins has been
reported as particularly advantageous. For instance,
Carmona et al. (2008) demonstrated the efficiency of
the strongly basic ion exchanger Amberlite IRA-420 for
chloride removal from polyethylenimine (PEI) aqueous
solution. In their study, the ion-exchange equilibrium
and kinetics between chloride-polyethylenimine solu-
tion and OH− form of Amberlite IRA-420 were investi-
gated in order to assess the possibility of applying an
ion-exchange process to convert the polyethylenimine
flocculant solution (Cl−-form) into an adhesive product
for printing applications. The obtained dimensionless
form of equilibrium isotherms of chloride ions in PEI
solution on Amberlite IRA-420 are given in Fig. 1 to-
gether with the isotherms of HCl and NaCl solutions. As

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

X

Y

Fig. 1 Dimensionless isotherm of chloride ions on Amberlite
420 with different co-ions. Symbols: filled circles HCl, 303 K;
empty inverted triangles NaCl, 303 K; filled squares PEI,
313 K; and filled diamonds PEI, 293 K. Lines Langmuir iso-
therm. Data from Carmona et al. (2008)
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can be observed, a competition was established between
the protonated amine groups of PEI and the quaternary
groups of the resin for the chloride ions, which gave rise
to a slightly nonfavorable equilibrium. The equilibrium
between OH−-form resin and chloride anions may be
simply represented by a conventional ion-exchange
equation:

R� OHþ Cl� $ R� Clþ OH� ð1Þ

while for HCl, the reaction between OH− leaving the
resins and H+ in solution originates a typical irreversible
isotherm:

R� OHþ Cl
� þ Hþ $ R� Clþ H2O ð2Þ

In the case of PEI solution, the equilibrium iso-
therm would be expected to be similar to that for
NaCl (aq), which was definitely not the case. Such
result confirms the competition between the ammoni-
um groups of the resin and the protonated PEI
(HPEI+), according to:

R� OHþ HPEIþCl
� $ R� Clþ PEIþ H2O ð3Þ

In Eqs. (1) to (3), the top bars identify resin phase
and R denotes the resin polymeric matrix.

Notwithstanding, the ion-exchange properties of
most resins may be enhanced toward selectivity im-
provement by fixation of polyelectrolyte on the resin
surface leading to a modification of hydrophilic and
hydrophobic balance and changing of electronegativ-
ity of functional groups (Berbar et al. 2008), as well as
by incorporating specific inorganic nanoparticles with-
in the polymeric ion exchanger (DeMarco et al. 2003;
Sarkar and SenGupta 2008; Cumbal et al. 2003).

The LDHs have been recently argued to contain
a high anion-exchange capacity for a number of
anions (Lv et al. 2009). Their ability of permanent
interlayer anion-exchange, relatively large surface
areas and high capacities make them promising
decontaminants for toxic anionic species from aqueous
systems. In view of that, Lv et al. (2009) used ZnAl–
NO3 LDHs as anion exchanger to remove chloride ion
from aqueous solution. The NO3

− LDHs with Zn/Al
molar ratio of 2 showed a notable ability to remove
chloride ions, with much higher capacity than that
of MgAl–NO3 LDHs. Besides, the solution pH
was found to be poorly significant in the studied range
(i.e., 5.0 to 8.0).

4 Removal of Sulfide

Sulfide is present in a wide range of industrial waste-
waters including those from tannery and paper mills
(Dutta et al. 2010), as well as in effluents from waste
gas treatment industries, textile industry, treated plat-
ing, and petroleum refinery (Chanda and Rempel
1995). Sulfide is a toxic, corrosive, and odorous com-
pound and, hence, must be eliminated from waste-
waters before discharge to the environment (Dutta et
al. 2010). Moreover, sulfide discharges could be prob-
lematic even to sewers, given its corrosive character
and associated health risks in downstream wastewater
treatment plants (Dutta et al. 2010; Zhang et al. 2008).

A number of chemical and biological treatments are
available to eliminate sulfides from wastewater. The
most frequently reported techniques include adsorp-
tion, chemical oxidation, biological oxidation, anaer-
obic digestion, and precipitation (Chanda and Rempel
1995). Concerning ion-exchange, only a few works
have been reported dealing with sulfide removal. For
instance, Chanda and Rempel (1995) compared the
performance of a macroporous anion-exchange resin
Reillex™ HPQ, containing about 70 % of the pyridine
rings quaternized by the addition of methyl groups,
with the common anion-exchange resin Dowex-l-X8,
both in chloride form, for sulfide sorption from alka-
line aqueous solutions. Their capacities for sulfide
were 4.8 and 2.5 mmolg−1 (dry), respectively, while
the corresponding total exchange capacities are 4.6
and 5.6 mEqg−1 (dry). The obtained results pointed
out the predominant sorption of sulfide as HS− on
HPQ(Cl−) and as S2− on Dowex-l(Cl−). The higher
sulfide sorption by Cl−-form HPQ resin in comparison
with that on the same resin but in OH− form was
ascribed to the presence of nearly 30 % of the pyridine
sites in the protonated form that contribute to an acidic
environment inside the resin, favoring the sorption of
sulfide as univalent HS−, which requires fewer sites
than the bivalent S2−. Concerning Dowex-1 resin, the
similar capacities achieved by both Cl− and OH−

forms corroborate the majority sorption of S2−.
Accordingly, the HPQ resin in Cl−-form was demon-
strated to have nearly twice the sulfide sorption capac-
ity than Dowex-1. Figure 2 illustrates the equilibrium
speciation of H2S in aqueous solutions. As may be
observed, at pH below 5, H2S is the predominant
species while at pH of >9 HS− and S2− prevail. In
Fig. 3, the equilibrium sorption of aqueous sulfide on
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HPQ(Cl−) and Dowex-1(Cl−) are plotted against solu-
tion pH. Results clearly evidenced a continuous de-
crease of the sorption capacities of both exchangers
with decreasing pH, which can be attributed to the
predominance of HS− in the pH range 9–11 and to the
rapidly increase of H2S concentration for pH below 9.

The electrochemical approach has been recently
reported as a cost effective and selective separation
method (Rajeshwar et al. 1994; Chen 2004) where
sulfide can be directly oxidized at an anode (Rabaey
et al. 2006), being the elemental sulfur the key oxida-
tion product when carbon/graphite materials are used

as the electrode material (Ateya et al. 2003). However,
resulting precipitated sulfur could induce anode pas-
sivation during electrochemical sulfide removal
(Ateya et al. 2003; Reimers et al. 2006; Dutta et al.
2008). In order to make this process more attractive,
some strategies have been proposed to prevent elec-
trode passivation and to regenerate electrodes. For
instance, the use of organic solvents for sulfur extrac-
tion and subsequent solvent evaporation as well as the
controlled sulfur precipitation in bulk solution with
alkali addition at elevated temperature are some of
the approaches proposed. However, the use of toxic
organic compounds and the energy demands associat-
ed with these methodologies make them not as sus-
tainable as required (Dutta et al. 2010). In view of that,
Dutta et al. (2008) reported an electrochemical method
consisting in a lab-scale fuel cell that simultaneously
removes sulfide and produces energy. The apparatus
was able to continuously remove aqueous sulfide for
2 months at a rate of 0.28 kgm−3 day−1 of total anodic
compartment (TAC), while generating a maximum
power of 5 Wm−3 TAC. The presence of organic com-
pounds (e.g., acetate) did not affect sulfide oxidation.
Moreover, acetate concentration remained unchanged
during the process, which may be particularly important
for selective sulfide removal from wastewater where
organics are essential for downstream nutrient removal.
However, the elemental sulfur resulting from sulfide
electrochemical oxidation remained deposited on the
anode surface, which appeared to limit the operation of
the fuel cell after 3 months. More recently, Dutta et al.
(2010) investigated the electrochemical sulfide removal
from an effluent of an anaerobic treatment plant of a
paper mill. The experiments were carried out in a con-
tinuous lab scale electrochemical reactor, and the sulfide
concentration was reduced from 44 to 8 mgL−1, at a
removal rate of 0.845 kgm−3; 75 % of sulfide was
recovered as pure concentrated alkaline sulfide/polysul-
fide solution, from which solid sulfur was obtained.
Besides, the electrochemical sulfide removal was
reported to be not affected by different soluble constit-
uents present in the wastewater, even though sulfide
removal was decreased due to biological sulfur reduc-
tion by the organics existent in solution. As a result, a
periodic anode and cathode switching was developed.
Despite the effective sulfide removal, biofilm formation
had to be avoided as the pH of the cathode solution
increased to inhibitory levels. During this process, pure
solid elemental sulfur was completely recovered.
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More recently, Pikaar et al. (2011a) have compared
the performance of five different mixed metal oxide
(MMO)-coated titanium electrode materials (i.e., Ta/Ir,
Ru/Ir, Pt/Ir, SnO2, and PbO2) for the electrochemical
removal of sulfide from domestic wastewater. All
electrode materials were found to perform similarly,
with sulfide removals of 78, 77, 85, 84, and 83 %,
respectively, at a current density of 10 mAcm−2, for
sulfide concentrations of approximately 10 mgL−1.
Moreover, sulfide removal was observed to take place
by chemical oxidation with in situ generated oxygen,
for all the materials used. Notwithstanding, Ta/Ir and
Pt/Ir were considered specially promising given their
low overpotential for oxygen evolution and stability
even at low chloride concentrations. Besides, both
materials have been already applied in full-scale appli-
cations. The same authors (Pikaar et al. 2011b) inves-
tigated in more detail the electrochemical oxidation of
sulfide at Ir/Ta MMO-coated titanium electrodes to
remove sulfide from both synthetic and real waste-
waters at high rates. The authors obtained a maximum
sulfide removal rate of 11.8 gm−2 anode surface using
domestic wastewater at sulfide concentrations of
30 mgL−1 or higher. The indirect oxidation with in
situ oxygen production was believed to be the main
reaction mechanism occurred at the electrodes, being
its final products sulfate, thiosulfate, and elemental
sulfur. Besides, concentrations of both chloride and
acetate were observed to remain constant during sul-
fide removal, which have revealed the potential of Ir/
Ta MMO-coated titanium electrodes for indirect oxi-
dation of sulfide with in situ generated oxygen.

Vaiopoulou et al. (2005) investigated the removal
of hydrogen sulfide from oil-refining wastewater by
autotrophic denitrification in a multistage treatment
plant. Conducting anoxic sulfide to sulfate oxidation,
the team was able to totally convert to SO4

2− feed
concentrations of 110 mg S2−L−1. After total denitri-
fication, the concentration of S2− in the reactor effluent
was less than 0.1 mgL−1. When applied to the refinery,
this method, in conjunction with the current process of
CO2 stripping, allowed the reduction of 70 % in strip-
ping costs.

Rabaey et al. (2006) used a microbial fuel cell with
a hexacyanoferrate cathodic electrolyte to convert sul-
fide to elemental sulfur, generating electricity in the
process. It was possible to achieve removals of sulfide
of 98 % by coupling the microbial fuel cell with an
anaerobic upflow anaerobic sludge blanket reactor.

5 Removal of Fluoride

Fluorine occurs naturally in the atmosphere, water,
and soils (Lv et al. 2006a), being released into subsoil
water sources by the slow natural degradation of
fluorine-containing rocks (Daifullah et al. 2007;
Wajima et al. 2009; Biswas et al. 2010). Besides,
fluorine and its compounds are extensively used in
industry and their effluent discharges have contributed
significantly to water pollution (Daifullah et al. 2007;
Wajima et al. 2009b). For instance, fluoride ions can
be found in wastewaters from glass industry, chemical
industry, metal industry, semiconductors and electron-
ic devices industries, and aluminum smelters
(Daifullah et al. 2007; Wajima et al. 2009; Zhang et
al. 2009).

Fluoride is the most electronegative and reactive
element present in the Periodic Table (Daifullah et al.
2007), and accordingly, it is easily attached giving rise
to positively charged calcium in teeth and bones
(Wajima et al. 2009). As a result, the presence of
fluoride in drinking water is recognized to be benefi-
cial to human diet, being at low concentrations an
essential constituent for both humans and animals,
especially to prevent skeletal and dental problems
(Daifullah et al. 2007; Swain et al. 2009; Fan et al.
2003; Oh and Chikushi 2010; Tang et al. 2009; Kagne
et al. 2008; Tor et al. 2009; Biswas et al. 2010).
However, at higher concentration, fluoride is known
to have serious adverse effects on human and animal
health. In particular for human beings, excessive F−

intake may cause mottling of teeth, dental or skeletal
fluorosis, as well as severe neurological damages
(Swain et al. 2009; Fan et al. 2003; Daifullah et al.
2007; Oh and Chikushi 2010; Tang et al. 2009;
Hichour et al. 2000; Kagne et al. 2008; Tor et al.
2009; Gao et al. 2004; Zhang et al. 2009; Biswas et
al. 2010; Wajima et al. 2009; Sivasankar et al. 2010;
Meenakshi and Viswanathan 2007).

According to the World Health Organization
(WHO), the maximum acceptable concentration of
fluoride in drinking water should not exceed 1.5 mg
L−1 (Oh and Chikushi 2010; Daifullah et al. 2007;
Tang et al. 2009; Lv et al. 2006a; Biswas et al.
2010), while the optimum fluoride level in drinking
water for general good health is considered to be
between 0.5 and 1.0 mgL−1 (Sivasankar et al. 2010).
However, many regions of the world have been
reported to have excess of fluoride in groundwater,
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owing to either its natural presence in the earth’s crust
and its discharge by agricultural and industrial activi-
ties (Zhang et al. 2009; Fan et al. 2003; Tang et al.
2009; Wajima et al. 2009; Zhao et al. 2008). As a
result, millions of people are affected by fluorosis in
Africa, America, Europe, and Asia (Lv et al. 2006a;
Tang et al. 2009; Wajima et al. 2009). More specifi-
cally, following an UNICEF report, fluorosis is en-
demic in at least 25 countries across the globe (Kagne
et al. 2008; Zhao et al. 2008; Biswas et al. 2010). For
instance, the groundwater fluoride concentration in
some regions of North Africa may reach 20 mgL−1

(Fan et al. 2003). In India alone, excess of F− in drink-
ing water is prevalent in 150 districts of 17 states of the
country. Besides, high fluoride concentrations have
been reported also in some parts of China (Lv et al.
2006a). In view of that, it is essential to remove the
excessive fluoride from drinking water until safe levels.

Treatment of wastewater containing fluoride ions
requires a robust and effective removal process
(Wajima et al. 2009). A number of defluoridation
techniques have been suggested for that, including
adsorption and biosorption, ion-exchange, chemical
precipitation, and membrane processes such as reverse
osmosis, Donnan dialysis, nano-filtration, and electro-
dialysis. Most of these methods have important draw-
backs, including high initial cost, low selectivity, low
capacity, and difficulties in operation or regeneration
(Swain et al. 2009; Tang et al. 2009; Lv et al. 2006a;
Sivasankar et al. 2010; Afkhami et al. 2007; Hichour
et al. 2000; Kagne et al. 2008; Daifullah et al. 2007;
Meenakshi and Viswanathan 2007; Tor et al. 2009;
Biswas et al. 2010; Wajima et al. 2009). Moreover,
although quite effective, ion-exchange, electrodialysis,
and membrane processes are generally expensive and
require frequent regeneration and cleaning of ex-
changer beads and membranes (Fan et al. 2003;
Kagne et al. 2008; Biswas et al. 2010).

Precipitation of fluoride from industrial wastewater
using calcium oxide to form insoluble CaF2 is one of the
most commonly applied techniques to remove F− be-
cause of its high concentration in the industrial effluent
(Wajima et al. 2009; Sivasankar et al. 2010; Fan et al.
2003). Lime is generally used as calcium source. In this
process, after a first fluoride reduction, the calcium ions
released from the lime interact with fluoride and form
CaF2 precipitate, while aluminum salts are subsequently
used to further reduce the fluoride level to about 2 mg
L−1. However, the precipitation process carries several

disadvantages, mainly associated with the solubility of
precipitated fluorite, calcium and aluminum salts, which
limit the final fluoride concentration in the water
(Wajima et al. 2009; Fan et al. 2003). Besides, the large
volumes of CaF2 produced during precipitation have to
be treated before discharge, which requires a secondary
treatment and additional operating costs.

Adsorption and ion-exchange are two of the most
extensively applied technologies to uptake fluoride
ions from wastewater due to their relatively simple
and economical operation (Lv et al. 2006a;
Sivasankar et al. 2010; Wajima et al. 2009; Daifullah
et al. 2007; Biswas et al. 2010; Kagne et al. 2008).
Even as a secondary separation method, for instance
after precipitation, adsorptive methods have been ar-
gued as one of the most suitable techniques (Wajima et
al. 2009). However, the viability of these methods is
highly dependent on the development of effective
materials. Table 1 displays the main results, found in
literature, for several adsorbents and ion exchangers
used to remove fluoride under different operating con-
ditions. The most common sorbents for fluoride re-
moval are activated carbon and activated alumina (Fan
et al. 2003; Daifullah et al. 2007). Activated carbon is
by far one of the most effective sorbents in removing
pollutant compounds from aqueous solution
(Daifullah et al. 2007). Besides, structural modifica-
tions, such as changing their inherent surface function-
al groups, could be carried out in order to improve its
affinity for certain contaminants. Alumina is an adsor-
bent material with excellent physical and textural
properties (Zhang and Pinnavaia 2002; Viswanathan
and Meenakshi 2010; Kim et al. 2004). Among alu-
mina and alumina-coated materials, activated alumina
is particularly powerful for fluoride removal from
drinking water owing to its high fluoride affinity,
low-cost and abundance, and easy regeneration
(Viswanathan and Meenakshi 2010; Tang et al.
2009). Nonetheless, the applicability of these sorbents
has some limitations associated with its low capacity
and uptake rate, and capacity decrease after regenera-
tion (Zhao et al. 2008; Bulusu and Nawlakhe 1988).

The abovementioned restrictions associated with
activated carbon and alumina compounds have
prompted the research on new materials. Some exam-
ples of cost-effective sorbents are spent bleaching,
clay, bentonite and activated bentonite, kaolinitic clay,
calcite, agricultural by-products, fly ash, carbon slurry,
biogas residual slurry, natural zeolites, bone char, and
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flax shive (Sivasankar et al. 2010; Daifullah et al.
2007; Fan et al. 2003; Biswas et al. 2010; Tor et al.
2009; Sun et al. 2011; Samatya et al. 2007)
Furthermore, rare earth and Zr(IV) elements have been
recently found to exhibit specific affinity for fluoride,
which encouraged the development of various rare
earth compounds and Zr(IV)-loaded polymers sorb-
ents (Wajima et al. 2009). Samatya et al. (2010) have
added polystyrene as a porogen to a Zr(IV)-immobi-
lized resin resulting in a high adsorption capacity for
fluoride removal from aqueous solutions. The higher
adsorption capacities when adding polystyrene are
explained by the increase in surface area caused by
the porogen. However, in certain cases, the sorption
rate of these materials is still slow and the equilibrium
is often attained within several hours, which results in
operational and control difficulties.

Fan et al. (2003) have foccused on the investigation
of low-cost and effective materials for removal of low
concentrations of fluoride, using hydroxyapatite,
fluorspar, calcite, quartz, and quartz activated by
ferric ions to remove radioisotope 18F at natural
pH. The obtained results (replicated in Fig. 4)
demonstrated that the sorption capacities followed
the order: hydroxyapatite > fluorspar > activated
quartz > calcite > quartz. Fluoride uptake was
revealed to be extremely fast on quartz, calcite
and fluorspar, reaching equilibrium within 2 min.
In turn, fluoride uptake on hydroxyapatite was
shown to take as much as 150 min to attain

equilibrium. Nonetheless, hydroxyapatite showed
the highest fluoride capacity. The fluoride was
believed to be exchanged with OH− groups inside
hydroxyapatite, which gives rise to a superior
sorption capacity. In contrast, the fundamental pro-
cess by the remaining materials was established to
be only surface adsorption.

Portland cement, an abundant low-cost fine-
powdered building material, consisting mainly in a
mixture of tricalcium silicate, dicalcium silicate, trical-
cium aluminate, and a tetracalcium aluminoferrite,
could be also used as fluoride adsorbent. Portland
cement could be mixed with water in order to get
hydrated cement. Such material can be used to remove
fluoride from aqueous solution without sludge produc-
tion (Kagne et al. 2008). Kagne et al.(2008) investi-
gated the defluoridation capability of hydrated cement
prepared with Portland cement. The prepared material
evidenced a quite significant F− removal over a wide
pH range. However, fluoride removal was found to be
affected by the presence of carbonate and bicarbonate
ions in solution, which compete for sorption sites.

The low-cost, high availability, and easy regenera-
tion of LDH-like materials have suggested their appli-
cation for defluoridation of water (Mohapatra et al.
2009). In view of that, Das et al. (2003) evaluated the
physicochemical and sorption properties of calcined
Zn/Al hydrotalcite-like material towards fluoride re-
moval from aqueous solution. The authors established
the pH range of 4–6 for optimum fluoride removal and
confirmed their ability to be regenerated by dilute
alkali solution.

A novel bead sorbent, Fe(III)-loaded ligand ex-
change cotton cellulose adsorbent (Fe(III)LECCA),
was investigated by Zhao et al. (2008) for the removal
of fluoride anions from drinking water. Fe(III)LECCA
evidenced a good performance with saturation capac-
ity of 18.6 mgg-1. Furthermore, fluoride removal was
shown to be not affected by the presence of coexisting
anions demonstrating the high selectivity of Fe
(III)LECCA towards fluoride. These results suggested
Fe(III)LECC as a cost-effective and selective sorbent
for drinking water treatment. More recently, Mandal
and Mayadevi (2008) studied the application of
cellulose-supported uncalcined LDHs, with different
LDH loadings on cellulose, for defluoridation, and
obtained a removal capacity two to four times higher
than that of unsupported LDH. Besides, the removal
features obtained with these prepared materials were
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higher than those generally reported for other sorbents,
including activated alumina and carbon nanotubes.

Tor et al. (2009) investigated the potential of gran-
ular red mud (GRM), a widely available fine-grained
mixture of oxides and hydroxides capable of removing
several contaminants, to remove fluoride. Their work
elucidated the high efficiency of GRM under low
fluoride concentrations, their suitable capacity in both
batch and column operating modes, as well as their
ability to be rapidly regenerated. Besides no toxic
sludge is produced during the process, red mud par-
ticles are generally too fine to be used in columns and
their application has been confined to batch operation.

Hydrous titanium dioxide has been found to be a
potential selective sorbent for fluoride ions, as well as
coexisting arsenic compounds (Wajima et al. 2009;
Tsuji and Abe 1986, 1991; Tokunaga et al. 1995).
Wajima et al. (2009) investigated the capacity of a
titanium hydroxide-derived material for fluoride re-
moval in both aqueous sodium fluoride solutions and
real wastewater containing fluoride ions. Results
revealed that fluoride ions were sorbed even at low
concentration and were selectively sorbed in solutions
containing a high concentration of chloride, nitrate and
sulfate ions, which demonstrate its effectiveness to
remove fluoride down below permitted level from real
wastewaters.

Concerning ion-exchange technology, resins are by
far the most applied materials for removal of toxic
metals from aqueous solution. However, fluoride re-
moval by anion-exchange resins has been reported as a
difficult process because of selectivity issues
(Meenakshi and Viswanathan 2007). As a result, cat-
ion/chelating resins have been employed for fluoride
sorption. For instance, Meenakshi and Viswanathan
(2007) evaluated and compared the performance of
anionic and chelating-type resins (namely Indion FR
10 and Ceralite IRA 400, respectively) under diverse
equilibrating conditions and reported the last one as
the most fluoride-selective material. The authors
established that fluoride anions cannot be effectively
exchanged using anion-exchange resins since its con-
centration is lower than the other anions present in
water, and accordingly suggested the use of cation
exchange/chelating type resins for an effective fluo-
ride removal.

Recently, impregnated resins have been investigat-
ed for anions sorption using, for example, macropo-
rous polymer beads of Amberlite XADs as support

material (Solangi et al. 2010; Warshawsky 1974;
Parrish 1977; Suzuki et al. 1991; Camel 2003). The
use of Amberlite XADs may be especially suitable
owing to their high surface area and good mechanical
stability; in particular, Amberlite XAD-4™ has been
considered quite attractive because of its low-cost and
possibility of easy modification for searching more ef-
ficient exchanger resins. Solangi et al. (2010) reported
an appropriate method to modify the Amberlite XQD-
4™ resin, by introducing thiourea binding sites onto the
aromatic rings. The modified resin was shown to be
effective for the removal of fluoride from aqueous solu-
tion over wide pH range, exhibiting a fluoride sorption
capacity of 3.286 mmolg−1.

Research work has revealed the excellent kinetic
properties of fibrous sorbents provided by their phys-
ical–chemical structure. Ruixia et al. (2002) studied a
new type of ion exchanger fiber for the removal of
fluoride, phosphate, and arsenate ions. The new mate-
rial was obtained by the cross-linking reaction of
polyacrylonitrile fiber with hydrazine hydrate, and
the functionalized reaction of the hydrazine-modified
fiber in a mixture of sulfur powder and ethylenedi-
amine. The uptake of all studied anions was pH de-
pendent, being the maximum fluoride removal equal
to 90.4 % at pH 3.0.

The use of zeolites to remove fluoride as well as other
contaminant anions from aqueous solution has been
explored during several years given their well known
sorption, selectivity, and stability properties. However, a
charge-reversion process must be carried out in order to
confer zeolites the necessary anion-exchange capacity.
For instance, Onyango et al. (2004) have prepared
charge-reversed zeolites by exchanging sodium ions
by trivalent ions (Al3+ or La3+) in a commercial Na+-
loaded zeolite. While both unmodified and La3+-loaded
zeolites were demonstrated to be negatively charged
over all pH range, the evaluation of the pH of the point
of zero charge, determined from zeta potential measure-
ments, revealed that Al3+-modified zeolite carried a
positive surface charge, which is counter balanced by
negative ions. After this work, the authors studied the
capacity of a Al3+ pretreated low-silica synthetic zeolites
and demonstrated its effectiveness to defluoridate water
to below WHO’s maximum allowable concentration of
1.5 mgL−1 (Onyango et al. 2006; Onyango et al. 2005).

Following the work of Long’s group (Li et al. 2000;
Cheng et al. 2005) who studied the structure, modifi-
cation, adsorption, and the catalytic nature of the
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stilbite zeolite, Sun et al. (2011) have modified a
natural stilbite zeolite with Fe(III) ions to remove
fluoride from drinking water. The zeolites were char-
acterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and X-ray photoelectron spectros-
copy. Batch adsorption, regeneration, and kinetic stud-
ies were carried out to determine the effect of contact
time, adsorbent dose, initial concentration, pH, and
coexisting ions. The mechanism underlying the fluo-
ride sorption is believed to be controlled by diffusion
combined with chemisorption. The modified zeolites
showed good capacity for the removal of fluoride until
a concentration of 1 mgL−1, and this capacity is
retained after regeneration with HCl.

Metal ions (Al3+, La2+, and ZrO2+) have also been
loaded in clinoptilolite (natural zeolite) with the pur-
pose of removing fluoride from water (Samatya et al.
2007). Zeolites were prepared with each of the metal
ions and sorption studies were conducted using the
batch method. The metal ion loaded zeolite was found
to be able to remove fluoride from aqueous solutions
and tap water, where an increasing amount of metal
ion increases the removal of fluoride.

Bauxite, an abundant and low-cost mineral, has been
investigated for its ability to remove anionic pollutants
(Erdem et al. 2004; Bhakat et al. 2007), and thermally
activated titania-rich bauxite has been applied to fluo-
ride removal (Das et al. 2005). More recently, untreated
bauxite has been used to effectively remove fluoride
from synthetic and ground water samples (Sujana and
Anand 2011). Adsorption experiments were carried out
and showed that the pH, temperature, initial concentra-
tion, as well as the presence of sulfate, nitrate, and
phosphate competing ions have significant effects in
the removal. The bauxite was characterized before and
after adsorption using XRD, FTIR, and SEM-EDX. The
adsorption rate followed first order kinetics and was
controlled by intraparticle diffusion.

The removal of fluoride from water and wastewater
can also be achieved through membrane processes like
reverse osmosis, nanofiltration, dialysis, and electrodi-
alysis. Ndiayea et al. (2005) used reverse osmosis to
remove fluoride from effluents and observed that its
retention was usually above 98 % if the membrane used
was fully regenerated after each experiment. Since
nanofiltration membranes possess larger pores, the pres-
sures employed are lower and thus the energy require-
ments are less, fluxes are higher, and the removal of

solute is less extensive. Using a nanofiltration pilot plant
with two modules, Tahaikt et al. (2007, 2008) proceeded
to remove fluoride from underground water and studied
the effect of several operational parameters like the
initial concentration of fluoride, pressure and reduction
volume factor. Following on this work, the performance
of several commercial membranes were compared un-
der different configurations (simple pass, double pass
with the same type of membranes and with two types. In
dialysis, the membrane pores are less restrictive and the
solute can permeate by either the Donnan effect or due
to an applied electric field. Durmaz et al. (2005) carried
out the removal of fluoride from a diluted solution using
Neosepta AHA anion-exchange membrane by Donnan
dialysis and studied the effects of concentration, pH, and
accompanying anion on feed phase and receiving phase
composition. The results were compared with two other
membranes of which Neosepta AFN presented higher
transport efficiency. Kabay et al. (2008) studied the
fluoride removal by electrodialysis and verified that
the performance increased either when the initial con-
centration of fluoride in the feed was increased or when
the applied potential increased, but found no alteration
when the feed flow rate was changed. An economical
analysis on the use of electro-dialysis for fluoride re-
moval has been done by Lahnid et al. (2008).

6 Removal of Cyanide

Cyanide is a toxic carbon–nitrogen radical produced by
several bacteria, fungi, and algae, found in a wide variety
of organic and inorganic compounds (Dash et al. 2009).
For instance, cyanide is present in plants and foods,
including beans, almonds and cashew nuts, as well as in
animals such as centipedes, beetles and few species of
butterflies, etc. (Dubey and Holmes 1995; Dash et al.
2009).

Besides its small concentration in living organisms,
the extensive use of cyanides in industrial activities,
mainly in metal finishing and mining industries, has
been responsible for its release in the environment
(Dash et al. 2009). In general, effluents from these
industries contain total cyanide concentrations ranging
between 0.01 and 10 mgL−1 (Ganczarczyk et al. 1985;
Wild et al. 1994). However, cyanide levels as high as
100 mgL−1 have been found in effluents of electro-
plating and metal finishing plants after stored for peri-
ods of years (Dash et al. 2009; Kenfield et al. 1988;
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Wild et al. 1994). In the presence of metals and or-
ganic compounds, cyanide easily forms simple and
complex salts, some of which being particularly strong
and fast acting toxins. For instance, neurological
effects are consequence of immediate cyanide expo-
sure while continuing contact may cause weight loss,
thyroid effects, nerve damage and even death (Dash et
al. 2009). As a result, cyanide-containing effluents
must be previously treated before discharging into
the environment. Accordingly, limiting standards for
discharge of cyanide wastewaters have been imple-
mented by many countries and environmental protec-
tion agencies. As an example, the US Environmental
Protection Agency has proposed a total cyanide limit
for drinking water of 200 ppb (Dash et al. 2009),
whereas the WHO and the European Union have even
inferior limits of 70 and 50 μgL−1, respectively (Ma
and Dasgupta 2010). Hence, cyanide levels must be
reduced prior to discharge in order to meet regulatory
limits (Dash et al. 2009; Deveci et al. 2006).

Awide variety of processes have been developed to
reduce cyanide levels in wastewater, mainly those
based on chemical and biological oxidation, natural
degradation, and recovery/recycling techniques, each
one owning their particular benefits and constraints
(Behnamfard and Salarirad 2009). Chemical oxidation
methods, using for instance chlorine, hydrogen perox-
ide, SO2/air mixture, and Caro’s acid, have been the
most adopted ones for treatment of contaminated
effluents. In this case, cyanide generally reacts directly
with an oxidant, which makes oxidation approaches
less cost efficient in the treatment of low cyanide
concentrations. Besides, the presence of metals such
as zinc, copper, or iron increases the oxidant demand
as well as the process cost (Osathaphan et al. 2008). In
the particular case of chlorination, oxidation could be
not as effective as required when cyanide species are
complexed with some metals, e.g., nickel or silver,
given the slow reaction rates observed. Furthermore,
the production of undesired sludge that must be pre-
viously disposed, the high quantity of chlorine re-
quired together with the production of several
chlorinated organic compounds are additional disad-
vantages (Behnamfard and Salarirad 2009; Dash et al.
2009). As an alternative, biological degradation of
cyanide has been assumed as economically viable
and environmentally friendly for its removal. This
method generally consists in the acclimation and en-
hancement of indigenous microorganisms, which can

effectively convert cyanide into less toxic products:
like bicarbonate and ammonia. These microorganisms
can be a mixture of bacteria and fungus in either
attached or suspended growth process in rotating bio-
logical contactors, packed beds, biological filters, se-
quencing batch reactors, facultative lagoons, and
activated sludge systems. The most important process
variables for the biological treatment of cyanides are
the temperature, oxygen level, pH, and nutrient avail-
ability. There are four main paths for the biodegrada-
tion of cyanides: hydrolytic, oxidative, reductive, and
substitution or transfer reactions. Hydrolytic reactions
are catalyzed by enzymes like cyanide hydratase, and
cyanidase that degrade the cyanide compounds. In
oxidative reactions, cyanide monoxygenase converts
cyanide to cyanate which in turn is transformed into
ammonia and carbon dioxide. Through reductive reac-
tions cyanide is converted in methane and ammonia,
though these reactions are less common as the neces-
sary enzymes are more difficult to find. At last, cya-
nide can also undergo substitution or transfer reactions
to be converted into β-cyanoalanine which is then
hydrolyzed to produce ammonia and an acid.

In addition to those methods where cyanide is de-
graded in solution, a number of effective techniques
based on its recovery and recycling have been devel-
oped. Between them, acidification, volatilization, and
reneutralization and ion-exchange processes have the
advantage of recovering cyanide which balances the
cost of the reagent used. In particular, ion-exchange
resins can be successfully applied over wide ranges of
concentrations (Osathaphan et al. 2008; Deveci et al.
2006). As an example, Osathaphan et al. (2008) in-
vestigated the removal efficiencies of cyanide and a
zinc-cyanide complex using a strong basic anion-
exchange resin, Amberlite IRA-402 Cl, based on
crosslinked polystyrene with quaternary ammonium
functional groups, and found pH-independent capaci-
ties around 1.2 and 0.9 meqmL−1 for cyanide and
zinc-cyanide complex solutions, respectively.

Besides ion-exchange processes, cyanide com-
pounds can be removed from wastewaters by adsorp-
tion on a variety of organic and inorganic adsorbents
(Deveci et al. 2006). For instance, activated carbon has
been extensively used to adsorb gold, silver, copper,
zinc, nickel, and mercury cyanides from contaminated
leach liquors. The excellent adsorption properties of
activated carbons rely mainly upon their high surface
area; furthermore, their high degree of surface

Water Air Soil Pollut (2012) 223:6133–6155 6149



reactivity provides them additional catalyst properties
for the oxidation of cyanide (Behnamfard and
Salarirad 2009). As a result, Deveci et al. (2006)
evaluated the effect of copper and silver impregnation,
aeration, and concentrations of adsorbent and cyanide
on the efficiency of free cyanide removal by activated
carbon (AC). Their results pointed out a significant
enhancement of the cyanide removal capacity of acti-
vated carbon after metal impregnation (up to 6.3-fold).
Furthermore, silver-impregnated activated carbon
(AC-Ag) was found to be more effective in reducing
the cyanide level in solution; silver can be readily
loaded onto activated carbon which results in a higher
metal content after impregnation (i.e., 5.07 versus
0.43 % for silver and copper, respectively). The
authors assigned the enhanced capacity of metal-
impregnated activated carbons to the formation and
adsorption of metal cyanide complexes on activated
carbon, which was confirmed by speciation calcula-
tions of copper and silver cyanide complexes.

Aeration was also found to enhance remarkably the
cyanide removal with increases up to 49.1 % in the
capacity of plain and metal-impregnated activated car-
bons. In Fig. 5a, b, a comparison was established
between cyanide removal by both AC and AC-Ag,
respectively, with and without aeration for adsorbent
dosages of 0.2 and 0.45 gL−1 (results for copper-
impregnated activated carbon were not represented
given their similarity with those of AC-Ag). As may
be observed, the enhancement of the AC capacity was
similar at 0.2 and 4.5 gL−1, in contrast to what hap-
pened with AC-Ag, where the contribution of aeration
tended to attenuate with increasing adsorbent dosage.
However, this behaviour was attributed to the limited
availability of cyanide in solution for sorption onto
AC-Ag rather than to the reduction of the aeration
contribution. The observed enhancement was ascribed
to the formation of positively charged active sites on
the activated carbon, originated by oxidation of
chromene-type functional groups in the presence of
molecular oxygen. As a result, the formation of posi-
tively charged active sites increases the sorption ca-
pacity of activated carbon for negatively charged ions.
However, free cyanide was only weakly sorbed on AC
and therefore a portion of cyanide was reported to be
possibly removed also by catalytic oxidation.

More recently, Dai and Breuer (2009) proposed a
simple process based on activated carbon adsorption
to recover cyanide and copper cyanides following the

leaching and recovery of gold from copper-containing
gold ores. This process involves conversion of free
cyanide to copper cyanide by dissolution of metal-
lic copper and simultaneous decrease of the overall
cyanide-to-copper ratio by converting Cu(CN)4

3−

and the majority of Cu(CN)3
2− to Cu(CN)2

− com-
plex, recovery of copper cyanides by activated
carbon adsorption and desorption, and subsequent
low pH copper electrowinning from the eluate
stream and cyanide recycling. Table 1 displays
the main results of several researchers on the re-
moval of cyanide ions by adsorption and ion-
exchange under different operating conditions.
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Fig. 5 Effect of aeration on the cyanide removal performance
of a activated carbon and b silver-impregnated activated carbon.
Experimental conditions: 0.27 Lmin−1 of aeration, initial con-
centration of 100 mgL−1, and pH 10.5–11. Symbols: filled
squares 0.45 gL−1 with aeration; filled circles 0.2 gL−1 with
aeration; empty squares 0.45 gL−1 without aeration; empty
circles 0.2 gL−1 without aeration. Data from Deveci et al. (2006)
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7 Conclusions

This paper presents an overview on mostly applied
methodologies to remove nitrate, nitrite, chloride, sul-
fide, fluoride, and cyanide anions from aqueous sol-
utions. In general, ion-exchange has been considered
the most appropriate technology to remove these an-
ionic species from aqueous solution. Hence, the most
applied exchanger materials together with the main
results obtained in literature and most recent develop-
ments in this area have been presented and discussed.
Moreover, the importance of synthesis and operating
conditions, particularly solution pH, on the removal
efficiency has been emphasized here.

From the present review, it is possible to highlight
the efforts made by researchers towards the develop-
ment of low-cost and easily available effective sorb-
ents, from which agriculture waste materials and
derivatives are important examples of promising
exchangers. Moreover, special attention has been de-
voted in an attempt to find out the most appropriate
synthesis and operation conditions for drinking water
purification. For instance, structural modifications by
introducing more suitable surface functional groups or
compensation species in the solid matrix have been
some of the methodologies adopted to enhance their
affinity for certain contaminants as well as to improve
their capacity to reduce the pollutants level below the
corresponding imposed limits. Besides, a number of
operation strategies, including determination of the
optimum solution pH or aeration, have been con-
firmed to significantly enhance materials performance.
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